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Hindered Rotation of the Methyl Groups in Propane. The Heat Capacity, Vapor 
Pressure, Heats of Fusion and Vaporization of Propane. Entropy and Density of the

Gas
By J. D. Kemp* and Clark J. Egan

Evidence proving the existence of a high po­
tential barrier which hinders the rotation of the 
methyl groups about the single carbon-carbon 
bond in ethane1-3 has made apparent the need 
for more experimental data on the hindering 
potentials in similar molecules. Accordingly, the 
entropy of propane gas has been obtained ex­
perimentally from calorimetric data with the aid 
of the third law of thermodynamics, and has also 
been calculated as a function of the height of the 
potential barrier by means of spectroscopic and 
molecular structure data. The contributions of a 
hindered rotator to the entropy, energy, and heat 
capacity have been given by Pitzer.4 The height 
of the potential barrier was determined as that 
necessary to bring the spectroscopic entropy value 
into agreement with the experimental entropy 
value.

Purification of Propane.—C. p . propane, of 
99.9% purity, from the Ohio Chemical Company, 
was bubbled through 12 N  sodium hydroxide and 
36 N  sulfuric acid. It was then passed through a 
tube containing phosphorus pentoxide and con­
densed in a previously evacuated bulb. The 
liquid was subjected to two successive fractiona­
tions in a vacuum-jacketed fractionating column,

(*) Present address: Standard Oil Co., Richmond, Calif.
(1) Kemp and Pitzer, J . Chem. Phys., 4, 749 (1936); T h is J o ur­

n a l , 59, 276 (1937).
(2) Howard, Phys. Rev., 51, 53 (1937).
(3) Kistiakowsky and Nazmi, J . Chem. Phys., 6, 18 (1938).
(4) Pitzer, ibid., 5, 469 (1937).

the middle 30% being retained each time. From 
the course of the heat capacity curve just below 
the melting point, the amount of liquid-soluble 
solid-insoluble impurity was estimated to be less 
than 0.001 mole per cent. The'method of making 
this calculation has been described previously.5 
A less accurate value of 0.002 mole per cent, 
impurity was calculated from the change of the 
melting point in heating from 5 to 20% melted.

Apparatus and Measurement of Amount. 
The Density of Propane at 1 Atmosphere and 
298.10°K.—The calorimetric apparatus and pro­
cedure have been described previously.6,7 Gold 
Calorimeter IV was used for the investigation. 
The volume of the propane was determined by 
means of the 5-liter measuring bulb described by 
Giauque and Johnston.8

A gas density determination was made after 
each of the three heats of vaporization. The 
volumetrically measured propane was condensed 
and weighed in a glass bulb containing pentane, 
which reduced the vapor pressure of the propane. 
The molal volume of propane, V, at T  near 298°K. 
and P  near 1 atm. was found to be

This gives 1.8325 =*= 0.0007 g./liter for the density 
of propane gas at 298.10°K. and 1 atm.

(5) Johnston and Giauque, T h is  J o u r n a l , 51, 3194 (1929).
(6) Kemp and Giauque, ibid., 59, 79 (1937).
(7) Giauque and Egan, J . Chem. Phys., 5, 45 (1937).
(8) Giauque and Johnston, T h is  J o u r n a l , 51, 2300 (1929).
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Vapor Pressure.—The procedure used in the 
measurements of vapor pressure has been de­
scribed previously.6 The observations have been 
represented by the equation 
liquid propane, 166 to 231 °K., (0°C. = 273.10°K.) 
logioP(int. cm. Hg) = -  (1325.358/7") +  9.64920 -

0.01189507" +  0.000013420P2 (2)
A summary of the measurements is presented in 
Table I. The calculated and observed values are 
compared in columns 3 and 4. Temperatures 
have been given to 0.001° because of the high 
relative accuracy. The absolute temperatures 
may be in error by several hundredths of a degree. 
Column 5 contains values of the rate of change of 
pressure with temperature calculated from equa­
tion (2).

T a b l e  II
M e l t in g  P o in t  o f  P r o p a n e

(0°C. = 273.10 °K.)

Time
%

melted
T, °K., resistance 

thermometer
T, °K. 

thermocoupli
0:00 Stopped supply of heat
0:55 5 85.428 85.43
1:27 5 85.424 85.43
2:00 5 85.426 85.43
2:15 Stopped supply of heat
3:40 20 85.434 85.43
4:15 20 85.430 85.45
5:15 20 85.430 85.44
5:30 Stopped supply of heat
7:00 40 85.436 85.45
7:30 Stopped supply of heat
9:00 65 85.439 85.46

Accepted value 85.45 =*= 0.05 °K.

0 50 100 150 200 250
Temperature, °K.

Fig. 1/—Heat capacity of propane in cal./deg.' per mole.

The boiling point calculated from 
equation (2) is 231.04 ± 0.05°K. 
(0°C. = 273.10°K.).

Melting Point.—The melting point 
was observed with various percent­
ages of the propane melted. The re­
sults are summarized in Table II. 
Table III contains a summary of the 
melting and boiling point tempera­
tures observed by other experi­
menters.

Heat Capacity of Propane.—No
measured values of the heat capacity 
of condensed propane below the boil­
ing point could be found in the 
literature.

The heat capacity measurements 
are given in Table IV. 1.0004 abso­
lute joules was taken equal to 1 Inter­
national joule and 4.185 absolute 
joules equal to 1 calorie. A graphical

T a b l e  I
V a p o r  P r e s s u r e  o f  L iq u id  P r o p a n e

(0°C. = 273.10 °K.)

r , °k .
Pint. cm. 

obsd.
P obsd.

P calcd.
Fobsd.

Pealed.
dP cm. 
dP deg.

166.140 1.161 -0 .003 +0.028 0.108
173.270 2.200 +  .002 -  .011 .187
179.792 3.739 .000 .000 .292
187.297 6.544 • .000 .000 .466
195.081 11.103 -  .002 + o o CO .720
202.860 17.992 .000 .000 1.067
209.876 26.833 -  .013 +  .009 1.472
214.932 35.166 .000 .000 1.827
220.209 45.913 +  .001 -  .000 2.257
225.048 57.889 -  .015 +  .006 2.708
228.756 68.619 -  .032 +  .010 3.092
231.412 77.271 +  -014 -  .004 3.392

T a b l e  III
M e l t in g  a n d  B o il in g  P o in t  T e m p e r a t u r e s  o f  P r o p a n e

M. p., B. p.,
T, °K. T, °K. Observer

228.1 Olszewski9 (1894)
229.0 Burrell and Robertson10 (1915)

83.2 228.6 Maass and Wright11 (1921)
230.98 Dana, Jenkins, Burdick and

Timm12 (1926)
230.8 Francis and Robbins13 (1933)

86.0 230.93 Hicks-Bruun and Bruun14 (1936)
85.45 231.04 This research
(9) Olszewski, Ber., 27, 3305 (1894).
(10) Burrell and Robertson, T h is  J o ur n a l , 37, 2188 (1915).
(11) Maass and Wright, ibid., 43, 1098 (1921).
(12) Dana, Jenkins, Burdick and Timm, Rsfrig. Eng., 12, 387 

(1926).
(13) Francis and Robbins, T h is  J o u r n a l , 65, 4339 (1933).
(14) Hicks-Bruun and Bruun, ibid., 68 , 810 (1936).
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representation is shown in Fig. 1. Table V con­
tains values of the heat capacity taken from a 
smooth curve through the data.

T a b l e  I V

H e a t  C a p a c it y  o f  P r o p a n e  

Molecular weight, 44.092 ;15 1.6779 moles in calorimeter.

T, °K.
Cp cal./deg. 

per mole AT Series
13.29. 0.514 3.375 II
16.36 .865 2.795 II
19.60 1.504 3.705 II
23.11 2.257 3.315 II
26.57 2.970 3.609 II
30.51 3.864 4.221 II
34.58 4.870 3.915 II
38.85 5.785 4.590 II
43.68 6.682 5,132 II
48.91 7.593 5.219 II
54.48 8.471 4.899 II
59.16 9.328 5.447 II
64.87 10.08 5.947 II
70.96 10.87 6.373 II
77.05 11.69 5.733 II
81.32 12.21 2.673 II
83.60 12.42 1.851 III
83.84 12.60 2.551 II
84.75 12.70 0.438 III
85.14 13.14 .343 III
85.45
89.67

Melting point 
20.20 5.339 I

95.48 20.25 6.134 I
101.91 20.33 6.642 I
108.45 20.41 6.326 I
115.11 20.50 6.879 I
121.92 20.59 6.600 I
128.85 20.68 7.119 I
135.90 20.84 6.827 I
142.74 20.89 6.578 I
149.69 21.06 7.089 I
156.80 21.19 6.840 I
164.34 21.35 7.910 I
171.97 21.47 7.031 I
179.04 21.68 6.769 I
185.85 21.90 6.547 I
194.23 22.17 6.243 I
200.89 22.42 6.041 I
207.04 . 22.52' 5.885 I
213.05 22.80 5.707 I
219.20 23.00 5.539 I
224.91 23.29 5.401 I
229.76 23.48 3.941 I
231.04 Boiling point

Heat of Fusion.—No measured values of the 
heat of fusion were found in the literature. The 
present measurements of the heat of fusion of pro­
pane are summarized in Table VI.

Heat of Vaporization.—The propane was 
vaporized from the calorimeter into the 5-liter

US) Int. At. Wt, Committee, T h is  J o ur n a l , 59, 219 (1937),

T a b l e  V

H e a t  C a p a c it y  o f  P r o p a n e

Values taken from smoothMolecular weight, 44,092. 
curve through observations.

T, °K.
Cp cal./deg. 

per mole
15 0.662
20 1.592
25 2.635
30 3.765
35 4.960
40 5.995
45 6.923
50 7.765
55 8.570
60 9.342
65 10.08
70 10.77
75 . 11.42
80 12.04
85 12.64
85.45 Melting point

T, °K.
Cp cal./deg. 

per mole
90 20.20

100 20.31
110 20.42
120 20.55
130 20.71
140 20.87
150 21.05
160 21.25
170 21.47
180 21.73
190 22.03
200 22.35
210 22.70
220 23.07
230 23.49
231.04 Boiling point

T a b l e  VI
H e a t  o f  F u s io n  o f  P r o p a n e

Temp.
interval, °K.

81.974-87.775
82.208-87.423
85.082-87.952

Molecular weight, 44.092
Corr. heat -

input per mole J Cpd T

972.5 130.4
958.3 116.3
917.7 75.1

A H
cal./m ole
842.1
842.0
842.6

Average value = 842.2 =*= 0 .8  cal./mole

measuring bulb mentioned previously. A con­
stant pressure regulating device described by 
Giauque and Johnston8 was used. The individual 
measurements are summarized in Table VII, 
and are compared with the value calculated from 
equation (2) and Bert helot’s equation.7 The 
value measured by Dana and co-workers12 is also 
included.

T a b l e  VII
H e a t  o f  V a p o r iz a t io n  o f  P r o p a n e

Boiling point, 231.04 °K.; molecular weight, 44.092.
No. moles 
vaporized
0.21634

.21871

.21865

Time of energy 
input, min.

38
39 
39

A H  at 760 mm. 
cal./m ole

4488
4487
4485

Average value = 4487 =*= 4

From vapor pressure equation 2.
This includes a Berthelot correction of —180

cal./mole 4475
Value of Dana, Jenkins, Burdick and Timm 4475 =*= 45

Entropy from Calorimetric Data.—The calcu­
lation of the entropy of propane at the boiling 
point, 231.04°K., from the calorimetric data is 
summarized in Table VIII,
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T a b l e  VIII
E n t r o p y  o f  P r o p a n e  f r o m  C a l o r im e t r ic  D a t a

0-15°K., Debye extrapolation, (hcv/k = 0.25
128)

Solid, 15-85.45 °K., graphical 9.702
Fusion, 842.2/85.45 9.856
Liquid, 85.45-231.04 °K., graphical 21.063
Vaporization, 4487/231.04 19.421

Entropy of actual gas at boiling point 60.29 =*= 0.1 
Correction for gas imperfection 0.16

Entropy of ideal gas at 1 atm. 
and 231.04°K.

60.45 cal./deg. 
per mole

The correction for gas imperfection was ob­
tained from the expression7

Sideal ~  factual = (27R TlP )/32T*Pc

The values of the critical pressure and temperature 
were taken as Tc = 369.9°K. P c = 42.01 atm.16

Magnitude of the Potential Barrier.—Al­
though it would be more logical to evaluate the 
entropy due to the two degrees of freedom con­
cerned with the internal rotation of the methyl 
groups and thereby estimate the magnitude of the 
potential barrier, it is more convenient to calculate 
an entropy value with the assumption of free 
internal rotation and evaluate Sfree ~  êxperimental- 
With this quantity and a table of Siree — Sundered 
as a function of the potential barrier, the magni­
tude of the barrier may be obtained.

The values of the natural constants used were 
those given in the “International Critical Tables.” 
The following data from the electron diffraction 
measurements of Bauer17 were used to calculate 
the rotational contribution to the entropy.

C-C = 1.503 ±  0.02 A.
C-H = 1.081 *  0.02 A.

C-C-C = 11412'

The remaining H-C-H angles were assumed to be 
tetrahedral, namely, 109°28'. Kassel18 has de­
rived the partition function for freely rotating 
propane. The expression for the rotational en­
tropy
*Sfree rotation = R/2  In (/x — 2K  sill2a)(I y —

2K  cos2a )(I z)(K )2 +  5/2 R  In T -  R  In <r +  447.599 

may be separated into the usual expression
‘S'external rotation = R/2  In I J y I z +  3/2 R  In T ~

R In 2 +  267.649
plus
Siree iuternal rotatiou = R /2  ln(/t)2 +  2?lnT — £ln9 +  179.950

(16) Beattie, Poffenberger and Hadlock, J , Chem. Phys., 3, 96 
(1935).

(17) Bauer, ibid., 4, 406 (1936).
(IS) Kassel, ibid,, 4, 276 (1936),

where the reduced moment
sin2»^ ( .  2K  cos2 a

T T ~)  \  Iy

K  — moment of inertia of a methyl group. 
a = one-half of the C-C-C angle. I z — moment 
of inertia about the axis through the center of 
gravity and perpendicular to the carbon plane. 
Iy = moment of inertia about the axis which 
bisects the C-C-C angle in the carbon plane. 
I x = moment of inertia about the axis through 
the center of gravity and perpendicular to both 
y and z axes.

From the above data the moments of inertia 
times 1040 g. cm.2 were found to be 7X = 26.9; 
Iy -  96.8; I z = 108.2; K = 5.18; I 2 = 18.93. The 
symmetry number cr was taken equal to 18.

Kohlrausch and Köppl19 have summarized the 
Raman data on propane. They have also in­
cluded the results of Bartholomé20 on the in­
frared spectrum of propane. The three vibrations 
of the carbon skeleton have been identified at 
373, 867 and 1053 cm.-1. For the calculation of 
the vibrational contribution to the entropy, the 
remaining frequencies were estimated as follows: 
seven at 950 cm.-1, seven at 1440 cm.-1 and 
eight at 3000 cm.-1.21

The sum of the translational, rotational and 
vibrational entropies of freely rotating propane 
was calculated to be 63.85 =±= 0,25 cal./deg. per 
mole at one atmosphere at the boiling point, 
231.04°K. The disagreement of this value with 
the experimental value, 60.45 =*= 0.10 cal./deg. 
per mole, indicates that the rotation of the methyl 
groups in propane is hindered rather than free. 
Although lack of equilibrium in the crystal at low 
temperatures has caused discrepancies in the 
experimental and spectroscopic entropy values of 
several molecules, the reasons for this lack of 
equilibrium are known and such an explanation 
for the disagreement in the case of propane as in 
the cases of ethane,1 tetramethylmethane22 and 
methylamine23 seems very improbable. Pitzer,21 
by interpolating the values of the barriers present 
in similar molecules, has predicted a hindering 
potential of 3400 cal./mole for propane.

The difference, 5free -  êxperimental» was found 
to be 3.40 =*= 0.3 cal./deg. per mole at the boiling 
point. This amount of entropy corresponds to a

(19) Kohlrausch and Köppl, Z. Physik, Chem., B26, 209 (1934).
(20) Bartholomé, ibid.,'B2Z, 152 (1933).
(21) Pitzer, J . Chem. Phys., 5, 473 (1937).
(22) Aston and Messerly, T h is  J o urn al , 58, 2354 (1936).
(23) Aston, Siller and Messerly, ibid., 59, 1743 (1937),

(Ir)2 = (K)2 ( l  -  —
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barrier of 3300 =*= 400 cal./mole,24 which is in 
excellent agreement with the predicted value 
mentioned above. The entropy at 298.10°K. 
has been calculated to be 64.7 =*= 0.3 cal./deg. per 
mole from molecular and spectroscopic data, the 
experimental value of the potential barrier and 
the experimental value of the entropy at the 
boiling point. This value at 298.10°K. is the 
entropy to be used in thermodynamic calculations.

In these calculations the nuclear spin entropy, 
8 R  In 2 =  11.015 cal./deg. per mole, has been 
neglected. Table IX contains a summary of the 
calculations.

T a b l e  IX
C a l c u l a t io n  o f  t h e  M a g n it u d e  o f  t h e  P o t e n t ia l

B a r r ie r  i n  P r o p a n e

T  -  231.04°K. T  =  298.10°K. 
P  =  1 atm. P  — 1 atm. 

cal./deg. per mole
5tran«. =  3/2 R  In M  +

5/2 R  In T  -  R  In P -  
2.300 36.02 37.28

^ ex ter n a l rotation == R /2  111

L / y L  X 1Ö120 +  3/2 R  
In r  — R  In 2 — 6.851 20.46 21.22

Siree internal rotation  ==: R/2
In 7r2 X 1080 +  R  
In T  — R  In 9 -  3.050 6.32 6.83

*Svibrat. == 2 )P1 t o  vm ^ E inste in 1.05 2.22

63.85 ± 0.25 67.55
Calorimetric entropy 60.45 =*= 0.10

Sires -  ĥindered 3.40 =±= 0.3 2.86
Entropy of propane with a 

potential barrier of 3300 
cal./mole (nuclear spin
entropy not included) 64.7 =±=0.3
(24) Refer to Table I of ref. 4.

Summary
The heat capacity of condensed propane has 

been measured from 15°K. to the boiling point. 
The melting point was found to be 85.45 =*=
0.05°K., the boiling point 231.04 =*= 0.05°K., the 
heat of fusion 842.2 .=*= 0.8 cal./mole and the 
heat of vaporization 4487 =*= 4 cal./mole.

Vapor pressure measurements have been made 
on liquid propane and the results have been repre­
sented by the equation (liquid propane, 166 to 
231°K. (0°C. = 273.10°K.))
logioPcmt. cm . H g) = -(1325.358/T) +  9.64920 -

0.0118950r +  0.000013420 T2

The density of propane gas at 298.10°K. and 
one atmosphere was found to be 1.8325 =*= 0.0007 
g./liter.

At one atmosphere at the boiling point the 
experimental entropy of propane (ideal gas) was 
evaluated as 60.45 =±= 0.10 cal./deg. per mole.

The entropy of propane calculated with the 
assumption of free internal rotation minus the ex­
perimental entropy, 5free — Experimental (at the 
boiling point), was found to be 3.40 =*= 0.3 cal./ 
deg. per mole, which corresponds to a potential 
barrier of 3300 =*= 400 cal./mole hindering the in­
ternal rotation of the methyl groups.

The entropy of propane (ideal gas, with a 3300 
cal./mole barrier) at one atmosphere and 
298.10°K. was found to be 64.7 =*= 0.3 cal./deg. 
per mole (nuclear spin entropy not included). 
This is the entropy value to be used in thermo­
dynamic calculations.
B e r k e l e y , C a l i f . R e c e iv e d  M a r c h  30, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , D u k e  U n i v e r s it y ]

Vapor Pressure Studies. I. Evidence for the Validity of Raoult’s Law. The Sys­
tems Benzene-Diphenyl, Benzene-Benzyl Benzoate, Ethyl Acetate-Benzyl Benzoate

B y H. H. Gilmann1 and Paul Gross

Attention recently has been drawn2 to the 
paucity of direct experimental evidence which is 
available in support of Raoult’s law. In view of 
its importance for modern solution theory and 
because of the difficulty of giving a general theo­
retical foundation to the law, the desirability3 of 
adding to this evidence has been emphasized.

(1) Part of a thesis of H. H. Gilmann submitted in partial 
fulfilment of the requirements for the Ph.D . in Chemistry.

(2) Guggenheim, Trans. Faraday Soc., 33, 161 (1937).
(3) Hildebrand, T h is  J o urn al , 59, 794 (1937).

In connection with a study of the stability of 
addition compounds in non-aqueous systems as 
indicated by partial pressure determinations, par­
tial pressure data were also obtained for certain 
binary systems consisting of a volatile and a non­
volatile component. Some of these cases furnish 
evidence bearing on the validity of Raoult’s law.

The systems in question are benzene-diphenyl, 
benzene-benzyl benzoate and ethyl acetate-ben­
zyl benzoate. Benzyl benzoate boils at 324°
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According to Reclienberg4 it has a vapor pres­
sure of 4.5 mm. at 156°. By means of a log p  

vs. 1/T  plot the data given by Rechenberg above 
156° were extrapolated to 95°, the highest tem­
perature investigated here. The vapor pressure 
found thus was 0.3 mm. Since the partial pres­
sure of the benzyl benzoate from the solutions 
could be no greater than this, its contribution to 
the total vapor pressure would be negligibly small. 
The measurement of the total vapor pressure of 
the systems containing benzyl benzoate would 
therefore be a direct determination of the partial

pressure of the volatile 
component, benzene or 
ethyl acetate. A test of 
Raoult’s law with sys­
tems of this type has 
the definite advantage 
that it involves fewer 
assumptions than ear­
lier tests such as that of 
Zawidski with systems 
involving two volatile 
components. These ne­
cessitated the assump­
tion of the validity of 
the gas laws and of 
Dalton’s law of partial 
pressures in order to cal­

culate the partial vapor pressures from the com­
position of the liquid condensate of the vapor 
phase which had been determined analytically.

The same considerations apply to the system 
benzene-diphenyl in the range of temperatures 
between 50 and 80°. Here the partial pressure 
of the benzene can be placed equal to the total 
pressure of the solution with but negligible error. 
At the highest temperatures measured, 90-95°, the 
vapor pressure of the diphenyl is no longer negli­
gible. However, even in these cases an estimate 
of the contribution that the partial pressure of its 
vapor makes to the total indicates that it is of the 
same magnitude as the experimental error. These 
cases will be considered in detail later.

Apparatus and Method
The total vapor pressures were determined by an ebullio- 

metric method using a modification of the apparatus of 
Swietoslawski.5 The principle of this is based on the 
earlier apparatus of Cottrell and need not be reviewed 
here. The precise boiling point elevation measurements

(4) Rechenberg, “ Einfache und fraktionierte Destination,” 2 
AufL, Schimmel & Co., M iltitz, 1923, p. 305.

(5) Swietoslawski, Bull. soc. chim., [4] 71, 717 (1927).

of Washburn and Reade6 and the extensive tests of his 
own apparatus by Swietoslawski7 show that this method 
gives true values for the vapor-solution equilibrium and 
that it is capable of great precision. Our experience con­
firms this. The apparatus is shown in Fig. 1. The large 
bulb A (600 cc.) is filled through the stoppered side-tube I 
with a solution of known composition to a point just be­
low the end of tube II. The solution is boiled by the plati­
num heating coil and also, if necessary, by external heat­
ing by means of gas micro burners heating the lower por­
tion of A. A stream of mixed vapor and bubbles rises in 
II and is ejected through the constriction C onto the ther­
mocouple well T. The volatile component is condensed in 
an efficient inner jacket condenser attached to D so de­
signed as to have a minimum hold-up of returning con­
densate. The latter is by-passed through tube IV to pre­
vent cooling of the vapor equilibrium chamber surround­
ing T. The return tube III  is brought into the bottom to 
promote mixing and circulation. This and the heating 
coil which prevents bumping a t low pressures are modifica­
tions in Swietoslawski’s original design.

A pressure control system, containing a large thermally 
insulated reservoir of 30-liter capacity to minimize pres­
sure variations, was attached to the upper end of the con­
denser. Pressures were read with a baromanometer 
similar in design to that of Germann8 employing tubes 
of 13-mm. i. d. and with an electric device for setting the 
zero position in the arm connected to the pressure system. 
The scale was ruled on a strip of plate glass on a Geneva 
Society dividing engine and checked with a cathetometer. 
Pressures could be read to 0.2-0.3 mm. Atmospheric 
pressure readings taken at intervals with the baromanome­
ter were compared with those of a “Greene Precision 
Barometer” which had a 0.75-inch (1.9-cm.) diameter 
mercury column and were found to be in agreement within 
the precision of the readings on the baromanometer. All 
pressures are corrected to sea level at 34° latitude and 0°.

Temperatures were determined by means of a 24-junc­
tion copper-constantan thermocouple designed according 
to the recommendations of White.9 This was calibrated 
by the Bureau of Standards at six temperatures, the cold 
junctions being at zero. The Bureau’s certificate fur­
nished a four constant equation to represent the de­
pendence of e. m. f. on temperature. A three constant 
equation of the type recommended by Adams10 was found 
to fit their calibration data somewhat better and was there­
fore used. The hot junctions of the thermocouple were 
placed in the glass well T and covered with “Nujol” to 
about 1 cm. depth to ensure good thermal transfer from 
the walls of the well. E. m. f.’s were read with a Leeds and 
Northrup calibrated Type K potentiometer.

As an over-all check on the pressure and temperature 
readings the boiling temperatures of redistilled water 
under five different pressures from 352.6 to 751.8 mm. were 
determined and found to agree within 0.01° with those 
given in “International Critical Tables” in all but one 
case which differed by 0.02°. The vapor pressures of 
benzene from 40 to 80° and those of ethyl acetate from 40

(6) Washburn and Reade, T h is  J o urn al , 41, 729 (1919).
(7) Swietoslawski, J . Chem. Ed., 51, 469 (1928).
(8) Germann, T h is  J o u rn al , 36, 3456 (1914).
(9) W hite, ibid., 36, 2292 (1914).
(10) Adams, J . Wash. Acad. Sci., 3, 469 (1913),

10 CM.

Fig. 1.



July, 1938 Evidence for the Validity of Raoult’s Law 1527

to 90° were determined. Since these compounds were 
carefully purified and the data in the literature, especially 
for ethyl acetate, show some disagreement it seems worth 
while to record our observed values here. Table I gives 
the values for benzene and Table II those for ethyl acet­
ate.

T a b l e I T a b l e  II
t P, mm. t p, mm.

36.73 157.8 39.46 183.7
40.90 188.5 53.35 324.1
45.13 223.9 67.96 557.1
50.19 272.1 77.04 758.6
55.09 326.7 83.01 919.8
60.63 389.9 87.58 1061.4
64.89 461.2
69.67 544.7
74.98 646.0
79.78 753.0

Large scale smoothed curves of the values in Tables I 
and II were drawn and the values for each even ten-degree 
interval found. These values are listed in the columns 
headed 100% in Tables V and VI. These were compared 
with the best values in the literature listed in “Interna­
tional Critical Tables.” The benzene values agreed within 
1 mm. with those of Young at 40, 50 and 60° and with 
those of Smith and Menzies at 65, 70 and 80°. The ethyl 
acetate values agreed within 1 mm. with those of Rechen­
berg11 at 40, 60, 70, 80 and 90° but differed by 2.2 mm. at 
50°, 3.4 mm. at 60°, and 2.0 mm. at 80° from those in 
“International Critical Tables.” At 60 and 90° the dif­
ference from the latter values was less than 1 mm.

in a large Dufton column and the fraction distilling be­
tween 80.15 and 80.17° was then (f) fractionally recrys­
tallized, that with melting point 5.42-5.46° being stored 
over sodium for use.

Diphenyl.—This was recrystallized twice from absolute 
alcohol, dried, and then distilled twice under about 7 mm. 
pressure at 112 °. The product so obtained had a melting 
point of 68.95°.

Ethyl Acetate.—Eastman Kodak Company best grade 
was distilled and the fraction between 77.00 and 77.18° 
was dried over phosphorus pentoxide for three weeks. I t  
was then distilled in the Dufton column, the large fraction 
distilling between 77.14 and 77.16° being used.

Benzyl Benzoate.—This was fractionally distilled under 
reduced pressure. Attempts at distillation a t ordinary 
pressure as recommended by Berkeley12 resulted in slight 
cracking and so were abandoned. The melting point of 
each fraction was determined and the best fractions re­
distilled. The best fractions from this redistillation melted 
from 19.10 to 19.20° and these were used.

Data
Samples of the actual data obtained are given 

in Tables III and IV. These values of the pres­
sure at different temperatures for each solution 
of fixed composition were plotted and a smooth 
curve drawn through the points. From this the 
pressures at 10° intervals were found and these 
are tabulated in Tables V, VI and VII under the 
corresponding compositions in mole per cent. In

T a b l e  III
Mole % Benzene 69.93, Diphenyl 30.07

t 48.50 58.65 58.76 68.33 68.49 77.98 78.09 86.51 92.66
p ,  mm. 179.3 261.6 264.3 364.6 367.0 497.3 499.0 641.3 762.6
t 50 55 60 65 70 75 80 85 90
p , mm. 192 232 275 327 386 453 530 614 709

T a b l e  IV
Mole % Benzene 69.93, Diphenyl 30.07 

t  55.26 59.63 69 .55  79.88 90.26 95.65
p, mm. 232.2 271.8 381.8  530.6 722.7 841.1
i 55 60 65 70 75 80 85 90 95
p, mm. 233 274 327 386 453 532 615 712 826

In view of the purity of our substances and the compari­
sons cited for water, benzene and ethyl acetate we esti­
mate that in the determination of the vapor pressures 
of pure substances the method will probably not result in 
errors greater than 0.03° in temperature, and 1.5 mm. in 
the pressure values. The errors in the case of the solu­
tions will be discussed later.

Materials
Benzene.—A good grade was purified as follows: 

(a) shaken with concentrated sulfuric add until no colora­
tion was perceptible, (b) washed with watei, then with 25% 
sodium hydroxide solution and then with water, (c) shaken 
with mercury, (d) washed with water and then dried over 
calcium chloride and phosphorus pentoxide, (e) distilled

the row immediately below each value of the mole 
per cent. (N) is tabulated the value of the quan­
tity 100 A defined by the equation 

A = (p/po) — N
Here p is the observed pressure at the mole per 
cent, in question and po is the vapor pressure of 
the pure volatile component at the temperature 
concerned, as listed in the row marked 100 mole 
per cent. A is the difference between the mole 
fraction computed from Raoult’s law and the ac­
tual composition of the solution and is a measure 
of the deviations from the law. These devia­
tions are averaged for constant temperature in 
the last row at the bottom and for constant com­
position in the last column at the right of each 
table.

Before discussing the significance of the data a 
closer evaluation of the possible errors of the

(12) Berkeley, J . Chem. Soc., 109, 520 (1916).(11) Rechenberg, Ref. 4, p. 190:
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T a b l e  V
S y s t e m  B e n z e n e - D ip h e n y l , P a r t ia l  P r e s s u r e  o f  B e n z e n e  i n  M m .

M ole Av.
% CeHe t__ 50 60 70 80 90 95 100 A

69.93 192 274 386 531 710 826
100 A 1.18 0.32 0.25 0.21 -0 .3 9 0.01 0.39
78.58 215 309 435 593 802 923

100 A 1.05 0.65 0.51 -0 .2 5 -0 .0 3 -0 .4 3 .49
84.79 228 333 472 645 855 1007

100 A -0 .3 5 0.59 1.03 0.41 -1 .0 5 0.48 .65
88.96 241 352 492 672 913 1052

1Ó0 A 0.30 1.30 0.50 0.19 0.46 0 .1 2 .48
93.00 249 363 511 704

100 A -0 .7 8 0.08 -0 .0 9 0 .24
100.00 270 390 550 757 1021® 1181®
Av. 100 A 0.73 0.59 0.48 0 .2 1 0.48 0.26

® Calculated from the equation given in “I. C. T.,” Vol. III, p . 221 .

T a b l e  VI
S y s t e m  B e n z e n e - B e n z y l  B e n z o a t e , P a r t ia l  P r e s s u r e o f  CöHe i n  Mm.

Mole Av.
%  C6H 6 t__ 50 60 70 80 90 95 100 A
50.14 132 191 269 364 493 583

100 A -1 .2 5 -1 .1 7 -1 .2 3 -2 .0 6 -1 .8 5 -0 .7 7 1.39
61.90 169 240 337 465 627 730

100 A 0.69 -0 .3 6 -0 .6 3 -0 .4 7 -0 .4 9 -0 .0 9 0.46
73.57 199 291 405 558 745 864

100 A 0.13 1.04 0.07 0.14 -0 .6 0 -0 .4 1 .40
80.22 216 317 443 608 822 945

100 A -0 .2 2 1.06 0.32 0 .1 0 0.29 -0 .2 0 .37
91.22 248 358 503 688 932 1074

100 A 0.63 0.58 0.24 -0 .3 4 0.06 -0 .2 8 .36
100.00 270 390 550 757 1021 1181
Av. 100 A 0.38 0.84 0.50 0.62 0 .6 6 0.35

T a b l e  VII
S y st e m  E t h y l  A c e t a t e - B e n z y l  B e n z o a t e , P a r t ia l  P r e s s u r e  o f  E t h y l  A c e t a t e  i n  M m .

M ole %
ethyl Av.

acetate / ___ 50 60 70 80 90 95 100 A
50.27 154 224 324 451 608 705

100 A 3.95 3.19 4.00 3.81 3.35 3.47 3.63
67.50 199 295 424 589 798 932

100 A 2.57 2.91 3.52 3.12 2.87 3.54 3.09
79.81 228 341 488 681 929 1079

100 A 0.47 1.57 1.93 1.84 2.09 2.43 1.72
89.43 261 376 543 751 1025

100 A 2.47 0.31 1.53 • 0.62 0.96 1.18
100.00 284 419 597 834 1134 1312®
Av. 100 A 2.36 1.99 2.75 2.10 2.57 3.15

Interpolated from a log p vs. 1 /T  plot of the values given in ‘T. C. T .,” Vol. I l l ,  p. 219.

method as a whole in the case of the solutions is 
desirable. Further errors in addition to those 
previously evaluated as inherent in the pressure 
and temperature measurements, are of two sorts. 
The first involves the assumption that the con­
tribution to the observed pressure of the partial 
pressure of the benzyl benzoate or diphenyl is 
negligible. This is clearly the case for benzyl 
benzoate whose vapor pressure is below 0.5 mm. 
even at 95°. The case of diphenyl requires fur­

ther consideration. The only vapor pressure 
data at low temperatures for diphenyl available in 
the literature are those quoted by Montillon, 
Rohrbach and Badger13 for temperatures above 
69.2°. From a smoothed curve through these 
values the following vapor pressures were found:
0.56 mm. at 70°, 1.3 mm. at 80°, 2.5 mm. at 90° 
and 3.3 mm. at 95°. These figures measure the es-

(13) Quoted in inches of mercury in Ind . Eng. Chem., 23, 764 
(1931), as data from the Swann Chemical Company.
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caping tendency of the pure diphenyl. Since the 
maximum concentration in the solutions is only 30 
mole % diphenyl its escaping tendency will be ma­
terially lower in all cases. To attempt to estimate 
the actual partial pressures would beg the question 
at hand so that we will use the above figures to 
estimate the error due to the volatility of the 
diphenyl, realizing that they represent an extreme 
and improbable upper limit. At 50, 60, 70, and 
80° this greatest possible contribution to the 
total pressure would be of the same order or less 
than the other errors in the method already dis­
cussed. At 90 and 95° the total pressure could 
be 0.4% greater than the partial pressure of ben­
zene for the 30 mole per cent, diphenyl solution. 
These values could result in errors in the calcu­
lated mole per cent, of benzene from 0.2 to 0.3% 
at 90 and 95° . These estimates apply only to the 
highest diphenyl concentration at these tempera­
tures. For all lower concentrations at these 
temperatures these greatest possible errors due to 
this cause would be materially smaller. Again it 
must be emphasized that these figures are based 
on the improbable premise that the partial pres­
sure of diphenyl is the same from its 30 mole per 
cent, solution in benzene as its vapor pressure 
as a pure liquid.

The second type of errors are those due to the 
possible errors in the composition of the solution 
phase. The errors in weighing the components of 
a given solution were much less than one per mille 
and due precautions were taken that no serious 
loss of the volatile component occurred on trans­
fer to the ebulliometer. This was weighed at the 
beginning and end of each run and only inappre­
ciable losses in weight were found, indicating that 
the condenser was effectively stopping loss of the 
volatile component. Any possible error due to 
the segregation of a small, more or less constant 
fraction of the volatile component as it drained 
down from the condenser was minimized by the 
large volume of solution employed. The fact 
that reasonable differences in the rate of heating 
did not affect the boiling temperatures also in­
dicated that any error due to such fractional con­
densation was small.

An over-all check on the reliability of the 
method was obtained by making two sets of dup­
licate runs with solutions of identical composition 
in which different pressures and temperatures 
were employed in each case. A sample of one 
pair of these runs is given in Tables III and IV to­

gether with the values of the pressures found in­
dependently from the smoothed curves for each 
run, for each 5° interval. The average discrep­
ancy in the pressure readings for these two sets of 
duplicate runs was 1.0 mm. with one difference 
as great as 3 mm. These estimates indicate that 
the average error in terms of the pressures for 
these systems would be less than 2 mm, and that 
occasional errors of 3 mm. might occur. The 
presence of these errors could affect the values of 
p/po by 1% or less on the average at the low 
pressures and by approximately 0.5 to 0.7% at 
the higher pressures. This might result in values 
of 100 A of these orders independent of any real 
deviation from Raoult’s law. Furthermore, a 
very few values of 100 A of twice this amount 
might be expected. Examination of Tables V 
and VI indicates that the values of 100 A are on 
the whole less than these error limits would 
indicate. Therefore these two systems obey 
Raoult’s law within the limits of error over the 
temperature and concentration ranges measured.

The deviations in the system ethyl acetate-ben­
zyl benzoate as shown in Table VII are from two 
to three times greater than this experimental error 
and are ah positive indicating a real, though small, 
positive deviation from Raoult’s law in this sys­
tem.

Discussion

Two assumptions are necessary for the deriva­
tion of Raoult’s law on simple statistical grounds :14 
first, that the two molecular species have closely 
similar molecular fields and second, that they 
have the same size. In the system benzene- 
diphenyl the first of these conditions is fulfilled 
but not the second. Since benzyl benzoate con­
tains the carbonyl and ether groups, both of which 
are polar and should have a different field than 
that of benzene, it might appear that neither of 
the conditions are fulfilled in the benzene-benzyl 
benzoate system. It is probable, however, that 
the major portion of the contacts with neighboring 
benzene molecules will be made by the phenyl 
rings and that these will shield the ester group 
and will to a large extent determine the character 
of the external molecular field of the molecule. 
Its field should thus be similar to that of the ben­
zene.

The present measurements taken in conjunc­
tion with the solubility determinations of War-

(14) Hildebrand, T h is  J o u r n a l , 59, 795 (1937),
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ner, Scheib and Svirbely15 and the freezing point 
determinations of Washburn and Reade16 in­
dicate that the system benzene-diphenyl approxi­
mates fairly closely to the ideal over a large range 
of temperature. Furthermore, determinations 
of the lowering of the freezing point of benzene by 
benzyl benzoate made by Kendall and Booge17 
indicate that the system benzene-benzyl ben­
zoate remains approximately ideal at consider­
ably lower temperatures than those of the present 
measurements.

The system ethyl acetate-benzyl benzoate 
shows small but definite positive deviations from 
Raoult’s law which persist substantially un­
changed over a considerable temperature range. 
Two factors appear to be of importance in this 
case. In the first place contacts will be largely 
between the alkyl groups of the ethyl acetate 
and the phenyl groups of the benzyl benzoate. 
I t is probable that the fields of these would be 
dissimilar as the solubility14 of diphenyl in hep­
tane deviates greatly from the ideal. Second, the 
shielding of the polar ester group in ethyl acetate 
is less complete than in benzyl benzoate. It is 
probable that this group accounts for an appre­
ciable portion of the attractive forces between 
ethyl acetate molecules themselves. When these 
are surrounded in part by benzyl benzoate mole-

(15) Warner, Scheib and Svirbely, J . Chem. Phys., 2, 591 (1934).
(16) Washburn and Reade, Proc. Nat. Acad. Sci., 1, 191 (1915).
(17) Kendall and Booge, T h is  J o urn al , 38, 1712 (1916).

cules it would seem probable that the separation 
between the polar ester groups in the two mole­
cules of unlike size would be greater and their 
mutual attractions smaller. As a consequence the 
ethyl acetate molecules would show a higher 
escaping tendency.

If this analysis of the situation in these systems 
is correct it would indicate that differences in the 
volume of the components of a system are of 
secondary importance as determining its devia­
tion from Raoult’s law in comparison with dif­
ferences in the effective molecular fields. The 
effective fields will be those of the component 
atoms or groups in the molecules which are most 
frequently in contact.

Summary
The total vapor pressures of the systems ben­

zene-diphenyl, benzene-benzyl benzoate and ethyl 
acetate-benzyl benzoate have been determined 
from 50 to 95° over limited ranges of concen­
tration. The bearing of these measurements on 
the validity of Raoult’s law as applied to these 
systems is discussed. The benzene-diphenyl and 
benzene-benzyl benzoate systems follow Raoult’s 
law within the limits of the experimental error. 
The ethyl acetate-benzyl benzoate system shows 
deviations several times larger than the experi­
mental error, indicating a slight, but real, positive 
deviation from Raoult’s law.
D u r h a m , N. C. R e c e iv e d  M a r c h  31, 1938

[C o n t r ib u t io n  fr o m  t h e  D a n ie l  S ie f f  R e s e a r c h  I n s t i t u t e ]

Photochemical Interaction between Ketones and Alcohols
B y Ch . Weizmann, Ernst Bergmann and Y ehuda H irshberg

Ciamician and Silber1 were the first ones to 
observe that ketones and (primary or secondary) 
alcohols, under the influence of light, may undergo 
a process of mutual oxidation and reduction. But 
although the amount of available experimental ma­
terial is not small,2 the elementary photochemi­
cal processes, apparently, have not yet been elu­
cidated. In connection with other experiments 
which will be referred to later on, we have started 
an investigation of the questions concerned, pri-

(1) (a) Ciamician and Silber, Ber., 33, 2911 (1900); (b) 34, 1537 
(1901); (c) 36, 1575 (1903); (d) 43, 945 (1910); (e) 44, 1280 (1911); 
(f) 46, 1540 (1912); (g) 47, 1806 (1914); (h) 48, 190 (1915).

(2) (a) Baeyer and Co., German Patent 297,993 (1921); (b) Cohen, 
Réc. trav. chim., 39, 243 (1921); (c) Paternó, Chieffi and Perret, Gazz. 
chim. ital,, 44? I, 151 (1914),

marily of the reaction products in some typical 
cases

Acetophenone and butanol on irradiation with 
the mercury arc give the pinacol of the former 
substance, butanol being dehydrogenated to 
form butyraldehyde according to the scheme

C6H5v
2 >c=o +  CH3CH2CH2CH2OH —

C H /
C6H5/  /CeHó

c h 3c h 2c h 2c h o  +  >c—~c<
c h / |  | x c h 3

OH OH

Fifty per cent, of the theoretical amount of the 
aldehyde could be traced by titration according
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to Wagner.3 It is interesting to note that both 
the diastereomerides of the pinacol, but to quite 
a different extent, are contained in surprisingly 
large yields in the solid product which is formed; 
their separation could be effected by fractional 
crystallization from light petroleum (b. p. 80- 
100°).

Acetophenone and cyclohexanol on irradiation 
gave the diastereoisomerides of acetophenonepina- 
col and cyclohexanone. Here, the cyclohexanone 
was determined in the mixture with excess cyclo­
hexanol by Girard’s reagent (trimethylammonium 
chloride acethydrazide)4 which converts the 
ketone into a water-soluble, easily decomposable 
derivative. The amount of cyclohexanone found 
was as high as 80% of the theoretical yield.

In an analogous way acetophenone reacts with 
phenylmethylcarbinol to give the same mixture 
of pinacols. All these interactions parallel the 
known reaction between acetophenone and ethyl 
or isopropyl alcohol. In the same way, pinacol 
has been obtained from acetone and isopropyl 
alcohol.28.

The system cyclohexanone-cyclohexanol gives 
cyclohexanone pinacol only in poor yield. This 
substance5 could not be obtained in an analytically 
pure state, but its identity has been proved by 
conversion into dicyclohexenyl.6 Obviously, one 
cannot yet decide whether the above system is 
relatively inert or a complete exchange of two 
hydrogen atoms takes place, which would give 
again the original mixture of reactants.

Finally, the pair acetone-butanol was irradi­
ated. Three substances have been isolated in 
pure state: two isomeric forms of .sym-dipropyl- 
glycol, C3H7CHOHCHOHC3H7 (one liquid, one 
solid) as half-oxidation products of butyl al­
cohol and the trimeric form of butyraldehyde. 
In addition butyraldehyde and isopropanol were 
found in the first fractions of the reaction product. 
The question as to whether part of the acetone 
was converted into pinacol could not be decided, 
since no pure fraction consistent with its proper­
ties has been isolated. The balance of the con­
cerned oxidation and reduction processes gave 
satisfactory results.

The characteristic feature of all these reactions 
is the reducing power of hydrogen H* on the 
carbon atom of a (primary or secondary) alcoholic

(3) Wagner, Biochem. Z ., 194, 441 (1928).
(4) Girard and Sandulesco, Helv. chim. acta, 19, 1095 (1936).
(5) Zelinsky, Ber., 34, 2801 (1901).
(6) De Barry-Barnett and Lawrence, J . Chem. Soc., 1104 (1935).

group, — CH*OH. That the hydrogen of the 
hydroxyl group itself is relatively insignificant 
may be concluded from the fact that ethers be­
have similarly toward ketones.7 The primary 
step, however, in all these cases is most probably 
not the loosening of this hydrogen atom. This 
may be deduced from the following consideration. 
If irradiation would cause the loosening or dis­
sociation of the C-H* bond—which is even for 
thermodynamical reasons highly improbable- 
then irradiation of an optically active secondary 
carbinol like phenylmethylcarbinol should lead to 
racemization, free radicals of the C6H5CHGH3 
type being configurationally unstable.8 There 
is no change in rotation to be observed on ir­
radiation of the optically active carbinol, but if a 
mixture of acetophenone and the carbinol is ir­
radiated, the mixture of the epimeric aceto­
phenone pinacols is found inactive, although one 
of them could have been formed in active state.9 
We therefore come to the conclusion that the 
first step in the irradiation of the above-discussed 
mixtures is the activation of the carbonyl com­
pound, e. g., leading to a diradical form.10 This 
form reacts with the carbinol, splitting the C-H* 
bond and giving two radicals
Ri\ R-3\

>C—O +  >C—OH — >■
r /  I i R /  I

H*
Ri\ R3N.

>C—OH* +  >C—OH
R2/  \  r /  \

which subsequently stabilize by symmetrical or 
unsymmetrical dimerization or by a second oxi­
dation-reduction process. It is not easy to fore­
see which stabilization reaction will actually occur 
in a given case; here the relative stability of the 
intermediate radicals will play an important part.

It may well be that hemiacetal formation which 
takes place between carbonyl and hydroxyl com­
pounds plays also a certain role in the course of 
the photocondensation, but it cannot be essential, 
since, according to the investigations of K. L.

(7) Ciamician and Silber, Ber., 34, 1541 (1901); 44, 1554 (1911); 
48, 194 (1915); Paternö and Chieffi, Gazz. chim. ital., 40, II, 321 
(1911); Bergmann and Fujise, A nn ., 483, 65 (^930).

(8) Pauling and Wheland, J . Chem. Phys., 1, 362 (1933); Berg­
mann and Schuchardt, A n n ., 487, 225 (1931).

(9) It is noteworthy that the part of the carbinol recovered un­
changed from that experiment shows practically the original rotation, 
a slight decrease possibly being due to a certain complete hydrogen 
exchange between the ketone and the secondary alcohol.

(10) For this assumption, compare Bodenstein, Sitzungsbër. 
Preuss. Akad. W iss., 73 (1931); Z. physik. Chem., B12, 151 (1931); 
Farkas and Hirshberg, T h is  Jo u r n a l , 59, 2450 (1937); Hirshberg 
and Farkas, ibid.. 59, 2453 (1937).
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Wolf and Herold,11 some of our pairs of com­
pounds are unable to form hemiacetals.

The photochemical mobilization of the hydrogen 
in an alcoholic group is of interest with regard to 
the mechanism of ergosterol irradiation. At vari­
ance with the assumption of Spring12 that this im­
portant reaction involves primarily epimerization 
at C3, Windaus and Dimroth13 14 were able to demon­
strate that the secondary hydroxyl group at C3 is 
actually not influenced by irradiation, while in 
the presence of eosin, which acts as hydrogen 
“acceptor,” the well-known conversion of ergos­
terol into ergopinacol occurs.13b) 14 This reaction, 
undoubtedly, is rather complex in nature but 
here too, the primary step appears to be the 
loosening of the H* atom in the secondary alco­
holic group in the presence of the activated “ac­
ceptor” molecule.

Experimental Part
Acetophenone and Butanol.—The irradiation product 

was fractionated. In the first fraction (b. p. 110-120°) 
butyraldehyde has been determined, as described above. 
The main part of this fraction was unchanged butyl alco­
hol: 0.74 g. was heated with 1.93 g. of ^-nitrophthalic 
anhydride and 5 cc. of toluene for twelve hours on the 
water-bath. The solid product was collected and re­
crystallized from 20% acetic acid: leaflets, m. p. 146°, 
which were identified "by mixed melting point as butyl 
hydrogen ^-nitrophthalate.

The second fraction (b. p. 80-110° at 20 mm.) consisted 
of acetophenone, the third one (b. p. 205-210° at 25 mm.) 
was a viscous oil, which crystallized immediately on tritu­
ration with light petroleum (b. p . 40-60 °). The solid prod­
uct on recrystallization from light petroleum (b. p. 80- 
100°) gave first prisms, m. p. 123°, which were identified 
as acetophenone pinacol15 by mixed melting point and 
analysis. The mother liquor was treated with petroleum 
ether, and the precipitate (m. p. 85-95°) recrystallized 
from petroleum ether (m. p. 80-100°); diamond-shaped 
crystals, m. p. 122-123°. This substance was again iden­
tified as isomeric acetophenone pinacol16 by mixed m. p. 
and analysis.

Cyclohexanone and Cyclohexanol.—After removal of 
cyclohexanone and cyclohexanol, a viscous residue was 
obtained, boiling a t 130-131° (20 mm.), 90° (0.04 mm.). 
I t was identified by analysis and conversion into dicyclo- 
hexenyl.6

Anal. Calcd. for C12H22O2: C, 72.7; H, 11.0. Found: 
C, 72.5, 72.4; H, 10.2, 10.5.

(11) K. L. Wolf and Herold, Z. physik. Chem., B5, 124 (1929); 
1 2 ,1 6 5 ,1 9 4  (1931).

(12) Spring, Chemistry & Industry, 55, 837 (1936).
(13) (a) Windaus and Dimroth, Ber., 70, 376 (1937). (b) Com­

pare Dimroth, ibid., 69, 1123 (1936).
(14) D ehydroergosterol, lumisterol and dehydrocholesterol be­

have analogously. Windaus and I,insert, A nn., 465, 148 (1928); 
Urushibara and Ando, Chem. Zentralbl., 109, I, 2982 (1937).

(15) Beilstein, Vol. VI, p. 1011; Supplementary Vol. VI, p. 493.
(16) Ramart-Lucas and Salmon-Legagneur, Bull. soc. chim., [4]

45, 718 (1929).

Acetone and Isopropanol.—The pinacol formed distilled 
at 60-65° (2 mm.) and was identified as its crystalline 
hydrate, m. p. 50°.17

Acetone and Butanol.—The reaction product was di­
vided into five fractions: (a) b. p. 50-70° (760 mm.) ace­
tone. (b) b. p. 78-80° (760 mm.). This fraction con­
tained 29.1% isopropanol, as found after oxidation with 
chromic acid by Messinger’s method for the determination 
of acetone,18 which would not be present in this fraction, 
and 45% butyraldehyde. (c) b. p. 95-120° (760 mm.). 
This fraction was mainly butyl alcohol, but still contained 
2.7% isopropanol, (d) b. p. 110-115° (25 mm.). Liquid 
sym-di-w-propyl-glycol. Anal. Galcd. for C8Hi8Ö2: C, 
65.7; H, 12.3. Found: C, 65.2; H, 12.3. (e) b, p.
140-150° (25 mm.). This fraction immediately sepa­
rated crystals, which could be isolated by trituration 
with ice-cold petroleum ether (b. p. 40-60°). From the 
same solvent leaflets, m. p. 121°, with some sublimation, 
were obtained. Analysis showed that this substance was 
a solid isomer of the foregoing one. Anal. Calcd. for 
C8Hl80 2: C, 65.7; H, 12.3. Found: C, 65.0; H, 12.3.

The mother liquor of the crystals was again distilled in 
vacuo, the first portion being rejected as containing some 
more of the above crystals. The fraction b. p. 95° (0.3 
mm.), wn -5D 1,4640, was analytically identified as ^-butyr- 
aldehyde. Anal. Calcd. for (C4H80 )3: C,66.7; H, 11.1. 
Found: C, 66.4; H, 11.1.

Experiments with Optically Active Phenylmethylcarbi- 
nol.—An equimolecular mixture of phenylmethylcarbinol 
( [oi]d  +23.6°) and acetophenone (2 g. of each) was irradi­
ated for about two hundred hours with a small mercury arc 
lamp and the mixture gradually turned yellow. Frac­
tionation gave a mixture of the unchanged reactants (1.2 
g.; b. p. 40-60° a t 0.04 mm.) and a residue which crystal­
lized on trituration with light petroleum (2.57 g.) and could 
be identified by the method of fractional crystallization 
indicated above1 as mixture of the two acetophenone pina­
cols. While this mixture was optically inactive, the rota­
tion of the liquid fraction amounted to aD 9.05°, Under 
the assumption that this liquid product was still an equi­
molecular mixture of acetophenone and phenylmethyl­
carbinol, the specific rotation of the latter substance would 
be [a]D  +18.1°.

Irradiation of pure phenylmethylcarbinol for about 
two hundred hours failed to produce an appreciable de­
crease in rotation (19.2----> 18.6°), only a slight yellowish
discoloration taking place.

Summary
The irradiation of the following pairs of com­

pounds has been studied: acetophenone-butanol, 
acetophenone-cyclohexanol, acetophenone-phen- 
ylmethylcarbinol, cyclohexanone-cyclohexanol, 
acetone-butanol.

Optically active phenylmethylcarbinol is not 
racemized by ultraviolet light, but in the pres­
ence of acetophenone an optically inactive prod­
uct is formed.

An activated ketone molecule reacts with the
(17) Beilstein, Volume I, Berlin, 1918, p. 488.
(18) Messinger, Ber., 21, 3368 (1888).
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C-H bond of an alcoholic group, giving two 
configurationally unstable radicals. They stabi­
lize by disproportionation or dimerization.

The significance of the results for the photo­
chemical behavior of ergosterol is discussed. 
R e h o v o t h , P a l e s t in e  R e c e iv e d  M a r c h  12, 1938

[Co n t r ib u t io n  f r o m  t h e  C o b b  Ch e m ic a l  L a b o r a t o r y , U n iv e r s it y  o f  V i r g i n i a ]

Studies in the Phenanthrene Series. XVII. Amino Alcohols Derived, from 9-
Hydroxy-1,2,3,4-tetrahydrophenanthrene1

By Alfred B urger

Some of the amino alcohols of types I 
and II derived from 1,2,3,4-tetrahydro­
phenanthrene2 have been found to possess 
relatively favorable pharmacological proper­
ties.3

The 1,2,3,4-tetrahydroisoquinolino deriva­
tive of type I, for example, approaches co­
deine and pseudocodeine in analgesic action.
The corresponding derivative of type II is 
weaker in analgesic effect, but does not ex­
hibit any convulsant and emetic action. In 
morphine, the phenolic hydroxyl group is 
undoubtedly an important factor influencing 
the high analgesic effect of this alkaloid,4 
and therefore it appeared desirable to syn­
thesize amino alcohols of types I and II 
carrying a phenolic hydroxyl group in one 
of the aromatic nuclei. The synthesis of the 

H NR2 H CH2NR2
HOx

Hy

X

first group of amino alcohols with these structural 
features was planned as shown.

The starting materials for these syntheses, III 
(RA = H, CH3, CH3CO) are relatively easily ac­
cessible.5

(1) The work reported in this paper is part of a unification of ef­
fort by a number of agencies having responsibility for the solution 
of the problem of drug addiction. The organizations taking part are: 
The Rockefeller Foundation, the National Research Council, the 
U. S. Public Health Service, the U. S. Bureau of Narcotics, the Uni­
versity of Virginia and the University of Michigan.

(2) (a) M osettig and Burger, T h is  J o urn al , 57, 2189 (1935); 
(b) Burger and M osettig, ibid., 58, 1570 (1936).

(3) Mosettig, Eddy and co-workers, “Attempts to Synthesize 
Substances with Central Narcotic and, in Particular, Analgesic Ac­
tion ,” Supplement to the U. S. Public Health Reports, in press.

(4) Edmunds, Eddy and Small, J . A m . Med. Assoc., 103 1417 
(1934).

(5) Kon and Ruzicka, J . Chem. Soc., 187 (1936).

The preparation of IV (R' = H, CH3) did not 
offer any difficulties; only monobromo compounds 
were obtained. Attempts to exchange the bro­
mine atom in IV (R' = H) with secondary amines 
were without success. With R ' =  CH3, however, 
the reaction resulted in the expected amino ke­
tones in yields that varied according to the sec­
ondary amine used. With piperidine the corre­
sponding amino ketone V (R2 =  C5H10) was ob­
tained in a yield of about 60%, while 1-hydroxy- 
9-methoxyphenanthrene appeared as a by-prod­
uct. When diethylamine was used the amino ke­
tone was formed in yields of about 30%; in this 
instance the formation of l-hydroxy-9-methoxy- 
phenanthrene by loss of hydrogen bromide and 
subsequent aromatization seems to be a main re­
action, perhaps accompanied by the simultaneous 
formation of III.6

Unfortunately, catalytic hydrogenation under 
various experimental conditions did not furnish 
the corresponding amino alcohols VI, since the 
hydrogen absorption would not stop at this stage.

(6) Compare footnotes 5 and 6 of Ref. 2a.
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An excess of one to four moles of hydrogen was 
absorbed, and it was impossible to isolate any 
homogeneous reaction products.

The amino ketones of type VII were obtained 
by the Mannich method7 in yields varying from 
20-70%, depending on the nature of NR2 and R' 
(CH3 or CH3CO). Catalytic hydrogenation 
yielded the corresponding amino alcohols VIII. 
In each case only one of the two possible diastereo- 
isomeric forms was obtained.

Further experiments that should lead to isomeric 
phenolic amino alcohols of types VI and VIII are 
in progress.

Experimental Part
Derivatives of 1 - Keto - 9 - hydroxy -1,2,3,4 - tetrahydro- 

phenanthrene.—The reduction of /T[l-(4-methoxynaph- 
thoyl) ]-propionic acid8 was carried out by the technique of 
M artin.9 Five per cent, of glacial acetic acid by volume 
was added to the reaction mixture.10 Commercial mossy 
zinc proved to be superior to other grades. The properties 
of the 7-[l-(4-methoxynaphthyl)]-butyric acid, obtained 
in a yield of 50%, agreed with those described by Martin9 
and by Kon and Ruzicka.5

I t  was hoped that the yield of the butyric acid derivative 
could be improved by reducing the methyl ester of /3-[l- 
(4-methoxynaphthoyl) ]-propionic acid catalytically. This 
ester was prepared from the acid with diazomethane in 
ether solution, or by the action of dimethyl sulfate in 
sodium hydroxide solution. I t was recrystallized from 
dilute methanol, giving colorless needles, m. p. 42-43°.

Anal. Calcd. for Ci6H170 4: C, 70.29; H, 6.28. Found: 
C, 70.46; H, 5.96.

In alcoholic solution, using a 16% palladium-charcoal 
catalyst, this ester absorbed more than two moles of hy­
drogen very slowly. Forty per cent, of the starting ma­
terial was recovered unchanged, and the remaining acid, 
obtained by saponification of the mother liquors, was oily.

Hydrogen under high pressure at 100° in the presence 
of a chromite catalyst did not attack the ester in four 
hours. In other experiments (156, 185 and 210° for six 
hours, respectively) a mixture was obtained that melted 
from 104-108°. Repeated crystallization from methanol 
raised the m. p. to 120-122°. This substance appears in 
colorless leaflets, but is not entirely pure. Its behavior in 
alkaline solution arid its analyses indicate that it repre­
sents a methoxytetrahydronaphthyl-y-butyrolactone. No 
further efforts in this direction were made.

1 - Keto - 9 - acetoxy - 1, 2, 3, 4 - tetrahydrophenan- 
threne.—Ten grams of l-keto-9-hydroxy-1,2,3,4-tetra­
hydrophenanthrene5 was allowed to react with acetic an­
hydride (15 ml.) in pyridine solution (30 ml.) for forty- 
eight hours. Large crystals separated and were filtered. 
The mother liquor was evaporated in a vacuum, and the

(7) Mannich and co-workers, Ber., 53, 1874 (1920); 55, 3510 
(1922); Arch. Pharm., 255, 261 (1917); 275, 54 (1937); Bodendorf 
and Koralewski, ibid., 271, 101 (1933).

(8) Fieser and Hershberg, T h is  J o urn al , 58, 2314 (1936).
(9) Martin, ibid., 58, 1438 (1936).
(10) Private communication by Dr. E, B. Hershberg.

residue was combined with the crystals. The product was 
purified by distillation in a high vacuum, and recrystal­
lization.

1 - Keto - 2 - bromo - 9 -methoxy - 1,2,3,4 - tetrahydro- 
phenanthrene.—Ten grams of l-keto-9-methoxy-l,2,3,4- 
tetrahydrophenanthrene was dissolved in 250 ml. of abso­
lute ether, and 2.4 ml. of bromine was added. Two milli­
liters of a saturated ethereal solution of hydrogen chloride 
was added to initiate decoloration which was complete 
after about five minutes. The bromo ketone crystallized 
out, was filtered, washed with methanol and water, and 
purified by crystallization.

1 - Keto - 2 - diethylamino - 9 - methoxy - 1,2,3,4 - tetra- 
hydrophenanthrene.—Eight grams of l-keto-2-bromo-9- 
methoxy-1,2,3,4-tetrahydrophenanthrene was boiled under 
reflux with 20 g. of diethylamine in 80 ml. of benzene for 
five hours. A crystalline precipitate separated out after 
some time. Water was added to the reaction mixture, and 
the free diethylamino ketone was obtained by the addition 
of alkali to the aqueous solution. The crude diethylamino 
ketone melted at 90-95°. I t was converted to the hydro­
chloride in acetone solution. From the benzene layer, 1- 
hydroxy-9-methoxyphenanthrene was obtained as de­
scribed below.

1 - Hydroxy - 9 - methoxyphenanthrene.—The benzene 
layer (see above) was evaporated in a vacuum, and the 
residue was boiled with a 5% methyl alcoholic potassium 
hydroxide solution for ten minutes. The solvent was 
evaporated in a vacuum, the residue was dissolved in 
water and the filtered solution was acidified. The 1- 
hydroxy-9-methoxyphenanthrene precipitated as an oil 
which soon solidified (1.9 g.). I t  was purified by distilla­
tion in an oil-pump vacuum and crystallization from ben­
zene-petroleum ether. Colorless needles were obtained, 
m. p. 131-132°.

Anal. Calcd. for C15H12O2: C, 80.32; H, 5.40. Found: 
C, 80.76; H, 5.66.

J-Acetoxy-9-methoxyphenanthrene.—One and nine- 
tenths grams of l-hydroxy-9-methoxyphenanthrene was 
boiled with 30 ml. of acetic anhydride and 2 g. of anhydrous 
sodium acetate for three hours. The mixture was decom­
posed with water, and the acetylation product was purified 
by distillation a t 5 mm. pressure and crystallization from 
alcohol; fine, colorless needles, m. p. 154.5-155.5°; yield 
2g.

Anal. Calcd. for C17H14O3: C, 76.66; H, 5.30. Found: 
C, 76.52; H, 5.04.

Attempts to oxidize this compound to l-acetoxy-9,10- 
phenanthrenequinone failed.

1,9-Dihydroxyphenanthrene.—One part of 1-acetoxy- 
9-methoxyphenanthrene was boiled under reflux with 
twenty parts of a mixture of 48% hydrobromic acid and 
glacial acetic acid (1:1) for one hour. The reaction 
mixture was poured into water, and a pink crystalline pre­
cipitate separated out. I t was dissolved in cold dilute 
potassium hydroxide solution which contained some 
sodium sulfite. The dihydroxy compound obtained 
by acidification was purified by distillation in a high 
vacuum and recrystallization from benzene. The com­
pound was obtained as light brown plates which sinter at 
181° and melt at 184-185° (evac. tube).
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T a b l e  I
Yield, Carbon, % Hydrogen, % Nitrogen, %

No. Derivatives of 1,2,3,4-tetrahydrophenanthrene Solvent Appearance % M . p., °C. Formula Calcd. Found Calcd. Found Calcd. Found

1 l-K eto-9-acetoxy- w-Butanol Colorless needles 83 159-160 C16H 14O3 75 .56 75.15 5 .55 5 .34
2 1-Keto-2-bromo-9-methoxy- ft-Butanol Yellow plates 88 174-175 CisHiaBrCte 59.01 59.53 4 .3 0 4 .2 6
3 l-Keto-2-bromo-9-hydroxy-° M ethanol Yellow leaflets Above 330 Ci4HnBr02 57.73 56.99 3.81 3 .72
4 l-K eto-2-diethylam ino-9-m ethoxy— HC1 Alcohol-ether Colorless light needles 27 128-138 (dec.) C19H 24CINO2 Cl, 10.63 10.27
5 1 -Keto-2 -piperidino-ÖTmethoxy— H Clb Alcohol-ether Colorless 63 Sinters 246 C10H 24CINO2 69.43 69.45 7.00 7 .14 4 .0 5 4 .32

258-261 (dec.)
6 l-K eto-2-(l,2,3,4-tetrahydroisoquinolino)-m ethyl-9-

methoxy— HC1 M ethanol-ether Yellow spears 46 176-177 (dec.) C26H 26CINO2 3 .44 3 .76
7 -Perchlorate0 M ethanol-ether Yellow 135-150 (dec.) C26H 26CINO6 2 .97 3.12
8 l-H ydroxy-2-(l,2,3,4-tetrahydroisoquinolino)-m ethyl-9-

methoxy- Methanol Colorless needles 137-138d C25H 27NO 2 80 .38 80 .63 7 .29 7 .32
9 -Hydrochloride Alcohol-ether Colorless 90 211 C2SH28CINO2 73.22 73.07 6 .89 6 .99

10 l-Acetoxy-2-(l,2,3,4-tetrahydroisoquinolino)-m ethyl-9-
methoxy—-HC1 Alcohol-ether Colorless 200-201 (dec.) C 27H 3oC 1 N 0 3 71.73 71 .98 6 .70 6.41

11 l-K eto-2-(l,2,3,4-tetrahydroisoquinolino)-m ethyl-9-acetoxy-e M ethanol Almost colorless needles 144 C26H 25NO3 78.15 77.86 6 .31 6 .33
12 -Hydrochloride Alcohol-ether Colorless rhombic plates 72 167-168 (dec.) C26H 26CINO3 3 .22 3 .21
13 l-H ydroxy-2-(l,2,3,4-tetrahydroisoquinolino)-m ethyl-9-

acetoxy— HC1 M ethanol-ether Colorless prisms 90 234-235 (dec.) C26H 28CINO3 71.28 71.00 6 .45 6 .3 5
14 1 -Hydroxy- 2 -(1,2,3,4-tetrahy droisoquinolino) -methy 1-9-

hydroxy-f Methanol Colorless 213(dec.)(vac.) C24H 2SNO2 80.17 79 .96 7 .02 7 .03
15 -Hydrochloride0, Alcohol Crystal powder 75 225-227 (dec.) C24H26C1N02 72.79 72.63 6 .6 2 6 .56
16 l-K eto-2-diethylam inom ethyl-9-m ethoxy- Methanol Colorless prisms 41 83 C20H 25NO2 77.12 77.38 8 .1 0 8 .2 2 4 .50 4 .6 8
17 -Hydrochloride Alcohol-ether Colorless prisms 160-161 C20H 26C1NO2 4 .0 3 3 .9 7
18 l-H ydroxy-2-diethylaminomethyl-9-methoxy— HC1 Alcohol—ether Colorless square plates 86 190 (dec.) C20H28C1NO 2 68.63 68 .48 8 .0 7 7 .9 2
19 l-Acetoxy-2-diethylam inom ethyl-9-m ethoxy— HC1 Alcohol-ether Glittering prisms 165-166 (dec.) C22H 30C1NO 3 67.40 67.67 7 .7 2 7 .57
20 l-K eto-2-diethylam inom ethyl-9-acetoxy— HCl^ Alcohol—ether Colorless prisms 20 146-147 C21H 26C1N 0 3 3.73 3 .76

a Bromination of l-keto-9-hydroxy-1,2,3,4-tetrahydrophenanthrene was carried 
out as in the case of no. 2. A mixture of chloroform and ether (5:1) was used as a 
solvent. The bromo compound turned dark at 190°, the light color returned at 
210° and the sample did not melt below 330°. b Prepared analogously to no. 4. 
The free piperidino ketone, prepared from the hydrochloride, was recrystallized 
from methanol: brown needles which darken rapidly in air, m. p. 112-113°. Also 
in this case, l-hydroxy-9-methoxyphenanthrene was obtained as a by-product in 
the preparation of the piperidino ketone. c Prepared from the free base with 
ethereal perchloric acid. d After drying a t 100° in a high vacuum. * Prepared 
from no. 12 with dilute ammonium hydroxide solution. f Prepared by making

the acid mother liquors of the crude no. 15 alkaline with sodium bicarbonate solution 
and extraction into ether. The pure substance melted a t 195-196° (decomp.) 
in an open tube. Methylation with diazomethane in alcohol-ether solution yielded 
the methyl ether, m. p. 129-131°, identical (mixed m. p.) with no. 8. 0 One part
of no. 13 was heated with 3 parts of an 8% methyl alcoholic potassium hydroxide 
solution for a few minutes, the solution was diluted with water and acidified with 
hydrochloric acid. The tarry hydrochloride precipitated out. I t  was separated 
from the mother liquor by decanting, and it crystallized on treatment with acetone. 
h The mother liquors from the preparation of this salt contained dark basic and 
non-basic by-products of elevated m p.
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Anal. Calcd. for Ci4Hi0O2: C, 79.97; H, 4.80. Found: 
C, 80.13; H, 5.08.

1.9- Diace toxyphenauthrene.—A sample of 1,9-dihydroxy- 
phenanthrene was allowed to react with acetic anhydride 
in pyridine solution overnight. The diacetoxy compound 
was purified by distillation in the vacuum of an oil pump 
and crystallization from dilute alcohol, resulting in fine, 
colorless needles, m. p. 154-155°.

A n a l Calcd. for Ci8H i40 4: C, 73.44; H, 4.80. Found: 
C, 72.87; H, 4.80.

1.9- Dimethoxyphenanthrene.—One and six-tenths 
milliliters of dimethyl sulfate was added dropwise to a mix­
ture of 0.3 g. of l-hydroxy-9-methoxyphenanthrene, 1.45 
ml. of 60% potassium hydroxide solution and 10 ml. of 
acetone, with vigorous stirring in the course of ten min­
utes.11 After another ten minutes, the dimethoxy com­
pound was precipitated with water and purified by distilla­
tion in an oil-pump vacuum and crystallization from 
methanol; colorless oblong plates resulted, m. p. 113-114°. 
The yield was nearly quantitative.

Anal. Calcd. for Cl6H140 2: C, 80.63; H, 5.93. Found: 
C, 80.68; H, 6.38.

Preparation of Amino Ketones by the Mannich Reac­
tion.—One mole of l-keto-9-methoxy- or l-keto-9- 
acetoxy-1,2,3,4-tetrahydrophenanthrene was boiled with 
1.2 to 1.4 moles of the hydrochloride of the respective 
secondary amine and 3 moles of para-formaldehyde in 4 to 
7 parts of isoamyl alcohol for four to five minutes. The 
hydrochlorides of the amino ketones precipitated as oils on 
addition of ether. These oily salts either solidified and 
could be filtered out, or, as in the case of the easily soluble 
diethylamino derivatives, they were extracted into water. 
The amino ketones were liberated and purified by crystal­
lization or by conversion to a crystalline salt. The hydro­
chlorides of the less soluble amino ketones often can be 
separated from some unchanged hydrochloride of the 
respective secondary amine by their insolubility in cold 
water. Washing with acetone frequently removes colored 
impurities.

Preparation of Amino Alcohols.—The hydrochlorides of 
the amino ketones were hydrogenated, using a platinum 
oxide catalyst in methanol solution. One mole of hydro­
gen was absorbed in two to sixteen hours. The catalyst 
was filtered, and the solution concentrated in a vacuum. 
The hydrochlorides of the amino alcohols crystallized 
directly from the solution, or after addition of ether, and 
were purified by recrystallization.

The acetyl derivatives of the amino alcohols were ob­
(11) Cf. Stevens andl Tucker, J. Chem. Soc., 123, 2140 (1923).

tained by allowing the free alkamines or their hydrochlo­
rides to react with acetic anhydride in pyridine solution 
overnight. The solutions were then evaporated in a 
vacuum and the acetyl derivatives were converted into the 
hydrochlorides in the usual way.

Oxime of l-Keto-9-methoxy-l,2,3,4-tetrahydrophenan­
threne.—-Ten grams of l-keto-9-methoxy-l,2,3,4-tetrahy­
drophenanthrene, 6 g. of hydroxylamine hydrochloride, and
7.5 g. of barium carbonate in 170 ml. of alcohol were boiled 
for four hours. The barium salts were filtered from the 
hot solution, and the oxime was allowed to crystallize from 
the filtrate; yield, 9.7 g. of shining needles (from alcohol), 
m. p. 174-175°.

Anal. Calcd. for Ci5Hi5N 02: N, 5.81. Found: N, 
6.08.

1 - Amino - 9 - methoxy -1, 2 ,3,4  - tetrahydrophenan-
threne.—A solution of 9.5 g. of the oxime of l-keto-9- 
methoxy-1,2,3,4-tetrahydrophenanthrene in 500 ml. of 
moist ether was allowed to react with 30 g. of aluminum 
amalgam for forty-eight hours. The mixture was filtered 
and the aluminum sludge was washed repeatedly with 
warm ether. The ethereal solution was extracted with 
dilute hydrochloric acid. An insoluble yellow hydro­
chloride (5.8 g.) precipitated and was filtered off. The 
clear aqueous solution was made alkaline, the oily amine 
was extracted into ether, and converted to the hydrochlo­
ride (1.1 g.) in the customary way. I t was recrystallized 
from methanol as colorless needles, m. p. 291° (dec., evac. 
tube).

Anal. Calcd. for Ci5Hi8C1NO: C, 68.28; H, 6.88; N, 
5.31. Found: C, 68.42; H, 7.39; N, 5.33.

The insoluble hydrochloride could be recrystallized from 
400 parts of alcohol. I t  appeared as a poorly crystalline 
material that turned yellow on drying.

Summary
The synthesis of several tertiary l-hydroxy-2- 

aminomethyl -1,2,3,4 - tetrahydrophenanthrenes, 
carrying in position 9 a phenolic hydroxyl, a 
methoxy or acetoxy group, is described. A num­
ber of derivatives of 1,9-dihydroxyphenanthrene 
were obtained from l-hydroxy-9-methoxyphenan- 
threne, which is formed in a side reaction in the 
exchange of the bromine atom of l-keto-2-bromo- 
9-methoxy-1,2,3,4-tetrahydrophenanthrene with 
secondary amines.
U n iv e r s it y , V ir g in ia  R e c e iv e d  M a y  9, 1938
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A Suggestion for Naming the Higher Carbon Sugars1

B y C. S. H udson

When the initial syntheses by Emil Fischer of 
higher carbon aldoses in the heptose, octose and 
nonose series were in progress it became necessary 
to name the new sugars by some general plan. 
He named them (1) according to the hexose from 
which they were made (D-gluco, D-manno, D-gala, 
etc.) and (2) according to the number of carbon 
atoms in the sugar chain (heptose, octose, nonose); 
such is the historical origin of the names D-gluco- 
heptose, D-galaoctose, etc.2 Since the cyanohy­
drin synthesis yields two D-glucoheptoses from 
D-glucose, it was necessary for Fischer to dis­
tinguish between them, which he did later3 by 
the provisional symbols a  and j8, given empirically 
in the order of isolation. Subsequently Philippe4 
synthesized several more of the higher carbon 
sugars obtainable from D-glucose and found it 
necessary in the octose and higher series to ex­
pand the a and $ naming; in consequence cer­
tain sugars today are designated T>-a,a,a- and 
D-a,a-/3-glucononose; indeed theory predicts eight 
as the number of aldononoses obtainable from d- 
glucose and by present usage they are to be dis­
tinguished by the eight possible arrangements of 
a  and in a three-membered term. Fischer5 also 
distinguished the two forms of methyl-D-glucoside 
(now known to be the pyranosides6) by the desig­
nations a  and /3, assigned empirically, and today 
this latter use has become universal for the ring 
forms of the sugars and their derivatives be­
cause in a large number of cases the designations 
have been correlated with the stereostructures 
according to the plan of nomenclature that the 
writer proposed in 1909.7 It can hardly be 
questioned that the provisional naming of higher 
carbon sugars by the symbols a  and £ and com­
binations of them, given empirically, should at 
some stage of progress be replaced by a plan that 
names these sugars according to their configura­
tions. This could not be done by Fischer nor by 
Philippe, because only two of the configurations

(1) Publication authorized by the Surgeon General, U. S. Public 
Health Service.

(2) Fischer, Ber., 23, 934 (1890).
(3) Fischer, A nn .,..270, 64 (1892).
(4) Philippe, A n n . chim. phys., [8] 26, 289 (1912).
(5) Fischer, Ber., 28, 1145 (1895).
(6) Charlton, Haworth and Peat, J . Chem. Soc., 100 (1926).
(7) Hudson, T h is  J o ur n a l , 31, 66 (1909).

were then known in full (the two D-glucoheptoses). 
Later the configurations of the two D-mannohep- 
toses, the two D-galaheptoses and two of the 
D-mannooctoses were established by Peirce,8 and 
those of the two D-guloheptoses by LaForge.9 
The discovery of several independent rules of 
rotation correlating direction of rotation with 
configuration has supplied a simple way of learn­
ing the configurations of the remaining higher 
carbon sugars, and these methods have been 
applied to D-gulomethylose10 and to two of the 
D-glucooctoses11 and D-galaoctoses12; thus today 
we know the configurations of fourteen of the 
higher carbon aldoses (and two of the higher 
carbon aldomethyloses) and possess simplified 
methods for determining the configurations of 
all the others. Would it not be well therefore 
to introduce some new plan for naming higher 
carbon sugars of known configuration by which 
the name of the sugar will indicate its configura­
tion with the minimum burden upon the memory? 
One might give configurational definition to the 
terms a  and which would be the least possible 
change from the present names, but this would 
continue the present very confusing use of these 
symbols in two senses in the same name, for 
example, a-D-a-glucoheptose. The writer has
been using for about twelve years in unpublished 
notes a system which avoids this confusion and, 
as some colleagues have looked upon it with favor, 
it is here published.

Consider the sugar that is now known as D - a -  

glucoheptose.
H H OH H H

CHsOH----C—  G-----C— C— C------- CHO
OH OH H OH OH

7 6 5 4 3 2 1
D-a-Glueoheptose (D-Gluco-D-gulo-heptose)

It is made from D-glucose and its asymmetric 
carbon atoms 6, 5, 4 and 3, reading from the left, 
have the configuration that is carried over from 
D-glucose. Now read the configurations of car­
bon atoms 2, 3, 4 and 5 from the right; they are

(8) Peirce, J . B iol. Chem., 23, 327 (1915).
(9) LaForge, ibid., 41, 251 (1920).
(10) Levene and Compton, J . Biol. Chem., I l l ,  335 (1935).
(11) Hudson, T h is  J o u r n a l , 39, 463 (1917); Hockett and 

Hudson, ibid., 60, 622 (1938).
(12) Maclay, Hann and Hudson, ibid., 60, 1035 (1938).
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the same as in D-gulosé. This is more than a 
formal analogy because it is known from many 
examples that the higher carbon sugars have 
properties closely resembling those of the hexoses 
of like configuration for carbon atoms 2, 3, 4 and
5. It is suggested therefore that the sugar be 
named D-gluco-D-gulo-heptose. This name de­
fines the configuration unequivocally, indicates 
that the sugar is made from D-glucose and reminds 
one that it may be expected to resemble D-gulose 
in properties.13 Although the prefix gulo- does 
not require the D-symbol, since the D-gluco term 
is not compatible with an L-gulo term in a hep­
tose, octose or nonose, it seems preferable to re­
tain it because of its plain expression of the fact 
that the heptose resembles d- rather than L-gu- 
lose. Most of the higher carbon sugars of known 
configuration are listed below with the designa­
tion of the proposed new name, following the 
system just described.

H e p t o s e s

H H OH H H
CH2OH-----C-----C-----C— C------- G----CHO

OH OH H OH OH
7 6 5 4 3 2 1

(d- a-Glucohep tose) 
D-Gluco-D-gulO'heptose

H H OH H OH
CH2OH-— C---- C-----C-------C— -C ---- CHO

OH OH H OH H
(D-/?-Glucoheptose)

D-Gluco-D-ido-heptose

H H OH OH H
CH2OH----- C------ -C--- C-----C------C------CHO

OH OH H H OH
(D-a-Mannoheptose)

D-Manno-D-gala-heptose

H H OH OH OH
CHaOH----- C------ C---- C-----C------C------CHO

OH OH H H H
(D-j3-Mannoheptose)

D-Manno-D-talo-heptose

H OH OH H H
CH2OH----- -C----C------C -— C------C----CHO

OH H H OH OH
(D-a-Galaheptose)

D-Gala-L-mannó-heptose

H OH OH H OH
CH2OH----- -C----C-----C -— C------- C----CHO

OH H H OH H
(D-j0-Galaheptose)

D-Gala-L-gluco-heptose)

(13) I considered years ago th e  name, D -glycero-D-gulo-heptose as
an a lternative for D -gluco-D -gulo-heptose, but discarded it in  favor
of the nam e th a t specifica lly  in d icatès the hexose from which the 
higher carbon sugar is  prepared.

H OH H H OH
CH2OH----C------ C----- C----- C------ C----- CHO

OH H OH OH H
(D-tt-Guloheptose) 

D-Gulo-L-gala-heptose14

H OH H H H
CH2OH---- -C----- C----- C----- C---- -C—  CHO

OH H OH OH OH
(D-/3-Guloheptose)14 

D-Gulo-L-talo-heptose

O c t o se s

CHaOH-

CH2OH-

H H OH H H OH
C——c — -C---- -C— -C — -C —
OH OH H OH OH H

(D -a , a--Glucooctose)
D-Gluco-L-gala-octose

H H OH H H H
-C——c ---- -C---- -C— -C — -C —
OH OH H OH OH OH

CHO

-CHO

(D -a , /3-Glucooctose) 
D-Gluco-L-talo-octose

H OH OH H H OH
CH2OH---- C-----C— C----- C------C-----C-------CHO

OH H H OH OH H
(d - a, a-Galaoc tose) 

D-Gala-L-gala-octose

CH2OH

CH2OH

ch2oh

H OH OH H H H
[----c----C——C— -C----C— -C---- -CHO

OH H H OH OH OH
(D -a ,/3-Galaoctose)

D-Gala-L-talo-octose

H H OH OH H H
[----- C----- C——C— -C---- -C— -C---- -CHO

OH OH H H OH OH
(D -a ,a -Manpooctose)15

D-Manno-L-manno-octose

H H OH OH H OH
;----- C----- C——C— -C ---- -C—-C---- -CHO

OH OH H H OH H
(D-a,/3-Mannooctose)

D-Manno-L-gluco-octose

The names of derivatives are readily formed in the 
usual way, for example: D-gala-L-gala-octitol, 
octopyrauoside, octonic and octaric acids, octal, 
octosazone, etc.

In Fischer’s era rhamnose and fucose were 
designated substituted pentoses (substitution of 
methyl for a hydrogen atom directly attached to

(14) The D-guloheptoses were named by their discoverer (La­
Forge9) a  and (3 as here written; LaForge proved their configura­
tions by showing that D-a-guloheptitol is identical with D-/3-gala- 
heptitol. Isbell [ / .  Research Nat. Bur. Standards, 19, 639 (1937)] 
recently has proposed reversal of the symbols in a plan which 
gives configurational definition to a and /3; the disadvantage of this 
plan already has been mentioned.

(15) This configuration follows from the observation by George 
Peirce8 that the, sodium salt of D-manno-L-manno-octaric acid is 
optically inactive, but obviously it needs substantiation. The 
corresponding D-manno-L-manno-octitol was crystallized by Fischer 
and Passmore [Ber., 23, 2226 (1890)] but there is no mention of a 
rotatory measurement; the substance is probably inactive in accord­
ance with the above provisional configuration of the sugar. We expect 
to be able to present data soon that will permit decision regarding 
the formula.
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the carbon atom of the terminal group CH2OH), 
a usage which persists in the class name methyl- 
pentose; the practice is now becoming general to 
consider them as 6-desoxyhexoses, under the class 
name methylose,16 with an appropriate prefix 
to designate the configuration. Thus natural 
rhamnose is L-mannomethylose and natural 
fucose is L-galamethylose (or L-galactomethylose, 
if one chooses to use the full prefix). By com­
bining this plan of nomenclature with that which 
is suggested in this article, the two 7-desoxyhep- 
toses whose configuration is known may be given 
the following systematic names.

M e t h y l o -h e p t o s e s 17 (o r  7 - D e s o x y h e p t o s e s )

OH OH H H OH
CH3---- C— C----- C------C----- C-------CHO

H H OH OH H
(a-L-Rhamnohexose of Fischer) 

L-Manno-L-gala-methylo-heptose
OH OH H H H

CH3----C— -C ------C -— C------C-------CHO
H H OH OH OH

(/3-L-Rhamnohexose of Fischer) 
L-Manno-L-talo-methylo-heptose

The 2-ketoheptoses need to carry the name of 
the appropriate hexose only; the five known keto- 
heptoses are the following

H H OH H O
CH2OH----- C------C---- C----- C----- -C------CH2OH

OH OH H OH
D -G lu co h ep tu lo se 18

(Its m irror im a g e  is  L -G lu co h ep tu lo se ) 19

H H OH OH O
CH2OH---- G----- C----- C----- C— C-------CH2OH

OH OH H H
D-Mannoheptulose

(Originally named D-Mannoketoheptose)20 21 22
H H H OH O

CH2OH——C—  
OH

- C ----
OH

-C—  
OH

-C —  
H

-C ----- CH2OH

D-Altroheptulose21 
(Originally named Sedoheptose)22

(16) Votocek, Bull. soc. chim., 43, 18 (1928).
(17) The order methylo-heptose seems preferable to hepto- 

methylose because, as pointed out; in an analogous case by Freuden- 
berg and Raschig [Ber., 62, 376 (1929)], hepto-methylosazone is an 
ambiguous name since it  can apply to either the phenylosazone of a 
hepto-methylose or the methyl phenylosazone of a heptose; meth- 
ylo-heptosazone is not ambiguous. To overcome the objection raised 
by Freudenberg and Raschig in the case of the name altro-methylose, 
it may be well to  use altro-methylohexose instead. Rhamnose 
would then be L-manno-methylohexose and its osazone would be 
L-manno-methylo-hexosazone. The ambiguity could also be avoided 
by naming osazones with two words (e. g., altromethylose osazone), 
as is in fact often done, especially with osazones from substituted 
phenylhydrazines.

(18) Austin, T h is  J o u r n a l , 52, 2106 (1930).
(19) Bertrand and Nitzberg, Compt. rend.., 186, 925, 1172 (1928).
(20) LaForge, J . Biol. Chem., 28, 511 (1917).
(21) Ettel, Collection Czechoslov. Chem. Communications, 4, 504, 

513 (1932).
(22) I^aForge and Hudson,, Biol.. Chem., 30, 61 (1917).,

OH H H OH O
c h 2o h ---- C— C------C------- C ---- C----- g h 2o h

H OH OH H
L-Galaheptulose23 

(Originally named Perseulose)24
Beginning with the 2-keto-octoses, of which none 
are now known, prefixes of two hexoses would be 
required, leading for example to the unequivocal 
name D-gala-L-gluco-octulose for a ketose of the 
configuration

H OH OH H OH O
c h 2o h — C----- C— :C----C------C----- C-------c h 2o h

OH H H OH H
In designating the a- and 0-forms of ring 

derivatives (e. g., the methyl glycosides) it seems 
to the writer advisable to follow the simplest 
rule that is adequate, which is to name the more 
dextrorotatory member of a pair in the D-sugar 
series as a (or, in full, a-D-); its enantiomorph 
is an a-L-form, which represents the more levoro- 
tatory member of a pair in the u-sugar series. 
I made this suggestion in 1909 and it has been 
generally adopted, but there recently has come 
from Isbell25 the proposal to modify it and to re­
verse the a-0- naming in the arabinose and fruc­
tose series, and in a recent article Schlubach and 
Graefe26 question the naming of a certain new 
methyl sorboside as an a-L-form because it closely 
resembles in certain peculiarities a 0-D-methyl - 
fructoside. The recent experimental work of 
Jackson and Hudson27 in correlating the con­
figurations of carbon atom 1 in many of the aldo- 
hexopyranosides, aldopentopyranosides and an 
aldopentofuranoside furnishes proof of stereo- 
structures which confirm in all cases the nomen­
clature that I originally proposed. The system 
of naming a- and 0-methyl glycosides, etc., is 
best understood if one writes the skeleton stereo­
structures for the rings. The pyranoid forms 
are derived from the structures (I) and (II), as 
proved by Jackson and Hudson.

(23) This configuration for perseulose was made highly probable 
by LaForge;20 definitive proof has been established recently by 
Raymond M. Hann and the writer and it will be published shortly.

(24) Bertrand, Compt. rend., 147, 201 (1908); 149, 225 (1909).
(25) Isbell, J . Chem. Ed., 12, 96 (1935); J . Research Nat. Bur. 

Standards, 18, 505 (1937). Isbell appears to have considered only 
the pyranoid ring forms; if his plan were adopted it  would require 
that in aldohexoses having cis-trans configuration for the hydroxyl 
groups on carbon atoms 4 and 5 (galactose, talose, gulose and idose) a 
pyranoside would be named a. in the d series if it is the more dextro­
rotatory member of a pair, but a furanoside that is the more dextro­
rotatory member of its pair would have to be named a /3-D-form, 
which seems objectionable; with septanosides and with tetro- 
furanosides it is not clear how one would name them by Isbell’s 
plan. I warn against the confusion that must ultimately result if 
Isbell’s modification of my simple, generally applicable rule is fol­
lowed.

(26) Schlubach and Graefe, A nn ., 532, 211 (1937).
(27) Jackson aud, Hudson, T h is J o u r n a l , 59,. 994 (1937)..,
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(I) /S-L- |  Meth>rl glycosides
(Ci is dextrorotatory)

(II) cï-L- \  Methyl glycosides 
(Ci is levorotatory)

These skeleton structures permit one to write 
the stereo pyranoid formulas for any given case 
from the name of the substance; formula (I) 
pertains to a-d- and /3-L-forms, where Ci is dextro­
rotatory, and formula (II) to /3-d- and a-L-forms, 
where Ci is levorotatory. Thus the formulas for 
the methyl pyranosides of L-sorbose and D-fructose 
that were discussed by Schlubach and Graefe26 
take the forms (III) and (IV)

H
OH H
1 I OCHs

/ IH OHIX
,HN o T (2H2OH

H
OH

(III) /3-Methyl-L-sorbopyranoside

(IV)

OH 
OH I

H

H

OH1

—O'

OCH3

>
CH2OH

a-Methyl-D-fructopyranoside

and their close stereo similarity is apparent; their 
only difference is in respect to the configuration 
of their icarbon atom 5, and it is to be concluded 
that their common peculiar behavior is independ­
ent of the stereo form of this particular carbon 
atom. The following is an interesting case in 
this connection. In acid methyl alcoholic solution 
D-lyxose finally reaches equilibrium when its a- 
methyl pyranoside is the predominating sub­
stance; under like conditions D-arabinose forms 
its /3-methyl pyranoside principally; the stereo 
formulas (V) and (VI) show that the stereo form

(V)

OH
H H

OH OH1 
iH

H O/
H

OGH3
\ :/
H

a-Methyl-D-lyxopyranoside

OH H 
OH I I H

H
(VI) /3-Methyl-D-arabinopyranoside

of carbon atom 3 for these substances has a 
great influence upon the stability of the grouping 
on carbon atom 1. The same influence from 
carbon atom 3 is noticed in the configurations of 
the more stable forms of the acetohalogen sugars 
and the fully acetylated forms, of ring configura­
tion.

The skeleton formulas for the furanoid ring 
are (VII) and (VIII), as proved by Jackson and 
Hudson.

(VII) a-D- I Methyl glycosides 
(Ci is dextrorotatory)

(VIII) /3-d- I Methyl glycosides 
(Ci is levorotatory)

The known28 a-methyl-D-arabinofuranoside is 
written as (IX) and the known29 a-methyl-D- 
arabinomethylopentoside as (X); it is seen that

OH H
H I I OCH3

CH2OH
(IX) a-Methyl-D-arabinofuranoside ([«]D T  123) 

H OH

(X) a-Methyl-L-arabinomethylopentoside ([a]D —129)

closely approach mirror-image forms, which ac­
counts for their opposite signs and near magni­
tudes of rotation.

Lastly, the skeleton formulas for the septanoid 
ring glycosides, etc., obviously are to be written 
in similar conventional form; detailed examples 
may be omitted.

(28) Montgomery and Hudson, T h is  Jo urn al , 59, 992 (1937).
(29) Swan and Evans, ibid., 57, 200 (1935),
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Summary
It is proposed to abandon the use of the 

symbols a and (3 as parts of the actual names 
of the higher carbon sugars and to designate 
these by the abbreviated names of two hexoses, 
one of which indicates the hexose that is used 
in the synthesis and the other of which shows

the hexose that the new sugar resembles in its 
ring configurations. Examples are shown for 
the proposed names and for the use of the sym­
bols a and in designating the stereostructures 
of the pyranoid, furanoid and septanoid ring 
forms.
W a s h in g t o n , D. C. R e c e iv e d  M a r c h  3, 1938

[C o n t r ib u t io n  N o . 2 3 9 , D e p a r t m e n t  o f  Ch e m is t r y , K a n s a s  S t a t e  C o l l e g e ]

The Reaction of Kojic Acid with Aldehydes12
By H. N. Barham and G. N athan Reed

Kojic acid, 2-hydroxymethyl~5-hydroxy-Y-py- 
rone, was first obtained by Saito3 in a culture of 
Aspergillus oryzae grown upon steamed rice. 
Since then it has been found to be produced when 
different species of Aspergilli are grown upon a 
variety of organic substances.4 The acid used in 
this research was produced in the laboratories of 
Kansas State College by the growth of Aspergillus 
flavus upon a glucose medium.

While investigating the properties of kojic acid 
it was observed that a solid reaction product was 
obtained readily with formaldehyde. This re­
action was extended to other aldehydes until a 
series of solid derivatives was obtained which 
included derivatives from all of the normal, 
saturated, aliphatic aldehydes up to heptalde- 
hyde, as well as acrolein, benzaldehyde, hydro- 
cinnamaldehyde, cinnamaldehyde, and a-fur- 
furaldehyde.

An investigation of these derivatives was made 
in order to establish their constitution. The 
molar quantities involved in their preparation, 
together with other quantitative data, indicated 
that the products were formed by the elimination 
of one molecule of water from two molecules of 
kojic acid and one molecule of aldehyde. The 
aldehyde products gave red colorations with 
ferric chloride, could be titrated with standard 
alkali and formed insoluble copper salts which 
contained the calculated per cent, of copper. 
Upon treating with thionyl chloride, chloro com-

(1) Abstract of a thesis presented by G. Nathan Reed to the 
Graduate Council of Kansas State College in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy.

(2) Presented in part before the Division of Organic Chemistry of 
the American Chemical Society at the Rochester meeting, September, 
1937.

(3) K. Saito, Bot. Mag. Tokyo, 21, No. 249 (1907).
(4) A critical review of the literature upon kojic acid was made by 

Barham and Smits, Trans. Kansas Acad. Sci., 37, 91-113 (1934).

pounds were formed which could be produced also 
by the reaction of the corresponding aldehydes 
with 2 - chloromethyl - 5 - hydroxy - y  - pyrone (ob­
tained from kojic acid with thionyl chloride). 
Acetate esters were prepared and when hydrolyzed 
gave acetyl values corresponding to four hydroxyl 
groups per molecule. Attempts to hydrolyze 
the aldehyde products with dilute acid or alkali 
were unsuccessful. When the aldehyde products 
were treated with phenyldiazonium chloride 
and the resulting mixture neutralized with alkali, 
colored compounds were produced which ap­
peared to be unstable diazonium salts of the 
phenolic hydroxyls. Under similar conditions, 
kojic acid coupled with phenyldiazonium chloride 
to form a stable dye.

It was concluded, therefore, that these aldehyde 
products were formed according to the equation 

O

HO— XCH
2 || I) +  R C H O — ^ H 20  +

H C v ^ ^ C —CH2OH

O O

H—c /  XC—OH „  HO—c /  XC—H
ii II H  n it

HOCH2—Cx /C --------c -
V  |

R

-Cv /C —c h 2o h
NX

Experimental Data
Reagents.—The crude kojic acid obtained by concen­

trating the fermentation liquor was recrystallized twice 
from water, using Norite in the first recrystallization to 
decolorize the solution. The final purification was ac­
complished by chilling hot alcoholic solutions with rapid 
stirring. Prepared in this manner, the acid was obtained 
as fine, light cream-colored needles of m. p. 152-153 °.

The formaldehyde used was a U. S. P. formalin solution. 
The other aldehydes were Eastman preparations.
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Preparation of the Aldehyde Products.—Although in the 
preliminary study slightly better yields were obtained from 
the use of two mols of kojic acid for each mol of aldehyde, 
in the actual preparation equimolar proportions were 
used because the products obtained in this way were easier 
to purify. A typical reaction mixture contained 10 g. of 
kojic acid and an equivalent amount of aldehyde dis­
solved in 100 cc. of ethyl alcohol. One cc. of concen­
trated ammonium hydroxide was added as a catalyst. 
The reaction mixture was refluxed one hour and then placed 
in an electric air-oven at 60-65° for from two to forty- 
eight hours depending upon the aldehyde used. By 
attaching a long glass tube to the reaction flask and 
passing this through the vent in the top of the oven, 
evaporation was prevented and the heating could be con­
tinued as long as required. Following this period in the 
oven, the reaction mixture was poured into a crystallizing 
dish and concentrated by surface evaporation. The solid 
material which formed was removed by filtration, washed 
with a little alcohol, and dried in a desiccator under re­
duced pressure.

The reaction of kojic acid and the aldehydes was always 
accompanied by the formation of resinous material. The 
quantity produced was influenced decidedly by the sol­
vent, the catalyst, and the temperatures employed. 
Formaldehyde and kojic acid gave good yields with water 
as the solvent if no ammonium hydroxide was added, but 
in the presence of this catalyst resin formation was domi­
nant. The remaining aldehydes did not react in water 
solutions. Likewise, the crystalline products were not 
formed when alcoholic solutions were used without am­
monium hydroxide. On the other hand, using alcoholic 
solutions and ammonium hydroxide, the presence of any 
appreciable concentration of water favored the formation 
of these resins. Furthermore, the quantity of this resinous 
material was increased by lengthening the period of heat­
ing, especially at the boiling point of the alcoholic solu­
tions. The particular conditions described above were 
selected in order to reduce to a minimum the amount of 
these resinous substances in the crude products.

The lower aldehydes reacted readily. Among the 
higher aliphatic aldehydes, the rate of reaction was in­
fluenced by the length and character of the carbon chain— 
those with an even number of carbon atoms reacted more 
easily than those with an odd number. The yields were 
good in most instances. Benzaldehyde reacted readily, 
giving good yields. Hydrocinnamaldehyde was somewhat 
slower in action while cinnamaldehyde reacted very slowly. 
Furfuraldehyde reacted readily but gave only fair yields. 
Acrolein reacted with extreme difficulty and the yields 
were very poor.

Purification of the Products.—The crude reaction prod­
ucts were purified by extraction with boiling chloroform or 
by recrystallization from alcohol. In the latter case, the 
alcoholic solutions were chilled in a freezing bath of salt 
and ice while stirring vigorously to prevent supersatura­
tion. Repeated extractions or recrystallizations were neces­
sary to eliminate the greater portion of the contaminating 
resinous substances but it is believed that traces still 
remained in spite of continued effort to remove them.

Physical Properties of the Products.—The purified 
products are light cream-colored, powdery solids  ̂ They

are practically insoluble in cold water, while their solu­
bility in hot water decreases rapidly as the molecular 
weight increases. All are somewhat soluble in alcohol 
with a pronounced tendency to give supersaturated solu­
tions. They are slightly soluble in methyl alcohol and 
acetone, much less soluble in chloroform, and apparently 
insoluble in ether, ligroin, benzene, toluene, and carbon 
tetrachloride. They are soluble in alkali but insoluble in 
acids. The melting points of the products are given in 
Table I.

T a b l e  I
M e l t in g  P o in t s  o f  P r o d u c t s

Aldehyde used M. p., °C. ^corr.)
Formaldehyde 248.3-249
Acetaldehyde 211.2-212
Propionaldehyde 217.5-218
Butyraldehyde 192.4-193
Valeraldehyde 185.6-187.2
Capraldehyde 144-147
Heptaldehyde 152.6-153.6
Benzaldehyde 242.4, dec.
Hydrocinnamaldehyde 182-183.5
Cinnamaldehyde 175-176
a-Furfuraldehyde 210-211
Acrolein About 250a

Yield too small to purify and determine m. p. care-
fully.

Combustion Analysis.—The combustion analyses of 
the aldehyde products are given in Table II. The calcu­
lated values are for a product formed by two mols of kojic 
acid and one mol of aldehyde with the loss of one mol 
of water.

T a b l e  II
A n a l y t ic a l  R e s u l t s  b y  C o m b u s t io n

Carbon, % Hydrogen, %
Aldehyde product Calcd. Found Calcd. Found
Formaldehyde 52.70 52.78 52.85 4 .05 4 .42 4 .2 2
Acetaldehyde 54.19 54.28 54.16 4 .51 4 .80 4 .67
Propionaldehyde 55.55 55.71 55.28 4.94 5.11 5.02
Butyraldehyde 56.81 56.99 56.92 5.33 5.61 5.61
Valeraldehyde 57.95 58.01 57.98 5 .68 5.81 5.94
Heptaldehyde 59.99 60.12 60.82 6.32 6.58 6 .69
Benzaldehyde
Hydrocinnamalde­

61.31 61.96 61.35 4 .30 4.52 4 .43

hyde 63.00 62.50 62.31 5.00 5.06 5 .05
«-Furfural dehyde 56.35 55.99 56.01 3.87 4 .08 4 .04

Chemical Properties of the Products.—The aldehyde 
products gave a red coloration with ferric chloride. The 
intensity of the color produced decreased as the molecular 
weight increased, as would be expected from the solubili­
ties. The products reacted readily with alkali and it is 
believed that they could be titrated with 0.1 A sodium 
hydroxide if an indicator were used which changed color at 
a of about 12. When the products were dissolved in 
standard alkali, back titrated with acid until neutral 
to phenolphthalein, and treated with an excess of copper 
acetate, insoluble copper salts were precipitated. These 
salts were analyzed for copper by igniting to copper oxide. 
The results given in Table III  are for 1-g. samples of the 
aldehyde products and the calculated values are for prod­
ucts containing two phenolic hydroxyls and resulting from 
the reaction of two mols of kojic acid with one mol of 
aldehyde through the loss of one mol of water.



July, 1938 The R eaction of Kojic Acid with Aldehydes 1543

T a b l e  III  
C o p p e r  C o n t e n t

Copper, %
Product Calcd. Found

Formaldehyde 17.785 17.690
Acetaldehyde 17.115 17.084
Propionaldehyde 16.494 16.675
Butyraldehyde 15.916 16.090
Heptaldehyde 14.403 14.370
Benzaldehyde® 14.668 16.550

a Copper precipitate brownish in color and obviously 
contained some reduced copper.

The kojic acid-aldehyde products reacted readily with 
thionyl chloride. The unchanged thionyl chloride was 
removed from the reaction mixture with petroleum ether 
and the derivatives recrystallized from water. These 
derivatives did not show the presence of ionizable halogen 
but a sodium fusion revealed the presence of organic halo­
gen. The chloro compound prepared in this manner from 
the butyraldehyde product melted at 180-184°. When 
2-chloromethyl-5-hydroxy-Y-pyrone (prepared from kojic 
acid through the action of thionyl chloride) was treated 
with butyraldehyde, using the procedure outlined in the 
preparation of the aldehyde products, a product was ob­
tained which melted at 183-185°. Apparently the same 
compound was prepared by these two reactions.

The acetates of the aldehyde products were prepared by 
treating with an excess of acetic anhydride and a few drops 
of concentrated sulfuric acid. If these mixtures were al­
lowed to stand for twelve hours at room temperature, dark 
red solutions were formed. Upon decomposing the excess 
of acetic anhydride with water and evaporating the solu­
tions before a fan, resinous products were obtained. The 
repeated extraction of these resinous products with water 
gave white solids which were purified by recrystallizing 
from ethyl alcohol or ethyl acetate. If the original re­
action mixtures were treated with a large excess of ether, 
the acetates were precipitated immediately as crystalline 
solids. The melting points of the acetates were: from 
formaldehyde product, 105-107°; from acetaldehyde 
product, 134-136°; and from benzaldehyde product, 
166-168°.

The acetates of the aldehyde products were hydrolyzed 
quantitatively by dissolving a weighed sample in a known 
quantity of standard alkali (an excess was always used), 
brought to colorless toward phenolphthalein with standard 
hydrochloric acid, and back titrated to full red with stand­
ard alkali. The net quantity of alkali used was deter­
mined by difference. The amount of alkali required for 
the liberated aldehyde product was determined by a 
blank. When this value was subtracted from the net 
quantity of alkali used, the difference was taken as a 
measure of the acetic acid produced upon hydrolysis. 
The values obtained for 1-g. samples of the acetates are 
given in Table IV and compared with the theoretical 
amounts of acetic acid calculated for diacetate and tetra­
acetate derivatives.

A sample of the acetaldehyde product was dissolved in 
glacial acetic acid. The addition of an excess of ether to 
this solution precipitated a solid which, after recrystallizing 
from alcohol, required 49.50 cc. of 0.1 N  sodium hy­
droxide to titrate a 1-g. sample to the full color of phenol-

T a b l e  I V
H y d r o l y s is  o f  A c e t a t e  E s t e r s

Acetate 
prepared from

Total
titration

No. of
acetate
groups

Required CH3COOH 
for nuc- by 
lear OH difference Calcd.

Formaldehyde 123.8 2. 46.1 77.7 56.62
product 4 37.7 86.1 86.70

Acetaldehyde 123.2 2 41.0 82.2 50.76
product 4 33.8 89.4 83.70

Benzaldehyde 117.0 2 41.2 75.8 43.86
product 4, 34.8 82.2 74.1

phthalein. Since 50.80 cc. of 0.1 N  sodium hydroxide 
was required to titrate a 1-g. sample of the original acetal­
dehyde product, it is evident that an oxonium salt was 
not formed by the aldehyde product.

The aldehyde products were not hydrolyzed either by 
refluxing for nineteen hours with dilute sulfuric acid or by 
stirring for forty-eight hours with 0.1 A sodium hydroxide.

Kojic acid did not react with benzal chloride in alcoholic 
solution. However, when the method of Friedel and Crafts 
was employed, using freshly distilled nitrobenzene as a 
solvent, a free evolution of hydrogen chloride was ob­
served. After heating for two hours at 100-150° the re­
action mixture was poured into an excess of water and the 
solid which precipitated removed by filtration. This solid 
was extracted repeatedly with ether and finally with al­
cohol. Evaporation of the alcohol gave a small amount 
of material which melted at 250-256 ° with decomposition; 
this compares favorably with the melting point of the crude 
benzaldehyde product.

When kojic acid was dissolved in alkali, cooled to 0-5°, 
treated with phenyldiazonium chloride, and the mixture 
made alkaline, a dark red solid was precipitated. This 
substance was stable. I t could be dried £. nd kept exposed 
to the air for an indefinite period of time. No apparent 
decomposition occurred when it was treated with moder­
ately strong acid. When the same procedure was used 
with the aldehyde products, red and brown solids were 
obtained. However, these solids were unstable and turned 
dark upon drying in air. Apparently a gas was liberated 
during this decomposition. A freshly prepared sample of 
the colored compound obtained from the acetaldehyde 
product was suspended in cold, dilute (2:1) hydrochloric 
acid. After standing for a half hour at 0-5° the solution 
was filtered and the filtrate placed in a solution of “H- 
acid” (l-amino-8~naphthol-3,6-disulfonic acid). When 
this mixture was made alkaline an intense red color was 
produced which appeared to be identical with the color 
formed when “H-acid” was treated with phenyldiazonium 
chloride. The residue from the acid treatment melted 
at 188-198° and when mixed with an equal amount of 
acetaldehyde product the melting point rose to 201-210°. 
From these results, the colored compounds were assumed 
to be diazonium salts of the phenolic hydroxyls and not the 
products of true coupling reactions.

Discussion of Results
The qualitative analysis of the products con­

sistently gave negative results for nitrogen. The 
production of color with ferric chloride, the re­
action with alkali, and the precipitation of copper 
salts all indicate that the phenolic hydroxyls in
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position 5 are also present in the aldehyde prod­
ucts. Since these products do not hydrolyze 
readily they probably are not acetals. Further, 
the reaction with thionyl chloride points to the 
presence of the hydroxymethyl groups in the* alde­
hyde products. These conclusions are all fully con­
firmed by the formation of tetraacetate esters.

This leaves position 6 as the most probable 
point of attack. It is known that when the 
Friedel and Crafts reaction is used with aromatic 
phenols, the hydrogen in the para position is re­
placed. However, when the para position is 
blocked, the reaction may occur at the ortho posi­
tions. If it is assumed that the hydroxymethyl 
group of kojic acid is para to the phenolic hy­
droxyl, then the only available point of attack is 
at position 6.

Further confirmation is given by the formation 
of the diazonium salts. Sidgwick5 explains the 
coupling reaction of diazonium salts with phenols 
as forming a diazonium salt of the phenol which 
later rearranges by the diazo group passing to the 
para or ortho position. These diazonium salts 
of the phenol group are unstable, decomposing 
easily to give nitrogen, and when treated with 
dilute acids the original compounds are formed. 
Since both of these properties were observed in 
the products which were formed by the aldehyde 
products reacting with phenyldiazonium chloride, 
it may be assumed that diazonium salts of the 
phenolic hydroxyl groups were formed. If the 
aldehyde has attacked position 6, then all pos­
sible positions for the rearrangement of these 
phenolic salts are blocked and the true coupling 
reactions cannot proceed beyond this initial step.

It is concluded, therefore, that the aldehyde 
products may be represented by the general 
formula previously given.

A study of the reaction of aromatic phenols 
with aldehydes to form resins of the Bakelite 
type reveals that the mechanism of reaction is 
probably

OH OH

+  HCHO
■CH2OH

OH
!

-CH;
H2o  +

(5) Nevil V. Sidgwick, “Organic Chemistry of'Nitrogen,” Oxford
University Press, Oxford, 193.0, p. 287. '

and that this reaction continues until a compound 
is formed which may be represented by

OH OH OH

HOCH2—(  \ - c h 2 -c h 2 ,CH2OH6' 9

In the case of para substituted phenols, i. e.y p- 
cresol, the reaction occurs only at the ortho 
positions. Assuming that kojic acid reacts as a 
para substituted phenol, the analogous reaction 
would be

O

HO—C/
II

H—Cv

XC—H
II

/C—c h 2o h
4- RCHO ■

o

HO—C7 XC—H

Cv /C —CH2OHI w
+

xO 
R—CHOH

HO—Q/

H - i

O
II

/Cx

:\ o /  
o

C—H
IIc—c h 2o h

H ,0  +

O

HO
II

h o c h 2—c

C—OH H HO—CV

x y

XCH

}c— c h 2o h

R

From this point of view, these aldehyde products 
may correspond to the compounds which appear 
in the early stages of phenolic resin formation. 
The reaction, however, stops at this stage because 
the ortho and para positions in both rings are 
blocked. That resins may be formed under cer­
tain conditions has already been mentioned 
under the preparation and purification. We 
believe that these resinous substances are pro­
duced either by molecules of kojic acid condensing 
from the hydroxymethyl group of one molecule 
to position 6 of a second molecule and so on, or by 
the aldehyde products condensing with unchanged 
kojic acid by a similar mechanism. Further 
investigation of this field is planned.

(6) Baekeland and Bender, J . Ind . Eng. Chem., 17, 225-237 
(1925).

(7) Morgan, J . Soc. Chem. Ind . Trans., 49, 245-251 (1930).
(8) Megson and Drummond, ibid., 49, 251-257 (1930).
(9) Wanscheidt, Itenberg and Andrejewa, Ber., 69, 1900-1907 

(1936).
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Conclusions
1. We have shown that kojic acid reacts with 

aldehydes to form solid derivatives. A series of 
these products has been prepared using all of the 
normal, saturated, aliphatic aldehydes up to 
heptaldehyde, in addition to acrolein, benzalde­
hyde, hydrocinnamaldehyde, cinnamaldehyde,

and a-furfuraldehyde.
2. The probable formula for these products 

is given.
3. A possible mechanism of reaction is sug­

gested based upon the present theory of resin 
formation by aromatic phenols and aldehydes.
Manhattan, Kan . Received March 14, 1938

[Contribution from the Department of Chemistry, Columbia University]

On the Mechanism of the Catechol-Tyrosinase Reaction
By H arry  W a g r eich  and J. M. N elso n

Catechol has been used widely as a substrate 
in the study of oxidases, partly because the aerobic 
oxidation of this substance is catalyzed by a great 
many enzymes of this class. Robinson and 
McCance1 showed that two atoms of oxygen are 
consumed in the complete oxidation of catechol, 
although only one atom is required, stoichio- 
metrically, for the formation of o-benzoquinone, 
the normal product of primary oxidation. The 
reaction therefore is not a simple one, and a 
further complication arises from the fact that o- 
benzoquinone is very fugitive in aqueous solu­
tions, especially in the presence of unoxidized 
catechol, as shown by Dawson and Nelson.2

Regarding the mechanism of the oxidation, 
Onslow,3 Richter,4 Platt and Wormall5 and others 
favor the idea that hydrogen peroxide is one prod­
uct of the reaction, which would account for the 
oxygen consumption

C6H4(OH)2 +  0 2 — ^  C6H40 2 +  H20 2 
On the other hand, Raper6 suggests that one 
atom of oxygen converts catechol into 0-benzo- 
quinone and that this is oxidized further by the 
second atom consumed. To gain further in­
sight into the problem, it seemed of interest to 
extend the observations of Dawson and Nelson 
by following the amount of oxygen consumed.

The apparatus shown in Fig. 1 was used to 
measure the amount of quinone formed when one 
atom of oxygen per mole of catechol had been 
consumed. The vessel was charged with 1250

(1) M. E. Robinson and R . A. McCance, Biochem. J ., 19, 251 
(1925).

(2) Charles R. Dawson and J. M. Nelson, T h is  J ournal , 60, 
245 (1938) .

(3) M. Wheldale Onslow, “ Principles of Plant Biochemistry,” 
University Press, Cambridge, 1931, p. 135.

(4) D. Richter, Biochem. J .,  28, 901 (1934).
(5) B. S. Platt and A. Wormall, ibid., 21, 29 (1927).
(6) H, A Raper, P hysio l R?v., 8, 245 (1928),

cc. of 0.02 M  phosphate-citrate buffer (fiK 6.2) 
containing 100 mg. of catechol, and 500 units of 
tyrosinase preparation7 (about 15 cc.) was placed

Fig. 1.—A modified form of the apparatus described by 
Reinders and Vies [Rec. trav. chim., 44, 1 (1925)]. A 
represents a heavy 2-liter glass reaction vessel, into which 
a pump-stirrer B was inserted. At the upper end of the 
stirrer was a water seal such as described by Rosenthal, 
Lorch and Hammett [This Journal, 59, 1795 (1937)]. 
The pipet C permitted the withdrawal of samples from the 
reaction solution. Tube D was connected to a manometer 
similar to that described by Reinders and Vies. Bulbs F 
and F ' were used for introducing the enzyme. The vessel 
A was fitted into a metal frame so as to be held in position 
in the thermostat.

in one of the side bulbs (F). The stirrer was 
started and, when the solutions in the vessel and

(7) Prepared from the common mushroom, Psalliota campestris, 
by the method of Graubard and Nelson, J . B{qI. Qhem., 112, 135 
(1935),
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side bulb had reached the temperature of the 
thermostat (25°), the bulb F was turned in order 
to introduce the enzyme into the reaction mix­
ture. After five minutes the oxygen absorbed 
corresponded to one atom of oxygen per mole of 
catechol, and at this point 25 cc. of the solution 
was withdrawn by means of the pipet C and the 
quinone determined by the method of Dawson and 
Nelson. The amount of quinone corresponded 
to 98% of the catechol oxidized. This observa­
tion confirms Raper's view that only one atom 
of oxygen is utilized in the formation of o-benzo- 
quinone. The second atom, therefore, must be 
involved either in the further oxidation of o-benzo- 
quinone or in the oxidation of a product of its 
decomposition.

Fig. 2.—Showing the increase in rate of uptake of the 
second atom of oxygen, with increasing lengths of time 
elapsing before the enzyme was added to the disappearing 
o-benzoquinone contained in the reaction vessels of the 
Barcroft-Warburg apparatus. Reaction mixture the 
same for each curve: 4 cc. of M  acetate-acetic acid buffer, 
pH  5, 2 cc. catechol solution (2 mg. of catechol); 2 cc. of a 
solution containing an amount of ceric ammonium sul­
fate equivalent to oxidizing 2 mg. catechol to o-benzo- 
quinone. One cc. of a tyrosinase preparation (3 units) 
was placed in the side bulb of each reaction vessel, and the 
enzyme introduced into the reaction mixture at the times 
indicated on the abscissa axis. Temperature was 25°.

Raper and co-workers8 found in their excellent 
study of the enzymatic oxidation of tyrosine to 
melanin that oxygen was taken up at three 
different stages in the course of the oxidation, and 
that the uptake of the last atom of oxygen was 
independent of the enzyme. To learn whether 
the uptake of the second atom of oxygen in the 
oxidation of catechol is catalyzed by tyrosinase the 
procedure described was followed. To be sure 
that the first stage was complete, the catechol

(8) w. C. Evans and H, S. Raper, Biochem. 31, 2162 (1937).

was first oxidized to o-benzoquinone by an equiva­
lent amount of ceric sulfate at pH 4.4 (or potas­
sium ferricyanide in the case of more alkaline 
solutions, pH 7.7).2,9 Since no determination of 
quinone was necessary, it was more convenient to 
use the Barcroft-Warburg respirometer method 
for measuring the amount of oxygen taken up.10 
The results showed that no oxygen uptake oc­
curred in the absence of tyrosinase. When the 
enzyme was added to the reaction mixture 115 
mm.3 of oxygen (1.1 atoms) was consumed at 
pH 4.5 in sixty minutes and at pH 7.7 in thirty 
minutes.

That the substance oxidized by the second atom 
of oxygen is not o-benzoquinone, as proposed by 
Raper, but some compound formed as the quinone 
disappears (possibly reformed catechol as dis­
cussed more fully in the subsequent part of the 
paper), is suggested by data shown graphically in 
Figs. 2 and 3. The data shown in Fig. 2 were ob­
tained by placing a series of aqueous solutions con­
taining a given quantity of catechol, freshly oxi­
dized by an equivalent amount of ceric sulfate to
o-benzoquinone, in the reaction flasks of a Bar­
croft-Warburg apparatus. After varying periods 
of time, as indicated on the abscissa scale in the 
figure, constant amounts of a tyrosinase prepara­
tion were added from the side-arms of the re­
spective reaction flasks containing the gradually 
changing o-benzoquinone. The points marked 
a, b, c, d, and e on the curves correspond to the 
amount of oxygen taken up during the first five 
minutes after the addition of the enzyme. It will 
be observed upon examining the curves that this 
amount increased with the length of time elapsing 
before the enzyme was added (to about one hun­
dred minutes). In other words, as the unstable
o-benzoquinone disappears a new substance seems 
to be formed which is oxidized by the tyrosinase. 
The observed increase in the rate of oxygen uptake 
is due to the gradual increase in the concentration 
of this new substance with the length of time 
elapsing before the addition of the enzyme. The 
lack of further increase in the rate of oxidation 
occurring when the length of time elapsing before 
the addition of the enzyme exceeds one hundred 
minutes suggests an equilibrium being reached 
between the disappearing o-benzoquinone and the 
new oxidizable substance. This suggestion falls 
in line with the observation of Dawson and Nel-

(9) E. G. Ball and T. Chen, J . Biol. Chem., 102, 691 (1933).
(10) For details of this method, see M, Graubard and J. M, Nel 

son, ibid., I l l ,  757 (1935),
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son, who found that o-benzoquinone (judging from 
the liberation of iodine when a portion of the solu­
tion was added to acidified potassium iodide solu­
tion) did not entirely disappear even after the 
elapse of considerable time. The same idea is 
suggested by the curve in Fig. 3 representing the 
disappearance of o-benzoquinone with time, and 
discussed more fully below.

To obtain, if possible, some idea concerning 
the quantitative relationship between the amount 
of o-benzoquinone which had disappeared in a 
given time and the amount of the new oxidizable 
compound formed, the following experiment was 
undertaken. A solution consisting of 1030 cc. of 
water, 200 cc. of M  sodium acetate-acetic acid 
buffer (pH of final solution 4.8), and 1.1499 g. of 
ceric ammonium sulfate, was placed in the reac­
tion vessel of the apparatus described in Fig. 1. 
After the solution had attained the temperature 
of the thermostat, 100 mg. of catechol dissolved 
in 25 cc. of water was added, and it was assumed 
that the catechol was oxidized immediately to
o-benzoquinone. After thirty-four minutes a 
25-cc. portion of the reaction solution was with­
drawn and its quinone content was found to have 
decreased to 10%, based upon the amount of cate­
chol used. To compare this with the amount of 
the new oxidizable substance formed, 15 cc. of a 
tyrosinase solution containing 400 units of enzyme 
was added immediately to the reaction solution 
after the 25-cc. sample had been withdrawn for 
determining the amount of quinone remaining at 
the end of thirty-four minutes. Suspecting the 
new substance formed as the o-benzoquinone dis­
appears to be catechol, which is known to be 
oxidized rapidly by tyrosinase, 25-cc. portions of 
the reaction solution were withdrawn one and one- 
half and three and one-half minutes after the ad­
dition of the enzyme. On determining the qui­
none content it was found to have risen from 10 
to 54% at the end of three and one-half minutes. 
Half of 90%, the loss in quinone at the end of 
thirty-four minutes, added to the 10% of quinone 
remaining, is equal to 55%. The experiment 
was repeated several times, at pH 4.5, and similar 
results were obtained. Thus, interrupting the 
disappearance of the o-benzoquinone, in one in­
stance at 60% and in another at 38% quinone re­
maining, it was found that on the addition of 
enzyme the quinone content rose to 80 and 66%, 
respectively (calcd. 80 and 69%). Another 
point which should be mentioned is that the newly

formed quinone is fugitive just like the original
o-benzoquinone. The points indicated on the 
last part of the curve in Fig. 3 represent the qui­
none content of the reaction solution at the cor­
responding time intervals.

Log cc. Na2S20,i. 
+ 0 .5  + 0 .2  0.0 - 0 . 3 - 0 . 5

Fig. 3.—Showing the extent of disappearance of 
o-benzoquinone in aqueous solution, and the in­
crease in quinone content, when the product re­
sulting from the disappearing o-benzoquinone was 
oxidized by means of tyrosinase. pH — 4.8; tem­
perature 25°; 1 cc. of thiosulfate soln. = 0.539 mg. 
of o-benzoquinone.

In attempting to interpret the data described 
above, the conclusion reached by Fieser and 
Peters11 in their study of ^-naphthoquinone is of 
interest. This quinone also tends to disappear 
in the presence of water. If the reactions in­
volved in the disappearance of o-benzoquinone are 
similar to those occurring, according to these in­
vestigators, in the case of ^-naphthoquinone, then 
they may be expressed in the form of equations
(1) and (2)

O OH

OH
O OH

OH
OH O O

(11) L .  F. Fieser a n d  M. A. Peters, T h is  J o u r n a l , 53, 793 (1931).
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(3)

For every two molecules of o-benzoquinone 
disappearing, one molecule of catechol would be 
formed, and this in the presence of the enzyme 
would yield one new molecule of o-benzoquinone. 
Furthermore, if the reaction represented by 
equation (1) is slower than the reaction indicated 
in equation (2), then the rate of disappearance of 
the quinone should tend to be of the first order. 
The latter seems to be the case, since plotting the 
logarithms of the cc. of thiosulfate (measure of 
the quinone remaining) against time gives a 
straight line, i. e., curve II in Fig. 3. By adding 
the assumption represented by equation (3) that 
the hydroxybenzoquinone disappears from the 
reaction solution, through polymerization, at a 
rate greater than that of the reaction represented 
by equation (1), then results such as those de­
scribed above should be expected. That hydroxy­
benzoquinone is unstable, at least in alkaline solu­
tions, has been shown by Eller,12 who found that 
alkaline oxidation of hydroquinone or catechol 
results in the formation of humic acid, a dark 
brown, sparingly soluble polymer of hydroxyben­
zoquinone. Experiences in this Laboratory also 
show that aqueous solutions of o-benzoquinone, on 
standing, give rise to the formation of sparingly 
soluble material resembling humic acid in ap­
pearance. In some instances considerable dif­
ficulty was encountered in recognizing the disap­
pearance of the starch-iodine blue color, when the 
quinone contents of solutions were determined by 
Dawson and Nelson’s method.

Szent-Györgyi13 noticed that the addition of 
catechol to an aqueous solution of o-benzoquinone 
accelerates the disappearance of the latter. Daw­
son and Nelson point out that the rate of disap­
pearance of o-benzoquinone in dilute aqueous 
solutions conforms closely to a first order reac­
tion, but deviates from the latter in thé presence 
of higher concentrations of catechol. In the light 
of these observations, it is possible that the reac­
tions indicated by equations (1) and (2) may only 
represent the course of the reaction when dilute 
solutions of catechol are oxidized rapidly by tyro­
sinase so as to avoid the presence of an appre­
ciable quantity of unoxidized catechol and, under 
relatively acid conditions, pH 4.0-6.0.

Summary
1. Under conditions of low concentration of 

substrate, high concentration of enzyme, and pH
4.5-6.5, catechol is enzymatically oxidized to
o-benzoquinone with the consumption of one 
atom of oxygen per mole of catechol.

2. The consumption of the second atom of 
oxygen per mole of catechol oxidized is also 
catalyzed by tyrosinase.

3. A substance is formed when o-benzoquinone 
disappears in aqueous solution at pH 4.5-6.5, 
which is aerobically oxidized to a quinone by 
means of tyrosinase.

4. The quantity of quinone compound formed 
in the oxidation of the substance mentioned in
(3) corresponds to one-half of the o-benzoquinone 
which has disappeared.

5. The substance formed as the o-benzoqui­
none disappears in aqueous solution is oxidized 
faster by means of the enzyme than the o-benzo­
quinone itself.
N e w  Y o r k , N .  Y . R e c e iv e d  M a r c h  21, 1938

(12) W. Eller, Ber., 53, 1473 (1920). (13) A. von Szent-Györgyi, Biochem. Z., 162, 399 (1925).
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The Preparation and Properties of an Ene-diol. a-Phenyl-/3-mesitoyl Acetylene
Glycol

B y R. P. B a r n es  and L e il a  S. G r e e n 1
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With the proof of the structure of ascorbic acid2 
there came a renewed interest in the chemistry 
of ene-diols.

Now heretofore, with the exception of reduc- 
tone3 (I), it has never been possible to isolate an 
ene-diol in an open chain compound except in a 
system with the chain —COCHOHCOCQ—.4

C H =C H —CH
I I  II

OH OH O 
I

This investigation was undertaken in an at­
tempt to make a new ene-diol with the same open 
chain carbon skeleton as is present in reductone. 
The likelihood of accomplishing this end seemed 
to lie in the possibility of obtaining a system with 
a chain — COCHOHCO— or —CHOHCOCO— 
with a hydrogen sufficiently active to shift. It 
had already been pointed out8 that dibenzoylcar- 
binol, which contains the first of these chains, does 
not exist as an ene-diol. Kohler and Thompson6 
have shown that it is possible to follow, step by 
step, the isomerization of an hydroxy ketone in

tion with the reduction products of dimesityl- 
butanetrione enol and its methyl ethers.7

With a knowledge of the structure of reductone, 
and knowing that oxymethylene-£-bromoaceto- 
phenone (II) is enolic because of the presence of 
the very active aldehydic carbonyl group, we 
chose this substance as our starting material. 
The method of preparation of oxymethylene-^- 
bromoacetophenone8 gives such poor yields that 
we had to modify the procedure in order to get 
sufficient material with which to work. This 
substance is 67% enolic; gives an O-acetate (III); 
an O-benzoate (IV); and a monobromo deriva­
tive (V). When the monobromo derivative, 
which is 100% enolic, was heated with potassium 
acetate in glacial acetic acid, decomposition with 
charring occurred, and no carbinol acetate could 
be isolated. We had hoped to hydrolyze the car­
binol acetate to the carbinol which presumably 
would have shown some indications of an ene- 
diolic nature. The parent substance, as well as 
its acyl derivatives, is hydrolyzed in hydrochloric 
acid-alcoholic solution to ^-bromoacetophenone

Ale.
£-BrC6H4COCH3 +  H C02H ^ ----£-BrC6H4C—CH =C H  _

HC1 || | ---------
0  OH K I + H + 

II

■> £-BrC6H4CCH—CH

(CH3C0)20

O Br O 
V

CeHsCOCl

£-BrC6H4COCH=CH

III  OCOCHs
I

£-BrC6H4COCH3 +  H C02H +  CH8C02H

£-BrC6H4COCH=CH

IV (ICOCeHs
4

£-BrC6H4COCH8 +  H C 02H +  C6H6C02H

solution by way of an intermediate ene-diol, 
which, however, was too unstable to isolate.

More recently still, substances of an ene-diolic 
nature have been indicated in solution in connec-

(1) This report is the summary of a thesis presented in partial 
fulfilment of the requirements for the M aster’s Degree.

(2) (a) Hirst, Chemistry and Industry, 52, 221 (1933); (b) Reich- 
stein, Grüssner, and Oppenauer, Helv. Chim. Acta, 16, 561, 1019 
(1933); 17, 510 (1934); (c) Haworth, et al., J . Chem. Soc., 1419 
(1933); 62, 1192 (1934); (d) Reichstein and Grüssner, Helv. Chim. 
Acta, 17, 311 (1934).

(3) Norrish and Griffiths, J . Chem. Soc., 2837 (1928).
(4) (a) Karrer and v. Segesser, Helv. Chim. Acta, 18, 273 (1935);

(b) Karrer and Musante, ibid., p. 1140; (c) A. H. Blatt, T his
J o u r n a l , 57, 1103 (1935); 58, 1894 (1936).

(5) A. H. B latt and W. Lincoln Hawkins, ibid., 58, 81 (1936).
(6) E. P. Kohler and R. B. Thompson, ibid., 59, 887 (1937).

Kohler and Thompson6 state that the group 
—CHCO-Mes promotes enolization and enhances 
the stability of the enol. Attention also has been 
called9 not only to the activating influence of the 
mesityl nucleus upon an a-hydrogen in mesityl- 
benzylglyoxal and /Tphenylbenzylmesitylglyoxal, 
but also to its stabilizing influence.

A similar activating effect on an a-halogen atom 
has also been observed in connection with the 
coupling reaction of <r-bromo-/3-phenylbenzyl-

(7) Robert E. Lutz and John L. Wood, ibid., 60, 705 (1938).
(8) Erich Benary, Ber., 61, 2252 (1928).
(9) (a) R. P. Barnes, T h is  J o u r n a l , 57, 937 (1935), (b) 60, 

1168 (1938).
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C6H6C H = C —COMes -
Br2

CeHsCHCOCOMes ■

OH KI 
<----

H ' Br VI
h 2o 2

KAc

HAc

■C6H5CH-----COCOMes'

OCOCHg
VII

C6H5(L

OCOCH3 OH 
VIII

=C—COMes

NaOH
C6H5C02H +  MesCOOH +  CH3COOC2H5

V I I I ---------------------------------- 1
I Coned. CH3COCI
| H 2S04

Concd.
C6H6C = C —COMes -<■—  Cc.lI,,C C------------ COMes

I I
OCOCH3 OCOCH3 

IX
OH OH 

X

H2SO4

glyoxal6 and the substitution reaction95 whereby 
it has been possible to obtain an a-oxy-a-dike- 
tone and its acetate, in spite of the fact that gen­
erally substitution on a methylene group a- to a 
carbonyl group has a tendency to decrease the 
activity of remaining substituents. Therefore we 
set out to test this effect on a-bromobenzylmesi- 
tylglyoxal (VI).

The enolic modification of benzylmesitylglyoxal 
was brominated in cold absolute ethereal solution, 
producing a golden-yellow oil (VI) which could 
not be crystallized from any solvent. In acetone 
solution with hydriodic acid this product is easily 
reduced to the parent enol. The golden-yellow 
monobromo compound is 24% enolic. It was 
dissolved in glacial acetic acid and refluxed with 
an excess of freshly fused potassium acetate, 
whereupon potassium bromide separated out. 
There was no noticeable change in color of the 
solution. Contrary to the opinion held by Kohler 
and Brown,10 and contrary to the mechanism 
proposed by Blatt,11 this ct-bromo-a-diketone re­
acts by way of a direct substitution reaction to 
produce the acetate (VII) of the ct-oxy-ct-dike- 
tone. This substance could not be obtained solid. 
Its methyl alcoholic solution is of a deep red-wine 
color. On standing overnight in the cold, this 
solution deposits a beautiful pale peach-colored 
solid (VIII), which gives a cherry-red color with 
alcoholic ferric chloride, and is 100% enolic. 
This enolic modification of the acetate (VIII) is 
hydrolyzed simultaneously and cleaved by means 
of alkaline hydrogen peroxide with the production

O—O

of benzoic and trimethylbenzoic acids and ethyl 
acetate.

When the monoacetate (VIII) is refluxed with 
acetyl chloride it is converted quantitatively into 
the diacetate (IX). This substance is a pale 
lemon-yellow solid which produces no color with 
alcoholic ferric chloride. These acetates are re­
covered unchanged after refluxing their alcoholic 
solutions with both hydrochloric and sulfuric 
acids.

Both the mono- and diacetates dissolve in 
concd. sulfuric acid with the production of deep 
orange-colored solutions. When poured over 
finely crushed ice, an odor of ethyl acetate and a 
light yellow solid are formed. The yellow solid 
is the ene-diol (X). It gives a deep greenish-blue 
color with alcoholic ferric chloride, and is 37% 
ene-diolic in methyl alcoholic solution as indi­
cated by titration with standard iodine solution.

The ene-diol (X) is not a very stable substance. 
In the solid state or in solution in peroxide-free 
ether, it quite readily undergoes autoxidation 
with production of the tri- and diketones,12 (XI) 
and (XII), respectively, and hydrogen peroxide. 
The course of the reaction is best followed in per­
oxide-free ether, for thus an acidulated potassium 
iodide solution rapidly colors up red due to the 
peroxide oxidation of hydriodic acid to free iodine. 
The oxidizing substance must be hydrogen per­
oxide, since oxidation by means of the organic 
peroxide (XIII) probably would result in a cleav­
age of the molecule to benzoic and mesitylgly- 
oxylic acids.

C6H5C = C —COMes
I I

OH OH

I I-
C6H5 C—C—COMes

j  OH OH 
X III

C6H5COCOCOMes +  H20 2 

XI

C6H5COCOMes +  C 02 
X II

(12) Gray and Fuson, T his J o urn al , 56, 739 (1931); W einstock 
and Fuson, ibid., 58, 1233 (1936).

(10) E. P. Kohler and F. W. Brown, T h is  Jo u r n a l , 55, 4299 (1933).
(11) A. H. Blatt, J. Wash. Acad. Sci., 28, 1 (1938).



July, 1938 1551a-PHENYL-/3-MESITÖYL ACETYLENE G l YCOL

The ene-diol (X) also suffers oxidation in an acidu­
lated iodine solution. The products of this re­
action are the tri- and diketones (XI) and (XII), 
respectively. The triketone is a deep orange- 
colored solid, melting at 94°; the diketone is pale 
yellow and melts at 134°. When the monoace­
tate (VIII) is brominated in chloroform and 
heated, the resulting yellow compound is exclu­
sively the diketone. The diketone (XII) is 
cleaved quantitatively by alkaline hydrogen 
peroxide to benzoic and trimethylbenzoic acids.

C6H5C = C —COMes
I I

OH OH

CeH*0

OCOCHs OH

CeHsCOCOMes

This behavior of the triketone (XI) is consistent 
with what is known of the chemistry of polyke­
tones, for Gray and Fuson13 have found that di­
mesityl tetraketone (XIV) upon heating in alco­
holic or glacial acetic acid solution is changed into 
the corresponding triketone (XV). It seems 
therefore that dimesityl triketone is far more 
stable than phenylmesityl triketone, a fact which 
still further substantiates the stabilizing effect of 
the mesityl group.

MesCOCOCOCOMes — ^  MesCOCOCOMes 
XIV XV

Further investigation of the properties of this 
ene-diol and its derivatives is in progress.

Experimental
Preparation of Oxymethylene-^-bromoacetophenone

(II) .—A solution of 7.0 g. of metallic sodium in a mixture 
of 30 cc. of absolute alcohol and 100 cc. of absolute benzene 
was obtained on long refluxing. I t  solidified on cooling. 
To this crystalline mass was added 52 g. of p-bromoaceto- 
phenone dissolved in 35 g. of pure ethyl formate. The 
reaction mixture warmed up; the alcoholate dissolved; 
the solution became brown and a crystal meal was formed. 
I t  was allowed to stand overnight a t room temperature, 
and was then filtered and washed with alcohol and finally 
with ether. The yield was 52 g. of cream colored solid. 
This sodium compound was dissolved in a large volume of 
water, filtered and acidified with cold dilute sulfuric acid 
with rapid stirring. A yield of 45 g. of hard yellow 
needles, melting at 71°, was obtained. Kurt Myer titra­
tions show that this compound is 67% enolic.

The Acetate of Oxymethylene-/>-bromoacetophenone
(III) .-—A solution of 5.0 g. of oxymethylene-^-bromoaceto- 
phenone was made by warming with the smallest possible 
amount of acetic anhydride. To the solution was added

(13) Gray and Fuson, T h is  J o u r n a l , 56, 2100 (1934).

one drop of coned, sulfuric acid. The solution turned red 
and became hot. The mass solidified. I t was dried over­
night in vacuo, yielding 6.2 g. of crude solid. I t  was 
crystallized from methyl alcohol in glistening light yellow 
scales melting at 125°.

Anal. Calcd. for CnH90 3Br: C, 48.8; H, 3.4. Found: 
C, 49.0; H, 3.4.

This substance decolorizes permanganate and bromine 
solutions. I t  produces no immediate color with alcoholic 
ferric chloride, but a cherry-red color slowly develops on 
standing. I t  is hydrolyzed completely by alcoholic hydro­
chloric acid to ethyl acetate and ^-bromoacetophenone, 
identified by comparison with an authentic sample.

The Benzoate of Oxymethylene-^-bromoacetophenone
(IV).—To a solution of 2.27 g. of the oxymethylene-/>- 
bromoacetophenone in 50 cc. of ether was added 2 g. of 
benzoyl chloride. Slowly and with constant shaking, 10% 
sodium hydroxide was added dropwise to this ethereal 
solution. With the addition of each drop of alkali an 
orange-red color was produced. The color disappeared on 
shaking. The addition of sodium hydroxide was con­
tinued until the aqueous layer was permanently alkaline. 
A yellow solid separated out. The ether was blown off, 
the solid filtered and washed with sodium hydroxide solu­
tion and finally with water. The crude dry material 
weighed 3.5 g. I t was recrystallized from methyl alcohol 
in bright yellow crystals, melting at 112°.

A nal Calcd. for Ci6H n03Br: C, 58.0; H, 3.4. Found: 
C, 58.4; H, 3.7.

The benzoate also reduces potassium permanganate, 
adds bromine and very slowly develops a cherry-red color 
with alcoholic ferric chloride. I t is completely hydrolyzed 
by alcoholic hydrochloric acid to ethyl benzoate and p- 
bromoacetophenone, identified by comparison with an 
authentic sample.

a-Bromo-oxymethylene-^-bromoacetophenone (V).—To
a chilled solution of 16.5 g. of bromine in 150 cc. of chloro­
form was added slowly and with rapid stirring 20 g. of the 
sodium derivative of oxymethylene-^-bromoacetophenone. 
The solution finally became colorless. Sodium bromide 
was formed. The suspension was filtered and the sodium 
bromide washed thoroughly with chloroform. The chloro­
form was evaporated and the colorless glassy residue was 
taken up in hot glacial acetic acid from which it crystallized 
in shining colorless crystals, melting at 112°.

Anal Calcd. for C9H60 2Br2: C, 35.3; H, 2.0. Found: 
C, 35.Ö; H, 2.5.

The bromo compound gives a beautiful light red color in 
alcoholic ferric chloride solution. In acetone solution it is 
reduced quantitatively to oxymethylene-^-bromoaceto- 
phenone by means of potassium iodide in acid solution.

A differential Kurt Meyer titration indicates that the

Br2

CeHsCOCOCOMes +  C6H5COCOMes +  C 02

XI X II

C—-COMes — > rC6H5CBr—COCOMesl
| ■— > C6H5COCOCOMes +  CH3COBrL OCOCH3 J 
H20 2
— ^  C6H5COOH +  MesCOOH 

NaOH
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bromo compound is 100% enolic, for two atoms of iodine 
are liberated per mole of bromo compound.

a-Bromobenzylmesitylglyoxal (VI).—An absolute ethe­
real solution of 15.5 g. of benzylmesitylglyoxal in 100 cc. 
of absolute ether was chilled and treated dropwise with the 
calculated quantity of bromine. With the addition of 
each drop of bromine the red color faded on shaking. 
Finally copious fumes of hydrogen bromide were given off. 
The hydrogen bromide and ether were pumped off, leaving
20.2 g. of a golden-yellow oil which could not be crystal­
lized from any solvent.

Anal. Calcd. for Ci8Hi702Br: C, 62.3; H, 4.9. Found: 
C, 62.3; H, 5.1.

The bromo compound gives a red color with alcoholic 
ferric chloride, and is easily reduced by hydriodic acid to 
the parent a-diketone. Differential titrations show it to 
be 24% enolic.

The Acetate of a-Oxybenzylmesityl-a-diketone (VII- 
VIII).—The bromo compound above (20.2 g.) was dis­
solved in 100 cc. of glacial acetic acid and refluxed for 
thirty minutes with 40 g. of freshly fused potassium ace­
tate. Potassium bromide crystallized out. The solution 
was allowed to cool and was poured into a large volume of 
water. A deep yellow oil separated out. The yield was 
15 g. I t was dissolved in methyl alcohol, producing a deep 
red wine-colored solution, which could not be crystallized 
immediately. On standing overnight in the cold, how­
ever, a very pale peach-colored crystalline solid separated 
out. The yield was 11 g., melting at 71°.

Anal. Calcd. for C20H20O4: C, 74.0; H, 6.2. Found: 
C, 74.3; H, 6.4.

It gives a red wine-colored solution with alcoholic 
ferric chloride and is 100% enolic. I t is recovered un­
changed after refluxing its alcoholic hydrochloric or alco­
holic sulfuric acid solution for one hour.

Upon treatment with alkaline hydrogen peroxide an odor 
of ethyl acetate is observed and the compound is cleaved, 
yielding benzoic and trimethylbenzoic acids, each of which 
was identified by comparison with authentic samples.

The Diacetate of a-Phenyl-j3-mesitoylacetylene Glycol
(IX).—Excess acetyl chloride was added to 3 g. of the 
acetate of a-oxybenzyl-a-diketone in which it dissolved. 
I t  was refluxed for thirty minutes. The acetyl chloride 
was pumped off over solid sodium hydroxide. A glassy 
residue was left. I t  was dissolved in hot methyl alcohol 
from which it crystallized in pale lemon-yellow crystals, 
melting at 131°.

Anal. Calcd. for C22H22O3: C, 72.1; H, 6.0. Found: 
C, 72.1; H, 6.4.

I t  produces no color with alcoholic ferric chloride, but 
reduces permanganate and adds bromine. When refluxed 
in alcoholic hydrochloric or alcoholic sulfuric acid solution, 
it is recovered unchanged.

a-Phenyl-j8-mesitoylacetylene Glycol (X).—To 30 cc. of 
chilled coned, sulfuric acid was added 2.5 g. of the mono­
acetate. In three minutes, with stirring, a deep orange-red 
transparent solution resulted. This solution was poured 
over finely crushed ice, with the production of a light yel­
low solid. The suspension was allowed to stand overnight 
in the cold protected from air. A granular crystalline 
solid was obtained on filtering and washing with iced 
water. The yield was 2.2 g., melting at 79-80°.

Anal. Calcd. for CisHisCb: C, 76.6; H, 6.4. Found: 
C, 76.4; H, 6.9.

This substance produces a deep green-blue color with 
alcoholic ferric chloride. The color fades slowly to 
yellow.

Iodine Titration of Ene-diol.—The following samples of 
the ene-diol were dissolved in 20 cc. of 95% alcohol each 
and acidified with 3 cc. of 10% sulfuric acid. Excess of 
standard iodine solution was then added, and the unused 
iodine titrated immediately with standard thiosulfate, 1.0 
cc. of iV iodine = 0.142 g. of ene-diol.

Vol. of Vol. of N  thio 
N  I used required as Vol. of 1

Wt. of as 0.1056 0.1003 N used % Ene-
No. sample, g. N  I, cc. thio, cc. up, cc. diol

I 0.0168 1.7334 1.6890 0.0444 37.48
II .0714 1.8846 1.6990 .1856 36.49

Mean 36.98

The Tri- and Diketones (XI and XII).—These poly­
ketones are obtained under a variety of conditions.

When the solid ene-diol is exposed to atmospheric oxy­
gen it becomes sticky and finally solidifies. I t  then 
produces no color with alcoholic ferric chloride. This 
solid upon solution in methyl alcohol and chilling gives a 
deep orange solid, melting at 94°.

Anal. Calcd. for C18Hi60 3: C, 77.14; H, 5.7. Found: 
C, 77.03; H, 5.8.

The mother liquor from this crystallization on concen­
trating gives a light yellow solid melting at 134°.

Anal. Calcd. for Ci7Hi60 2: C, 80.9; H, 6.4. Found: 
C, 81.1; H, 6.6.

I t is sparingly soluble in methyl alcohol. I t  is cleaved 
quantitatively by alkaline hydrogen peroxide to benzoic 
and trimethylbenzoic acids, identified by comparison with 
authentic samples.

When an ethereal solution of the ene-diol is allowed to 
stand for a few minutes, it loses its ability to produce color 
with alcoholic ferric chloride. I t  liberates iodine very 
rapidly from an acidulated potassium iodide solution; and 
on evaporation leaves a residue which upon crystallization 
from methyl alcohol yields a deep orange solid, melting at 
94° and a lighter yellow substance whose melting point is 
134°. Mixed melting points with the above analyzed 
samples are unchanged.

A solution of 2 g. of the ene-diol in 30 cc. of alcohol 
was acidified with 5 cc. of 10% sulfuric acid. To this 
solution approximately 0.1 N  iodine was added slowly. 
The alcoholic solution decolorized the iodine solution very 
rapidly. Finally it was allowed to stand overnight in the 
presence of excess iodine. Deep orange crystals melting 
at 94° were obtained. The mother liquor from a recrys­
tallization gave the 134° product,

A solution of 1 g. of the ene-diol in 10 cc. of chloroform 
was treated in the cold with 0.6 g. of bromine in 5 cc. of 
chloroform. The chloroform solution avidly absorbed 
each drop of the bromine. Hydrogen bromide was 
evolved. The chloroform was pumped off and the residue 
taken up in methyl alcohol. The product of this crystal­
lization was exclusively the light yellow substance, melting 
point and mixed melting point with the above analyzed 
sample unchanged.
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A solution of the ene-diol in alcoholic ferric chloride pro­
duces a deep green-blue color which gradually fades to yel­
low on standing. Evaporation of this solution yields a 
light yellow solid, melting point and mixed melting point 
with the above 134° melting compound unchanged.

Summary
Herein are reported the preparation and prop­

erties of a new ene-diol having the open chain 
—C =C —C—

I | || , and some further evidences of the
OH OH O

activating influence of the mesityl nucleus upon 
a-substituents together with its stabilizing effects 
on the resulting compound.
Washington, D. C. Received M ay 10, 1938

[Contribution from the College of Pharmacy, University of Illinois]

Derivatives of 4-Aminobenzenesulfonanilide, I
By G. L. W eb ste r  a n d  L. D. P o w ers

Following the observation made by Trefouel, 
Trefouel, Nitti and Bovet1 that 4-aminobenzene- 
sulfonamide was a valuable therapeutic agent in 
the treatment of infections caused by the jS-hemo- 
lytic streptococcus, a large number of deriva­
tives and analogs of this compound were tested in 
the search for other compounds which would be 
effective against the same and other organisms. 
Biological tests have shown only a few substances 
which have comparable action against bacterial 
organisms of any type.

It has been shown by Buttle, Gray and Stephen­
son2 and by Rosenthal, Bauer and Branham3 that, 
when given in equal molecular doses, 4-amino- 
benzenesulfonanilide is just as effective against 
pneumococcic infections in mice as is 4-aminoben- 
zenesulfonamide. It has also been shown1,3 that 
the presence of an amino group para to the sul­
fonamide group is necessary for therapeutic action.

Only a few derivatives of 4-aminobenzenesul- 
fonanilide, in which an amino or a nitro group has 
been substituted for a hydrogen atom* of the ani­
lide ring, have been reported in the literature. 
Whitby4 has published results on the protective 
action of the tartrates of 4,4'-diaminobenzenesul- 
fonanilide and 4,3'-diaminobenzenesulfonanilide 
against experimental infections in mice and Bauer 
and Rosenthal5 have reported their results with 
the first of these two diamines and with 4-amino - 
benzenesulfon-4'-nitroanilide. The authors of 
these papers presented no syntheses or chemical 
characterization of these compounds.

(1) Trefouel, Trefouel, N itti and Bovet, Compt. rend. soc. biol., 
120, 756 (1935).

(2) Buttle, Gray and Stephenson, Lancet, I, 1286 (1936).
(3) Rosenthal, Bauer and Branham, U. S. Pub. Health Repts., 

52, 662 (1937).
(4) Whitby, Lancet, I, 1517 (1937).
(5) Bauer and Rosenthal, U. S. Pub. Health Repts., 53, 40 (1938).

We have prepared a series of derivatives of 4- 
aminobenzenesulfonanilide in which a hydrogen 
atom of the anilide ring has been substituted with 
a nitro, amino or hydroxyl group in the hope that 
biological tests might disclose active chemothera­
peutic agents.

Preliminary reports to us have indicated that 
several of these compounds show some slight pro­
tective action against experimental streptococcal 
infections in mice and one, 4-acetaminobenzene- 
sulfon-4'-aminoanilide, has been described as mod­
erately effective.6 A more detailed report will be 
published elsewhere by Dr. Long.

Nitro derivatives of 4-acetaminobenzenesulfon- 
anilide were prepared by the action of 4-acet- 
aminobenzenesulfonchloride on a hot solution of 
the nitroaniline in dimethylaniline.

The corresponding amino derivatives were pre­
pared by the ferrous hydroxide reduction method 
of Jacobs and Heidelberger.7

The hydroxyl derivatives of 4-acetaminoben- 
zenesulfonanilide were prepared by the action of
4-acetaminobenzenesulfonchloride on a hot aque­
ous solution of the corresponding aminophenol 
and also by the method used for preparing the 
nitro derivatives.

Preparation of derivatives of 4-aminobenzene- 
sulfonanilide was accomplished by boiling the 
acetamino compounds with an alcoholic solution 
of hydrochloric acid.

Diazotization of 4-acetaminobenzenesulfon-3'- 
aminoanilide and heating the resulting solution 
yielded the corresponding 3 '-hydroxy derivative. 
Diazotization of 4-acetaminobenzenesulfon-4/- 
aminoanilide and boiling the diazonium solution

(6) Private communication from Dr. Perrin H. Long, The Johns 
Hopkins Hospital.

(7) Jacobs and Heidelberger, T h is J o urn al , 39, 1435 (1917).
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T a b l e  I
Name

4-Acetaminobenzenesulfon- M. p., °C. Formula
Nitrogen, %* 

Calcd. Found
Sulfur, %b 

Calcd. Found

2'-Nitroanilide 200-201 ChH130 6N8S 12.53 12.22* 9.56 9.-50
3 '-Nitroanilide 236-237 C14H1300N3S 12.53 12.53* 9.56 9.55
4 '-Nitroanilide 237-238 C14H1306N3S 12.53 1 2 .2 2 d 9.56 9.65
2 '-Aminoanilide 222-223 ChHuOsNsS 13.77 13.48 10.50 10.47
3 '-Aminoanilide 217-218 Ci4H150 3N3S 13.77 13.53 10.50 10.28
4 '-Aminoanilide 232 Ci4H160 3N3S 13.77 13.68 10.50 10.60
2 '-Hy droxyanilide 216-217 C14H1404N2S 9.15 9.00 ' 10.47 10.43
3 '-Hydroxyanilide 217-218 Ci4Hi40 4N 2S 9.15 9.07 10.47 10.29
4 '-H ydroxyanilide e C14H1404N2S 9.15 9.01 10.47 10.43
4 '-Acetaminoanilide e C16Hi704N3S 11.76 11.66 8.97 8.80
a Unless otherwise indicated nitrogen was determined by the Kjeldahl method. 6 Sulfur was determined as barium 

sulfate after oxidation of the compound with a mixture of nitric and perchloric acids. c Dumas method. d Modified 
Kjeldahl method, Assoc. Official Agr. Chem., Tentative and Official Methods of Analysis, 1930, p. 11. c No m. p. 
below 260°.

T a b l e  II*
Name

4-Aminobenzenesulfon- M. p., °C. Formula
Nitrogen, % a 

Calcd. Found
Sulfur,

Calcd. Found

3 '-Nitroanilide 171-172 C12H11O4N3S 14.33 14. IT* 10.94 10.72
4 '-Nitroanilide 165-166 C12H11O4N3S 14.33 14. l P 10.94 10.85
2 '-Aminoanilide 201-202 C12H13O2N3S 15.97 15.72 12.18 12.00
3 '-Aminoanilide 176-177 C12H13O2N3S 15.97 15.85 12.18 12.03
4 '-Aminoanilide 155-156 C12H13O2N3S 15.97 15.78 12.18 12.01
2 '-Hydroxyanilide 182-183 C12H12O3N2S 10.60 10.55 12.14 12.06
3 '-Hydroxyanilide 195-196 C12H12O3N2S 10.60 10.58 12.14 12.04
4 '-Hydroxyanilide 196-197 C12H12O3N2S 10.60 10.58 12.14 12.07
* The significance of the notations in this table is the same as in Table I.

yielded 4-aminobenzenesulfon-4'-hydroxyanilide. 
When 4-acetaminobenzenesulfon-2 '-aminoanilide 
in dilute sulfuric acid solution was treated with 
nitrous acid the o-diazoimide of 4-acetaminoben- 
zenesulfonanilide was formed.

Experimental Part
4-Acetaminobenzenesulfonnitroanilides.—A solution of 

13.8 g. (0.1 mole) of 2-(3- or 4)-nitroaniline in 50 cc, of dry, 
hot dimethylaniline was treated with 23.3 g. (0.1 mole) of 
crude 4-acetaminobenzenesulfonchloride8 added in several 
portions.9 * The mixture was heated for one hour, on a 
steam-bath, cooled and the dimethylaniline removed by 
treating the mixture with cold 1:1 hydrochloric acid. 
The 2'- and 4'-nitroanilides were obtained first as gums 
which crystallized after repeated washings with the dilute 
acid. The 3 '-nitroanilide was obtained as a granular mass 
immediately. The yield of the 2 '-nitroanilide was 10 g.; 
3 '-nitroanilide, 30 g.; 4'-nitroanilide, 15 g.

4-Acetaminobenzenesulfonaminoanilides.—A solution
of 200 g. of technical ferrous sulfate in 500 cc. of water was 
made alkaline with a 10% solution of sodium hydroxide 
(about 700 cc.). A solution of 33.5 g. (0.1 mole) of the 4- 
acetaminobenzenenitroanilide in 250 cc. of 10% sodium 
hydroxide solution was added and the mixture well stirred 
for fifteen minutes. The mixture was filtered through a 
large suction filter and the ferric hydroxide residue ex­
tracted again with about 300 cc. of water. The combined

(8) Org. Syntheses, 5, 3 (1925).
(9) Ullmann and Gross, Ber., 43, 2694 (1910), prepared toluene-

sulfontoluide by this method using diethylaniline as a solvent.

filtrates were acidified to litmus paper with acetic acid and 
the precipitated aminoanilide recovered by filtration.

4 - Acetaminobenzenesulfonhydroxyanilides.—These 
compounds were made (a) by the method described above 
for the preparation of the nitro derivatives. The yields 
of hydroxyanilides were smaller than those obtained by the 
following method, (b) A solution of 21.8 g. (0.2 mole) of 4- 
aminophenol in 1800 cc. of water at 75° containing 17 g. of 
anhydrous sodium acetate was treated with 58 g. of par­
tially dried crude 4-acetaminobenzenesulfonchloride, esti­
mated to be 80% pure, with mechanical stirring. Stirring 
was continued for thirty minutes, the mixture cooled and 
filtered. The yield of crude, air-dried product was 42 g. 
The isomeric hydroxyanilides were prepared in like yield.

The derivatives of 4-acetaminobenzenesulfonanilide de­
scribed above are insoluble in water, ether and benzene; 
soluble in alcohol, acetone, dioxane and acetic acid. 
They may be crystallized from alcohol or from diluted 
alcohol of suitable concentration (50-20%). They dis­
solve in dilute (10% or less) sodium hydroxide solutions 
from which the sodium salt is precipitated by the addition 
of more concentrated alkali. The amino derivatives dis­
solve in dilute solutions of mineral acids.

4,4' - Diacetaminobenzenesulfonanilide.—This com­
pound was prepared from 4-acetaminobenzenesulfon-4'- 
aminoanilide by warming with an excess of acetic anhy­
dride. I t is insoluble in water and most of the usual 
organic solvents. I t can be crystallized from a large 
volume of acetic acid.

Hydrolysis of the Acetyl Group.—A mixture of 10 g. of
the 4-acetaminobenzenesulfonanilide in 200 cc. of alcohol 
and 15 cc. of coned, hydrochloric acid was refluxed on a
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steam-bath for two hours. The alcohol was distilled off 
and the residue dissolved or suspended in 75 cc. of water. 
The aqueous mixture was cooled and made alkaline with 
ammonium hydroxide and then slightly acid with acetic 
acid. The desired 4-aminobenzenesulfonanilide was ob­
tained by filtration.

The derivatives of 4-aminobenzenesulfonanilide pre­
pared as described above are insoluble in ether, and ben­
zene; slightly soluble in cold water but appreciably soluble 
in boiling water; soluble in alcohol, acetone, dioxane and 
acetic acid. They may be crystallized from diluted alco­
hol (50% for the nitro derivatives, 35-20% for the amino 
derivatives) or from water (hydroxy derivatives). Amino 
and hydroxy derivatives were crystallized in an atmos­
phere of carbon dioxide. All of these compounds are 
soluble in dilute sodium hydroxide solutions and in dilute 
mineral acids.

4,4 '-Diaminobenzenesulfonanilide Dihydrochloride.—
To a solution of 1.2 g. of the pure base in a mixture of 10 
cc. of alcohol and 1 cc. of coned, hydrochloric acid an 
additional 5 cc. of coned, hydrochloric acid was added. 
The precipitated dihydrochloride was filtered and dried in 
a desiccator over calcium chloride and sodium hydroxide. 
The white crystals begin to decompose at 200°. A solu­
tion (1:1000) in water has pH  2.5. Anal A0 Calcd. for 
Ci2H150 2N3C12S: Cl: 21.10; Found: Cl, 21.27.

Diazotization of 4 - Ace taminobenzenesulfon-2' - amino- 
anlide.—A solution of 3.05 g. (0.1 mole) of 4-acetamino- 
benzenesulfon-2'-aminoanilide in a mixture of 250 cc. of 
water and 5 cc. of concentrated sulfuric acid was diazotized 
with 0.7 g. (0.1 mole) of sodium nitrite, dissolved in 14 cc. 
of water, at room temperature. The tf-diazoimide of 4- 
acetaminobenzenesulfonanilide is precipitated from the 
reaction mixture immediately.

The product was filtered from the reaction mixture and 
washed with hot water to remove inorganic compounds and 
recrystallized from 50% -alcohol. The yield was 2.5 g. 
This compound was stable at the boiling temperature of the 
mixture but, when recrystallized and dried, it decomposed

(10) Method of Thompson and Oakdale, T h is J ournal , 52, 1195 
(1930).

at 138-140°. The reaction is analogous to that reported 
by Morgan and Micklethwait11 in the diazotization of 
benzenesulfon-2 '-aminoanilide. Anal. Calcd. for C14H12- 
O3N4S: N, 17.72; S, 10.14. Found: N (Dumas), 17.82; 
S, 10.07.

Diazotization of 4-Acetaminobenzenesulfon-3 -amino­
anilide.—A solution of 1.5 g. of the 4-acetaminobenzene- 
sulfon-3 '-aminoanilide in a mixture of 5 cc. of coned, 
sulfuric acid and 25 cc. of water was diazotized with 0.35 g. 
of sodium nitrite in 7 cc. of water without cooling. The 
solution was heated on a steam-bath for one hour, cooled 
and filtered. After recrystallization from 20% alcohol, 
the compound melted at 217-218°. The mixed melting 
point with the product obtained from coupling 3-amino- 
phenol with 4-acetaminobenzenesulfonchloride was un­
changed.

Diazotization of 4-Acetaminobenzenesulfon-4'-amino­
anilide.—Three grams of 4-acetaminobenzenesulfon-4'- 
aminoanilide dissolved in a mixture of 10 cc. of coned, 
sulfuric acid and 50 cc. of water was diazotized, without 
cooling, with 0.7 g. of sodium nitrite in 14 cc. of water. A 
precipitate formed which dissolved when the temperature 
of the solution was raised to 75°. The solution was 
heated at 90-95° for three hours and then briefly boiled. 
After cooling, the solution was made alkaline with ammon­
ium hydroxide and then acid with acetic acid. Recrystal­
lized from water the product melted a t 195-196°. The 
mixed melting point with 4-aminobenzenesulfon-4'-hy­
droxyanilide was unchanged, indicating that hydrolysis of 
the acetyl group had taken place.

Summary
The preparation of a number of new nitro, 

amino and hydroxy derivatives of 4-aminoben­
zenesulfonanilide and 4-acetaminobenzenesulfon- 
anilide has been described. Work is in progress 
on other derivatives of these compounds.
C h ic a g o , I l l in o is  R e c e iv e d  A p r il  23, 1938

(11) Morgan and Micklethwait, J . Chem. Soc., 87, 73 (1905).

[C o n t r ib u t io n  f r o m  t h e  S ch o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. XXXV. Carbinols from Stallions’ Urine
B y R u sse ll  E . M a r k e r , E lm er  J .  L a w son ,

Although the presence of oestrone in stallions’ 
urine has been reported by several investigators, 1 
apparently no work has been done on the neutral 
fractions from this source.

As part of an extensive investigation of the 
steroid substances in various urines, we have made 
a preliminary study of stallions’ urine. After hy­
drolysis of the urine, and removal of the phenolic

(1) For the literature on this subject, see Fieser, “Chemistry of 
Natural Products Related to Phenanthrene,” 2nd ed., Reinhold 
Publishing Corp., New York, N. Y., 1936, pp. 198-199,

E w ald R ohrm ann  and  E u g e n e  L . W it t l e

and acidic substances with alkali, the neutral 
extract was treated with Girard’s reagent. Only 
a very small amount of ketonic material, amount­
ing to 100 mg. per 200 gallons (760 liters) was ob­
tained. The non-ketonic fraction was treated 
with phthalic anhydride and pyridine to separate 
the carbinols. The carbinol fraction was treated 
with digitonin to separate the /3-sterols. From 
the digitonide a sterol of m. p. 134° was obtained. 
This sterol does not decolorize bromine in acetic
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acid, yields an acetate melting at 124°, and re­
mains largely unepimerized after treatment with 
sodium in boiling xylene. In view of its source, 
this sterol has been named 0-equistanol. Oxida­
tion of 0-equistanol yields the corresponding ke­
tone, equistanone, m. p. 115°. This ketone does 
not correspond in its solubility behavior or melt­
ing point to cholestanone, stigmastanone, ergos- 
tanone, or 7 -sitostanone. The following table 
summarizes the properties of these compounds:

ing beta compounds. Digitonin treatment of the 
epimerized mixture yielded an insoluble digito- 
nide, a somewhat soluble digitonide and a carbi­
nol mixture freed of compounds of the 3(0)-type. 
The soluble digitonide yielded 0-equistanol, show­
ing that the original carbinol mixture from stal­
lions’ urine contained, besides 0-equistanol, about 
an equal amount of its epimer, ce-equistanol. 
The latter compound could not, however, be iso­
lated as such from any carbinol fractions.

M. p„ °C. M. p., °C. M. p., °C.
jS-Equistanol 134 /3-Equistyl acetate 124 Equistanone 115
/?-Cholestanol 142 /S-Cholestyl acetate 115 Cholestanone 130
Stigmastanol 138.5 Stigmastyl acetate 135 Stigmastanone 160
Y-Sitostanol 144 Y-Sitostyl acetate 143 Y-Sitostanone
Ergostanol 151 Ergostyl acetate 144 Ergostanone 164

Evidently this sterol is different from any of 
the known sterols. Analytical data on 0-equi- 
stanol, 0-equistyl acetate and equistanone are in 
best agreement with the formula C30H54O or 
C31H56O. We are inclined at present to regard
0-equistanol as a phytosterol which is utilized 
incompletely, or not at all, in the metabolism of 
the stallion. In view of the herbivorous diet of 
the animal and of the widespread occurrence of
0-sitosterol in plants, it is surprising that no 0- 
sitosterol is present in stallions’ urine.

Butenandt2 has reported the presence of cho­
lesterol in human male urine (4 mg./gal.), while 
Marker3 has observed its presence in human preg­
nancy urine. We have found no evidence of choles­
terol either in stallion urine or in mares’ pregnancy 
urine. The occurrence of equistanol in both stal­
lion urine and mares’ pregnancy urine4 indicates 
that it probably originates from the food and is not a 
product resulting from the condition of pregnancy.

We cannot overlook the fact that equistanol 
may be identical with dihydro-a-tritisterol pre­
pared by Karrer, Salomon and Fritzsche.5 Their 
compound has 3Ö carbon atoms with a melting 
point about the same as ours, but because of a 
lack of derivatives we are unable to make further 
comparisons.

The mother liquors from the digitonide were 
concentrated and the resulting carbinol mixture 
was epimerized with sodium and boiling xylene to 
convert any sterols of the alio series, originally 
present in the alpha form at C3, to the correspond-

(2) Butenandt and Dannenbaum, Z. physiol. Chem., 248, 151 
(1937).

(3) Unpublished results.
(4) Marker and Rohrmann, T h is  J o u rn al , 60, 1565 (1938).
(5) Karrer, Salomon and Fritzsche, Helv. Chim. Acta, 20, 424, 

1422 (1937).

The insoluble digitonide yielded a mixture of 
carbinols from which a triol, m. p. 295°, and a 
tetrol, m. p. 295°, were obtained by crystalliza­
tion of the less volatile fractions obtained after 
vacuum sublimation of the mixture. The triol, 
m. p. 295°, yielded a triacetate, m. p. 140-145°. 
Analytical data agree best with the formula 
C21H36O3 for this triol. It is evidently a com­
pound of the alio series, and contains a 3 (0)-hy­
droxyl group. As it existed in the urine the 3-OH 
group was in the epimeric form. We may sup­
pose, by analogy to other carbinols present in 
urines, that one of the two remaining hydroxyls is 
at C20, but the position of the third hydroxyl 
group is completely unknown. It should be 
noted that this carbinol is not present as such in 
stallions’ urine, but rather is a transformation 
product of a triol of the alio series, having a 3(a)- 
hydroxyl group, which was originally present in 
the stallions’ urine. These remarks on our 
knowledge of the triol, m. p. 295°. also apply to 
the tetrol, C21H36O4, m. p. 295°. This tetrol may 
be a derivative of the products isolated from cor­
tical extracts by Reichstein,6 Wintersteiner and 
Pfiffner,7 and Kendall.8 Thus, it is possible that 
this compound may be a 3(0), 11,20,2 1 -a/Zö-preg- 
nanetetrol derived from corticosterone.

The epimerized carbinol mixture not precipi- 
table with digitonin was oxidized, and the ketonic 
fraction distilled. A considerable amount of a 
mixture of ketones with a fruity odor was col­
lected at 80°. After obtaining smaller fractions 
at 110- 120°, and 120-160°, a fraction distilling at 
160-200° was obtained. Crystallization of this

(6) Reichstein, ibid., 19, 29 (1936).
(7) Wintersteiner and Pfiffner, J . Biol. Chem., I l l ,  599 (1935).
(8) Mason, Myers an4 Keu4all, ibid., 114, 613 (1936),
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fraction from methanol yielded the known urane- 
trione, m. p. 247°, as proved by direct comparison 
with an authentic sample. Since the carbinol 
fraction which yielded uranetrione contained 
sterols of the 3(a)-OH type belonging to the nor­
mal series in respect to C5, it is likely that the 
uranetrione was formed from the same uranetriol 
which has been found in mares’ pregnancy urine.9 
The probable existence of uranetriol in stallions’ 
urine suggests that uranetriol may not be derived 
from compounds having the function of sex hor­
mones. Rather, it is possible that uranetriol 
may be derived from the suprarenal cortex or 
from some hormone of unknown function. The 
latter view receives some support from the iso­
lation of uranol-ll-one-310 uranedione,9 and 
uranediol-3(0)-1 1 11 from mares’ pregnancy urine.

Experimental Part
Isolation of Carbinol Fraction from Stallions, Urine.—

The concentrated extract from 200 gallons (760 liters) of 
stallions’ urine weighed 40 lb. (18.2 kg.). I t was steam 
distilled for twelve hours with 25 lb. (11.4 kg.) of sodium 
hydroxide in 30% aqueous solution, and then extracted 
with ether. The ether was evaporated, the residual tar 
steam distilled with 5 liters of coned, hydrochloric acid and 
5 liters of water, and the non-volatile oil extracted with 10 
liters of butanol. To the butanol extract was added 15 
liters of heptane, causing the precipitation of much tar. 
The solution was decanted from the tar, treated with bone- 
black, and the solvents removed in vacuo. The sirupy 
residue was steam distilled with an excess of 30% aqueous 
sodium hydroxide for three hours, and extracted with 
ether. The ether was distilled and the residue treated 
with Girard’s reagent to obtain about 100 mg. of ketonic 
material. The non-ketonic fraction was dried by distilla­
tion with benzene, and treated with 125 g. of phthalic an­
hydride and 150 cc. of pyridine to give 68 g. of carbinols. 
The carbinol mixture was dissolved in 1 liter of hot alcohol 
and a solution of digitonin added. The next day the mix­
ture was filtered, and washed with alcohol and ether. 
There was obtained 8.3 g. of digitonide.

/3-Equistanol.—The digitonide obtained as described 
above was decomposed by warming for fifteen minutes 
with 90 cc. of pyridine. The solution was poured into 500 
cc. of ether and the precipitate collected and washed with 
ether. The ethereal filtrate was washed with dilute hydro­
chloric acid and water and evaporated to dryness. The 
residue was crystallized three times from methanol to give 
250 mg. of /3-equistanol as needles, m. p. 133°. This sterol 
is not very soluble in methanol, somewhat more soluble in 
acetone and readily soluble in ether. I t  does not decolor­
ize bromine in acetic acid solution.

Anal. Calcd. for C30H54O: C, 83.7, H, 12.6. Found: 
C, 84.0; H, 12.3.

(9) Marker, Kamm, Oakwood, W ittle and Lawson, T h is  J ournal , 
60, 1061 (1938).

(10) Marker, Lawson and Crooks, ibid., 60, 1559 (1938).
(11) Marker, Rohrmann and W ittle, ibid., 60, 1561 (1938).

Twenty-five milligrams of /3-equistanol was refluxed for 
twenty minutes with 2 cc. of acetic anhydride. On chilling 
the solution /3-equistanyl acetate crystallized as shining
plates, m. p. 124°.

Anal. Calcd. for C32H66O2: C, 81.3; H, 12.0. Found: 
C, 81.4; H, 11.6. Mol. wt. calcd. for C32H560 2, 472.5; 
calcd. for C33H58O2, 486.5. Found: 485.

Nine milligrams of /3-equistanol in 3 cc. of xylene was 
refluxed with 80 mg. of sodium for six hours. At the end of 
this time the sodium was decomposed with alcohol, the 
solution neutralized with dilute hydrochloric acid, and the 
organic matter extracted with ether. The ethereal solu­
tion was washed with water, and evaporated to dryness. 
The residue was dissolved in a little hot alcohol and to it 
was added a solution of 50 mg. of digitonin in 1.5 cc. of hot 
alcohol. The next day the precipitated digitonide was 
filtered and washed with alcohol and ether. The dried 
digitonide weighed 40 mg., corresponding to a recovery of 8 
mg. of the sterol. This shows that /3-equistanol is a sterol 
of the alio series.

/3-Equistanone.—To a solution of 100 mg. of /3-equi­
stanol in 10 cc. of acetic acid was added a solution of 30 
mg. of chromic acid in 5 cc. of 90% acetic acid. After 
standing for one hour, the solution was diluted with water, 
extracted with ether, and the ethereal extract washed 
with sodium carbonate solution and water. The ether 
was evaporated and the residue distilled in a high vacuum. 
The fraction distilling at a bath temperature of 120-150° 
was crystallized from diluted methanol to obtain /3-equi- 
stanone, m. p. 115°. /3-Equistanone is quite soluble in 
methanol, differing in this respect from cholestanone, /3- 
sitostanone, and ergostanone.

Anal. Calcd. for C30H52O: C, 84.0; H, 12.2. Found: 
C, 84.2; H, 12.1.

/3-Equistanol from «-Equistanol in Stallions’ Urine.—
The filtrate from the precipitation of /3-equistanol digito­
nide was evaporated and extracted with ether to separate 
the «-sterols from some /3-equistanol digitonide, which is 
somewhat soluble in alcohol. The ethereal solution was 
evaporated and the residue refluxed with 600 cc. of xylene 
and 25 g. of sodium for nine hours. The sodium was 
destroyed with alcohol, the solution neutralized with dilute 
hydrochloric acid, and the mixture extracted with ether. 
The ethereal extract was washed with water, evaporated, 
and the residue, in hot alcohol, treated with a solution of 25 
g. of digitonin in 750 cc. of alcohol. After standing over­
night in a refrigerator, the precipitated digitonide was 
filtered and washed thoroughly with alcohol and ether. 
The digitonide so obtained was set aside for further investi­
gation. The filtrate was evaporated to dryness, leached 
with ether, and the soluble digitonide present decomposed 
by warming with 20 cc. of pyridine for thirty minutes. 
The resulting solution was poured into ether, the precipi­
tated digitonin filtered, and the ethereal filtrate washed 
with dilute hydrochloric acid and water. After evaporat­
ing the ether, a crystalline residue remained. This residue 
was crystallized from acetone-methanol, and ethyl ace­
tate, to give a product which proved to be /3-equistanol, 
m. p. 134°.

Anal. Calcd. for C30H54O: C, 83.6; H, 12.6. Found: 
C, 83.8; H, 12.6.

The sterol did not decolorize bromine in acetic acid.
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When warmed with concentrated sulfuric acid, it gave an 
orange-red color with a green fluorescence.

Ten mg. of the sterol was refluxed for thirty minutes 
with 5 cc. of acetic anhydride. On cooling, the acetate 
separated as shining plates. After recrystallization from 
methanol, the pure acetate was obtained as needles melting 
at 124°. This acetate did not depress the melting point of 
/3-equistanyl acetate, but showed a marked depression 
with jS-sitostanyl acetate.

Anal. Calcd. for C32H560 2: C, 81.3; H, 12.0. Found: 
C, 81.4; H, 11.7. Mol. wt. calcd. for C32H660 2, 472.5; for 
CVHmOs, 486.5. Found: 485.

allo-Triol and allo-Tetrol from Stallions, Urine.— 
The insoluble digitonide from the epimerization of the a- 
sterols in stallions* urine was warmed with 50 cc. of pyri­
dine for thirty minutes and the resulting solution poured 
into ether. After filtering and washing the precipitated 
digitonin, the filtrate was washed with dilute hydrochloric 
acid and water. The ether was evaporated giving 3.1 g. of 
residue. Crystallization of the residue from 15 cc. of 
methanol gave 120 mg. of a product melting at 295°. The 
analysis is that of an a/Zo-pregnanetriol.

Anal. Calcd. for C2iH3603: C, 74.9; H, 10.8. Found: 
C, 74.6; H, 10.9.

This compound gave a triacetate melting at 140-145°.
Anal. Calcd. for C27H42O6: C, 70.1; H, 9.2; mol. wt., 

462. Found: C, 70.3; H, 9.3; mol. wt., 457.
This compound originally existed in the urine as the epi 

form at C3 but due to isomerization with sodium was con­
verted and isolated as the /3-form. I t  is saturated to 
bromine. The a/Zo-configuration at C5 is established by 
the isomerization with sodium to a product precipitated by 
digitonin.

The filtrate from the above triol was sublimed in vacuo 
and the portion that would not sublime below 200° was 
crystallized from methanol. This yielded 12 mg. of a 
carbinol melting at 290-295° which gave a depression in 
melting point when mixed with the first triol. The com­
position is that of a tetrol.

Anal. Calcd. for C2iH3604: C, 71.6; H, 10.0; mol. wt., 
352. Found: C, 71.1; H, 9.85, mol. wt., 362.

Uranetrione from Oxidation of Stallions1 Urine Resi­
dues.—The ethereal leachings from the soluble digitonide

described in the previous experiment contained chiefly a- 
sterols of the regular series a t C5 . This ethereal solution 
was evaporated to dryness and the residue dissolved in 1 
liter of acetic acid, and distilled to remove alcohol and 
other solvents. The residue was dissolved in 500 cc. of 
acetic acid and a solution of 20 g. of chromic acid in 90% 
acetic acid added with cooling over a period of fifteen 
minutes. The solution was diluted with water and ex­
tracted with ether. The ethereal solution was freed of 
acids by washing with sodium carbonate solution, and then 
with water. The ether was evaporated and the residue, 
dissolved in 500 cc. of alcohol, was heated for thirty min­
utes with 20 g. of Girard’s reagent. Ice was added, and 
the solution diluted with water and extracted with ether. 
The aqueous layer was heated for thirty minutes on a 
steam-bath with an excess of hydrochloric acid. The 
cooled solution was thoroughly extracted with ether, and 
the ethereal solution evaporated. The residue was dis­
tilled in a high vacuum. A fraction, weighing 1.6 g. and 
distilling at 80°, had a fruity odor. However, it appar­
ently was a mixture. A fraction weighing 500 mg. was 
collected a t 110-120°, and another a t 120-160°. A 
fourth fraction, distilling at 160-200°, was crystallized 
from methanol and washed with cold ether. The product 
melted at 247° and gave no depression with uranetrione.

Anal. Calcd. for C21H30O3: C, 76.4; H, 9.1. Found: 
C, 76.4; H, 9.3.

We wish to thank Dr. Oliver Kamm and Parke, 
Davis and Company for their generous help and 
assistance in various phases of this work.

Summary
Stallions’ urine yields a carbinol fraction from 

which a saturated /3-sterol of the alio series may 
be obtained. This sterol, /3-equistanol, yields 
/3-equistanone on oxidation. The presence of the 
epimer, a-equistanol, and of two triols is also 
demonstrated. One of these triols yields urane­
trione on oxidation, but the other triol is probably 
of the alio series. It also gave a compound of the 
composition of an a/Za-pregnanetetrol.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  M a r c h  16, 1938
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[Contribution from the School of Chemistry and Physics of the Pennsylvania State College]

Sterols. XXXVI. Ketones from Mares’ Pregnancy Urine

B y R u s se l l  E . M a r k e r , E lm er  J .  L aw so n , E u g e n e  L . W it t l e  and  H arry  M . Cr ooks

As part of an extensive investigation of urines 
from various animal sources, we have been study­
ing during the past two years the steroid content 
of mares’ pregnancy urine. We already have re­
ported the presence of pregnanediol,1 allo-preg- 
nanediol,1 uranetriol,2 pregnanetriol,2 and urane- 
diol3 in the carbinol fraction from mares’ preg­
nancy urine. The presence of a pregnanetriol 
which is probably identical with our pregnanetriol, 
was reported earlier by Haslewood, Marrian and 
Smith.4 More recently these authors also have 
reported5 the presence of pregnanetriol-3,17,20 in 
the pregnancy urine of women afflicted with corti­
cal tumors. In the description of our 
investigation of the carbinol fraction of 
mares’ pregnancy urine we reported the 
separation of a ketonic fraction from this 
source. Since Heard6 has announced the 
isolation of a number of ketones from 
mares’ pregnancy urine, we feel obliged to 
report the progress we have made in the 
course of a similar study. We are able to 
confirm the presence in mares’ urine of 
the ketone, m. p. 252°, reported by Heard 
and in addition we have found a number 
of other steroids present. While a direct 
comparison of our compound with Heard’s 
ketone has not been made, we believe 
that the two are identical in view of their 
apparently similar properties. However, 
molecular weight determinations of our 
substance (mol. wt. 672) gave a value 
twice that of a steroid, indicating that 
it may be a combination of two sterol 
molecules through their oxygen atoms.
This would account for the inactivity of these 
atoms. We are not planning further work on 
this compound since we feel that Dr. Heard is 
entitled to priority in its discovery.

The accompanying diagram shows the scheme 
of isolation of our various ketones. The crude

(1) Marker, Kamm, Crooks, Oakwood, Lawson and Wittle, T h is 
J o urnal , 59, 2297 (1937).

(2) Marker, Kamm, Crooks, Oakwood, Wittle and Lawson, 
ibid., 60, 210 (1938).

(3) Marker, Rohrmann and W ittle, ibid., 60, 1561 (1938).
(4) Haslewood, Marrian and Smith, Biochem. J .,  28, 1316 (1934).
(5) Marrian and Butler, J . Biol. Chem., 119, LXVI (1937).
(6) Heard, T h is  J o urn al , 60, 493 (1938).

semicarbazone mixture from 30,000 gallons (114,- 
000 liters) of mares’ pregnancy urine yielded a 
water solution (A) containing Heard’s water- 
soluble semicarbazone, an ethereal solution (B) 
containing chiefly non-steroidal semicarbazones, 
and a solid crude semicarbazone mixture. The 
latter on systematic fractional crystallization 
from alcohol yielded solid semicarbazones I, II, 
III and IV and a mother liquor Z. Each fraction 
was hydrolyzed with alcoholic sulfuric acid, and 
further purifications were effected by high-vacuum 
distillation, half-succinate separation, and frac­
tional crystallization.

Flow Sheet

Non-phenolic fraction 
from mares* pregnancy urine 

after removal of triols.

Girard’s
reagent

j
Non-ketonic

fraction

See Paper XXXVII

*
Ketonic fraction

Semicarba- 
zine HC1

i-----------
if

Water-soluble
semicarbazones

A

Ether washings 
B

I
if

Insol. semicarba­
zones

Fractionation 
from alcohol

i------
if

Filtrates
Z

Semicarba­
zone IV

Semicarba­
zone III

Semicarba­
zone II

Semicarba­
zone I

We were surprised to find that all of the semi­
carbazones yielded both hydroxylated and hy­
droxyl-free ketones. This occurrence of hydroxyl- 
free ketones in mares’ pregnancy urine is in con­
trast to the almost complete absence of such ke­
tones in human pregnancy urine.7 Possibly the 
course of reduction of progesterone and other 
hormones in the mare follows a somewhat different 
path, or else reduction may be more complete in 
man.

From the most insoluble semicarbazone frac-
(7) Marker, Kamm and McGrew, ibid., 59, 616 (1937)
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tion (I) we have isolated two substances: a ke­
tone which corresponds in properties to Heard’s 
ketone, C19H26O3, m. p. 252°, but has a molecular 
weight of 672, and a/Zo-pregnanedione. We have 
also some indication of the presence of at least 
one other ketone in this hydrolyzed semicarbazone 
mixture (I). The presence of a//ö-pregnanedione 
and pregnanedione in mares’ pregnancy urine 
lends further support to the hypothesis that 
progesterone is the source of most of the steroidal 
carbinols and ketones, such as pregnanediol, 
a//0-pregnanediol, pregnanetriol-3 (a),4(d),20(a),8 
#//ö-pregnanol-3(a)-one-20, pregnanol-3-(a)-one- 
20, pregnanediol-3(d),20(a),9 pregnenediol-3(/3),- 
20(a),9 pregnanedione, and a//0-pregnanol-3(d)- 
one-20 .

Semicarbazones II and III proved to contain 
the same components. From the hydrolyzed 
semicarbazones there was obtained a new hy- 
droxyketone, uranol-ll-one-3, the known preg­
nanedione, and a//0-pregnanol-3 (6) -one-20. The 
structure of uranol-ll-one-3 is proved by its com­
position and oxidation to uranedione. It did not 
form a half-succinate ester, in agreement with the 
usual postulated inertness of a hydroxyl group at 
Cn. It gave a Zimmermann test showing the 
presence of a carbonyl group at C3. The isola­
tion of this substance lends support to the hy­
pothesis that uranedione and the uranediols 
(a,a and d,a) may be related to some hormone of 
as yet unknown function,10 although it is possible 
that these substances may be derived from the 
cortical hormone. The isolation of allo-pteg- 
nanol-3(jd)-one-20 from mares’ pregnancy urine 
is interesting in view of the fact that it was first 
isolated from corpus luteum extracts.11-14 The 
structure of our substance was proved by the 
composition, melting point, precipitation with 
digitonin, and oxidation to aZ/0-pregnanedione. 
This is the first 3(d)-hydroxyketone to be isolated 
from urine, although its occurrence had been 
foreseen in the light of a proposed course of the 
reduction of progesterone.

We have not as yet completed our investigation 
of the ketones from semicarbazones A, B, and Z, 
since the mixtures have proved to be rather in-

(8) Marker, Kamm, W ittle, Oakwood and Lawson, T h is  Journal , 
60,1067 (1938).

(9) Marker and Rohrmann, ibid., 60, 1665 (1938).
(10) Marker, Lawson, Rohrman and W ittle, ibid., 60, 1555 (1938).
(11) Wintersteiner and Allen, J . Biol. Chem., 107, 321 (1934).
(12) Hartmann and Wettstein, Helv. Chim. Acta, 17, 1365 (1934).
(13) Butenandt, Westphal and Hohlweg, Z. physiol. Chem., 227, 

84 (1934).
(14) Slotta, Ruschig and Fels, Ber., 67, 1270 (1934).

tractable. Semicarbazones B and Z yield a mix­
ture of neutral and hydroxylated ketones. The 
hydroxyketone mixture from semicarbazone Z 
does not precipitate digitonin, and therefore no 
a//0-pregnenol-3 (/3)-one-20 is present. Distilla­
tion of the neutral and hydroxylated ketones from 
B gives chiefly ketones subliming below 125°, and 
possessing characteristic odors. Apparently al­
most no steroidal ketones are present in fraction
B.

Because of the small amounts of ketones pres­
ent in mares’ pregnancy urine, a more extensive 
investigation of 150,000 gallons (570,000 liters) of 
urine is now in progress, and the results of this 
study will be reported shortly.

Experimental Part
Isolation of Ketonic Fractions.—The non-phenolic frac­

tion from 30,000 gallons (114,000 liters) of mares’ preg­
nancy urine from which the uranetriol and pregnanetriol 
had been removed was dissolved in about 2.5 liters of alco­
hol and heated for one half hour with 400 g. of Girard’s 
reagent. Ice and water were added and the non-ketonic 
material extracted thoroughly with ether. The aqueous 
layer was acidified with an excess of hydrochloric acid and 
warmed for one hour on a steam-bath. The ketonic mat­
ter was extracted with ether and the ether extract washed 
and concentrated. The residual oil was treated again 
with Girard’s reagent to remove a small amount of inert 
material which was carried through mechanically. About 
30 g. of ketonic material was obtained.

The ketone mixture was dissolved in 300 cc. of alcohol 
and boiled for one hour with 50 g. of semicarbazide hydro­
chloride and 60 g. of sodium acetate. The mixture was 
distilled to remove almost all the alcohol and the resulting 
paste was stirred with water, filtered, and washed with 
water and with ether. The water washings were set aside 
as semicarbazone fraction A, and the ether washings as 
semicarbazone fraction B. The solid semicarbazone mix­
ture, amounting to about 15-20 g., was fractionated from 
alcohol. This gave semicarbazone solution Z, and semi­
carbazones I, II, III, and IV Semicarbazone solutions A 
and Z were evaporated to dryness to yield semicarbazones 
A and Z. These six semicarbazone fractions were hydro­
lyzed separately by boiling for one hour with fifty parts of 
alcohol and fifteen parts of 1:2 dilute sulfuric acid. Each 
hydrolysate was diluted with water, extracted with ether, 
the ether layer washed with water, and then evaporated to 
dryness. With the exception of the ketones from semi­
carbazone I, the residues were converted into the acid 
succinates in order to separate hydroxylated ketones from 
OH-free ketones.

allo-Pregnanedione and Ketone I from Semicarbazone
I.—Hydrolysis of semicarbazone I gave 1.4 g. of solid 
ketones which could not be separated readily by crystal­
lization. Accordingly, the total ketonic material was dis­
tilled in a high vacuum and fractions collected at bath 
temperature up to 110, 110-140 and 140-180°. The first 
and third fractions were too small to be investigated fur­
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ther. Considerable residue remained in the distillation 
vessel. The fraction subliming a t 110-140° was crystal­
lized repeatedly from dilute acetone and yielded allo- 
pregnanedione, m. p. 196-200°, which gave no depression 
in melting point when mixed with authentic alio-pregnane­
dione.

Anal. Calcd* for C21H32O2: C, 79.7; H, 10.2. Found: 
C, 79.3; H, 10.3.

The non-distillable residue in the sublimation flask was 
crystallized from benzene-pentane, and yielded a crude 
ketone (ketone I) which melted a t 220°. This ketone 
approximated the properties of Heard’s ketone (m. p. 
252°) upon further crystallization.

Anal. Found: C, 76.06; H, 9.85; mol. wt. (several 
determinations), 672.

The semicarbazone prepared from this ketone melted at 
300°.

allo-Pregnanol-3(/3)-one-20.—A preliminary investiga­
tion of the hydroxyketone from semicarbazones II and III 
showed that one substance was present in both fractions, 
which were therefore combined. This hydroxy ketone was 
sublimed in a high vacuum at a bath temperature of 185°, 
and the sublimate crystallized from carbon tetrachloride to 
give a ketone melting at 193°. This ketone depressed the 
melting point of a//o-pregnanol-20(/3)-one-3 (m. p. 195°), 
showed no unsaturation to bromine in acetic acid and gave 
a heavy precipitation with an alcoholic solution of digi­
tonin.

A portion oxidized with chromic acid in the usual man­
ner gave alio-pregnanedione, m. p. 197-199°, and showed 
no depression with an authentic sample of alio-pregnane­
dione, m . p. 200°.

Anal. Calcd. for C21H3202: C, 79.7; H, 10.2. Found: 
C, 79.7; H, 10.1.

Uranol-ll-one-3, Pregnanedione, and Ketone II from 
Semicarbazones II and III.—The ketones from semicarba­
zones II and III  were distilled separately and fractions 
collected at bath temperatures of 135-160°, 160-200°, 
leaving considerable amounts of glassy residue. The 
fraction 135-160° was crystallized from diluted acetone to

yield a solid melting over the range 100-135°. The ma­
terial in the mother liquors was then crystallized repeatedly 
from dilute acetone, sublimed in a high vacuum, and then 
crystallized from ether-pentane to give pregnanedione, in', 
p. 118°, which did not depress the melting point of an 
authentic sample.

Anal. Calcd. for C21H32O2: C, 79.7; H, 10.2. Found: 
C, 79.5; H, 10.7.

The fraction subliming at 160-200° was a mixture which 
could be separated only with difficulty . Repeated crystal­
lization from dilute alcohol and dilute acetone yielded a 
ketone which melted at 165°, and depressed the melting 
points of uranedione (m. p. 180°) and a/Zo-pregnanedione 
(m. p. 200°).

Anal. Calcd. for C21H34O2: C, 79.2; H, 10.8. Found: 
C, 79.2; H, 10.8.

I t  gave a gelatinous semicarbazone melting at 250° with 
decomposition.

Oxidation of a sample with chromic acid in the customary 
fashion yielded uranedione, m. p. 175-176°, which showed 
no depression with an authentic sample of uranedione.

Anal. Calcd. for C21H32O2: C, 79.7; H, 10.2. Found: 
C, 79.7; H, 10.5.

The glassy residues from sublimation of the neutral ke­
tones up to 200° were combined and crystallized from 
benzene-pentane to yield about 100 mg. of a ketone melting 
at 115-120°. I t did not precipitate with digitonin.

Anal. Found: C, 74.3; H, 9.65; mol. wt., 462.
We wish to thank Dr. Oliver Kamm and Parke, 

Davis and Company for their generous help and 
assistance in various phases of this work.

Summary
The ketonic fraction of mares’ pregnancy urine 

yielded pregnanedione, a/fo-pregnanedione, allo- 
pregnanol-3(/3)-one-20, and uranol-ll-one-3 in 
addition to the ketone reported by Heard.
St a t e  C o l l e g e , P e n n a . R e c e iv e d  M a r c h  16, 1938

[C o n t r ib u t io n  fr o m  t h e  S ch o o l  of C h e m is t r y  a n d  P h y s ic s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. XXXVII. Uranediol from Mares’ Pregnancy Urine
B y R u s se l l  E . M a r k e r , E wald R ohrm ann  and  E u g e n e  L. W itt l e

In paper XXIX 1 of this series the isolation of 
uranetriol from mares’ pregnancy urine was re­
ported. The urane compounds were shown to 
differ in structure from pregnane compounds in 
the configuration at C9. In the pregnane series 
the hydrogen at C9 is trans to the methyl group at 
C10, while in the urane series the hydrogen atom 
is considered to be cis to the methyl group. Clem- 
mensen reduction of uranetrione gave the parent 
hydrocarbon, urane, which is different from either

(1) Marker, et al., T h is  J o ur n a l , 60, 1061 (1938).

pregnane or a/Za-pregnane. Evidence was pre­
sented to show that the hydroxyl groups in urane­
triol are located at the 3-, 11- and 20-positions. 
The presence of uranediol in mares’ pregnancy 
urine was indicated by the fact that oxidation of 
a mixture of crude diols gave a diketone which on 
Clemmensen reduction yielded the hydrocarbon 
urane.

We have now succeeded in isolating uranediol 
from the digitonin precipitated fraction of the 
ketone-free carbinol fraction of mares’ pregnancy
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urine. Upon oxidation the diol yields a dione 
which is identical with that reported in paper 
XXIX .1 The fact that the substance is precipi­
tated by digitonin indicates the presence of a 13- 
hydroxyl group in the C3-position. The dione 
formed only a monosemicarbazone and a mono-
2,4-dinitrophenylhydrazone which indicates that 
the second hydroxyl group is in the hindered On- 
position rather than in the C2o-position as in the 
pregnanediols.

Treatment of uranedione in acetic acid at room 
temperature with P t0 2 catalyst apparently re­
duces only the ketonic group at C3, since epimeri- 
zation of the resulting reduction products with 
sodium in xylene results in destruction of the 
material. Uranediol forms a diacetate.

Isomerization with sodium in xylene yielded ma­
terial which gave very little precipitation with 
digitonin, indicating that the substance has the 
normal configuration at C5.

The relationship of uranetriol to uranediol is 
given in the chart.

CHOH

Uranetriol—3( a )
HO'

Uranediol—3(/3)

Cr03
T

CH;

Cr03
Y

c h 3

It is a striking fact that while uranetriol occurs 
in nature with the epi configuration with respect 
to the hydroxyl at C8, uranediol possesses the 
normal or beta configuration at that position. 
The two compounds are closely related chemically 
as is shown by the fact that both can be reduced 
to the hydrocarbon, urane. It is probable, there­
fore, that they are closely related biologically. 
If not related to the active principles of the supra­
renal cortex they may owe their origin to some as 
yet uncharacterized hormone.

The separation of uranediol from other digi- 
tonin-precipitated substances is greatly facili­
tated by the fact that it forms a digitonide which 
is relatively soluble in 95% ethanol. The soluble 
digitonide is separated by removing most of the 
alcohol and precipitating with ether. The digi­
tonide so formed on decomposition with pyridine 
yields uranediol in relatively pure form. Mares' 
pregnancy urine contains approximately 5 mg. of 
the substance per gallon.

At present uranediol is the only compound 
which has been found in urine having the beta 
configuration at C3 and the regular configuration 
at C5. That other regular compounds with the 
beta configuration at C3 are absent is indicated 
by the fact that when a mixture of digitonin- 
precipitated compounds was epimerized with so­
dium and xylene and the resulting C3(a) com­
pounds oxidized to ketones the only ketone ob­
tained was uranedione.

The steps involved in the experimental work re­
ported in this paper and in the two following ar­
ticles are outlined in the attached Flow Sheet.

C = 0 CH;

Zn + HC1

Urane

Experimental Part
Precipitation of Mares, Pregnancy Urine Carbinols 

with Digitonin.—A concentrate of mares’ urine carbinols 
corresponding to 1000 gallons (3700 liters) of urine from 
which all ketones had been removed previously with 
Girard’s reagent was dissolved in 400 cc. of ether. To this 
solution was added 2 liters of ligroin and the mixture cooled 
in a salt-ice bath for one hour, and the upper liquid de­
canted from the precipitated tar. This gave carbinol 
fraction I. The supernatant liquid was distilled until 
approximately two-thirds of the solvent was removed. 
The resulting mixture was cooled in a salt-ice bath and 
the supernatant liquid poured from the precipitated tar. 
This gave carbinol fraction II.

Fraction I was made up to a volume of 2 liters with 95% 
ethanol. The solution was heated to boiling on the steam- 
bath and a boiling solution of 30 g. of digitonin in 1 liter of 
95% ethanol was added. A precipitate formed at once. 
The mixture was cooled to 20°, and after three hours was 
filtered. The solid was washed with 500 cc. of 95% ethanol, 
resuspended in 500 cc, 95% ethanol and refiltered. This
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F lo w  S h e e t

Non-ketonic carbinols 
(See Article XXXVI)
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+  ligroin

Supernatant 
liquid for future 
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Y
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A
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II
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B
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distilling 
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Br2
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High
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Na and xylene 
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Insoluble
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A//o-pregnane- 
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| Br2
| cr° 3

3,11,20 allo- 
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1
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Uranediol 

Cr03
(

Uranedione
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diol-3(/?), 20(a)

Pregnene-
diol

Br2
CrO-

-> Progesterone

Cu
Y

Progesterone

fraction, referred to as digitonide-A, was obtained in a 
yield of 38 g.

Carbinol fraction II was made up to a volume of 750 cc. 
with 95% ethanol. I t was heated to boiling and a hot 
solution of 25 g. of digitonin in 1.5 liters of 95% ethanol was 
added. A precipitate formed after a few minutes. The 
mixture was cooled to 18°, filtered after two hours and 
washed with 95% ethanol. This fraction, referred to as 
digitonide-B, was obtained in a yield of 26 g. The filtrate

was evaporated to a volume of about 50 cc. and 1 liter of 
ether was added. The precipitate was filtered and washed 
with ether. The residue of soluble digitonide-E weighed
8g.

Digi Collides A and B were reserved for other work. The 
filtrates likewise were reserved for investigation of the non- 
digitonin-precipitated substances.

Uranediol from Mares’ Urine.—The soluble digitonide- 
E from carbinol fraction II was dissolved in 50 cc. of hot
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pyridine and the mixture heated thirty minutes on the 
steam-bath. The resulting solution was then poured into 
1000 cc. of ether and the precipitate filtered and washed 
with ether. The filtrate was washed first with dilute hy­
drochloric acid and then with water. The ether was dis­
tilled, the crystals which separated were recrystallized from 
15 cc. of acetone and washed with cold ether. After two 
additional recrystallizations from acetone the product was 
obtained in the form of white needles, m. p. 210°.

Anal. Calcd. for C2iH3602: C, 78.8; H, 11.3. Found: 
C, 78.8; H, 11.3.

The compound did not discolor bromine and gave a 20° 
depression in melting point when mixed with 3(0),20(a)- 
a/Zo-pregnanediol.

Preparation of Uranediol Diacetate.—Approximately 
75 mg. of uranediol was refluxed with 4 cc. of acetic anhy­
dride for thirty-five minutes. The acetic anhydride was 
evaporated in vacuum and the crystalline residue recrystal­
lized from methanol to a constant melting point. I t  crys­
tallized in the form of small white plates, m. p. 160°.

Anal. Calcd. for C25H40O4: C, 74.4; H, 10.0. Found: 
C, 74.6; H, 10.0.

Oxidation of Uranediol to Uranedione.—Uranediol (100 
mg.) was dissolved in 30 cc. of glacial acetic acid. A solu­
tion of 150 mg. of chromic anhydride in 10 cc. of 90% 
acetic acid then was added at room temperature. A pre­
cipitate separated at first, but dissolved after the addition 
of chromic anhydride was completed. The mixture was 
allowed to stand at room temperature for forty-five min­
utes. Water was added and the mixture extracted twice 
with 75-cc. portions of ether. The combined ether ex­
tracts were washed with water and then with saturated 
sodium carbonate solution. The ether was evaporated 
and the crystalline residue dissolved in 5 cc. of methanol 
and cooled in a salt-ice bath. One-half cc. of water was 
added slowly, the precipitate collected and recrystallized 
from 90% methanol. Recrystallization from acetone gave 
a product which melted at 177.5° and which gave no de­
pression in melting point when mixed with a sample of 
uranedione prepared from uranetriol.

Anal. Calcd. for C21H32O2: C, 79.7; H, 10.2. Found: 
C, 79.78; H, 10.3.

Uranedione Semicarbazone.—A solution of 20 mg. of 
uranedione, 30 mg. of semicarbazide hydrochloride and 30 
mg. of sodium acetate in 10 cc. of alcohol was refluxed on the 
steam-bath for one hour, diluted with water and filtered. 
The product was washed with ether and crystallized from 
alcohol to yield uranedione monosemicarbazone, m. p. 
245°, dec.

Anal. Calcd. for C22H35O2N3: C, 70.7; H, 9.4. Found: 
C, 70.4; H, 9.1.

Uranedione Mono-2,4-dinitrophenylhydrazone.—A solu­
tion of 30 mg. of uranedione and 40 mg. of 2,4-dinitro- 
phenylhydrazine in 10 cc. of refluxing alcohol was acidified 
with two drops of coned, sulfuric acid and refluxed for five

minutes. The solution was allowed to cool, the crystalline 
product separated by filtration and crystallized from ethyl 
acetate to give the mono-2,4-dinitrophenylhydrazone of 
uranedione, m. p. 200° dec.

Anal. Calcd. for C27H3605N4: C, 65.4; H, 7.2. Found: 
C, 65.0; H, 7.3.

Epimerization of Steroids in the Mother Liquors.—
The mother liquors from the crystallization of uranediol 
were evaporated and the residue dissolved in 200 cc. of 
xylene. Sodium (5 g.) was added and the mixture refluxed 
for eight hours. The excess sodium was destroyed with 
95% ethanol and the resulting solution washed with dilute 
hydrochloric acid and water. The xylene was evaporated 
in vacuo at 40°. The sticky residue obtained was dis­
solved in 100 cc. of 95% ethanol and a boiling solution of 10 
g. of digitonin in 250 cc. of 95% ethanol was added. A 
flocculent precipitate separated almost at once. The mix­
ture was cooled at 20° for two hours, filtered and washed 
with 95% ethanol; 10.5 g. of white digitonide was ob­
tained. The ethanol was distilled from the filtrate until a 
volume of about 50 cc. remained and 250 cc. of ether was 
added. The precipitate was collected and washed with 
ether. The ether was evaporated from the filtrate, leaving 
a sticky residue.

The residue was dissolved in 100 cc. of glacial acetic 
acid, 2.5 g. of chromic anhydride in 60 cc. of 60% acetic 
acid was added, and the mixture allowed to stand at room 
temperature for forty-five minutes. The mixture was 
then poured into 800 cc. of water and extracted with 800 cc. 
of ether. The ether extract was washed with water and 
aqueous sodium carbonate. The residue obtained by 
evaporation of the ether was sublimed in high vacuum at 
130-150°. The sublimed material consisted almost en­
tirely of uranedione, indicating the absence in pregnancy 
urine of other substances having a beta configuration at C3 
and the coprostane configuration at C5.

We wish to thank Dr. Oliver Kamm and Parke, 
Davis and Company for their generous help and 
assistance in various phases of this work.

Summary
Uranediol, the presence of which in mares’ 

pregnancy urine previously has been demonstrated, 
now has been isolated. It is shown to have the 
structure of uranediol-3(/3),ll. This is the first 
sterol derivative to be obtained from urine pos­
sessing the /^-configuration on C3 and the copro­
stane configuration on Cg. On oxidation it 
yields uranedione which, however, forms only a 
mono-semicarbazone and a mono-2 ,4-dinitro­
phenylhydrazone .
State College, Penna. Received March 16, 1938
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Sterols* XXXVIII. Pregnenediol in Mares’ Pregnancy Urine and its Conversion
into Progesterone

By Russell E. Marker and Ewald Rohrmann

It is now fairly well established that pregnane- 
diol and aZ/o-pregnanediol are the final in vivo re­
duction products of progesterone. A number of 
intermediate reduction products, however, also 
have been isolated from both mares’ and human 
pregnancy urines, epi-Pregnanolone1 and epi- 
aZZo-pregnanolone2 represent such partial reduc­
tion products which have been isolated from hu­
man urine. In addition to these, pregnanedione, 
aZ/o-pregnanedione, and aZZö-pregnanol-3 (/3) -one- 
20 have been isolated from the ketonic fraction of 
mares’ pregnancy urine.3 The presence of these 
substances in pregnancy urine suggests that other 
possible reduction products might be present, spe­
cifically, compounds derived from A5,6-pregnene.

A preliminary study of the digitonin precipi­
tated non-ketonic fraction of mares’ pregnancy 
urine has shown the presence of two other reduc­
tion products of progesterone, namely, pregnene- 
diol-3(d),20(a) and aZZo-pregnanediol-3(j8),20(a). 
The fact that these products occur in the digitonin 
precipitated fraction indicates that the hydroxyl 
group at C3 possesses the ^-configuration. With 
the exception of aZZ0-pregnanol-3 (/3)-one-2O all of 
the previously reported intermediate reduction 
products of progesterone have been of the epi- or
(a) -configuration.

Pregnenediol was contaminated with another 
unsaturated compound, probably urenediol, which 
rendered complete purification difficult. Reduc­
tion of the pregnenediol with platinum catalyst 
yielded aZ/tf-pregnanediol-3(/3),20(a) which upon 
oxidation with chromic anhydride gave allo- 
pregnanedione. Sublimation of the pregnenediol 
with copper yielded progesterone. Bromination 
followed by oxidation with chromic anhydride 
likewise yielded progesterone. The reactions in­
volved are illustrated in the chart.

In addition to the reduction products of proges­
terone referred to above, there was isolated from 
the carbinol fraction of pregnant mares’ urine the 
sterol /3-equistanol, obtained previously from 
stallion urine.4 We have found no evidence of

(1) Marker and Kamm, T h is  J o u r n a l , 59, 1373 (1937).
(2) Marker, Kamm and McGrew, ibid., 59, 616 (1937).
(3) Marker, Lawson, W ittle and Crooks, ibid., 60, 1559 (1938).
(4) Marker, Lawson, Rohrmann and Wittle, ibid., 60, 1555 (1938),

P r e g n e n e d io l
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a//c-Pregnanedione

the occurrence of cholesterol in mares’ pregnancy 
urine.

Experimental Part
The insoluble digitonides A and B isolated in the work 

described in the preceding paper were used in this study. 
They were obtained from the neutral non-ketonic fraction 
from 1000 gallons (3700 liters) of mares* pregnancy urine. 
The Flow Sheet presented in Paper XXXVI should be 
consulted.

Decomposition of Digitonides from Carbinol Fraction
I.—The 38 g. of digitonide A from carbinol fraction I was 
dissolved in 125 cc. of pyridine, the resulting solution was 
heated on the steam-bath for twenty-five minutes and 
poured into 1 liter of ether. The precipitate was filtered
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and washed with ether. The filtrate was then washed first 
with an excess of dilute hydrochloric acid and then with 
water. The ether was evaporated on the steam-bath and 
the residue sublimed in high vacuum at a temperature of 
130 to 200°. The sublimed material appeared to be a 
complex mixture of substances which would not readily 
crystallize.

The residue from this distillation was reserved for 
another study.

Decomposition of Insoluble Digitonides from Carbinol 
Fraction II.—The 26 g. of insoluble digitonide obtained 
was dissolved in 150 cc. of hot pyridine and the solution 
heated on the steam-bath for thirty minutes and poured 
into 1.5 liters of ether. The precipitate was filtered and 
washed with ether. The filtrate was washed as usual, the 
ether was distilled off, and the orange colored residue dis­
solved in methanol and treated with Norite.

This material was combined with the sublimed fraction 
obtained from digitonide A.

Epimerization of Carbinols from Insoluble Digitonides
A and B.—The residues obtained from the decomposition 
of digitonides A and B were combined and dissolved in 
150 cc. of xylene, 7 g. of sodium was added and the mixture 
refluxed for seven hours. The excess sodium was de­
stroyed with ethanol and the mixture washed with dilute 
hydrochloric acid and water. The xylene was evaporated 
in vacuo at 40°. The residue was dissolved in 250 cc. of 
boiling alcohol and to this was added a hot solution of 15 
g. of digitonin in 250 cc. of alcohol. The mixture was 
cooled a t 20° for one hour, filtered, and washed with alco­
hol to give insoluble digitonide C.

The alcohol was evaporated from the filtrate to a volume 
of about 50 cc., 500 cc. of ether was added and the small 
amount of precipitate was filtered and washed with ether 
to give a soluble digitonide D.

Equistanol from Digitonide D.—The 500 mg. of soluble 
digitonide D was dissolved in 5 cc. of pyridine, heated on 
the steam-bath for thirty minutes and the solution poured 
into 100 cc. of ether. The white precipitate was filtered 
and washed with ether. After washing the filtrate as be­
fore, the ether was evaporated from the steam-bath and the 
residue crystallized from methanol, giving white needles 
melting a t 130°. This material gave no depression in 
melting point when mixed with a sample of equistanol from 
stallion urine.

Anal. Calcd. for C3oH540 : C, 83.6; H, 12.6. Found: 
C, 84.0; H, 12.3.

Decomposition of Digitonide C.—Digitonide C (18 
g.) was decomposed as before, the carbinols sublimed up to 
a temperature of 200°, and the sublimed material com­
bined. The residue which did not distil a t 200° was re­
served for further study.

allo-Pregnanediol-3(/3),20(a) from Mares’ Pregnancy
Urine.—-The distilled solid from the decomposition of 
digitonide C containing only alio and unsaturated com­
pounds was leached with a small amount of boiling acetone. 
The mixture was filtered and the insoluble residue was re- 
crystallized from methanol to give small white plates, m. p. 
216°, which gave no depression with an authentic sample of 
3 (/3),20(a)-a/fo-pregnanediol.

Anal Calcd. for C21H36 0 2: C, 78.8; H, 11.3. Found: 
C, 78.4; H, 11.3.

Pregnenediol-3(/3),20(a) from Mares’ Pregnancy Urine. 
—-The filtrate obtained after separation of the allo-preg- 
nanediol-3()0),20(a) was evaporated to dryness and the resi­
due fractionally crystallized from acetone. Pure material 
was difficult to isolate due to contaminating substances of 
an unsaturated character, possibly urenetriol or urenediol. 
The material melted poorly at 160-170°. Recrystallized 
from benzene and then from acetone it melted at 172-176°. 
I t readily took up bromine in acetic acid solution.

Anal. Calcd. for C21H34O2: C, 79.2; H, 10.8. Found: 
C, 78.9; H, 11.1.

Reduction of Pregnenediol-3(/3),20(a).—Pregnenediol 
(200 mg.) was dissolved in 50 cc. of ether, 0.5 g. of Adams 
platinum catalyst was added and the material reduced for 
one hour a t room temperature and 45 pounds (3 atm.) 
pressure. The catalyst was filtered and the ether evapo­
rated from the filtrate. The resulting residue was crystal­
lized from 90% ethanol to give material melting a t 217°. 
This gave no depression in melting point when mixed with 
an authentic sample of n//<?-pregnanediol-3(/3),20(a).

Anal Calcd. for C2iH3602: C, 78.8; H, 11.3. Found: 
C, 78.7; H, 11.2.

alio-Pregnanedione from alio - Pregnanediol - 3( /3),20
(a).—100 mg. of the a//ö-pregnanediol-3(/3),20(a) ob­
tained by reduction of pregnenediol-3 (/5) ,20 (a) was dis­
solved in 10 cc. of glacial acetic acid; 200 mg. of chromic 
anhydride in 10 cc. of 90% acetic acid was added and the 
mixture allowed to stand at room temperature for thirty 
minutes. The mixture was then poured into water and 
extracted with ether. The ether extract was washed 
with aqueous sodium carbonate and water. The ether 
was evaporated and the residue crystallized from acetone 
to give white crystals melting a t 199°. This gave no de­
pression in melting point when mixed with an authentic 
sample of a//o-pregnanedione.

Anal Calcd. for C2iH320 2: C, 79.7; H, 10.2. Found: 
C, 79.6; H, 10.2.

Progesterone from Pregnenediol by Copper Oxidation.—
Pregnenediol (100 mg.) was mixed thoroughly with 0.5 g. 
of Baker precipitated copper. The resulting mixture was 
heated at 230° a t 20 mm. for thirty minutes. The mixture 
was then sublimed in high vacuum at 125°. The sublimed 
material was dissolved in 4.5 cc. of alcohol and 1.8 cc. of 
water was added to the resulting solution. After clarifica­
tion with Norite the filtrate was cooled in salt-ice and the 
walls of the container were scratched vigorously. White 
crystals formed, m. p. 118-119°. This gave no depression 
in melting point when mixed with a sample of natural 
progesterone.

Anal Calcd. for C2iH30O2: C, 80.1; H, 9.6. Found: 
C, 80.0; H, 9.5.

Progesterone from Pregnenediol by Chromium Oxida­
tion.—Pregnenediol (200 mg.) was dissolved in 25 cc. of 
glacial acetic acid and the theoretical amount of bromine 
in acetic acid was added. To this solution was added 150 
mg. of chromic anhydride dissolved in 20 cc. of 90% acetic 
acid. The mixture was allowed to stand for thirty minutes 
at room temperature, 5 cc. of alcohol and 1 g. of zinc dust 
were added and the mixture heated on the steam-bath for 
thirty minutes. The mixture was filtered and the filtrate 
diluted with water and extracted with 250 cc. of ether. 
The ether extract was washed with sodium carbonate solu­
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tion and water, the ether evaporated, and the residue sub­
limed in high vacuum at 125°. After crystallization from 
70% ethanol it melted at 118°.

We wish to thank Dr. Oliver Kamm and Parke, 
Davis and Company for their generous help and 
assistance in various phases of this work.

Summary
Pregnenediol-3(/5),20(a) and a/Zo-pregnanediol-

3(0),20(a) have been isolated from mares’ preg­
nancy urine. Pregnenediol-3(/5),20(a) upon oxi­
dation gave progesterone and upon catalytic re­
duction gave a//tf-pregnanediol-3(d), 20(a). /5- 
Equistanol, previously obtained from stallion 
urine, has now been detected also in mares’ preg­
nancy urine.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  M a r c h  16, 1938

[C o n t r ib u t io n  f r o m  t h e  S ch o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. XXXIX. The Reduction of Uranetrione
By Russell E. Marker, Eugene L. Wittle and Thomas S. Oakwood

Uranetrione (I) is a 3,11,20-triketo-urane which 
has been found in previous work1 to give urane­
dione (3,11-diketo-urane) 2 and pregnanedione 
when subjected to a series of reactions, the first 
step being catalytic reduction. In this paper a 
study of the reduction of uranetrione is presented.

Catalytic reduction of uranetrione (I) with 
platinum oxide in ethyl alcohol gave a product 
which on treatment with digitonin yielded a

CH3 CH3

O CH,
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digitonide corresponding to approximately 10% 
of the product. The major unprecipitated frac­
tion was found to contain a trihydroxy compound
(II), as shown by the formation of a triacetate

(1) Marker, Kamm, Oakwood, W ittle and Lawson, T h is  J ournal , 
60, 1061 (1938).

(2) Marker, Rohrmann and W ittle, ibid., 60, 1561 (1938).

which is unaffected by further vigorous reduction 
or by chromic acid oxidation. This fraction, 
which did not precipitate with digitonin, was 
practically pure triol, showing that reduction of 
the carbonyl group at C-ll proceeded with the 
formation of only one of the two possible epimers. 
This behavior on reduction is therefore similar to 
that of the carbonyl group at C-20 which also 
gives only one epimer. The formation from 

uranetrione of a triol which forms a triacetate 
is in contrast to the reduction of a cortical 
steroid studied by Kendall.3 His acid IB (3- 
/3-hydroxy- 1 l-keto-aetio-a//tf-cholanic acid) 
was hydrogenated catalytically, and the re­
sulting dihydroxy-aetio-a/Zo-cholanic acid 
partially oxidized to give acid ID (3-keto- 
ll-hydroxy-aetio-a//0-cholanic acid), which 
was stereoisomeric at C-ll with his dihydro 
acid 2. Acid ID does not react with thionyl 
chloride or with acetylating reagents, and 
has a configuration at C-ll opposite to that 
of the natural cortical steroids.

According to our early prediction, urane­
triol1 now can be assigned definite stereo­
chemical configurations. According to the 
arguments presented in an earlier paper, 1 a 
C-lla-hydroxyl group in a urane derivative 
is much more blocked than the epimeric 
C-ll/5-hydroxyl group, and, unlike the 
latter, will not form an acetate. Since triol

(II), like uranetriol, forms a triacetate and does 
not precipitate with digitonin the configura­
tions of the 3- and 11-hydroxyls in both these 
triols are established to be of the a- and ^-con­
figuration, respectively. The two triols, which

(3) Mason, Hoehn, M cKenzie and Kendall, J . Biol. Chem., 120, 
719 (1937).



1568 Russell Ë. M arker, Ëugene L. Wittle and T homas S. Oakwood Vol. 60

are not identical* can therefore differ only in re­
gard to the configuration of the hydroxyl group 
at C-20. By analogy with the prêgnanediöls, in 
which only 20a-hydroxyl groups occur naturally 
and only 200-hydroxy 1 groups ate formed on 
catalytic reduction, the configurations of urane­
triol- (3a, 110,20a:) and triol (II) (3a, 110,200) are 
therefore established.

Reduction of uranetrione in hot acetic acid 
gave a product which was again separated with 
digitonin. The digitonide, corresponding in this 
case to approximately 20% of the product, gave 
on decomposition practically pure uranediol (III) 
which was identical with uranediol isolated from 
mares’ pregnancy urine.2 The diacetate pre­
pared from diol (III) was also identical with 
uranediol diacetate. Thus in this case also the 
reduction of the carbonyl group at C-ll gave only 
the 0- or natural configuration of the hydroxyl 
group. The fraction which did not precipitate 
digitonin was quite impure and could not be 
crystallized. It was treated with acetic anhy­
dride and the product on crystallization gave the 
triacetate of triol (II) identical with that obtained 
from reduction of uranetrione (I) in ethyl alcohol.

The formation of uranediol suggests an alter­
nate mechanism by which in previous work urane­
dione and pregnanedione were obtained. It now 
appears that vigorous reduction in hot acetic acid 
partially removed the carbonyl group at C-20 
to form uranediol, and must have partially re­
moved the carbonyl group at C-ll, with inversion 
of the configuration at C-9 from a urane to a preg­
nane structure, to give pregnanediol (IV). The 
resulting carbinol mixture on oxidation gave a 
mixture of uranedione and pregnanedione. The 
formation of uranediol and pregnanediol could 
only have taken place in the first step of the trans­
formation of uranetrione to uranedione and preg­
nanedione1 as triol II, the other product of reduc­
tion, forms a triacetate which in the course of the 
other reactions to which the mixture was sub­
jected could not give these two products.

It is to be noted that both carbonyl groups 
which were removed in the above reduction are 
alpha to a tertiary hydrogen; so the reduction is 
similar to that of 7-keto-cholesteryl chloride.4

Partial reduction of uranetrione in ethyl alcohol 
gave, besides some unchanged uranetrione, a prod­
uct which precipitated digitonin (0-hydroxyl

(4) Marker, Kariim, Fleming, Popkiil atid Wittle, T h is J ournal , 
59, 619 (1937).

group at C-3) and gave an analysis corresponding 
to a hydroxy diketone C21H32O3. It formed a 
monoacetate when treated with acetic anhydride. 
The reduction of uranetrione thus resembles that 
of the pregnanediones5 in which the carbonyl 
group at C-3 is the first to undergo reduction.

In an attempt to isomerize uranediol (III) with 
sodium in boiling xylene to effect inversion at C-3 
the compound was recovered largely in the original 
form and only a small amount of material not 
precipitated by digitonin could be obtained. 
Uranetriol, possessing an a-configuration at C-3, 
is also changed only slightly by this treatment. 
It thus appears that the urane compounds are 
more difficult to isomerize in this manner than 
those of the pregnane series.

Experimental Part
The Reduction óf Uranetrione in Ethyl Alcohol.—A

suspension of 50 mg. óf platinum oxide in a solution of 500 
mg. of uranetrione in 50 cc. of ether and 50 cc. of ethyl 
alcohol was shaken with hydrogen at 3 atmospheres pres­
sure and 25° for five hours and then filtered to remove the 
catalyst. The filtrate was distilled until all of the ether 
was removed and then added to a solution of 300 mg. of 
digitonin in 50 cc. of ethyl alcohol and allowed to stand for 
four hours. The digitonide was collected and dried (250 
mg.). The filtrate was evaporated to 10 cc. and diluted 
with 100 cc. of ether. The precipitated digitonin was 
filtered off and the filtrate after several washings with 
water was evaporated to dryness leaving a white solid 
which was very soluble in methyl and ethyl alcohols. I t 
was crystallized from ether-pentane to yield 300 mg. of 
triol (II), m. p. 255°.

Anal. Calcd. for C2iH360 3: C, 74.9; H, 10.8. Found: 
C, 74.6; H, 10.6.

The triacetate, prepared by refluxing 50 mg. of this 
compound with 2 cc. of acetic anhydride for one-half an 
hour, was crystallized from methyl alcohol, m. p. 192°.

Anal. Calcd. for C27H420 6: C, 70.1; H, 9.2. Found: 
C, 70.2; H, 9.2.

This compound was treated with platinum oxide and 
hydrogen in acetic acid a t 85° but was recovered un­
changed. On treatment with an equal weight of chromic 
anhydride in acetic acid at 25° it was also recovered un­
changed.

Reduction of Uranetrione in Hot Acetic Acid.—A
suspension of 1 g. of platinum oxide in a solution of 100 cc. 
of glacial acetic acid containing 0.8 g. of uranetrione was 
shaken with hydrogen at 3 atmospheres and 85° for eight 
hours and then filtered from the catalyst while hot. The 
filtrate was evaporated to dryness in vacuum and the 
residue was dissolved in ether, washed with a sodium 
carbonate solution and water, and the solution was evapo­
rated to dryness. The residue was dissolved in 50 cc. of 
alcohol and to it was added a solution of 1 g. of digitonin in 
50 cc. of alcohol. After standing overnight the digitonide

(5) Marker, Kamm and W ittle, ibid., 59, 1841 (1937).
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was collected, washed and dried (800 mg.) and heated for 
one hour on a steam-bath with 10 cc. of pyridine. The 
solution was diluted with 100 cc. of ether, filtered from 
digitonin, and the filtrate was washed with dilute hydro­
chloric acid until acid, and then with water. The ether 
was evaporated to dryness and the residue was crystallized 
from methyl alcohol to yield 150 mg. of uranediol, m. p. 
215°. I t  gave no depression in melting point when mixed 
with uranediol (213°) isolated from mares’ pregnancy 
urine.

The acetate was prepared from this compound in the 
usual manner, m. p. 160°. I t gave no depression in melt­
ing point when mixed with uranediol diacetate.

Anal. Calcd. for C26H40O4: C, 74.4; H, 10.0. Found: 
C, 74.2; H, 10.1.

The filtrate from the digitonide was concentrated to 10 
cc. and diluted with 100 cc. of ether to precipitate the 
excess digitonin. This was filtered off and the filtrate 
after several washings with water was evaporated to dry­
ness and the remaining oil was found to resist crystalliza­
tion. The solution was evaporated to dryness and the 
oily residue was converted to the acetate by refluxing it for 
one hour with 10 cc. of acetic anhydride and evaporating 
the solution in vacuum. The residue was crystallized 
from methyl alcohol to yield the triacetate of triol (II) m. 
p. 188°. I t gave no depression in melting point with the 
triacetate of triol (II) obtained previously m. p. 192°.

Partial Reduction of Uranetrione in Alcohol.—A sus­
pension of 200 mg. of platinum oxide in a solution of 300 
mg. of uranetrione in 200 cc. of ethyl alcohol and 100 cc. of 
ether was shaken with hydrogen at 3 atmospheres and 25° 
for one hour and then filtered from the catalyst. The 
filtrate was distilled to remove the ether and then added to

a solution of 2 g. of digitonin and allowed to stand for 
eight hours. The digitonide (200 mg.) was decomposed as 
usual, giving 50 mg. of white solid which was purified by 
crystallization from methyl alcohol, m. p. 225° (fibrous 
clusters).

Anal. Calcd. for C21H32O3: C, 75.8; H, 9.7. Found: 
C, 76.0; H, 9.7.

A portion of this compound was converted to the acetate 
which melted at 250° (from alcohol).

Anal. Calcd. for C23H34O4: C, 73.7; H, 9.2. Found: 
C, 73.6; H, 9.2.

Attempted Isomerization of Uranediol.—Uranediol 
(150 mg.) was dissolved in 50 cc. of xylene, 2 g. of sodium 
was added and the mixture was refluxed for nine hours. 
The recovered product was dissolved in 50 cc. of ethyl 
alcohol and treated with 2 g. of digitonin. The digitonide 
was filtered off, dried and heated in pyridine for one hour. 
The solution was diluted with ether and filtered, and the 
filtrate yielded on evaporation a product which on crystal­
lization from acetone gave 100 mg. of the original urane­
diol, m. p. 214°. The portion not precipitated by digi­
tonin could not be crystallized to a pure product.

The authors wish to express their thanks to 
Parke, Davis & Co. of Detroit, Michigan, for a 
grant of funds supporting this work.

Summary
The reduction products of uranetrione were 

studied and found to be uranediol, a new triol and 
ur anol-3 d-dione-1 1 ,20 .
State College, Penna. R eceived April 13, 1938

[Contribution from the Department of Chemistry at The Ohio State University |

A New Fluorination Method
B y A lb er t  L. H e n n e

Principle of the Method.—This paper reports 
the use of nascent mercuric fluoride as a method 
for replacing one or several halogen atoms by 
fluorine in various types of compounds. In 
practice, the method consists in passing a stream 
of hydrogen fluoride through a well-stirred mix­
ture of mercuric oxide and the substance to be 
fluorinated. The reaction between the acid and 
the oxide occurs instantly, and so also does the one 
between the mercuric fluoride so generated and 
the organic material. Since a great deal of heat 
is evolved, means must be provided to prevent 
the reaction from escaping control, and also to 
avoid the loss of volatile or easily destroyed re­
action products. These means vary with the 
substances undergoing fluorination and there­
fore merely call for some ingenuity.

Dry and Nascent Mercuric Fluoride.—The use
of anhydrous mercuric fluoride as a fluorinating 
agent has been described before.1 It was pointed 
out at the time that only the anhydrous salt could 
be used, and this statement was verified re­
peatedly. Attempts to manufacture the dry 
salt by methods more conventional than the 
action of fluorine upon mercuric chloride forced 
the conclusion that aqueous reagents invariably 
would yield a dihydrated salt which could not be 
converted to the anhydrous salt because it always 
would lose hydrofluoric acid in preference to water. 
In an effort to circumvent this, mercuric oxide and 
hydrogen fluoride were allowed to react in an 
inert organic liquid. This reaction generates 
one molecule of mercuric fluoride and only one

(1) Henne and Midgley, T h is  J o urn al , 58, 884 (1936).



1570 Albert L. Henne Vol. 60

molecule of water, or possibly the monohydrated 
salt, and it was hoped that this monohydrate in 
contrast to the dihydrate might be dried to the 
anhydrous salt. Methylene chloride and chloro­
form were chosen as reaction media because or­
ganic chlorides are not appreciably affected by 
mercuric fluoride at room temperature, because 
their low boiling points would automatically 
maintain the reaction at 40 or 60°, respectively, 
and because it was hoped that their high den­
sities might cause the water to separate in a top 
layer. The result of the experiments, however, 
was quite unexpected, because the white crystal­
line salt thus obtained was pure mercuric chloride, 
instead of fluoride, an indication that the nascent 
mercuric fluoride had reacted instantly with the 
organic chloride despite the low temperature and 
the presence of water. An examination of the 
volatilized reaction products disclosed the pres 
ence of methylene fluoride and difluorochloro- 
methane, respectively, two substances described 
in a preceding paper.2 This confirmed the inter­
pretation of the reaction course.

Practical Adaptation.—The fluorination of acetylene 
tetrabromide was studied quantitatively to supply a gage 
of the practical work of this new fluorination method, and 
the following simple procedure was found convenient for 
laboratory operation.

Three gram molecules of acetylene tetrabromide was 
placed in a tall metal container, preferably made of nickel, 
and cooled externally with water. One gram molecule of 
red mercuric oxide was added to the liquid, and immedi­
ately stirred to prevent the formation of a heavy paste or 
cake. Dry hydrogen fluoride from a commercial cylinder 
was led into the liquid through a metal tube (flexible copper 
tubing is convenient). The flow of gas was regulated so 
that the temperature of the reaction mixture never ex­
ceeded 40 to 50°. The red color of the mercuric oxide 
fades progressively to pink, yellow, grayish white and fin­
ally to gleaming white; this is the end of the reaction. 
At this point it was found that about 2.3 gram molecules of 
hydrogen fluoride had been used, which is an excess of 15% 
over the theoretical quantity required. The white salt is 
pure mercuric bromide, with a correct mercury content of 
55.6%. It may be noted that an aqueous layer of concen­
trated hydrofluoric acid floats on the surface. At the end 
of the reaction the mixture was poured onto cracked 
ice and washed roughly by decantation to remove the 
excess of acid. I t was then placed in a distilling flask, with 
twice its volume of water, and heated with a free flame, 
kept in constant motion to prevent foaming. Steam dis­
tillation of the fluorinated material takes place promptly 
and carries along some acetylene tetrabromide. The dis­
tillate was decanted from the water, dried and rectified; 
it yielded 0.6 gram molecule of CHF2CHBr2 and 0.4 grarn 
molecule of CHFBrCH2Br, which is an 80% fluorination

yield, based on the mercuric oxide. The material left un­
steamed in the distilling flask was cooled overnight, prefer­
ably on ice; this causes the mercuric bromide to crystallize 
out completely and facilitates filtration. The aqueous 
layer was separated as completely as practical, and the 
remainder filtered with suction and air dried on the filter. 
The filtrate separates into a layer of acetylene tetrabromide 
and a layer of water. The solid material was removed 
from the filter, placed in a bottle, covered with chloroform, 
vigorously shaken for twenty minutes, and then filtered 
by suction. Pure mercuric bromide is left on the filter, 
while the filtrate is a chloroform solution containing from 
75 to 100 cc. of acetylene tetrabromide. Distillation of the 
chloroform makes it possible to recover the latter material.

Mercury Recovery.—As described so far, this method 
would be quite costly if the mercury could not be re­
covered and reoperated. This, however, was performed 
as follows. The mercury bromide was dropped in small 
quantities into an aqueous solution of sodium hydroxide. 
A great deal of heat was evolved, and a black precipitate 
of mercury oxides was generated, which settled very 
slowly. The mixture was brought to boiling, then allowed 
to settle overnight. After decantation of the aqueous 
layer, water was added and brought to boiling. After 
again settling overnight the liquid was decanted from the 
black substance which was then allowed to dry in air, after 
which it was placed in a steel container (made of pipe fit­
tings), equipped with a screw cap and a delivery tube lead­
ing into a pan of water. The steel container was heated 
with a large gas burner to decompose the mercury oxides 
and distil the mercury into the water. More mercury was 
recovered by pouring the distillation residue into water. 
The recovery of the mercury is quite complete when large 
enough quantities are used in each batch to avoid me­
chanical losses.

Temperature and Yields.—The new reaction was then 
applied to the fluorination of CH2BrCHBr2, and it was 
found that CHFBrCH2Br and CHF2CH2Br were generated, 
as expected, but the fluorination yield of about 30% was at 
first disconcerting. The mercury bromide was recovered 
quantitatively, but the tribromoethane was not, and its loss 
corresponded to the missing fluorinated material. The reac- 
tion was tried at different temperatures and it was promptly 
found that the yield improved as the temperature was low­
ered. At 0° the yields increased to 50%, and at —20° the 
yields became about 65 to 70%. This showed that the yield 
is mostly a matter of adequate temperature control.

Generality of the Reaction.—In order to test the 
generality of the reaction, the new method was applied 
to different compounds, at room temperature, with and 
without saturated hydrocarbons as diluents. Fluorination 
always occurred instantly and yields were obtained even 
on small batches and without many precautions, which 
were always considerably higher than 50%, usually about 
70%. More careful handling, tried in only a few cases, 
always improved the yields markedly. The results were 
as follows: AcOCH2CH2F was obtained from AcOCH2- 
CH2Br; AcOCH2CHF2 from AcOCH2CHBr2; CH2F2 from 
CH2C1,; CHC1F2 from CHC13; CH3CHF2 from CH3CH- 
Cl2; CH3(CH2)5CHF2 from CH3(CH2)5CHC12; (C6H5)2CF2 
from C6H6CC12; (C6H5)3CF from (C6H5)3CC1; CF2C1CF2- 
C1 from CFCI2CFCI2, CHF2CC1F2 from CHC12CC1F2 and(2) H en n e, T h is  J o u r n a l , 59, 1400 (1937).
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from CHF2 CCI3 . In no case was the fluorination reaction 
accompanied by loss of hydrogen chloride or hydrogen 
fluoride and consequently no ethylenic by-product was 
found. There was usually no tar formation, but a very 
small quantity was formed in the worst cases, when re­
agents of "technical” grade were employed.

Summary
A method of fluorination is described which

consists in passing a stream of hydrogen fluoride 
through a mixture of the substance to be fluori­
nated and mercuric oxide. Practical directions 
are given for obtaining good yields and for a simple 
method of recovering the mercury.

T h e  M id g l e y  F o u n d a t io n
C o l u m b u s , Oh io  R e c e iv e d  A p r il  1, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a bo r a t o r y  o f  P h y s ic s , H a r v a r d  U n i v e r s it y ]

Variations in the Relative Abundances of the Isotopes of Common Lead from Various
Sources

By  Alfred 0 . N ier1

Because of the apparently constant atomic 
weight of common or ore lead, the assumption 
usually has been made that its isotopic composi­
tion also is constant. Whereas several isolated 
isotopic analyses of common lead have been made, 
there is no record of any systematic study having 
been undertaken for the purpose of checking the 
constancy of the relative abundances. In the 
present work twelve samples were studied with a 
mass spectrometer and considerable variations 
were found. The investigation is of particular 
interest, as the specimens examined vary greatly 
in both geologic age and geographic origin. More­
over, of the twelve samples, nine have had chemi­
cal atomic weight determinations made on them— 
all in the same laboratory.

Apparatus and Procedure.—The mass spec­
trometer used for obtaining the results to be pre­
sented here already has been described.2 Posi­
tive ions of lead are formed by the collision of 
electrons with lead iodide vapor. The ions are 
drawn out of the region where they are formed, 
are accelerated and sent around a 180° mag­
netic analyzer where the ion currents are measured 
with an electrometer tube amplifier.

During an analysis, the portion of the tube con­
taining the semicircular analyzer is kept at room 
temperature. The part where the ions are formed 
is held around 400°, and the side-tube from which 
the lead iodide vapor diffuses into the ionizing 
region is maintained at approximately 300°, the 
exact temperature depending on the pressure 
desired in the ionizing region. In actual prac­
tice, this pressure was between 10 ~ 4 and 10 ~5 mm. 
The amount of material needed for an analysis is

(1) National Research Fellow.
(2) Nier, Phys. Rev., §2, 933 (1937).

very small. During a typical run, where no at- 
tempi was made to economize on material, less 
than 13 mg. of lead iodide, i. e., less than 6 mg. 
of lead, was consumed. With reasonable care it 
should be possible to obtain reliable results on 1 
mg. of lead.

The procedure in making an analysis was as 
follows: the sample to be studied was attached 
in the evening and the mass spectrometer tube 
evacuated and baked overnight in order thor­
oughly to out-gas it. Measurements were taken 
the next morning and afternoon. The side-tube 
containing the sample was removed and the 
mass spectrometer was again baked overnight, 
this time to remove the lead iodide. The fol­
lowing morning the apparatus was baked for sev­
eral hours with iodine vapor flowing through it to 
combine with any metallic lead deposited in the 
tube from the thermal decomposition of lead io­
dide. Baking of the tube continued until late in 
the evening in order to remove the remaining 
traces of lead iodide. A new sample could then 
be attached and the procedure repeated. It is 
seen that an analysis may be performed every 
two days. Actually, in one case, fifteen samples 
were examined in thirty-four consecutive days.

Because of the careful treatment of the ap­
paratus between samples, described above, the 
relative abundances of the isotopes obtained for 
a given specimen did not depend upon the pre­
vious history of the apparatus. That is to say, 
there was no contamination due to previous 
samples. In fact, one even could change from a 
sample of ordinary lead to one of radiogenic lead 
and then back again to the ordinary lead and 
reproduce the original results exactly.

The lead iodide was prepared by precipitation
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from a solution of the nitrate (in a few cases from 
the chloride) with a solution of sodium iodide, 
washing and drying. Since the groups 1127Br79 
and I 127Br81 have the same masses as two of the 
isotopes of lead, the iodine from which the iodide 
was prepared was carefully freed from bromine, 
as well as chlorine.
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Fig. 1.—Mass spectrum showing the isotopes of 

common lead. Positive ion current expressed in terms 
of cm. deflection of galvanometer at its highest sensi­
tivity. One cm. represents about 2.5 X 10~15 ampere.

Results
Preliminary reports on the results to be pre­

sented here have already been given.3 A typical 
mass spectrum obtained is shown in Fig. 1. The 
relative abundances of the isotopes are assumed 
to be proportional to the relative heights of the 
positive ion current peaks. This assumption is 
justified in view of the fact that the relative 
heights as measured were found to be independent 
of variable conditions in the tube, such as electron 
current, pressure, etc. As a further check upon 
any possible discrimination in the apparatus, 
mercury vapor was admitted occasionally, and 
the Hg198/Hg204 abundance ratio measured under 
conditions similar to those employed while the 
lead measurements were being taken. At no time 
was this ratio found to differ appreciably from that 
previously given.2

Figure 2 gives the lower part of Fig. 1 in greater
(3) Nier. Phys. Rev., 51, 1007 (1937); 53, 680 (1938).

detail. It can be seen from this that Pb204 pro­
duces a very definite peak that can be measured 
with nearly the same accuracy as the other peaks. 
Inasmuch as the apparatus was thoroughly baked 
and liquid air used on the traps, the height of the 
Hg204 peak is negligible, since even Hg202, which 
exists with over four times the abundance of 
Hg204, cannot be discerned in Fig. 2. In addition, 
no traces appear of the isotopes Pb210, Pb209, Pb205, 
and Pb203, at one time reported by Aston4 with 
abundances indicated by the horizontal lines above 
the corresponding mass number position. Later, 
Aston5 withdrew these isotopes in view of the fact 
that in a number of elements his rarer isotopes were 
found to be of a spurious origin. In particular, 
Bainbridge and Jordan6 showed that Pb209 could 
not exist with even one-tenth the abundance origi­
nally claimed for it by Aston. That the with­
drawal of the other rare lead isotopes was justified 
is shown by the present work. It is now possible 
to say that if Pb210, Pb209, Pb205, and Pb203 exist, it 
must be with abundances less than Vioo, Viooo> 
y 3, and y 2o of those originally given by Aston.
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Lower portion of Fig. 1, drawn with enlarged 
ordinate scale.

Columns 4, 5, 6, and 7 of Table I give the rela­
tive abundances of the isotopes found for twelve 
samples of lead varying vastly in both geologic

(4) Aston, Proc. Roy. Soc. (London), A140, 535 (1933).
(5) Aston, Nature, 137, 613 (1936).
(6) Bainbridge and Jordan, Phys. Rev., 50, 282 (1936).
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age and geographic ori­
gin. The abundance of 
204 has been chosen arbi­
trarily as a reference, as 
it is not produced, as far 
as is known, by radio­
active decay. An exami­
nation of the results re­
veals that variations occur 
in the relative abun­
dances with different sam­
ples. These variations lie 
outside the possible experi­
mental errors, as is evi­
denced by the fact that 
with the four samples 
where analyses were re­
peated the agreement was 
within at least one per 
cent. The probable error 
in the measurements is of 
the order of 0.5%.

In the last two columns 
of Table I are given the 
atomic weights as deter­
mined by the physical and 
chemical methods. In 
computing the atomic 
weight from the physical 
data, the mean mass num­
ber is first calculated from 
the relative abundances. 
The result so obtained is 
converted to the chemical 
scale as follows. The con­
version factor in going 
from the physical to the 
chemical scale is taken as 
1.000275.7 The packing 
fraction of lead was found 
by Aston4 to be between 
0 and + 1 .0, whereas a 
value of + 2 .0, or greater, 
is deduced from Demp­
ster’s8 data. In comput­
ing the atomic weight from 
the physical data, a pack­
ing fraction of +1.55 is 
chosen arbitrarily, as it 
brings the physical and

(7) Hahn, Ber., 71, 1 (1938).
(8) Dempster, Phys. R e v 53, 64 
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chemical values into the best possible agreement.
Table II gives the results of previous inves­

tigators as well as the results obtained by the 
writer for his two extreme samples, numbers 1 and
7. All abundances are given in percentages for 
the sake of comparison. In view of the relatively 
large variations reported in the present work, no 
serious discrepancies exist between the work of 
the various experimenters. It should be men­
tioned, however, that the measurements on Pb204 
here reported are the only accurate ones obtained 
to date.

208 207 206 204
Mean mass 

number
Aston4 50.1 20.1 28.3 1.5 207.173
Rose and 51.5 21.3 26.3 0.8 207.228

Stranathan9
M attauch10 52.95 21.35 24.55 1.15 207.25
Nier, Sample 1 52.29 22.64 23.59 1.48 207.243
Nier, Sample 7 51.43 20.00 27.31 1.26 207.203

Discussion
An examination of the variations shows that 

they are definitely not of a random nature; those 
samples which contain relatively more Pb206 also 
contain relatively more Pb207 and Pb208. Within 
the experimental errors samples 1, 2, 3, and 10 
have the same isotopic constitution and also con­
tain the least amounts of Pb206, Pb207, and Pb208. 
The fact suggests that one consider the other 
samples as made up of this kind of lead plus con­
taminations of uranium lead (Pb206 and Pb207) 
and thorium lead (Pb208). For want of a better 
name for the lead low in Pb206, Pb207, and Pb208, 
one may call it “uncontaminated” lead. As the 
three oldest samples have the isotopic constitution 
of “uncontaminated” lead there is a strong temp­
tation to identify it tentatively with primeval 
lead—that is, lead as it existed when the earth’s 
crust formed. The discovery of a sample of 
common lead containing less Pb206, Pb207, and 
Pb208 might force one to make a quantitative 
change in the argument to be presented here, but 
it seems doubtful that one will be found which 
differs enough to compel one to make a qualitative 
change.

Samples 1, 2 , and 3 will thus be considered 
tentatively as “uncontaminated” lead. In col­
umns 8, 9, and 10 are then recorded the excess 
amounts of 206, 207, and 208, i. e., radiogenic con­
tamination, for the other “contaminated” sam-

(9) Rose and Stranathan, Phys. Rev., 49, 916 (1936).
(10) M attauch, Naturwusenschaften, 25, 763 (1937).

pies. The isotopic constitution of sample 1 is 
arbitrarily chosen as that for “uncontaminated” 
lead in making the subtraction. Thus, the 
amount of excess 206 for sample 4 is obtained by 
subtracting 15.93 from 18.43, etc. The choice of 
sample 1 as typical “uncontaminated” lead is a 
rather unfortunate one in spite of the great age 
of this sample, as it came from the Great Bear 
Lake region (a source of uranium ores), and hence 
might possibly have become contaminated. How­
ever, this sample does contain as little 206, 207, 
and 208 as any of the others, so that the choice 
is as good a one as can be made at this time.

An examination of the amounts of excess iso­
topes reveals that the excess 208 is practically 
equal to the excess 206, whereas the excess 207 is 
approximately 10% of the excess 206 in each case, 
the averages for all the contaminated samples 
being, excess 208/206 = 1.13, excess 207/206 ==
0.10. It should be mentioned that the minerals 
from which the lead was extracted were essen­
tially free of thorium and uranium, and hence, 
in all probability, the contamination of the “un­
contaminated” lead by radiogenic lead took place 
before the mineral was formed. In the case of 
the Joplin material, a rough calculation shows 
that if the excess isotopes were generated by 
thorium and uranium present as impurities in 
the galena, the amounts would have to be, respec­
tively, two and six times as great as the total 
amount of lead present!

It is a common belief among many students of 
ore deposits that ore lead has its ultimate origin 
in the igneous rocks or the magmas of these rocks. 
If such is the case, one should expect it to consist 
of primeval lead contaminated by radiogenic 
lead, inasmuch as the igneous rocks are known 
to contain uranium and thorium, and, conse­
quently, radiogenic lead as well as common lead.

The values found for the two ratios for excess 
isotopes are not at all unreasonable, as far as sup­
porting the contamination hypothesis is con­
cerned, in view of other information at our dis­
posal. If one assumes the age of the earth to be 
around 2 X 109 years, and if one further assumes 
that the radiogenic lead appearing in the above 
samples was being formed during the time between 
the formation of the earth and the formation of 
the minerals, one may assume the average age of 
the radiogenic contaminations to be of the order 
of 1.5 X 109 years, the exact value assumed being 
quite immaterial. As the rate of decay of ura­
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nium is approximately three times that of tho­
rium, the Th/U ratio in the substance in which the 
radiogenic lead was formed then must have been 
3 X 1.13 = 3.4. Due to the difference in the 
rates of decay of thorium and uranium, the Th/U 
ratio of such a source would be today 3.4/0.85 =
4.0.

Holmes11 assumes this ratio to lie between 1.6 
and 2.4 for igneous rocks. Evans and Raitt12 
believe the value to be considerably higher, pos­
sibly between 5 and 10. Finney and Evans18 
give values between 3.2 and 10.6, with an average 
of about 7. The pb208/P b 206 ratios found by the 
writer for the excess lead are thus not inconsistent 
with the view that ore lead is a concentration 
from igneous rocks or the magmas of such rocks.

The ratio of excess Pb207/Pb 206 = 0.10 lends 
further support to this hypothesis, as it is roughly 
of the right order of magnitude for old uranium 
lead. An actual calculation using new data 
available for the relative abundances of the 
uranium isotopes14 indicates that for the uranium 
lead formed during the period between 2 X 109 
and 5 X 108 years ago the Pb207/Pb 206 ratio would 
be approximately 0.14. In view of the fact that 
the numbers given in the column of excess Pb207 
are obtained by subtracting two numbers very 
nearly equal, one can hardly expect better agree­
ment. Moreover, this ratio depends in a some­
what critical way on what one assumes the iso­
topic constitution of primeval lead to be. The 
disagreement might well indicate that “uncon- 
taminated” lead differs slightly from primeval 
lead.

In a recent paper, Holmes11 makes use of the 
constancy of the atomic weight of common lead 
(and the alleged isotopic constancy) in an attempt 
to prove that it cannot be a concentration from 
granitic or basaltic rocks, or their respective 
magmas, but must have its origin in some deeper 
source in the earth. The present work shows 
definitely that the relative abundances of the 
isotopes of common lead do vary, but that the 
manner of variation is such as to have little effect 
upon the atomic weight. Moreover, the data 
are not inconsistent with the view that ore lead is 
related to ordinary igneous rocks, provided that 
one assumes the Th/U ratio in such rocks to be

(11) Holmes, Economic Geol., 32, 763 (1937),
(12) Evans and Raitt, Phys. Rev., 48, 171 (1935).
(13) Finney and Evans, ibid., 48, 503 (1935).
(14) Nier, Bulletin American Phys. Soc., Washington Meeting, 

1938.

around 4.0, rather than 1.6 to 2.4 as is assumed 
by Holmes. Nine of the twelve samples studied 
by the writer were the identical samples which 
appear among those listed in Holmes' Table IV.

On a simple igneous rock derivation picture one 
should expect the oldest samples to contain a 
minimum of radiogenic lead contamination and 
the youngest a maximum. In this respect the 
data have some deficiencies which may or may not 
be of a serious nature. Except for the fact that 
the three oldest samples contain a minimum of 
apparent contamination there is no direct correla­
tion between the age of the deposit and the 
amount of contamination. In fact, sample 10, 
a young mineral, has essentially the same isotopic 
constitution as the assumed ‘ ‘uncontaminated’ ’ 
lead. Such apparent difficulties may be only a 
manifestation of the fact that the total amounts 
of uranium and thorium in rocks vary greatly 
from specimen to specimen, and hence the pro­
portion of radiogenic lead to ordinary lead in such 
specimens also varies quite independently of any 
variation with time.

In conclusion, the writer wishes to emphasize 
the fact that the explanation for the variations 
advanced in this paper is to be taken as tentative 
only. The accumulation of more data may lead 
the way to a better theory. However, with the 
information now available, the interpretation 
does seem to be reasonable and not in serious 
disagreement with any well established fact. 
An objection may be raised that the variations 
might be present in primeval lead itself. In an­
swer to this, one can only say that the variations 
are much larger than any that have been reported 
for other elements (with the possible exception of 
hydrogen and a few other isolated cases, where 
the variations can be explained very easily by 
isotopic separation taking place in nature). It 
does not seem likely that the variations reported 
here can be due to isotopic separation, as one 
would expect them to be a monotonie function of 
the mass. The view entertained by some that 
common lead may be only a mixture of thorium 
and uranium leads generated since the earth's be­
ginning certainly is not correct for at least two 
reasons, namely, (1) common lead contains 
Pb204 which apparently is not produced by the 
disintegration of uranium or thorium, and (2) the 
Pb207/Pb 206 ratio in common lead is far too high to 
be consistent with our knowledge of the relative 
rates of decay of the actinium and uranium series,
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provided one assumes the age of the earth to be of 
the order of 2 X 109 years.

The writer wishes to express his appreciation to 
Professor G. P. Baxter of the Department of 
Chemistry, Harvard University, who very kindly 
prepared and furnished eleven of the twelve 
samples used. I t was only through his interest 
and cooperation that this work was possible.

Summary
1 . A mass spectrographic study of the isotopes 

of twelve samples of common lead shows that the 
relative abundances vary considerably in spite of 
a nearly constant atomic weight.

2. A tentative explanation for the variations 
is found if one arbitrarily considers some of the 
samples to be ‘ ‘uncontaminated’ ’ lead and the 
others “uncontaminated” lead to which has been 
added approximately equal quantities of uranium 
and thorium leads. As the minerals from which 
the lead was obtained are essentially free of tho­
rium and uranium, such contamination probably 
took place before the mineral was formed.

3. A search for the isotopes Pb210, Pb209, Pb205, 
and Pb203 indicated that if such isotopes exist at 
all they must exist with much lower abundances 
than was at one time supposed.
Cambridge, Mass. Received May 7, 1938

[Contribution from the School of Chemistry of the Institute of Technology of the University of M innesota]

Studies on Aging and Properties of Precipitates. XXII. The Induced Precipitation 
of Mercuric Sulfide from Sodium Mercuric Sulfide Solutions by Zinc Sulfide. A New

Case of Postprecipitation
By I. M. Kolthoff, Frank S. Griffith and D. Romund M oltzau

It was found by Feigl1 that when a solution of 
a zinc salt is added to a solution of sodium mer­
curic sulfide under such conditions that the re­
sulting liquid phase is not supersaturated with 
regard to mercuric sulfide, the precipitate which 
separates contains mercury and its color varies 
from white to yellow, orange or brown, depending 
upon the amount of mercury in the precipitate. 
The mercury is not removed readily from the 
precipitate by extracting with sodium sulfide solu­
tions. Moreover, Feigl found that the sulfides of 
cadmium, lead and manganese acted in a manner 
similar to zinc sulfide whereas the sulfides of 
silver, cupric and cuprous copper, ferrous and 
ferric iron, thallium, bismuth and cobalt did not 
induce the precipitation of mercuric sulfide from 
a sodium mercuric sulfide solution. In the pres­
ent paper it is shown that the induced precipita­
tion of mercuric sulfide by zinc sulfide is a phe­
nomenon of postprecipitation. This case of 
postprecipitation is different from others2 pre­
viously investigated in this Laboratory, in that 
the mercuric sulfide is taken up by the zinc sul­
fide from a solution which is not supersaturated 
with regard to the former. Such a postprecipi­
tation will occur only when the following two

(1) F. Feigl, Z. anorg. allgem. Chem., 157, 269 (1926).
(2) For a review see I. M. Kolthoff and D, R, Moltzau, Chem. 

Rev., 17, 293 (1935).

conditions are fulfilled: (1 ) the postprecipitated 
substance is soluble in the primary precipitate or 
forms a compound with it; (2) the speed of sepa­
ration of the primary precipitate is greater than 
that of the postprecipitated substance. If the 
former condition is not fulfilled no postprecipita­
tion can occur from solutions which are not 
supersaturated with regard to the second pre­
cipitate. If the first condition is fulfilled but not 
the second a coprecipitation and not a postpre­
cipitation will take place.

Materials Used
Zinc sulfate solutions were made from recrystallized 

c. p . chemicals. They were standardized against potas­
sium ferrocyanide.3

Mercuric perchlorate solutions were made from reagent 
quality mercuric oxide and perchloric acid. A 0.05 M  
perchloric acid solution in equilibrium with mercuric oxide 
was found to be 0.004 N  in free acid.

Sodium Sulfide.—The commercial products available 
were not suitable for the present work because of large 
amounts of impurities (thiosulfate). Therefore, the so­
dium sulfide solutions were made by passing washed 
hydrogen sulfide through a measured quantity of 5.30 N  
sodium hydroxide. A slight excess of hydrogen sulfide 
as measured by the increase in weight of the solution, was 
absorbed and the concentrated solution diluted with oxy­
gen-free water. The solution was then analyzed for sul­
fide and total basicity and the appropriate amounts of

(3) I. M. Kolthoff and F. A, Pearson, Ind. Eng. Chem., Anal, Ed., 
4, 147 (1932),
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sodium hydroxide solution and water needed to give the 
desired composition were calculated and added. In order 
to guard against air oxidation the air above the liquid 
was swept out with nitrogen.

Air Oxidation of Sodium Sulfide Solutions.-—Most of 
the work was first carried out without taking precautions 
against air oxidation of the sulfide. The results were not 
well reproducible and were sometimes confusing due to 
air oxidation of sulfide. This oxidation can be consider­
able after a relatively short time of exposure to air as is 
evident from the following experiments. Two hundred 
milliliters of a freshly prepared sodium sulfide solution 
which was 0.1 N  in excess of sodium hydroxide was dis­
tributed between four 250-ml. flasks, the latter were 
partially stoppered with one-hole rubber stoppers and 
shaken gently with a rotary motion for twenty-four hours. 
The contents of the flasks were mixed and analyzed for 
sulfide, polysulfide, thiosulfate and total basicity (see 
below). The freshly prepared solution was 0.189 M  in 
sulfide, the total alkalinity being 0.472 N. After expo­
sure for twenty-four hours the sulfide concentration was
0.110 M, that of polysulfide less than 0.001 M, the thio­
sulfate concentration 0.035 M  and the total alkalinity 0.402 
N. Hence about 37% of the sulfide was oxidized after 
twenty-four hours of exposure to air. This air oxidation 
is prevented by taking precautions to exclude air. A 
large number of experiments were run in which the flasks 
containing the sulfide solutions were swept out with nitro­
gen both before the solutions (kept under nitrogen) were 
added and before the flasks were stoppered. Under such 
conditions only 0.53% of the sulfide was found to be oxi­
dized after twenty-four hours.

Methods of Analysis.—The sum of sulfide, polysulfide 
and thiosulfate was determined by oxidation with bromine 
(bromate-bromide and acid) to sulfate.4 The thiosulfate 
was determined by the method recommended by the Com­
mittee on Analytical Reagents of the American Chemical 
Society5 for testing the purity of sodium sulfide. The 
sulfide and polysulfide are precipitated by adding an excess 
(enough to remove excess of alkali) of oxygen-free zinc 
sulfate solution. After standing for half an hour the solu­
tion is filtered and an aliquot portion of the filtrate titrated 
with standard iodine. The polysulfide was usually de­
termined by Schulek’s6 method in which it is trans­
formed into thiocyanate. The latter is oxidized to bromo- 
cyanide and determined iodometrically.

The total alkalinity was determined by titrating with 
standard acid. Just before the end-point most of the 
hydrogen sulfide was removed by aspiration of air and 
the titration finished with methyl orange as indicator.

Mercury.—In the study of the postprecipitation of mer­
curic sulfide with zinc sulfide from sodium mercuric sulfide 
solutions the remaining mercury in solution was deter­
mined volumetrically.

After investigating various procedures the following 
method was found to be suitable for routine analyses. 
An excess of hydrochloric acid was added to the sodium 
mercuric sulfide solutions to precipitate the mercuric sul­
fide, the solution boiled for a few minutes to remove

(4) I. M. Kolthoff and H. Menzel, “ Die Maszanalyse,” 2d 
edition, Verlag von Julius Springer, Berlin, 1931, p. 514,

(5) J . Ind . Eng. Chem., 19, 1372 (1927).
(6) E. Schulek, Z. anal. Chem., 65, 352 (1925),

hydrogen sulfide and then 2 ml. of concentrated nitric acid 
added. Oxidation was complete within a few seconds but 
boiling was continued for a few minutes to remove oxides 
of nitrogen and to gather the finely divided sulfur into 
larger particles. After removing the flask from the hot­
plate 5 ml. of 6 N  sodium hydroxide was added, the solu­
tion cooled, indicator added and the solution exactly neu­
tralized. If the indicator is added to the strongly acid 
solution it is sometimes oxidized. A mixture of equal 
volumes of brom cresol green (0.1%) and methyl red 
(0.1%) was found to be a very suitable indicator, the color 
change being from red (acid) to blue (alkaline). After 
neutralization, the mercury is determined by the cyanide 
method3 (p. 198) by adding an excess of standard potas­
sium cyanide solution and titrating back with standard 
hydrochloric acid.

HgCl2 +  2K C N ----Hg(CN)2 +  2KC1
KCN +  HC1 — HCN +  KC1

Degree of Saturation of Sodium Mercuric Sulfide with 
Mercuric Sulfide.—Although the air oxidation of sulfide 
was prevented by carrying out the experiments in an a t­
mosphere of nitrogen, it was desirable, especially in long 
period experiments, to have a quick method available to 
test for an accidental change of the sulfide concentration 
solution. This can be done roughly by titrating with a 
standard mercuric chloride solution until the turbidity does 
not disappear on further shaking.

2S= -h HgCl2 — > HgS2“ +  2 0 “
HgS2= +  HgCl2 — >  2HgS +  2 0 “

As the solubility of mercuric sulfide in sodium sulfide 
is dependent upon the concentration of sodium hydroxide,7 
the method cannot be used to determine accurately the 
sulfide content of solutions. I t  is suitable, however—- 
with an accuracy to 1 to 2%—to determine the amount of 
mercuric salt needed to saturate a sodium sulfide (or 
sodium mercuric sulfide) solution with mercuric sulfide.

Experimental Results
Rate of Postprecipitation of Mercuric Sulfide from So­

dium Mercuric Sulfide Solutions in the Presence of 
Freshly Precipitated Zinc Sulfide.—In the following 
experiments zinc sulfate solution was added to the sodium 
mercuric sulfide solution which contained an excess of sul­
fide. Ten ml. of 0.05 M  zinc sulfate was added to a mix­
ture of 25 ml. of 0.189 M  sodium sulfide which was 0.094 
N  in sodium hydroxide and 10 ml. of 0.044 M  mercuric 
perchlorate which was 0.004 N  in free acid. If no co- or 
postprecipitation occurred the supernatant liquid after 
precipitation of 0.5 mmol, of zinc sulfide would be 0.051 
N  in sodium hydroxide, 0.075 M  in sodium sulfide and 
0.0098 M  in sodium mercuric sulfide. About 8 ml. of the 
0.044 M  mercuric perchlorate solution could be added 
before the solution became saturated with mercuric sulfide. 
Before mixing the solutions in screw-cap bottles the air was 
swept out with nitrogen, and this gas was passed over 
again before screwing the caps on. The bottles were 
shaken for a given length of time, centrifuged and 25 
ml. was taken for analysis for mercury. The color of the 
freshly formed zinc sulfide was white, indicating that no 
coprecipitation of mercuric sulfide had occurred, after two

(7) J. Knox, Trans. Faraday Soc., 4, 29 (1908).
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minutes of shaking a yellow tinge of the precipitate was 
noticeable and after one hour the precipitate was of a 
cadmium sulfide yellow. The results on the rate of post­
precipitation of mercury are given in Table I. A similar

T a b l e  I
R a t e  o f  P o s t p r e c ip it a t io n  o f  M f r c u r ic  S u l f id e  w it h  

Z in c  S u l f id e

Time of shaking 6 min. 52 min. 7 .5  hrs. 24 hrs. 7 days 
Mercury pptd.,

% 14.0 27 .9  32.1 34 .0  3 4 .2 ,3 5 .5

set of experiments was run in the presence of a larger excess 
of sodium sulfide. After precipitation of 0.5 mmol, of 
zinc sulfide the supernatant liquid was 0.062 N  in sodium 
hydroxide, 0.19 M  in sodium sulfide and 0.011 M  in 
sodium mercuric sulfide. The results are given in Table II.

T a b l e  II
R a t e  o f  P o s t p r e c ip it a t io n  o f  M e r c u r ic  S u l f id e  in  

t h e  P r e s e n c e  o f  L a r g e r  E x c e s s  o f  S u l f id e  
T ime of shaking 5 min. 35 min. 2 .5  hrs. 45 hrs. 7 days 
Mercury pptd., % 8 .4  12 .8  14.0 16.4 15.5

A comparison of Tables I and II (see also Fig. 1) reveals 
that the amount of postprecipitation mercury decreases 
to about one-half when the excess of sulfide in solution is 
doubled. Moreover, it is evident that after about one 
to two days of shaking with freshly precipitated zinc sulfide 
a state of equilibrium in the distribution of mercury be­
tween solution and the solid state is attained.

Fig. 1.—1, Small excess of sulfide; 2, larger 
excess of sulfide.

Rate of Postprecipitation of Mercuric Sulfide with Zinc 
Sulfide of Varying Degree of Perfection and Age.—The
results of the following experiments in which sodium 
mercuric sulfide solution was added to a zinc sulfide sus­
pension show conclusively that the induced precipitation 
of mercuric sulfide by zinc sulfide is a phenomenon of post­
precipitation. The rate of this postprecipitation de­
creases with increasing degree of perfection and decreasing 
surface development of the zinc sulfide. Zinc sulfide

samples of various degree of perfection and age were pre­
pared.

1. Precipitation from and Aging in Alkaline Solution.—
Ten ml. of 0.05 M  zinc sulfate was added to 2.8 ml. of a 
solution which was 0.19 M  in sodium sulfide and 0.116 N  
in sodium hydroxide. The bottles were swept out with 
nitrogen and the zinc .sulfide aged for the indicated periods 
of time.

2. Precipitation from and Aging in Slightly Acid 
Medium {pH about 5).—Ten ml. of 0.05 M  zinc sulfate con­
taining 0.25 g. of sodium acetate trihydrate was saturated 
with hydrogen sulfide. After aging for the given period 
of time most of the excess of hydrogen sulfide was re­
moved by evacuating the bottle while swirling well 
(blanks showed that only about 0.004 mmol, of hydrogen 
sulfide stayed in solution after this treatment). After 
evacuation 0.17 ml. of 0.19 M  sodium sulfide, 0.25 ml. of 
5.3 N  sodium hydroxide and 2.4 ml. of water were added, 
thus making the volume, amount of sulfide and hydroxide 
the same as in the suspensions of product 1.

3. Precipitation from and Aging in More Acid Solution 
(final pH  about 1.15).—Ten ml. of 0.05 M  zinc sulfate 
was saturated with hydrogen sulfide. After aging the 
samples were subjected to the same treatment as products 
2. If the samples were aged for less than one hour a small 
amount of the zinc might have remained unprecipitated. 
For complete precipitation of zinc‘sulfide Jeffries and Swift8 
recommend a pH  of 1.6.

Procedure of Postprecipitation Experiments
The 100-ml. bottles containing the zinc sulfide suspen­

sions which had been aged for the indicated periods of 
time were swept out again with nitrogen whereupon 35 
ml. of sodium mercuric sulfide solution of about the same 
composition as that used in Table I was added. Immedi­
ately after mixing, the liquid phase was 0.058 N  in sodium 
hydroxide, 0.0845 M  in sodium sulfide and 0.0105 M  
in sodium mercuric sulfide. The bottles were stoppered 
and shaken vigorously, some for two hours and some for 
two days, centrifuged and 25 ml. of the supernatant liquid 
was analyzed for mercury by the procedure outlined previ­
ously. The mercuric sulfide separating from mixtures 
containing acetate (products 2) was filtered off, washed, 
and treated with aqua regia. The fibers of filter paper 
were filtered off before titrating the mercury. The filtra­
tion of mercuric sulfide was necessary as the acetate inter­
feres with the mercury titration. The results are given in 
Table III and reproduced graphically in Fig. 2.

When a range of time is given in the table the shorter 
time refers to zinc sulfide products 1, and the longer time 
to products 2 and 3. The experiments referring to an age 
of zinc sulfide of zero (in parentheses in Table III) were 
carried out in a way similar to those in Tables I and II; 
the zinc sulfate solution was added to a solution contain­
ing sodium mercury sulfide, sodium sulfide and sodium 
hydroxide of appropriate concentrations so that after 
precipitation of the zinc sulfide the solution had the same 
composition as prevailed in the other experiments. I t  is 
seen that zinc sulfide precipitated in the absence of mer 
cury and which was only seven minutes old (product 1) is

(8) C. E. P. Jeffries and E. H. Swift, T h is  Journal, 54, 3219
(1932),
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Table III
R a t e  o f  P o s t p r e c ip it a t io n  o f  M e r c u r ic  S u l f id e  w it h  
Z in c  S u l f id e  o f  V a r y in g  D e g r e e  o f  P e r f e c t io n  a n d  

A g e

% Hg in ppt. after % Hg in ppt. after
2 hours of shaking 2 days of shaking

with NaaHgS2 spin. with NaaHgS2 soln.
Age of ZnS Products 1 2 3 Products 1 2 3

(0) (25.5) (28.4)
3-7 min. 24 .0 15.4 7 .5 28.4 18.0 13.1
1 hour 14.2 11,5 19.0 11,6 10.0

12-16 hours 12.0 6.8 3 .4 14.1 8 .5 2 ,5
7 days 10.9 3 .9 0.6 11.8 5 .5 0.6
7 days hotft 0 .9 0 -1 8.0 0 .7 -1

a Aged on gravel at a temperature of about 80-90 °.

about as effective as fresh zinc sulfide precipitated in the 
presence of mercury.

Products 3 are much coarser and more perfect than sam­
ples 2 and the latter more so than products 1. The rate 
of postprecipitation of mercuric sulfide (see 3-7 minutes 
old zinc sulfide) decreases in the order of products 1, 2, 3. 
It is also evident that product 3 ages much more rapidly 
at a pH of 1.15 than product 2 at a pH of 5 and the latter 
more than product 3 in alkaline medium. After aging for 
seven days a t room temperature product 3 hardly takes 
up any mercury even after shaking for two days with the 
sodium mercuric sulfide solution. Product 1 ages very 
slowly at room temperature but the perfection becomes 
pronounced when aged at 80-90°. Apparently the speed 
of postprecipitation of mercuric sulfide with zinc sulfide 
is a good indicator of the degree of perfection of the latter.

Effect of Varying Amounts of Zinc Sulfide and of Mer­
cury and Sulfide Concentrations.—During the post­
precipitation of mercuric sulfide the sodium sulfide concen­
tration in the solution increases: Na2HgS2----> [HgS] +
Na2S. When the initial sulfide composition of the solu­
tions is identical, but the amount of postprecipitation after 
attainment or approximate attainment of equilibrium 
different, a quantitative comparison of the results is not 
simple. A series of experiments was run adding different 
amounts of zinc sulfate and mercuric perchlorate to sodium 
sulfide solutions of such concentrations that the sulfide 
concentrations after the formation of the zinc sulfide and 
mercuric sulfide complex were identical. The amount of 
postprecipitation was determined after four days of shak­
ing at room temperature. For the sake of brevity the 
experimental details are omitted and the results given in a 
condensed form in Table IV.

T a b l e  IV
Effect of Varying Amounts of Zinc Sulfide and of 
Mercury and Sulfide Concentrations; 4 Days of 

Shaking, T emp. 25°

ZnS,
mmol.

Hg
originally 
in soln., 
mmol.

N a2S
final

amount,
mmol.

Hg
final amount 

in soln., 
mmol.

. Hsm ppt., 
mmol.

Hg
ppfii.,

0-5 0 .5 3.41 0.341 0.159 31,8
1.0 .5 3.44 .222 .278 55.6
0 .5 1.0 3.41 .696 .304 30,4
1.0 1.0 3.52 .502 .498 49.8
0 .5 0 .5 7.08 .416 .084 16.8
1.0 .5 7.02 .329 .171 34.2
0 .5 1.0 7.00 .854 .146 14.6
1.0 1.0 7.01 .727 .273 27.3

Age of ZnS, days.
Fig. 2.—1, Zinc sulfide, aged in basic solution; 2, aged a t 

pH of 5; 3, aged at pH of 2.

Postprecipitation at 80°.—In the following experiments 
the state of equilibrium of the distribution of mercuric 
sulfide between solution and the solid was approached a t 
80°. After running some preliminary series the sulfide 
concentration in each set was adjusted in such a way as 
to give identical sulfide concentrations in the solutions after 
attainment of distribution equilibrium. The bottles con­
taining the sodium mercuric sulfide solution were placed 
in a beaker of hot water until the temperature of the con­
tents was 90° and then zinc sulfate solution (25°) was 
added from a pipet. After thorough mixing the bottles 
were capped and kept for two days at a temperature of 
80 ° in the beaker of hot water, the contents of the bottle 
being shaken by hand several times during the course of an 
experiment. After the heating period the bottles were 
allowed to cool to room temperature, centrifuged and an 
aliquot part of the supernatant liquid analyzed for mer­
cury. In several cases a thin film of black mercuric sul­
fide separated at the gas-liquid interface during the heat­
ing process which after cooling did not dissolve easily in the 
solution although the latter was far from saturated with 
mercuric sulfide. The amount of mercuric sulfide formed 
at the interface was less than 1% of the total amount of 
mercury present and was not considered in the calculation 
of the results which are reported in an abbreviated form 
in Table V.

T a b l e  V
Postprecipitation of Mercuric Sulfide a t  80° after 

Shaking for 2 Days 
Hg Hg

originally Na2S finally 
in solu- final in 

ZnS, tion, amount, soln.,
mmol. mmol. mmol, mmol,

0.5 0.5 3.57 0.286
1.0 .5 3.55 .180
0.5 1.0 3,60 .444
1.0 1.0 3.51 .368
0.5 0.5 7.01 .398
1.0 .5 7.10 .315
0.5 1.0 7.03 .817
1.0 1.0 7.02 .673

Hg Hg 
in ppt., pptd., 
mmol. %

0.214 42.8 
.320 64.0 
.556 55.6 
.632 63,2 
.102 20.4 
.185 37.0 
.183 18.3
.327 32.7

Color of ppt. 
after 2 days

Orange-brown
Orange
Dark brown
Brown
Yellow
Yellow
Orange-brown
Orange
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Extractability of Mercuric Sulfide from the Mixed 
Zinc-Mercuric Sulfide.—A mixed precipitate containing 
0.125 mmol, of mercuric sulfide and 0.5 mmol, of zinc sul­
fide which had been aged for two weeks was extracted 
several times with 0.2 M  sodium sulfide solutions. In the 
first extraction the precipitate was shaken for ten hours 
with the sulfide solution; only 0.043 mmol, of mercury 
was found in the solution. After removing the superna­
tan t liquid the precipitate was shaken with a fresh 50-ml. 
portion of sodium sulfide solution for two days after which 
time only 0.018 mmol, of mercury had been further re­
moved from the precipitate. A further extraction for a day 
with a new portion removed only 0.007 mmol, of mercury.

The resulting precipitate was washed once with water 
and then extracted once with 0.5 N  hydrochloric acid 
saturated with hydrogen sulfide; this treatment removed 
95% of the zinc. After adding the acid the orange pre­
cipitate darkened slowly, within three minutes it was 
orange-brown and within ten minutes it was black. 
The acid was removed after seventy minutes of shaking, 
the precipitate washed with water and extracted for three 
hours with 50 ml. of sodium sulfide solution. The re­
mainder of the mercury (0.059 mmol.) was thereby ex­
tracted. Feigl1 also found that mercury was difficultly 
extractable from the mixed precipitate by sodium sulfide, 
but our interpretation is quite different from his.

Discussion
All the results reported so far tend to show 

that the postprecipitation of mercuric sulfide 
from solutions which are far from saturated with 
this compound is to be attributed to a solid solu­
tion formation with zinc sulfide. If such a solu­
tion of mercuric sulfide in zinc sulfide is considered 
ideal, it is possible to calculate the distribution 
coefficient of mercury between liquid and solid 
phases.

If the solution is in thermodynamic equilibrium 
with the solid, the thermodynamic potential of 
the mercuric sulfide in both phases is identical. 
Taking the activity of the mercuric sulfide in the 
pure solid as the standard state, we find that in 
case the solid solution behaves as an ideal solution 

(aHgS)i = 6'ngS-̂ V'HgS (1)
in which (aHgS)i denotes the activity of the 
mercuric sulfide in the liquid phase, S^gs the 
solubility product of mercuric sulfide and N^gs 
the mole fraction of mercuric sulfide in the solid.

In the presence of an excess of sulfide practically 
all of the mercury in the liquid phase is present in 
the form of HgS2= ions; from practical viewpoint 
we are interested in the distribution of total 
mercury between solution and solid.

H gS r (HgS)i +  S- 
or

(«HgS)i = ZH <r (2)

Since both HgS2 and S ions are divalent their 
activity coefficients at various ionic strengths 
may be expected to be of the same order of mag­
nitude and equation (2) may be approximated to

(aHgS), = K mSl- (3)

in which the symbols between brackets denote the 
molar concentrations in solution. Combining
(1 ) and (3) gives

 ̂ ~  gS Nn&s = K N Kss (4)

According to Knox7 *SHgS at 25° is equal to 2.8 X 
10 “54, and K Hgs- to 1.96 X 10-55. Hence, when 
equilibrium distribution is established and if the 
solution is ideal

[HgS2=] = K N nsS[S=] = 14.3 AHgS[S=] (25°) (5)
From the results given in Table IV it is pos­

sible to calculate the value of K  at 25°. In these 
experiments the volume of the solutions was 45 
ml., the excess of sulfide in the first four experi­
ments being 3.45 mmols, (average), and in the 
last four 7.04, corresponding to sodium sulfide 
concentrations of 0.0766 M  and of 0.156 M, res­
pectively. The concentrations of excess of sodium 
hydroxide corresponded to 0.064 iV in the first 
four experiments and to 0.062 N  in the last four 
experiments. Taking the second ionization con­
stant of hydrogen sulfide equal to 10 -15 and the 
ionic product of water equal to 10 ~14, we find from 
the hydrolysis equation of the sulfide ion

[OH-HSH-] =
[S=] K2(h2S) 10 (25°) (6)

If the HS- ion concentration is designated by X, 
then [OH- ] = CisraOH +  X  and [S- ] = C ^ s  ~~ 
X. Introducing these expressions into equation
(6) yields a quadratic equation which can be 
solved for A.

The values of K  calculated in this way from 
the results of experiments in Table IV are given 
in Table VI and plotted in Fig. 3.

An attempt was made to calculate the values 
of K  at 80° from the results reported in Table
V. According to Jellinek and Czerivinski9 the 
degree of hydrolysis of sodium sulfide solutions 
does not change between 0 and 25°. On the basis 
of this result we have assumed in our calculations 
that the hydrolysis constant of the sulfide at 
80° is equal to that at 25°. This is probably in­
correct as is also evidenced by the fact that the 
values of K  calculated from experiments in

(9) K. Jellinek and J. Czerivinski, Z. physik. Chem., 102, 476 
(1922).
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T a b l e  VI
D is t r ib u t io n  C o e f f ic ie n t  K  o f  M e r c u r ic  S u l f id e  
b e t w e e n  S o d iu m  M e r c u r ic  S u l f id e  a n d  Z in c  S u l f id e  

a t  25 a n d  a t  80 °
Temp.,

°C. N HgS
[Hgsr]
molar [S“] X 103 K

25 0.242 0.341 1.06 29.6
25 .218 .222 1.06 21.4
25 .378 .696 1.06 38.6
25 .332 .502 1.06 31.6
25 .214 .727 3.28 23.0
25 .226 .854 3.28 25.6
25 .146 .329 3.28 15.3
25 .144 .416 3.28 19.6
80 .300 .286 1.06 20.0
80 .242 .180 1.06 15.6
80 .527 .444 1.06 17.7
80 .387 .368 1.06 19.9
80 .246 .673 3.28 18.6
80 .268 .817 3.28 20.7
80 .156 .315 3.28 13.7
80 .169 .398 3.28 16.0

which the sodium sulfide concentration was
0.0766 M  fall on a different line than those in 
which the sodium sulfide concentration was
0.156 M  (see Fig. 3). On the other hand, the 
values of K  calculated from the results of ex­
periments at room temperature at different sul­
fide concentrations fall approximately on one 
straight line. It is seen from the results and par­
ticularly from Fig. 3 that the value of K  is not 
constant, but increases as a linear function of the 
mole fraction of mercury in the solid solution. 
A similar result was found by Yutzy and Kolthoff10 
for the change of the distribution coefficient of 
bromide between aqueous solutions and mixed 
crystals of silver chloride and bromide at dif­
ferent mole fractions of bromide in the solid.

The change of K  with the mole fraction of 
mercury in the solid shows that the solid solutions 
do not behave as ideal solutions, and that activi­
ties cannot be taken equal to mole fractions. It 
is gratifying that the values of K  are of the order 
of magnitude of the calculated value of 14.3 based 
on the assumption of ideal solutions and equilib­
rium constants of Knox.

From the graph it is seen that at 80° the values 
of K  increase less with increasing mole fraction 
of mercury than at 25°. Hence, at higher tem­
peratures the system approaches that of an ideal 
system. Qualitatively, a similar result was found 
again by Yutzy and Kolthoff, 10 who at 100° found 
in the system silver chloride-bromide a value of

(10) H. C. Yutzy and I. M. Kolthoff, T h is  Journal , 59, 916 
(1937).

the distribution coefficient which was independ­
ent of the composition of the solid.

Fig. 3.—O, in 0.0766 M  Na2S a t 25°; □, in 
0.156 M Na2S at 25°; ©, in 0.0766 M  Na2S 
at 80°; 0, in 0.156 M  Na2S at 80°.

Figure 3 shows that at high mole fractions of 
mercuric sulfide with solid (at > 0.5) the
value of K  does not increase further with in­
creasing iVHgS at 80°. This might indicate that 
the solid consists of two phases, the second phase 
being mercuric sulfide or, more likely, a solution 
of zinc sulfide in mercuric sulfide.

It is of interest to note that according to equa­
tion (5) the distribution coefficient of the mercuric 
sulfide between solution and precipitate is in­
dependent of the chemical nature of the solid as 
long as the latter can form ideal solid solutions 
with mercuric sulfide. Hence, it may be expected 
that under comparable conditions the distribution 
of mercuric sulfide between sodium mercuric sul­
fide solution and zinc, lead or manganese sulfides 
will be of the same order of magnitude.

Direct evidence from X-ray measurements of 
mixed crystal formation between mercuric and 
zinc sulfide was given by Moltzau and Kolthoff.11 
They found that zinc sulfide dissolved in mercuric 
sulfide to a limited extent. The present study 
shows that mercuric sulfide is soluble—at least to 
a certain extent—in zinc sulfide.

An X-ray examination of an orange colored 
precipitate, kindly made for us by Mr. M. L. 
Fuller of the New Jersey Zinc Co., showed that it 
had a zinc sulfide cubic lattice expanded about 
1%. The broadness of the lines on.the film pre­
vented an exact measurement.

Summary
1. Mercuric sulfide is postprecipitated with

(11) D. R. Moltzau and I. M. Kolthoff, J . Phys. Chem., 40, 
637 (1936).
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zinc sulfide from sodium mercuric sulfide solu­
tions which are undersaturated with mercuric 
sulfide. Such a postprecipitation occurs only 
when the mercuric sulfide is soluble in the pri­
mary precipitate, and the speed of separation 
of the latter from solution is greater than the 
speed of dissociation of the HgS2= ion into HgS 
and S“.

2. The distribution coefficient of mercuric 
sulfide between aqueous solution and solid has 
been determined at 25 and 80°. The solid solu­
tion does not behave as an ideal solution, but the 
values of the distribution coefficient are of the 
same order of magnitude as the value calculated

upon the basis of formation of ideal solutions. 
This calculated value is independent of the nature 
of the solid, as long as the latter acts as a solvent 
for mercuric sulfide.

3. The speed of attainment of distribution 
equilibrium between sodium mercuric sulfide 
solution and zinc sulfide is a good indicator of the 
degree of perfection and the progress of aging of 
the latter. It is shown that zinc sulfide precipi­
tated at a pH of 1.15 is more perfect and ages 
more rapidly at this pH than the sulfide formed 
and aged at a pH of 5 and the latter more so than 
the sulfide formed and aged in alkaline medium. 
Minneapolis, M inn . Received April 14, 1938

[Contribution from the Department of Research in Pure Chemistry, M ellon Institute of Industrial
Research]

Hydroxyalkyl Ethers of Basic Phenols.
The Antipneumococcic Activity of Some 8-Quinolyl Ethers

By C. L. Butler and Alice G. Renfrew

It appeared to be of considerable general interest 
to extend the application of the hydroxyalkylation 
method used in the cinchona alkaloid field1 to 
other types of basic phenolic substances. More 
specifically, it was hoped that studies carried out 
on simpler basic phenols would give a partial 
explanation, at least, of the low yields obtained in 
attempts to hydroxyethylate phenolic cinchona 
alkaloids with ethylene chlorohydrin.2 Further, 
the preparation of simpler substances, related 
structurally to these alkaloids, was of interest in 
the chemotherapeutic study of pneumonia. Ex­
periments undertaken with these considerations 
in view are described in the present report.

Phenol, aniline, ^-aminophenol, p-acetamino- 
phenol, m-diethylaminophenol and 8-hydroxy- 
quinoline were chosen as suitable starting ma­
terials for the investigations. The compounds 
were alkylated in the usual way with benzyloxyal- 
kyl ^-toluenesulfonates3 and the resulting amino- 
aryl benzyloxyalkyl ethers were hydrolyzed in 
dilute hydrochloric acid to hydroxyalkyl deriva­
tives.1 Yields were high in nearly all cases. The 
reaction with p-aminophenol was complicated by 
nitrogen alkylation. p-Acetaminophenol, how­
ever, gave with benzyloxyethyl p-toluenesul-

(1) Butler and Renfrew, T h is J o urn al , 60, 1473 (1938).
(2) Butler, Renfrew, Cretcher and Souther, ibid., 59, 227 (1937).
(3) Butler, Renfrew and Clapp, ibid., 60, 1472 (1938).

fonate, a high yield of the benzyloxyalkyl ether, 
which was readily converted to /Thydroxyphene- 
tidine. Hydroxyalkylation of m-diethylamino- 
phenol and 8-hydroxyquinoline was accomplished 
without difficulty.

It seemed possible that the failure of ethylene 
chlorohydrin to hydroxyethylate phenolic cin­
chona alkaloids2 might be due to the presence in 
the cinchona structure of basic groups, with 
which this substance reacted with greater ease 
than with the phenolic group; or by which it was 
destroyed before it could react. Several alkyla­
tions with ethylene chlorohydrin were carried out 
in attempts to get further information on this 
point. According to Rindfusz4 a 50% yield of 
hydroxyethyl phenyl ether is obtained on alkyla­
tion of sodium phenolate with this reagent. In 
the present work the reaction was carried out in 
the presence of one molecular equivalent of tri- 
ethylamine. Only 13% of the theoretical quan­
tity of hydroxyethyl phenyl ether was obtained in 
this experiment. The presence of triethyl amine, 
however, did not decrease the yield of alkylation 
product when benzyloxyethyl ^-toluenesulfonate 
was used as alkylating reagent. 8-Hydroxy- 
quinoline, on alkylation with ethylene chlorohy­
drin, gave only 19% of the theoretical amount of

(4) Rindfusz, ibid., 41, 669 (1919); see also Bentley, Haworth 
and Perkin, J . Chem. Soc., 69, 164 (1896).
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T a b l e  I
A n t ip n e u m o n ic  A c t iv it y  a n d  T o x ic it y  o f  8 -Q tjinolyl E t h e r s

---------------------—T oxicityo--------
✓---------Bactericidal power in vitroa--------- s 20 g. mice; deaths at dosages of

Substance Growth Dilution 1 mg. 2 mg. 3 mg. 7 mg. 8 mg.
8-Hydroxyquinoline sulfate Complete inhibition 1:400000 8/30 30/30 30/30

8-Quinolyl Ether Hydrochlorides
Ethyl Slight inhibition 1:50000 2/10
j3-Hydroxyethyl Slight inhibition 1:100000 0/30 0/10 0/30
7-Hydroxypropyl No inhibition 1:50000 0/10
a-Methyl /3-hydroxyethyl No inhibition 1:50000 0/30 0/10 0/10

10 mg.

13/30

2/30
* Detailed results will be published by the medical staff associated with the Mellon Institute in the chemotherapeutic 

study of pneumonia.

hydroxyethyl 8-quinolyl ether, as compared with 
the 50% yield obtained by Rindfusz4 in the hy- 
droxyethylation of phenol, where there could be 
no question of complication with basic nitrogen 
groups. Hydroxyethyl 8-quinolyl ether was ob­
tained in 67% yield, using benzyloxyethyl p- 
toluenesulfonate. w-Diethylaminophenol gave 
practically identical quantities of hydroxyethyl 
ether with the two reagents. It is believed that 
these results confirm the opinion that the un­
favorable yields reported in the earlier work on 
hydroxyalkylation of cinchona alkaloids with 
ethylene chlorohydrin2 were due to complications 
involving the two nitrogen atoms of the alkaloids. 
The difficulty can be avoided to a very large ex­
tent by the use of the benzyloxyalkyl aromatic 
sulfonates for alkylations of this type.

The preparation of the quinoline derivatives 
had an added interest because of the structural 
relationship of these compounds to the cinchona 
alkaloids, and because of the marked germicidal 
activity of many substances of this type.5 Hirsch- 
felder and co-workers6 found that 8-hydroxy- 
quinoline sulfate was highly active in vitro against 
the pneumococcus. In spite of this observation 
the possibility of the usefulness of simpler quino­
line derivatives as antipneumococcic agents has 
received very little attention. More recently, a 
series of eighteen quinoline derivatives was in­
vestigated by Biihrmann7 and several substances 
derived from 2-phenyl-4-amino- and 4-amino-6- 
hydroxyquinolines, were found which inhibited 
the growth of pneumococci. In view of Hirsch- 
felder’s results,6 it seemed advisable to have 
further tests run on 8-hydroxyquinoline and the
8-quinolyl ethers prepared in the course of this 
work. Interest in these compounds was enhanced

(5) Von Oettingen, “Therapeutic Agents of the Quinoline Group,” 
The Chemical Catalog Company, Inc., New York, 1933.

(6) Hirschfelder, Jensen and Swanson, Proc. Soc. Expll. Biol. 
Med., 20, 402 (1923).

(7) Biihrmann, Z. Immunitdlsforschung , 84, 300 (1935).

by the suggestion that 8-hydroxyquinoline may 
stimulate the defense mechanism of the body5 
(p. 33). In Table I, both the mouse toxicity and 
the pneumococcicidal activity are seen to be re­
duced sharply by alkylation of the phenolic hy­
droxyl group. Some pneumococcicidal activity 
is maintained in the ethyl and hydroxyethyl de­
rivatives. Further biological examination of 
these substances would appear to be desirable, 
especially in view of their very low toxicities.

Experimental
Half molecular quantities of the compounds to be alkyl­

ated were converted to potassium salts with the calculated 
amount of potassium hydroxide in about 300 cc. of abso­
lute alcoholic solution. The alkylating reagent was then 
added and the mixture was refluxed for two to two and one- 
half hours on a water-bath. When ethylene chlorohydrin 
was used as alkylating reagent, the reaction mixtures were 
worked up directly in the usual way for hydroxyethyl 
ether. The crude reaction products from the benzyloxy­
alkyl ^-toluenesulfonate alkylations were isolated by 
evaporating the solvent from the filtered alcoholic solution 
and separating from alkali-soluble material. The benzyl 
derivatives were hydrolyzed in dilute hydrochloric acid to 
hydroxyalkyl ethers as previously described1 and the prod­
ucts were worked up and purified by the usual methods.

Phenoxyethyl Benzyl Ether.—The ether was obtained 
as an oil on alkylation of phenol with benzyloxyethyl 
^-toluenesulfonate. The product was purified by frac­
tional distillation; yield 67%; b. p. 175° at 3 mm.

In a second experiment, conditions were altered by add­
ing to the alkylation mixture one equivalent of triethyl- 
amine. The presence of this base did not interfere with 
the desired reaction, as was evidenced by the high yield 
(78% of the theoretical) of ether obtained.

Anal. Calcd. for Ci5H i60 2: C, 78.9; H, 7.1. Found: 
C, 79.05; H, 6.9.

j8-Hydroxyethyl Phenyl Ether.4—The alkylation of 
phenol with ethylene chlorohydrin was carried out in the 
usual way except that one equivalent of triethylamine 
was added to the reaction mixture. The yield of /?- 
hydroxyethyl phenyl ether was only 12.5%, as compared 
with the 50% yield obtained by Rindfusz.4

/3-Hydroxyethylaniline.—Aniline was alkylated with 
benzyloxyethyl ^-toluenesulfonate and the crude benzyl-
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oxyethylaniline was hydrolyzed in 11% hydrochloric acid1 
to /3-hydroxyethylaniline; yield 50%; b. p. 157-158° at 
13 mm.

A portion of the hydroxyethylaniline was converted to 
N-benzoxyethyl benzanilide with benzoyl chloride, in 80% 
yield. The melting point was 91-92°, which agrees with 
the figure found by Schorigin and Below.8

Alkylation of ^-Aminophenol with Benzyloxyethyl 
^-Toluenesulfonate.—The only product which could be 
isolated in this experiment was a crude trialkylated sub­
stance of probable structure C6H5CH2OCH2CH2OC6H4N- 
(CH2CH2OCH2C6H5)2. A small amount of this material 
was converted to a crystalline sulfate and analyzed.

Anal. Calcd. for C33H37O4N ,0.5 H2S04: S04> 8.5. Found: 
S04, 7.7.

The main portion of the reaction product was hydro­
lyzed in dilute hydrochloric acid to remove benzyl groups. 
The yield of hydrolysis product was very low. Since the 
crude substance formed only mono-acyl derivatives with p- 
toluenesulfonyl chloride and acetyl chloride, it consisted 
probably of phenylmorpholine ^-hydroxyethyl ether.

Anal. Amorphous ^-toluenesulfonyl derivative. Calcd. 
for C7H7SO3CH2CH2OC6H4N(CH2CH2)20: C7H7SO3K, 55.7. 
Found: C7H7S03K, 55.4.

Crystalline acetyl derivative from alcohol; m. p. 118- 
119°. Calcd. for CH3C0 2CH2CH20 C6H4N(CH2CH2)20 : 
CH3CO, 16.2. Found: CH3CO, 16.4, 16.7.

Benzyloxyethyl ^-Acetaminophenyl Ether.—£-Acet- 
aminophenol was readily alkylated with benzyloxyethyl 
^>-toluenesulfonate. The solid ether was purified by 
crystallization from absolute alcohol; yield 88%; in. p. 
88° .

Anal. Calcd. for Ci7H i90 3N: C, 71.6; H, 6.7. Found: 
C, 71.3; H, 7.0.

/3-Hy droxyphenetidine.—Benzyloxyethyl p-acetamino- 
phenyl ether was hydrolyzed in 11% hydrochloric acid in 
the usual way1 to /3-hydroxyphenetidine; yield 80%. A 
sample recrystallized from alcohol melted at 73°.

Anal. Calcd. for C8H n02N: N, 9.15. Found: N, 9.2.
A small sample was converted to a crystalline diacetyl 

derivative with acetyl chloride. The melting point was 
128°, which was in fair agreement with the figure found 
by Katrak.9

/3-Hydroxyethyl m-Diethylaminophenyl Ether.—m-Di-
ethylaminophenol, on alkylation with ethylene chloro­
hydrin, gave a 62% yield of /3-hydroxyethyl m-diethyl- 
aminophenyl ether. An identical over-all yield was 
obtained when the hydroxyalkylation was carried out 
through the intermediate benzyloxyethyl derivative. 
There is, therefore, no advantage in the use of benzyloxy­
ethyl ^-toluenesulfonate in this case; b. p. 148° at 3 mm., 
m. p. 41°.

Anal. Calcd. for Ci2H i90 2N: N, 6.7; C, 68.9; H, 9.1. 
Found: N, 7.9; C, 69.3; H, 9.6.

An acetyl derivative was obtained as a viscous liquid 
with acetic anhydride and sodium acetate.

Anal. Calcd. for Ci4H2i0 3N: CH3CO, 17.1. Found: 
CH3CO, 16.9, 17.4.

(8) Schorigin and Below, Ber., 68, 833 (1935).
(9) Katrak, J. Ind ian  Chem. Soc., 13, 334 (1936).

/3-Hydroxyethyl 8-Quinolyl Ether.—8-Hydroxyquinoline 
was alkylated with benzyloxyethyl toluenesulfonate,
and the crude benzyloxyethyl 8-quinolyl ether was hydro­
lyzed to /3-hydroxyethyl 8-quinolyl ether in dilute hydro­
chloric acid. The substance was purified by crystalliza­
tion of its hydrochloride from absolute alcohol; yield 70%; 
m. p. 199-200°.

Anal. Calcd. for CuHn0 2N HCl: Cl, 15.7. Found: 
Cl, 15.8.

The base was recovered from the hydrochloride and 
crystallized from alcohol; m. p. 83-84°.

Anal. Calcd. for CnHii02N: C, 69.8; H, 5.9; N, 7.4. 
Found: C,69.5; H ,6.1; N, 7.3.

/3-Acetoxyethyl 8-quinolyl ether was obtained by 
acetylation of the hydroxyethyl ether with acetyl chloride. 
I t was purified by crystallization of its hydrochloride from 
alcohol; m. p. 153°.

Anal. Calcd. for Ci3H130 3NHC1: CH3CO, 16.1; Cl, 
13.25. Found: CH3CO, 16.8; Cl, 13.1.

A more direct preparation of /3-hydroxyethyl 8-quinolyl 
ether was accomplished by alkylation of 8-hydroxyquinoline 
with ethylene chlorohydrin. The yield, however, was only 
19% using this method.

a-M ethyl-/3-hydroxyethyl and 7-Hydroxy-w-propyl
8-Quinolyl Ethers.—The compounds were prepared by 
alkylation of 8-hydroxyquinoline with the appropriate 
benzyloxyalkyl ^-toluenesulfonates and hydrolyzing the 
intermediate benzyloxyalkyl ethers to the desired hydroxy­
alkyl derivatives.

Q!~Methyl-/3-hydroxyethyl 8-quinolyl ether was purified 
by crystallization of its hydrochloride from alcohol; yield 
40%.

Anal. Calcd. for Ci2H130 2N HC1: Cl, 14.8; N, 5.8. 
Found: Cl, 14.6; N, 6.3.

The base was liberated from the hydrochloride and 
crystallized from ether; m. p. 65°. With acetyl chloride 
it gave a solid acetyl derivative, which was crystallized 
from acetone; m. p. 99°.

Anal. Calcd. for Ci4H i60 3N: CH3CO, 17.5. Found: 
CH3CO, 17.0, 18.1.

Y-Hydroxy-w-propyl 8-quinolyl ether was similarly 
purified; yield 59%; m. p. 129°.

Anal. Hydrochloride. Calcd. for Ci2H i30 2N*HC1: Cl, 
14.8. Found: Cl, 14.5. Base. Calcd. for C12H13O2N: 
N, 6.9. Found: N, 7.1.

Y-Acetoxy-»-propyl 8-quinolyl ether was obtained as a 
reddish oil on acetylation with acetic anhydride and so­
dium acetate.

Anal. Calcd. for Ci4H i50 3N: CH3CO, 17.5. Found: 
CH3CO, 17.5, 17.6.

8-Ethoxyquinoline.—8-Hydroxyquinoline was alkylated 
in the usual way with ethyl ^-toluenesulfonate; b. p. 178° 
at 28 mm.10 The base was converted to hydrochloride, 
which was crystallized from alcohol.

Anal. Calcd. for CnHnON HCl: Cl, 16.9. Found: 
Cl, 16.9.

Summary
The preparation of several hydroxyalkyl ethers 

of basic phenols has been described. Some
(10) Fischer and Renottf, Ber., 17, 759 (1884).
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physiological properties of hydroxyalkyl 8-quino- of pneumonia have been presented briefly, 
lyl ethers having a bearing on the chemotherapy P it t s b u r g h , P e n n a . R e c e iv e d  M a y  19, 1938

[C o n t r ib u t io n  f r o m  t h e  C o n v e r s e  M em o r ia l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s it y ]

The Wagner-Meerwein Rearrangement.
A Kinetic Reinvestigation of the Isomerization of Camphene Hydrochloride1

By Paul D. Bartlett and Irving Pöckel

About a year ago we reviewed the evidence2 
that the rearrangement of camphene hydrochlo­
ride (I) into isobornyl chloride (II), and of pinene 
hydrochloride (III) into bornyl chloride (IV) in­
volves complete Walden inversion at carbon atom 
no. 2 of the camphane ring system (the point of at­
tachment of the chlorine in bornyl and isobornyl 
chlorides). Analogy with well-known cases of
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Walden inversion led us to propose that this rear­
rangement was a collision process, involving don­
ors or acceptors of chloride ions, or both. Such a 
potential donor and acceptor is always present in 
solutions of camphene hydrochloride, since this 
compound dissociates rapidly and reversibly into 
camphene and hydrogen chloride, and this equilib­
rium is attained more rapidly than the rearrange­
ment occurs.

If hydrogen chloride played an essential part 
in the rearrangement, the reaction eould not be a 
spontaneous, monomolecular one as reported by 
Meerwein and van Emster.3 Since these authors 
had not considered higher orders of reaction, we

(1) M ost of this material was included in a paper presented at 
the Organic Symposium; at Richmond, Va., on December 30, 1937.

(2) Bartlett and Pöckel, T h is  J o urn al , 59, 820 (1937).
(3J Meerwein and van Emster, Ber., 55®;, 2500 (1922).

recalculated their data in terms of first, second and 
three-halves order equations and found that in 
six of the nine solvents studied the data were best 
fitted by the formulation of the second order with 
respect to camphene hydrochloride, while in the 
remaining three solvents the three-halves order 
formulation was best. This left it quite uncer­
tain in what manner hydrogen chloride entered 
into the rearrangement process.

We have now carried out a number of kinetic 
experiments designed to provide clear evidence 
of the order of the reaction. Nitrobenzene was 
chosen as a solvent because it allows the rearrange­
ment to proceed at the most convenient rate for 
measurement. The results show clearly that the 
rearrangement involves one molecule of camphene 
hydrochloride and one of hydrogen chloride, and 
they provide a complete explanation for the ap­
parent variation of the order of the reaction with 
change of solvent under the conditions of meas­
urement used by Meerwein and van Emster and, 
initially, by ourselves. The dissociation equi­
librium
Camphene hydrochloride < > Camphene +  HC1 (1) 

lies, in the case of most of our solutions, more than 
94% to the left. With pure camphene hydro­
chloride, the hydrogen chloride concentration in 
the solution will be proportional to the square root 
of the camphene hydrochloride concentration, 
and hence the rate of reaction is proportional to 
the 3/ 2 power of the camphene hydrochloride 
concentration. However, when a large excess of 
camphene is present, the amount of hydrogen 
chloride at equilibrium is diminished and its 
concentration becomes proportional to that of 
the camphene hydrochloride. The reaction under 
these conditions is slowed down and becomes ap­
parently bimoleeular with respect to camphene 
hydrochloride. The explanation of the fact that 
the rearrangement seems to be sometimes second 
and sometimes 3/ 2 order is that it is almost im­
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possible to prepare camphene hydrochloride free 
from camphene. If the amount of camphene 
present in a particular sample is small enough, the 
reaction will approximate the 3/ 2 order, but it 
easily may be great enough to make the second 
order a better approximation.

Fig. 1.—Rate of rearrangement of camphene hydro­
chloride to isobornyl chloride in nitrobenzene solution 
at 20° in the piesence of excess free camphene: O ,  

l /X ;  ©, -1 0  log X.

There are several quantitative tests, described 
in full below, which show that this description of 
the kinetics of the rearrangement is correct. 
First, with our purest samples of camphene hy­
drochloride, we were able to duplicate Meerwein’s 
kinetic data which fit the equation of the 3/ 2 
order. Second, by the addition of excess cam­
phene the reaction is made strictly bimolecular 
(Fig. 1). Third, such additions of camphene 
diminish the rate of the reaction to the extent pre­
dicted from the assumption that there is no spon­
taneous rearrangement not involving hydrogen 
chloride (Fig. 2). Fourth, the velocity constant 
for the reaction between camphene hydrochloride 
and hydrogen chloride is the same for the rapid 
reaction in which excess hydrogen chloride is 
present as for the slow reaction with excess cam­
phene. Fifth, a general equation, derived on the 
assumption here set forth, fits the kinetic data 
under these conditions and in those intermediate 
cases where neither of the limiting formulations 
holds.

The supposed spontaneous rearrangement of 
camphene hydrochloride is therefore a process 
catalyzed by hydrogen chloride. Nevertheless, 
the balance of the evidence does not seem to be in 
favor of the donor hypothesis which led us to 
undertake this investigation. The free chloride

ion, which should be the best possible donor, is 
without effect on the rate of the rearrangement in 
acetone solution, as shown by kinetic runs with 
and without lithium chloride. Although all the 
catalysts for the rearrangement reported as such 
by Meerwein and van Emster contain chlorine 
and hence are potential donors of chloride ions, 
we find that o-cresol is not only a good solvent 
for the rearrangement, as reported by these 
authors, but a specific catalyst when dissolved 
in nitrobenzene. Its catalytic efficiency is about 
one-third that of hydrogen chloride, and it takes 
the place of hydrogen chloride kinetically. No 
cresol is consumed in this reaction. Since lithium 
chloride, which can be a donor, is not a catalyst, 
and cresol, a good catalyst, cannot be a donor, 
this way of explaining the Walden inversion at­
tending the rearrangement is untenable.

Fig. 2.—Plot of A against l/m : A is free camphene 
added; m is bimolecular rate constant.

Nevertheless, from the occurrence of the Walden 
inversion in the rearrangement, it seems clear to 
us that either the carbonium ion has spatial prop­
erties quite different from those that have been 
currently attributed to it, or else the mechanism 
of Meerwein requires important modification. 
We are continuing our work and hope to be able 
to choose between these alternatives. Further 
discussion of the mechanism is therefore post­
poned to a later paper.

The fact that hydrogen chloride is necessary 
to the otherwise uncatalyzed rearrangement ex­
plains the anomalous position of ether among the 
solvents of Meerwein and van Emster. Ether, 
though not possessing the lowest dielectric con­
stant of the series of solvents which these authors 
studied, was unique for the slowness with which
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the rearrangement proceeded in it. A glance at 
their list of solvents shows that ether is the only 
one with definitely basic properties. Hydrogen 
chloride in this solvent must exist largely as 
diethyloxonium chloride, in which form it is in­
capable of assisting the removal of chloride ion 
from the camphene hydrochloride molecule. In 
harmony with this conclusion, we have found 
that acetone, which also possesses a basic oxygen 
atom, also allows the rearrangement to proceed 
much more slowly than corresponds to its position 
in the dielectric constant series. Meerwein and 
van Emster3 (p. 2511) correlated the effect of 
ether with its basicity, although the connection 
could not be clear when the rearrangement was 
regarded as largely uncatalyzed.

Derivation of the Kinetic Equations
Wynne-Jones has shown4'th a t hydrogen chlo­

ride behaves as a normal, undissociated and un­
associated solute in nitrobenzene. Let x, y, and 
2 denote the concentrations of camphene hydro­
chloride, hydrogen chloride, and isobornyl chlo­
ride, respectively. During any run there is a con­
stant difference between the concentrations of 
hydrogen chloride and camphene, and the latter 
accordingly can be designated by y +  c. By the 
conditions of equilibrium 1

K  = y(y +  c)
X

so that

y = V  ** + 1 - 1

(2)

The general rate equation is
dz 
dt

dx
dt

d y 
dt kx (V I j I)

For the purpose of integration we make the sub­
stitution

V  =

Then
2vdv k (  „ c* \ (  c \

- d’ - T  = i ( s 
The integrated form is

ln 7=7/2 + { 1 + 7  j  7=772 = kt + Constant
(3)

This integral is a linear function of time for all our 
runs, whether c be large or small, positive or nega­
tive. The use of this equation requires a knowl­
edge of the values of c and K. When c is small 
its value is uncertain by reason of the great dif-

(4) Wynne-Jones, J . Chem . Soc., 1064 (1930).

ficulty of obtaining samples of camphene hydro­
chloride which contain an excess of neither cam­
phene nor hydrogen chloride. We have not found 
any titration method for camphene suitable in the 
presence of camphene hydrochloride, and hence 
to obtain the best estimate of K  we have made use 
of the following considerations.

When c is large compared to y, we may replace 
(y +  c) in Equation (2) with c. This leads to the 
expression

y — K x/c
whence, if K  is small enough so that x is much 
greater than y

dz
d/

dx , K
di = k 7 X 2

and
1 ^-  = —  t +  Constant x c (4)

The reaction under these conditions is therefore 
of the second order with respect to camphene 
hydrochloride, and the second order rate constant 
is equal to kK/c.

We now make up a series of runs by adding 
different known amounts A of camphene to por­
tions of a stock solution of a single sample of 
camphene hydrochloride containing an unknown 
excess c0 of camphene. In these runs 

c = Co T  A
Denoting the observed bimolecular rate constants 
for these runs by m, we get the relationship 

m =  kK/(c* +  A) 
which can be transformed to

A =  (kK /m) -  co (5)
According to this, if the known values of A be 
plotted as ordinates against the observed 1 /m  
values as abscissas, the plot should be a straight 
line of slope kK  and of intercept — c0 on the axis 
of ordinates. Figure 2 shows this plot for a series 
of runs made on the stock solution without added 
camphene and with three known concentrations 
of camphene added. The bimolecular formula­
tion is not valid for the run without added cam­
phene, since the value of c in this case is not high 
enough to make the assumptions valid. This 
point has nevertheless been put on the graph for 
comparison. It can be seen that the three points 
for which Equation (4) is valid fall on a good 
straight line and allow an extrapolation to be 
made which gives a value of 0.0253 for c0 and of 
3.72 X 10“3 for kK. Knowing the true values 
of c for all the runs, we can now calculate a value 
of K  for each point of the kinetic run where we
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have values of both x and y. Among all the de­
termined quantities, y is the least certain, since 
hydrogen chloride has a great tendency to escape 
during the sealing and opening of the ampoules. 
However, the average values of K  for the several 
runs are in good agreement, and we take the gen­
eral average of 1.8 X 10 “ 3 as the most probable 
value. This K  is used wherever Equation (3) has 
been applied. The use of Equation (3) on the run 
of the present series to which no camphene was 
added yields a k of 2.45 in as good agreement 
with the value 2.07 determined from the slope of 
the line in Fig. 2 as the uncertainty of K  would 
lead us to expect.

When c becomes zero, Equation (2) becomes 
K  — y2/x

and the kinetic equations are

and

d z _  _  dx 
dt dt

V K  dx 
2 V# dt = k V K  Xs/*

2
VKx + 2x = kt +  Constant (6)

In the concentration range actually used, only 
the first term of the integral is of importance, and 
the reaction should therefore be of the 3/ 2 order. 
In only a few of our runs, and of Meerwein’s, was 
the camphene hydrochloride pure enough to ap­
proach this behavior; for even the small amount 
of camphene present in the run of Fig. 1 causes 
the run to be more nearly second than 3/ 2 order.

In the presence of a large excess of hydrogen 
chloride, y is practically equal to — c, and only 
then will the reaction be kinetically of the first 
order with respect to camphene hydrochloride.

Equation (3) can be shown, by the usual meth­
ods of evaluating limits, to approach these special 
cases under appropriate conditions.

Materials and Experimental Procedure
The nitrobenzene used as solvent was purified by dis­

tillation through a nine-foot (2.75-meter) column. Jt 
boiled at 98° a t 19 mm. and melted at 5.3°.

The camphene was prepared by the methods of Ullmann 
and Schmid5 and Bertram and Walbaum.6 All samples of 
camphene melted above 49°.

Camphene hydrochloride was prepared at first by the 
method of Meerwein and van Emster. This method of 
preparation involves keeping for some time in a vacuum 
desiccator over alkali, which in our experience always re­
sults in a preparation containing excess camphene. Our 
samples of the hydrochloride most free from camphene 
were obtained by keeping the product, after drying, in an 
atmosphere of hydrogen chloride for one hour. This

(5) Ullmann and Schmid, Ber., 43, 3206 (1910).
(6) Bertram and Walbaum, J . prakt. Chem., 49, 8 (1894).

resulted in preparations containing as much as 20% of iso­
bornyl chloride. Run 3.5, which shows 3/ 2 order kinetics, 
was carried out with a sample prepared in this manner. 
In the run with acetone as a solvent, it was found necessary 
to allow the samples to stand with sodium methoxide for 
two hours instead of one, to ensure complete decomposi­
tion of the camphene hydrochloride.

The technique of Meerwein and van Emster was used 
in the kinetic runs, except for the substitution of methyl 
red for iodoeosin as indicator. For comparison with the 
results of Meerwein, the temperature of 20° was chosen 
and used throughout. The temperature was controlled 
by a thermostat within less than 0.1 ° .

Most of the runs were carried beyond 70% completion, 
to make possible a clear differentiation between orders of 
reaction.

Kinetic Results
Our conditions were so chosen that the order of 

reaction in most cases can be seen clearly from a 
plot of the function of concentration of camphene 
hydrochloride which should vary linearly with 
time. Figure 1 shows such a plot for one of the 
runs with excess camphene. In this case the re­
action should be second order if hydrogen chloride 
is essentially involved in it, and first order if it is a 
spontaneous reaction of the camphene hydrochlo­
ride. The figure shows that it is second order.

The problem of calculating the rate constant 
from a given run is essentially that of finding the 
slope of the best straight line through the experi­
mental points. One can determine this quan­
tity by the method of least squares, but for runs 
with relatively few points there is no better way 
than plotting the points and drawing the line by 
inspection, determining its slope graphically. 
This is the method which we have employed. It 
has the further advantage of providing a visible 
check for each run that the kinetic formulation 
employed is that which actually gives a straight 
line without trend.

The most stringent test of the correctness of 
our formulation of the reaction is provided by 
the comparison, in Table I, of the values of the 
rate constant, referred to camphene hydrochlo­
ride and hydrogen chloride concentrations, ob­
tained from runs with excess camphene, excess 
hydrogen chloride, and the purest available 
camphene hydrochloride, using in each case the 
suitable equation for the interpretation of the 
data.

In spite of the benefit which we have gained 
from the publication in full of the original data of 
Meerwein and van Emster, we are reporting here 
only sample data for each type of run, in ac-
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T a b l e  I
V e l o c it y  C o n s t a n t s  i n  N it r o b e n z e n e  a t  20°, C a l c u ­
l a t e d  f o r  R e a c t io n  b e t w e e n  C a m p h e n e  H y d r o c h l o ­

r id e  a n d  H y d r o g e n  C h l o r id e

Run
Initial

X
Excess

camphene
Excess

HC1

k
(tnoles/1.,

hrs.)

Equa­
tion

used
3.9 0.432 — 0.0438 2.69 -

M .396 Small — _ 2.28 6
3.5 .189 Small ----- 2.19 6
3.6 .144 0.548 — 2.50 4
3.8 .480 . 109 — 2.07 3
4.2 .550 .033 (cal.) — 2.00 3
4.5 .577 .055 (cal) — 2.01 3
5.3 .472 .0253 — 2.45 3
5.5 .489 .0479 — - 2.10 4
5.6 .514 .0856 ---- 2.08 4
5.7 .525 . 1642 — 2.07 4

Run M is the one by Meerwein and van Emster.

cordance with the usual policy of This Journal. 
The variation in the determined concentrations 
of hydrogen. chloride is due not to any lack of 
sharpness of the titration method, but to the ease 
with which hydrogen chloride escapes from solution 
during the sealing and opening of the ampoules.

Table II
Rate of Conversion of Camphene Hydrochloride 
into Isobornyl Chloride in N itrobenzene Solution 
at 20° in the Presence of 0.0479 Mole/L iter Excess 

Camphene (See Fig. 1)
Sample run: Experiment 5.5. A = 0.0226 Mole/Liter

Time,
hours

Cc. 0.1 N  
methylate 
consumed 

by the 
free HC1

Cc. 0.1 N  
methylate 

consumed by 
the camphene 
hydrochloride

X
camphene

hydro­
chloride

moles/liter

Y
free HC1 

moles/liter

2.33 — 24.21 0.489 —
9.47 0.56 19.90 .402 0.0119

19.28 .47 15.30 .309 .0095
29.17 .41 12.64 .255 .0083
49.78 .29 8.60 .174 .0059
67.88 .27 6.97 .141 .0055
82.90 .23 5.80 .117 .0046

Table III
Rate of Conversion of Camphene Hydrochloride into 
Isobornyl Chloride in  N itrobenzene Solution at 20° 

in the Presence of Excess Hydrogen Chloride
Experiment 3.9

Time,
hours

Cc. 0.1 N  
m ethylate 
consumed 

by the 
free HC1

Cc. 0.1 N  
methylate 

consumed by  
the camphene 
hydrochloride

Camphene
hydrochloride

moles/liter
Free HC1 

m oles/liter

0.5 2.35 21.34 0.4324 0.0476
1.0 2.83 20.02 .4057 .0574
3.0 2.48 16.07 .3256 .0503
5.5 2.34 10.65 .2158 .0474
7.0 2.11 9.57 .1939 .0428
8.5 2.19 7.79 .1579 .0444

10.5 1.75 6.73 .1364 .0355
12.5 1.63 5.62 .1139 .0330
15.0 1.77 4.45 .0902 .0359

Average .0438

T a b l e  IV
Rate of Conversion of Camphene Hydrochloride into 
Isobornyl Chloride in  N itrobenzene Solution at 20°

in the Presence of a Small Excess of Camphene 
Experiment 5.3. Excess camphene 0.0253 mole/liter

Time,
hours

Cc. 0.1 N
methylate 
consumed 

by the 
free HC1

Cc. 0.1 N  
methylate 
consumed 

by the 
camphene 

hydro­
chloride

Camphene
hydro­

chloride
moles/liter

Free HC1 
moles/liter

Value of 
left-hand 
member of 

Eq, 3

2.05 — 23.38 0.472 — 85.5
9.18 0.70 17.50 .353 0.0141 102.2

19.00 .53 12.95 .261 .0107 124.1
28.92 .47 9.66 .195 .0095 149.9
49.5 .39 6.33 .128 .0079 199.3
67.67 .35 4.61 .093 .0071 249.2
82.67 .31 3.96 ,080 .0063 278.8
93.83 .23 3.70 .075 ,0047 294.0

T a b l e  V
Rate of Rearrangement of our Purest Sample of 
Camphene Hydrochloride into Isobornyl Chloride in 

N itrobenzene Solution at 20°
(The low value of K& indicates a small excess of camphene.)

Time,
hours

Cc. 0.1 N
methylate 
consumed 

by the 
free HC1

Cc. 0.1 N  
methylate 
consumed 

by the 
camphene 

hydro­
chloride

Free
HC1

Y
moles/liter

Camphene
HC1

X
moles/liter

Ke X 103r y x
0.5 0.78 9.38 0.0158 0.1893 1.3
7.0 .79 8.69 .0159 .1755 1.4

26 .63 5.63 .0128 .1136 1.4
48 .45 3.77 .0091 .0760 1.1
77.5 .49 2.53 .0098 .0511 1.9

Average 1.4
In all experiments the samples analyzed were 4.954 cc. 
each.

For a test of the effect of chloride ion on the 
rate of the rearrangement we were obliged to go to 
acetone as a solvent, since this solvent dissolves 
lithium chloride in amount sufficient for the test. 
Figure 3 shows the rates of reaction with and 
without 0.02 M  lithium chloride. Although 
these runs are plotted according to Equation (4), 
the reaction appears to be of higher order than 
this. This may be due to the fact that over the 
long period of duration of the run, acetone is con­
densing with itself under the influence of the hy­
drogen chloride, and the nature of the solvent is 
thus undergoing change. There is also the pos­
sibility, which we have not investigated, that the 
equilibrium between isobornyl chloride and cam­
phene hydrochloride may be more in favor of the 
latter in this solvent, so that the reaction cannot 
so well be treated as irreversible. The coinci­
dence of the two curves in this case is good evi­
dence that lithium chloride has no appreciable 
catalytic influence upon the reaction.
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Fig. 3.—Rate of rearrangement of camphene hydro­
chloride into isobornyl chloride in acetone solution at 
20° both in the presence of 0.02 mole/liter of LiCl and 
without the presence of LiCl: X  — concn. camphene 
hydrochloride in moles/liter: CD, lithium chloride pres­
ent; O, lithium chloride not present,

For investigating the catalytic effect of d-cresol 
on the rearrangement, we chose to use an excess 
of camphene, in order that the hydrogen chloride- 
catalyzed reaction might be repressed to a mini­
mum. Under these conditions the reaction in 
the absence of cresol would be strictly second 
order with respect to camphene hydrochloride, 
in accordance with Equation (4). The reaction 
actually observed in the presence of o-cresol is 
faster than this, and is first order over 70% 
of the total reaction, as shown in Fig. 4.
From the known values of the rate constants 
we calculate that the reaction due to hydro­
gen chloride is less than 5% of the total 
reaction observed under these conditions.
The order of the reaction shows (1) that hy­
drogen chloride is not involved in the cresol- 
catalyzed rearrangement, and (2) that cresol 
is not consumed and is thus a true catalyst.
The velocity constant for reaction between 
camphene hydrochloride and cresol is 0.88. 
Cresol is thus about one-third as effective a 
catalyst for the reaction as hydrogen chloride.

A similar experiment using acetic acid in­
stead of cresol showed that this compound 
too has a feeble catalytic activity in the 
W agner-Meerwein rearrangement. The 
velocity constant here is 0.063. This con­
stant, however, is not directly comparable to that 
for cresol, since acetic acid in nitrobenzene solu­
tion exists in the form of double molecules7 in

(7) Waentig and Pescheck, Z. physik. Chem., 93, 541 (1919).

which the acid hydrogen is probably bound up 
in the formation of a chelate ring. The small 
catalytic activity observed may be that of the 
small fraction present as monomeric acetic acid. 
This uncertainty does not apply to the case of 
cresol.

Summary

1. The rearrangement of pure camphene hy­
drochloride into isobornyl chloride in solution 
requires the participation of hydrogen chloride. 
Since this hydrogen chloride is in equilibrium with 
camphene and camphene hydrochloride, the 
reaction rate varies with the camphene hydro­
chloride concentration in a manner which depends 
upon whether hydrogen chloride, or camphene, or 
neither, is present in excess.

2. A number of kinetic experiments under 
these various conditions support the quantitative 
implications of the essentially catalytic nature of 
the reaction.

3. The chloride ion is not a catalyst for the 
reaction. o-Cresol is a strong, catalyst and acetic 
acid is a weak one.

4. The importance of hydrogen chloride in 
the reaction explains the slowness of the reac­

Time in hours.
Fig. 4.—The rate of rearrangement of camphene hydro­

chloride to isobornyl chloride in nitrobenzene solution at 
20° in the presence of 0.300 mole/liter of excess camphene 
and 0.311 mole/liter of ö-cresol: O, — log X ; ®, 1/X .

tion in the basic solvents, ether and acetone.
5. Further work is being done on the mech­

anism of the rearrangement.
Cambridge, M ass. R eceived April 11, 1938
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Amino Alcohols Derived from Carbazole1

By Leone Ruberg and Lyndon Small

In previous reports from this Laboratory the 
synthesis of numerous derivatives of the phenan- 
threne and dibenzofuran series has been de­
scribed.2 Many of these compounds bear a super­
ficial resemblance to morphine in containing a 
portion of the morphine nucleus, to which is 
attached one or more of the peripheral groups 
that appear to be important for the analgesic 
action and other physiological effects of mor­
phine. Those derivatives carrying an amino 
group and an alcoholic hydroxyl group, attached 
directly to the nucleus or in a side chain, have 
proved to be particularly active.3 Diethylamino- 
methyl-3-phenanthrylcarbinol, for example, pro­
duces in the cat marked analgesia and a physio­
logical picture very like that of morphine.4

Certain substitution products derived from di­
benzofuran show analgesic action even stronger 
than the analogous derivatives of phenanthrene,3b 
and, as a working hypothesis, the assumption 
seems justified that various carbocyclic or hetero­
cyclic nuclei, in themselves indifferent, may be 
activated by, or serve to carry, groups conferring 
the desired type of physiological effect.

We were therefore led to extend our investiga­
tions to the simple amino and amino-9-methyl- 
carbazoles, which were found to possess definite 
and prolonged analgesic action, combined with 
relatively low toxicity.5 Systematic studies on a 
series of alkylamino and alkyldiamino carbazoles 
will be presented in a later paper. The present 
communication deals with the preparation of 
carbazole amino alcohols resembling the phen- 
anthrene amino alcohols that have been found 
to possess the most desirable physiological 
action.

The two types of amino alcohols that have been 
synthesized are represented by formulas I and
II.

(1) The work reported in this paper is part of a unification of
effort by a number of agencies having responsibility for the solution 
of the problem of drug addiction. The organizations taking part 
are: The Rockefeller Foundation, the National Research Council,
the U. S. Public Health Service, the U. S. Bureau of Narcotics, the 
University of Virginia, and the University of Michigan.

(2) Mosettig, Burger, van de Kamp and co-workers, T h is  Jour­
n a l , 1930-1938.

(3) (a) Eddy, J . Pharmacol., 55, 419 (1935); (b) 58, 159 (1936).
(4) Eddy, ibid., (Proc.), 54, 140 (1935).
(5) Eddy, ibid., 60, 105 (1937).

H
-C--CH2—c h 2—NR*
O
H

c h 3
I

v _ X—OH
CH*—N(CH,),

CHS
II

In formula I, —NR2 represents the dimethyl- 
amino, diethylamino, or tetrahydroisoquinolino 
group. These compounds were prepared by ap­
plication of the Mannich reaction to 2-acetyl-9- 
methylcarbazole, using the modification of van 
de Kamp and Mosettig,6 i . e., by treatment of the 
ketone with paraformaldehyde and the hydro­
chlorides of the respective secondary amines. 
The amino ketones were then reduced catalyti- 
cally to the corresponding amino alcohols. The 
compound of formula II was prepared by analo­
gous reactions, starting with l-keto-9-methyl-
1,2,3,4-tetrahydrocarbazole.

Whereas 2 - (3 - dimethylamino -1 - hydroxy - n- 
propyl)-9-methylcarbazole (I, R = CH3) yielded 
a well crystallized hydrochloride, for reasons 
which are not obvious the diethylamino and 
tetrahydroisoquinolino analogs were decomposed 
by alcoholic hydrogen chloride. The cyclic al­
cohol II apparently suffered loss of water in the 
presence of alcoholic hydrogen chloride to yield 
a compound that we believe to be 2 -dimethyl- 
aminomethyl-9-methyl-3,4-dihydrocarbazole hy­
drochloride. The tendency of similar amino 
alcohols in the tetrahydrophenanthrene series to 
split out water has been pointed out by Burger 
and Mosettig.7

The experimental work in this series will be 
extended to the resolution of the diethylamino 
alcohol of type I, and to the preparation of simi­
lar compounds in the benzocarbazole series.

The most active of the substances here de­
scribed is 2- (3-diethylamino- 1 -hydroxy-w-propyl) -
9-methylcarbazole (I, R = C2H5). This ap­
proaches codeine in analgesic action, but has a

(6) Van de Kamp and M osettig, T h is  Jo urnal , 58, 1568 (1936).
(7) Burger and M osettig, ibid., 58, 1570 (1936).
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disadvantageous convulsant effect. In experi­
ments on mice, it may be remarked that some of 
the animals showed the Straub reaction (erection 
of the tail in S form) that is so typical of morphine 
derivatives.

Experimental
Amino Ketones.—The method of Plant and Williams8 

for the preparation of 2-acetyl-9-methylcarbazole proved 
to be so laborious for making the ketone on a large scale 
that the following procedure was used. A suspension of 
2,9-diacetylcarbazole (once recrystallized) in acetone, 
mechanically stirred, was treated dropwise with dimethyl 
sulfate and excess concentrated potassium hydroxide solu­
tion. Hydrolysis and methylation took place in a single 
step, and the product was easily purified by recrystalliza­
tion from dilute acetic acid (70% by volume). The yield 
averaged 77% of the calculated amount. The amino 
ketones were all prepared in the same general way, by 
treating under reflux for fifteen or twenty minutes a mix­
ture of 2-acetyl-9-methylcarbazole or l-keto-9-methyl- 
1,2,3,4-tetrahydrocarbazole (1 mole), the amine hydro­
chloride (1.2 moles), and paraformaldehyde (2.5 moles) in 
isoamyl alcohol. The quantity of ketone was usually 10 
to 15 g., in 100 to 150 cc. of isoamyl alcohol. In some ex­
periments the amino ketone hydrochloride precipitated 
from the reaction mixture when it was cooled, or diluted 
with ether. In these instances the precipitate was filtered 
out and washed with ether or acetone. In other reactions, 
dilution with ether caused the hydrochloride to separate 
as an oil, which was then extracted into water. The free 
bases were obtained by treating the aqueous solution of 
the hydrochloride with dilute ammonia, and filtering or 
extracting with ether, according to the consistency of the 
precipitate.

2-(3-Dimethylamino-l-oxopropyl)-9-methylcarbazole.—
The yield of pure ketone obtained was 18% of the calcu­
lated amount. A large amount of starting material was 
recovered, but was very difficult to purify. The amino 
ketone crystallized from ethyl acetate in transparent, 
colorless plates of m. p. 111.5-413.5°.

Anal. Calcd. for Ci8H2oON2: N, 10.00. Found: N,
10.00.

The hydrochloride precipitated as fine silky needles, m. 
p, 191.5-193°, when alcoholic hydrogen chloride was added 
to a solution of the base in absolute alcohol.

Anal Calcd. for C18H2iON2C1: C, 68.22; H, 6.68. 
Found: C, 68.17; H, 6.61.

2-(3-Diethylamino-l-oxopropyl) - 9 - methylcarbazole.—
The yield of purified amino ketone was from 20 to 25% of 
the calculated amount; it is rather unstable. It crystal­
lized from ligroin (b. p. 70-90°) in creamy-white irregular 
crystals that sintered at 69° and melted at 70.5-72.5°.

Anal Calcd. for C20H24ON2: C, 77.87; H, 7.85. 
Found: C, 77.72, 77.49; H, 7.41,7.93.

The hydrochloride crystallized from absolute alcohol in 
glistening leaflets that softened a t about 160° and melted 
at 163.5-166°.

Anal Calcd. for C20H25ON2C1: Cl, 10.29. Found: 
Cl, 10.11.

2-(3-Tetrahydroisoquinolino-l-oxopropyl)-9-methylcar- 
bazole.—The hydrochloride of this amino ketone precipi­
tated after the reaction mixture had been boiled for two 
to three minutes, and heating was then discontinued. The 
salt was only slightly soluble in water, and was converted 
to the base by trituration with dilute ammonia. The base 
crystallized from ethyl acetate in glistening leaflets of m, p, 
123-125°; yield 37% of the theoretical amount.

Anal Calcd. for C25H24ON2: C, 81.48; H, 6.56. 
Found: C, 81.62; H, 6.77.

The hydrochloride crystallized from absolute alcohol- 
acetone mixture in short colorless rods that sintered at 209° 
and melted at 211-213°.

Anal Calcd. for C26H250N2C1: Cl, 8.76. Found: Cl, 
8.89.

2-Dime thylaminomethyl-1 -keto-9 -methyl-1,2,3,4-tetra- 
hydrocarbazole.—The starting material for this synthesis 
was obtained by methylation of l-keto-l,2,3,4-tetrahydro- 
carbazole according to the method of Smith and Tucker;9 
yield nearly quantitative. l-Keto-9~methyl-l,2,3,4-tetra- 
hydrocarbazole crystallized from methanol in long color­
less prisms, m. p. 101.5-103.5°.

A nal Calcd. for C13H13ON: C, 78.35; H, 6.58. 
Found: C. 78.16; H, 6.21.

By the Mannich reaction with dimethylamine hydro­
chloride the above ketone was transformed in 10-15% 
yields to (crude) 2-dimethylaminomethyl-l-keto-9-methyl- 
1,2,3,4-tetrahydrocarbazole. This compound crystallized 
from petroleum ether in almost colorless transparent 
plates that sintered at 72.5° and melted a t 74-75°.

A nal Calcd. for C16H2oON2: C, 74.95; H, 7.87. 
Found: C, 74.90; H, 8.12.

The hydrochloride of the amino ketone crystallized 
from a mixture of absolute alcohol and acetone in short, 
colorless rods, which sintered a t about 180°, and melted 
with decomposition at about 190°. Both the base and the 
hydrochloride were unstable and became colored after a 
few weeks.

Anal Calcd. for Ci6H2iON2C1: C, 65.61; H, 7.23; N, 
9.58. Found: C, 65.74; H, 7.44; N, 9.47.

Amino Alcohols.—The hydrochlorides of the amino 
ketones were hydrogenated in solution in 60% alcohol, 
using platinum oxide catalyst. I t was found to be essen­
tial for the success of the hydrogenation that the salts be of 
a high degree of purity. In most instances reduction 
stopped after slightly more than one mole of hydrogen had 
been absorbed.

2-( 3-Dime thylamino-1 -hy droxy- n -propyl) - 9 -methylcar­
bazole.—The reduction of 5.3 g. of the amino ketone in 
the presence of 0.25 g. of platinum oxide required about 
three hours. The catalyst was removed, and the solvent 
was distilled off under diminished pressure, leaving a resi­
due which was taken up in water, treated with ammonia, 
and extracted with ether. The residue from distillation 
of the ether crystallized from ligroin (b. p. 90-120°) in 
colorless rosets, of m. p. 96.5-99°; yield of purified amino 
alcohol, 80% of the calculated amount.

(9) Smith and Tucker, ibid ., 123, 2140 (1923).(8) Plant and Williams, / .  Chem . Soc., 1142 (1984),
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Anal. Calcd. for Ci8H22ON2: C, 76.55; H, 7.86. 
Found: C, 76.37; H, 7.71.

The hydrochloride was prepared in absolute alcohol with 
alcoholic hydrogen chloride; it crystallized as fine colorless 
needles of m. p. 195-196.2°. I t  is very soluble in water.

Anal. Calcd. for Ci8H23ON2C1: Cl, 11.13. Found: 
Cl, 11.24.

The ^-nitrobenzoate hydrochloride was prepared by 
combining equivalent amounts of the amino alcohol and 
^-nitrobenzoyl chloride in dry benzene. The yellow 
amorphous compound was washed with absolute ether 
and was recrystallized from a mixture of absolute alcohol 
and ether. I t  formed short yellow rods that softened at 
164° and melted at 165-166.5°.

Anal. Calcd. for C25H26O4N3CI: N, 8.99; Cl, 7.58. 
Found: N, 8.93; Cl, 7.24.

2-( 3-Diethylamino-1 -hydroxy-n-propyl) - 9 -me thylcarba- 
zole.—Reduction of the diethylamino ketone (11 g.) with 
platinum oxide (0.55 g.) proceeded like that of the di- 
methylamino derivative, and the product was isolated in 
the same way. The amino alcohol was purified by frac­
tional crystallization from petroleum ether, from which it 
separated as soft, glistening irregular crystals that sintered 
at 73° and melted at 75.2-76°; yield 80% of the calculated 
amount.

Anal. Calcd. for C20H26ON2: C, 77.36; H, 8.45. 
Found: C, 77.14; H, 8.47.

It is particularly important in this reduction that the 
amino ketone salt be pure. In one reduction, apparently 
with less pure material, absorption of hydrogen proceeded 
slowly and a precipitate formed. This was warmed into 
solution, the catalyst removed, and the solution was per­
mitted to crystallize. Long yellow needles were deposited, 
which were purified from alcohol and melted at 133-135°. 
The new compound was not basic, and formed an oxime, 
colorless prisms from alcohol, m. p. 172-173°; its nature 
has not been determined. From the mother liquors, the 
amino alcohol could be obtained, but was very difficult to 
purify.

The amino alcohol did not form a crystalline hydro­
chloride, but was extensively decomposed by alcoholic 
hydrogen chloride.

The picrate crystallized from alcohol in golden-yellow 
needles of m. p. 136-138.5°.

Anal. Calcd. for CaeH^OsN*: C, 57.86; H, 5.42. 
Found: C, 57.98; H, 5.63.

The ^-nitrobenzoate hydrochloride crystallized from a 
mixture of absolute alcohol and ether in short yellow rods, 
which sintered at 177° and melted at 179-180.5°.

Anal. Calcd. for C27H3o0 4N3C1: C, 65.36; H, 6.10; N, 
8.48. Found: C, 65.57; H, 6.03; N, 8.25.

2-(3-Tetrahydroisoquinolino - 1 - hydroxy- n - propyl)-9- 
methylcarbazole.—After reduction of the amino ketone 
hydrochloride, the reaction mixture was warmed with 
additional solvent until the separated material redissolved, 
and the catalyst was removed. A small amount of amino 
alcohol base crystallized from the cooled solution. The 
solution was concentrated under diminished pressure and

made alkaline with ammonia. The yield of crude product 
(m. p. 148-152°) was 90% of the calculated amount. I t 
crystallized from alcohol in long colorless prisms of m. p. 
151.5-153°. Repeated recrystallization and sublimation 
did not effect further purification. The following analyses 
were made on different samples.

Anal. Calcd. for C25H26ON2: C, 81.03; H, 7.08. 
Found: C, 81.23, 81.52, 81.64, 81.43, 81.37, 81.73; H, 
6.64, 7.29, 7.22, 7.03, 6.96, 7.07.

The amino alcohol was insoluble in dilute hydrochloric 
acid, and was decomposed by alcoholic hydrogen chloride.

The styphnate crystallized from alcohol in small orange 
clusters that sintered above 135° and melted with decom­
position at 171-175°.

Anal. Calcd. for C3iH2909N5: C, 60.46; H, 4.75. 
Found: C, 60.21; H, 4.75.

The ^-nitrobenzoate hydrochloride crystallized from 
absolute alcohol in small yellow prisms that sintered at 
153° and melted at 159.5-161 °.

Anal. Calcd. for C32H3o0 4N3C1: C, 69.10; H, 5.44. 
Found: C, 69.13; H, 5.73.

2 - Dimethylaminomethyl-l-hydroxy-9-methyl - 1,2,3,4 - 
tetrahydrocarbazole.—After reduction of the amino ketone 
hydrochloride and removal of the catalyst and solvent as 
described above, the residue was dissolved in water, and 
the solution was extracted with ether. The base was 
liberated from the aqueous layer with ammonia, and ex­
tracted into ether. The product was recrystallized suc­
cessively from dilute alcohol and from ethyl acetate 
petroleum ether mixture (1:15), and consisted of colorless 
six-sided plates of m. p. 123.5-125°. The yield of pure 
amino alcohol was 46% of the calculated amount.

A nal Calcd. for C16H22ON2: C, 74.36; H, 8.59; N, 
10.85. Found: C, 74.36, 74.50; H, 8.38, 8.63; N, 10.89.

Attempts to prepare the hydrochloride of this amino 
alcohol resulted in the formation of a hydrochloride which 
analysis showed to lack the elements of water from the ex­
pected formula. The compound, tentatively designated 
as 2-dimethylaminomethyl-9-methyl-3,4-dihydrocarbazole 
hydrochloride, crystallized from absolute alcohol on addi­
tion of ether as colorless irregular crystals that sintered at 
about 180° and melted with decomposition at 192-194°. 
I t was somewhat unstable, and showed a lower melting 
point after a few weeks.

Anal. Calcd. for C16H230N 2C1: C, 65.16; H, 7.87; N, 
9.51. Calcd. for Ci6H2iN2Cl: C, 69.41; H, 7.65; N, 
10.13. Found: C, 69.71; H, 7.67; N, 10.21.

Summary

The preparation of amino alcohols derived from 
9-methylcarbazole and from l-keto-9-methyltetra- 
hydrocarbazole is described. Several of these 
amino alcohols show marked analgesic action, 
the most effective being 2-(3-diethylamino-l- 
hydroxy-^-propyl)-9-methylcarbazole.
University, Virginia R eceived May 19, 1938
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A Synthesis of 3-Benzoyl-2“phenylcyclopentanone
By Reynold C. Fuson, Robert Johnson and Wayne Cole

Vol. 60

3-Benzoyl-2-phenylcyclopentanone (III) has 
been obtained by rearrangement of l-phenyl-5- 
benzoylcyclopeiitene oxide (I) ,1 and by the action 
of hot phosphoric acid on 2-phenyl-3-cyano-6- 
benzoyl-5,6-dihydro-l ,4-pyran (II) .2
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VII

The structure of the cyclopentanone (III) could 
hardly be deduced from the manner in which it 
originates, for the transformations which lead 
to its formation might be expected to yield a 
variety of products. It was necessary, therefore, 
to establish the structure of III in some other 
way. The first attempt consisted in oxidizing 
the cyclopentanone to the open-chain dibasic 
acid, /3-benzoyl-a'-phenylglutaric acid (IV). This 
compound was isolated in the two forms required 
by theory,3 but since these had not been syn­
thesized hitherto the proof of structure was in­
conclusive.

We have now established the structure of the 
cyclopentanone (III) by a synthesis based on the 
principle of vinylogy.4 From this principle it 
was to be expected that 1 -benzoylcyclopentene
(V) like 1-benzoylcyclohexene and similar a,(3- 
unsaturated ketones would have active hydrogen 
atoms in the y-position,5 and may condense with 
aldehydes.

This expectation was realized. 1-Benzoyl- 
cyclopentene reacted with ^-chlorobenzaldehyde 
to give the normal ^-chlorobenzal derivative
(VI) . The next*step in the synthesis was the 
addition of phenylmagnesium bromide to the 
benzal derivative. It was foreseen that 1,2-, 1,4- 
and 1 ,6-addition are possible, but because of the

(1) Fuson and Farlow, T h is  J o urn al , 56, 1593 (1934).
(2) Fuson, Kuykendall and Wilhelm, ibid., 53, 4187 (1931).
(3) Babcock and Fuson, ibid., 58, 2325 (1936).
(4) Fuson, Chem. Rev., 16, 1 (1935).
(5) Christ and Fuson, T h is  Journal, 59, 893 (1937).

phenyl groups in positions 1 and 6 the addition 
was expected to be primarily of the 1,4-type. 
This proved to be the case. l-Benzoyl-2-phenyl- 
3-(^-chlorobenzal) -cyclopentane (VII) was ob­
tained in two forms which were evidently stereo­
isomers since they yielded the same ozonization 
products. These were ^-chlorobenzaldehyde and 
the desired cyclopentanone (III). The latter 
proved to be identical with the compound de­
rived from the oxide (I) and the cyanopyran (II).

Experimental
l-Benzoylcyclopentene (V).—This material was pre­

pared by the Friedel-Crafts reaction. Forty-four grams 
of aluminum chloride was added slowly to a mixture of 
20 g. of cyclopentene, 43 g. of benzoyl chloride and 180 g. 
of carbon disulfide, which was kept at —5° during the 
addition. Decomposition with ice gave a crude addition 
product which, after three hours of heating with 28 g. of di- 
ethylaniline at 180°, yielded 16 g. (32% of the theoretical) 
of 1-benzoylcyclopentene, boiling a t 119-122° (3 mm.); 
w20d 1.5668.

Anal. Calcd. for Ci2Hi20 : C, 83.72; H, 7.00. Found: 
C, 83.41; H. 7.15.

l-Benzoyl-3-(£-chlorobenzal)-cyclopentene (VI).—A
sodium methylate solution prepared from 2.5 g. of sodium 
and 25 cc. of methanol was added to a methanol solution 
of 10 g. of benzoylcyclopentene and 14 g. of ^-ehlorobenz- 
aldehyde. After standing at room temperature for twelve 
hours, the solution was acidified with glacial acetic acid 
and cooled; the product separated as crystals. These 
were recrystallized from methanol; the yield of the con­
densation product, melting a t 118°, was 8.2 g. (48% of the 
theoretical).

Anal. Calcd. for Ci9H i6OC1: C, 77.43; H, 5.09; Cl, 
12.05. Found: C, 77.26; H, 4.92; Cl, 12.30.
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1 - Benzoyl - 2 - phenyl-3 - ( p - chlorobenzal) cyclopentane 
(VII).—A Grignard reagent containing 0.0046 mole of 
phenylmagnesium bromide was added to a solution of 1 g. 
of 1-benzoyl-3-(^-chlorobenzal)-cyclopentene in anhydrous 
ether. The mixture was refluxed for one hour, then hy­
drolyzed by shaking with 5% hydrochloric acid. The 
product was recrystallized from ethanol, yielding 1 g. 
(79% of the theoretical) of the addition compound, melting 
at 171° (corr.). Larger runs were made with equivalent 
yields.

Anal. Calcd. for C25H21OCI: C, 80.56; H, 5.64; Cl, 
9.52. Found: C, 80.76; H, 5.74; Cl, 9.53.

A solution of 0.7 g. of the addition product in 400 cc. of 
ethanol was refluxed with excess hydroxylamine. Con­
centration of the solution gave a small quantity of an 
oxime, melting at 115-120°.

Anal. Calcd. for C26H220 NC1: N, 3.62. Found: N, 
3.69.

A solution of 1 g. of the addition compound (m. p. 171°) 
in 20 cc. of methanol was refluxed with 0.25 cc. of 10% 
sodium hydroxide solution for twenty minutes. An iso­
mer melting at 178° (corr.) crystallized when the solution 
was cooled.

Anal. Calcd. for C25H2iOCl: C, 80.56, H, 5.64. 
Found: C, 80.55; H, 5.91.

This isomerization seemed to be hastened by the pres­
ence of a small quantity of p-chlorobenzaldehyde, for in 
the presence of this aldehyde the compound underwent re­
arrangement in ten minutes. A mixture of these two 
isomers melted at 158-161 °.

Ozonization of l “Benzoyl-2~phenyl-3-(/>-chlorobenzal)- 
cyclopentane.—One-half gram of the addition product 
(either form) was suspended and partly dissolved in 200 cc. 
of glacial acetic acid. This suspension was treated with 
ozone for four hours at 10°; during this time the material 
dissolved completely. The ozonide was decomposed with 
a mixture of 100 cc. of water, 3 g. of zinc dust and 1 cc. of 
5% silver nitrate solution. This mixture was then filtered 
to remove zinc, steam distilled to remove the aldehyde and 
most of the acetic acid, and neutralized with sodium bi­
carbonate. Concentration of the ether extract of neutral 
material yielded crystals of 3-benzoyl-2-phenylcyclo- 
pentanone (III) which, after recrystallization from

methanol and from ethyl acetate-petroleum ether, melted 
at 158°. A mixture of this material with a sample (m. p. 
159°) prepared by Babcock and Fuson3 also melted at 158°.

When the lower-melting isomer of 1-benzoyl-2-phenyl-3- 
(^-chlorobenzal)-cyclopentane was used in the ozonization, 
the yield of 3-benzoyl-2-phenylcyclopentanone was 0.08 g. 
(22% of the theoretical amount); when the higher-melting 
isomer was used, the yield was 0.2 g. (56% of the theo­
retical amount).

Oxidation of the crude aldehyde with hydrogen peroxide 
gave 0.1 g. of ^-chlorobenzoic acid, melting at 239-240°. 
This acid was also precipitated by acidification of the 
sodium bicarbonate washings.

3-Benzoyl-2-phenylcyclopentanone formed an oxime 
which after recrystallization from ethyl alcohol melted at 
222-224°.

Anal. Calcd. for Ci8Hi70 2N: C, 77.4; H, 6.1; N, 5.02. 
Found: C, 77.1; H, 6.2; N, 5.08.

3-Benzoyl-2-phenyl-5-(£-chlorobenzal) -cyclopentanone. 
—A solution of 0.2 g. of 3-benzoyl-2-phenylcyclopentanone 
and 0.2 g. of ^-chlorobenzaldehyde in 7 cc. of methanol 
containing one drop of 10% sodium hydroxide solution was 
refluxed for eight minutes. When the solution was cooled, 
crystals of 3-benzoyl-2-phenyl-5-(£-chlorobenzal)-cyclo- 
pentanone separated. These melted at 207° and gave no 
depression in melting point when mixed with the com­
pound prepared by the method of Babcock and Fuson.3

Summary
1-Benzoylcyclopentene has an active methylene 

group, in accordance with the prediction based on 
the principle of vinylogy, and condenses with 
^-chlorobenzaldehyde.

This condensation product gives 1,4-addition 
of phenylmagnesium bromide as shown by ozoni­
zation of the addition compound to give ^-chloro- 
benzaldehyde and 3-benzoyl-2-phenylcyclopen- 
tanone.

This synthesis of the cyclopentanone consti­
tutes a proof of structure.
U r b a n a , I l l in o is  R e c e iv e d  M a y  2, 1938
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Fermentation of Cellulose and Cellulose Humic Acid and Lignin and Lignin Humic
Acid

By E. Berl and W. Koerber

Those scientists who believe that lignin is the 
parent material of bituminous coal, as well as of 
lignites, base their belief on the assumption that 
cellulose, and other carbohydrates which form the 
bulk of plants, are decomposed by bacteria much 
more quickly and more completely than lignin. 
This assumption has found friends and opponents. 
Olson and Peterson1 found that very small 
amounts of lignin (1 %) inhibit the fermentation 
of pulp by cellulose fermenting bacteria. One of 
us has expressed the opinion that lignin and its 
derivatives are not the exclusive parent material 
for bituminous coals. It has been shown that 
under conditions which may have existed geo- 
chemically (high temperature and pressure) and 
with pH values above 7, bituminous coals could 
be obtained by artificial incoalification of carbo­
hydrates. Those artificial carbohydrate coals 
show exactly the same properties as natural bi­
tuminous coals. This result never could be ob­
tained with lignin and its derivatives, like lignin 
humic acid.

During the first stage of their conversion, with 
the pH above 7, cellulose and other carbohydrates 
form partly saccharinic acids which, upon fur­
ther incoalification (with the formation of carbon 
dioxide, water, and lower hydrocarbons), give 
carbohydrate (cellulose) humic acids.

Until now all those alkali-soluble materials 
present in peat and lignites resulting from the 
decomposition of plants have been considered as 
lignin humic acids, and not as mixtures of cellu­
lose humic acids and lignin humic acids. As yet 
no method of determining the amount of cellulose 
humic acids in these mixed acids has been found. 
We know that cellulose humic acids, in their 
chemical composition and in their behavior 
toward further incoalification, are fundamentally 
different from lignin humic acids. Furthermore, 
as may be shown in another publication, their heat 
stability is completely different from the heat 
stability of carbohydrates and of lignin, and lig­
nin humic acids.

It was of great interest to find out how certain 
anaerobic and aerobic bacteria which decompose

(1) Olson and Peterson, Ind . Eng. Chem., 29, 9, 1026 (1937).

cellulose2,3 would behave toward cellulose (car­
bohydrate) humic acid, lignin humic acid, and 
lignin. These experiments, which are described 
below, have been carried out and show a remark­
able result. Anaerobic and aerobic bacteria 
which decompose cellulose do not attack cel­
lulose humic acids, lignin, and lignin humic acids 
at all. They do not attack natural humic acids 
isolated from peat.

It has been shown that rather little cellulose, 
as such, may be present in peat and lignites and 
that under certain conditions the carbohydrate 
content of peat and lignites decreases with age. 
This does not lead to the conclusion that cellulose 
and lower carbohydrates are completely con­
verted into gases and water-soluble compounds. 
They are very likely transformed into carbohy­
drate humic acids which resist the action of bac­
teria because of their phenolic structure. That 
cellulose humic acids may be present in those 
alkali-soluble materials obtained from peat can 
be seen by the fact that the peat humic acid 
used in our experiments contains only a few per 
cent, of methoxyl compared with 10 .6% of 
methoxyl found in the lignin humic acid pro­
duced under very drastic conditions at 250° in 
a rotating closed vessel. A certain amount of 
methoxyl may be split off by the action of bac­
teria (see Waksman2 3 4).

Experimental Part
Cellulose, cellulose humic acid, lignin humic acid, and 

humic acid from peat were used for the fermentation ex­
periments. The preparation of these materials was carried 
out in the following way.

(a) Cellulose was used in the form of wadding.
(b) Cellulose Humic Acids.—Linters were heated at 

250° for ten hours with iV/sodium hydroxide in a revolving 
bomb. The product was filtered and the dark brown 
filtrate obtained was acidified with hydrochloric acid, the 
precipitated humic acids filtered and dried. The finely 
pulverized material was washed with water until the chlo­
ride reaction disappeared and then dried over calcium 
chloride. The dark brown humic acids were dissolved in 
acetone, the solvents evaporated, and the residue dried in

(2) W. Omeliansky, Zentr. Bakt., II, 36, 472 (1913); II, 12, 
33 (1904); II, 11, 369 (1904); II, 8, 193 (1902).

(3) Van Tieghem, Bull. soc. hotan. France, 1, 24, 128 (1877).
(4) S. A. Waksman and H. W. Smith, T h is  J o u r n a l , 56, 1225 

(1934).
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T a b l e  I
A e r o b ic  F e r m e n t a t io n  o f  C e l l u l o s e , pH 7.4, F iv e  D a y s , 55°

flask
Cell.

G./2Ö0 cc.

Fermented, 
cellulose 
Cell. dec.

G. %

Total acid
% of cell. 

G. dec.

Volatile acid 
Calcd. as acetic

% of cell. 
G. dec.

Non-vol. acid
% of cell. 

G. dec.

Alcohol 
% of cell. 

G. dec.

Gas 
% of 
cell.
dec. Culture

30 2.92 2.00 67.4 1.11 55.8 0.97 48.3 0.14 7 .5 0.050 2 .5 9.1 A
31 2.80 2.24 80.1 1.46 65.3 1.26 56.2 .22 9.1 .067 3 .0 11.8 A
32 3.10 2.19 70.6 1.30 59.1 1.11 50.6 .18 8 .5 .044 2 .0 9 .5 C
33 3.00 2.34 78.2 1.45 61.8 1.32 56.5 .12 5.3 .051 2 .2 14.2 c
34 2.98 1.81 60.7 0.82 45.2 0.73 40.2 .09 5 .0 .029 1.6 13.9 F
Av. 2.96 2.12 71.4 1.23 57.4 1.08 50.3 .15 7.1 .048 2 .2 11.8

Table II
Aerobic Fermentation of Cellulose pH 6.0, Five D a y s , 55 o

Flask
Cell.

g./200 cc.

Fermented 
cellulose 
Cell. dec. 

G. %

Total acid
% of cell. 

G. dec.

Volatile acid 
Calcd. as acetic

% of cell. 
G. dec.

Non-vol. acid
% of cell. 

G. dec.

Alcohol
% of cell. 

G. dec.

Gas 
% of 
cell.
dec. Culture

35 2.83 0.62 22.0 0.12 19.8 0.12 19.8 None None 2.2 A
36 3.10 .56 18.1 .08 15.2 .08 15.2 None None 2.9 A
37 3.00 .71 23.8 .14 20.3 .14 20.3 None None 3.5 C
38 2.95 .74 25.2 .17 23.4 .17 23.4 None None 1.8 C
39 2.98 .50 16.9 .06 12.7 .06 12.7 None None 4.2 F
Av. 2.97 .63 20.9 .11 18.1 .11 18.1 None None 2.8

vacuo over phosphorus pentoxide: C, 68.2; H, 6.1; O, 
25.7; CHA 0.

(c) Lignin.—Lignin was prepared from sawdust 
according to the hydrochloric acid method of Willstatter. 
The product obtained was refluxed with 5% sulfuric acid 
for five hours, filtered, and washed. A treatment with 
copper ammonium hydroxide at room temperature for 
twenty-four hours was added. The residue was thor­
oughly washed with hot acidified water and dried over 
phosphorus pentoxide: C, 62.4; H, 5.8; O, 27.8; CH30, 
14.6.

(d) Lignin Humic Acids.—The lignin as described 
under c was treated with N  sodium hydroxide at 250° for 
three hours in a revolving bomb. The further preparation 
was carried out as described under b: C, 63.8; H, 6.7; O, 
29.5; CH30, 10.5.

(e) Humic Acids from Peat.—Peat from Wisconsin 
was finely pulverized and extracted with N  sodium 
hydroxide on a shaking machine for twenty-four hours. 
The alkali-soluble part was separated by filtration, acidi­
fied, and the humic acids isolated as described under b : 
C, 63.4; H, 4.8; O, 31.8; CH30, 1.9.

Isolation of Aerobic Cellulose Fermenting Bacteria.— 
A cellulose fermenting bacillus was isolated from horse- 
dung according to the method described by Snieszko.5 Con­
trol experiments were carried out with cellulose in salt 
media of pH 7.4 and 6.

Conical flasks of 300 cc. were each charged with 200 cc. 
of a salt medium containing 0.1% K N 03, 0.1% MgS04, 
0.1% K2HPO4, 0.5% peptone, exactly 2 g. of calcium 
carbonate and 3 g. of cellulose (latter dried over phosphorus 
pentoxide), pH  7.4. After sterilization the flasks were 
inoculated with the above-mentioned cellulose fermenting 
culture and incubated for five days a t 55°. After this 
time the flasks were removed from the incubator and each 
of them titrated with N  hydrochloric acid. From the 
titrated calcium carbonate the total acid formed was 
calculated. More acid was added and the contents of the

flasks filtered and washed. The residue was unattacked 
cellulose; 25 cc. of 80% H3P 0 4 was added to the filtrate, 
which was then steam distilled. The distillate was ti­
trated with N  sodium hydroxide (volatile acids expressed 
as acetic acid). In order to determine the alcohol, the 
neutral distillate was ether-extracted three times, the 
ether evaporated, and the extract refluxed with acetyl 
chloride for two hours. After neutralization the solution 
was ether-extracted again, hydrolyzed with 10 ml. of 0.5 N  
sodium hydroxide, and back-titrated with 0.5 A hydro­
chloric acid (Tables I, II).

Aerobic Fermentation Experiments on Cellulose Humic 
Acids, Lignin, Lignin Humic Acids, and Humic Acids 
from Peat.—The above materials were exposed to the 
action of the cellulose-fermenting bacteria under the same 
conditions as were used in the control experiments on 
cellulose. None of these products could be fermented by 
those cultures which were active on cellulose. Even 
after four weeks no fermentation could be obtained with 
pH 7.4 and 6.

Isolation of Anaerobic Cellulose Fermenting Bacteria.—
Amylobacter navicula was isolated from human feces under 
anaerobic conditions as described by Clausen.6 Control 
experiments were performed with cellulose in a salt med­
ium with pH 7.4 and 6.

Tubes were each charged with 150 ml. of a salt medium 
containing 0.1% (NH^vSCb, 0.1% M gHP04, 0.05% NaCl, 
and 1 g. of calcium carbonate; 1.5 g. of cellulose (dried over 
phosphorus pentoxide) accurately weighed, was added, pH 
7.4. After sterilization the tubes were inoculated with an 
active cellulose fermenting culture of amylobacter navicula 
and incubated at 37° for five days under anaerobic condi­
tions. After this time the tubes were removed from the 
incubator, their contents filtered, the residue washed and 
dried over calcium chloride in vacuo. The only fermenta­
tion products being gases, no other determinations were 
carried out than the weighing of the undecomposed celln - 
lose.

(5) S. vSnieszko, Zenlr. Baht., H, 88, S., 403 (1933). (6) P. Clausen, ibid., II, 84, A., 20-60 (1931).
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Table III
Anaerobic Fermentation of Cellulose, pR 7.4, F ive 

Days, 37°

Expt.

Cellulose 
in medium 
g./150 cc.

Fermented 
g./150 cc.

% cellulose 
decomposed

1 1.52 0.95 62.5
2 1.40 .96 68.5
3 1.55 1.01 65.3
4 1.45 1.01 70.0
5 1.43 0.92 64.5

Av. 1.47 .97 66.1

Anaerobic

Table IV
Fermentation of Cellulose, pR 6, Five

Expt.

Cellulose 
in medium 
g./150 cc.

Days, 37°
Fermented 
g./150 cc.

% cellulose 
decomposed

6 1.50 0.21 14.1
7 1.48 .28 19.0
8 1.47 .24 16.3
9 1.49 .27 18.1

10 1.46 .22 15.2
Av. 1.48 .24 16.5

Anaerobic Fermentation Experiments on Cellulose 
Humic Acids, Lignin, Lignin Humic Acids, and Humic 
Acids from Peat.—The above materials were exposed to 
the action of the anaerobic cellulose-fermenting bacteria 
under the same conditions as were used in the control ex­
periments on cellulose. None of these products could be 
fermented by those cultures which were active on cellu­
lose. Even after four weeks no fermentation could be 
obtained with pR 7.4 and 6.

We thank Professor Harold L. Lang for his 
kind support of this investigation.

Summary
1 . (a) A cellulose fermenting bacillus isolated

from horse-dung showed in agreement with Sines-

zko a decomposition of approximately 70% of the 
cellulose used. Fermentation products are vola­
tile acids, non-volatile acids, and alcohol in medium 
of pH 7.4. (b) The fermentation in medium of
pH 6 by the same bacteria showed a decomposi­
tion of about 20% of the original cellulose.

2. Fermentation experiments carried out with 
the same culture on cellulose humic acids, lignin, 
lignin humic acids, and humic acids from peat 
showed that none of those products can be fer­
mented, neither in medium of pH 7.4 or pH 6, 
even after four weeks of incubation.

3. (a) The anaerobic cellulose fermenting 
amylobacter navicula isolated from human feces 
as described by Clausen showed a fermentation 
of 63% of cellulose in salt medium of pH 7.4 under 
anaerobic conditions, (b) The same culture in 
medium of pH 6 fermented cellulose in an amount 
of approximately 15%.

4. Fermentation experiments carried out with 
the same culture on cellulose humic acids, lignin, 
lignin humic acids, and humic acids from peat 
showed that none of those products can be fer­
mented, neither in medium of pH 7.4, nor pH 6, 
even after four weeks of incubation.

These experiments prove that derivatives of 
carbohydrates, like cellulose humic acids, which 
are formed from carbohydrates of plants are 
resistant toward the action of bacteria used in 
these experiments. These cellulose humic acids 
probably form bituminous coals and crude oil 
without further activity of bacteria.
P it t s b u r g h , P e n n a . R e c e iv e d  M a r c h  16, 1938

[C o n t r ib u t io n  f r o m  G a t e s  a n d  C r e l l in  L a b o r a t o r ie s  o f  C h e m is t r y , C a l if o r n ia  I n s t it u t e  o f  T e c h n o l o g y ,
No. 649]

The Crystal Structure of Diketopiperazine

B y R o b er t  B. C orey

Introduction
For many years 2,5-diketopiperazine, “glycine

/ CH2—NHv
a n h y d r id e ,”  OCC )>CO, h a s  b een  of con-

siderable interest to those concerned with the con­
stitution of proteins. Substituted diketopipera- 
zines have been shown to be present among the 
products of protein hydrolysis1 and much experi-

(1) E. Abderhalden and W. Stix, Z. physiol. Chem., 132, 238 
(1924).

mental evidence has suggested that these com­
pounds might play a major role in the elucidation 
of the structure of protein molecules.2 Although 
this importance of diketopiperazine as a basic unit 
in protein chemistry is not now generally conceded, 
its relation to the amino acids and dipeptides 
renders a determination of its structure of funda­
mental value to further knowledge of these com­
pounds. The present investigation was therefore

(2) E. Klarmann, Chem. Rev., 4, 51 (1927).
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undertaken as a part of a program of research on 
the structure of proteins now being carried on in 
this Laboratory.

Bernal, in an extensive survey,3 tabulated the 
results of a preliminary study of fifteen amino 
acids and related compounds, including diketo­
piperazine, by means of X-rays. Diketopipera­
zine is there described as having a monoclinic 
unit with a0 = 5.19 A., bo = 11.5 A., e0 = 3.96 A., 
f$ — 83°, containing two molecules. The space 
group is Ĉ h — P2 i/a. Cleavage is along (010) 
and (101). The crystals possess negative bire­
fringence with a nearly perpendicular to (10 1), 
indicating approximately flat molecules lying in 
or near this plane. From these data he inferred 
that “diketopiperazine is built from centro-sym- 
metrical, almost flat, hexagonal molecules linked 
together in ribbons by their residual electrical 
forces.” No attempt was made, however, to 
determine from X-ray intensity data the positions 
of the atoms in this compound or in any other of 
the compounds studied.

Experimental
The crystals used in this study were prepared 

by G. A. Albrecht. They consisted of mono­
clinic prisms, varying in shape from thin needles, 
elongated in the direction of the c-axis, to tiny 
tabular specimens, less than a half-millimeter in 
greatest dimension.

Goniometrie measurements of the crystals, 
oscillation and rotation photographs and Weissen- 
berg photographs taken about the 5- and c-axes, 
using Cu-K radiation, showed diketopiperazine 
to be built upon a monoclinic unit cell having the 
dimensions do = 5.192 A., bo — 11.50ö A., and Co = 
3.964 A. The angle p is 83 =*= 1 °. The general 
absence of all (hOl) reflections having h odd and 
of odd orders of (0&0) established the space 
group as CHh — P2i/a. These observations thus 
confirmed the unit cell and space group previously 
assigned by Bernal.

Data from {hk0) Reflections.—The relative 
intensities of {hk0) reflections were obtained from 
a series of equatorial Weissenberg photographs 
made with exposure times varying from one hour 
to thirty-six hours. The specimen used was a 
needle-shaped crystal about 1 mm. long and less 
than 0.1 min. in diameter. It gave sharp, well- 
defined spots, the intensities of which readily could 
be estimated by superposition of the films. The 
data thus obtained are listed in Table I.

(3) J. D. Bernal, Z. Krist., 78, 363 (1931).

The presence of two molecules in the unit cell 
requires the placing of four atoms each of O, C, 
methylene C, and N in the four general positions 
xyz, xyz; l/ 2 — x, y +  l/ 2, z; and x +  l/ 2, l/t  — y, 
z. This results in a grouping of the atoms in 
pairs about two centers of symmetry which are 
connected by the operation of the glide-plane 
at y = V4 with glide parallel to the a-axis. For 
convenience, the atoms were arranged about the 
center of symmetry at {l/ 2 V2 lA) and its equiva­
lent (00 V2), each of which thus became the center 
of symmetry of a molecule.

As a first tentative model, the bonds between 
C, CH2, and NH were assumed to form tetra­
hedral angles with each other to give a “puckered” 
ring similar to that found for such saturated, six- 
membered ring structures as benzene hexabromide 
and hexachloride,4 dioxane,5 cyclohexane,6 and 
paraldehyde.7 The C -0 bond was oriented so as 
to be coplanar with the adjacent C-C and C-N 
bonds and to form equal angles with them. The 
interatomic distances within the molecule were 
assumed to be C-O, 1.25 A., C-N, 1.47 A., and 
C-C, 1.54 A. Packing radii for determining 
contacts between atoms, or groups, in different 
molecules were taken as O, 1.35 A., C, 0.77 A., 
CH2, 1.86-2.00 A., and NH, 1.5-1.8 A. Space­
filling considerations alone soon made it apparent 
that CH2 and NH groups could not lie far from 
the (101) plane, and investigations were thus 
limited to rotations near this plane about the 
center of symmetry.

In all calculations the scattering power of oxy­
gen was assumed to be that determined in single 
crystals of urea.8 For carbon and nitrogen the 
values used were those found in urea and hexa­
methylenetetramine.9

Although some regions were found in which 
approximate packing was attained, no agreement 
could be reached between observed and calculated 
intensities for even the simplest planes. Planes 
(200), (110), (020), (040), (210), and (120) were 
most useful since, if the contribution of oxygen 
were disregarded, the values for their scattering 
powers were practically unaffected by the angular 
position of the C-N-C ring. By their use it 
could be shown that no parameters whatsoever

(4) R. G. Dickinson and C . Bilicke, T h is  J ournal , 50, 764 (1928).
(5) L. E. Sutton and L. O. Brockway, ibid., 57, 473 (1935).
(6) L. Pauling and L. O. Brockway, ibid., 59, 1223 (1937).
(?) D. C. Carpenter and L. O. Brockway, ibid., 58, 1270 (1936).
(8) R. W. G. Wyckoff, Z . K rist., 81, 102 (1932).
(9) (a) R. W. G. Wyckoff, ibid., 75, 529 (1930); (b) R. W. G. 

Wyckoff and R. B. Corey, ibid., 89, 462 (1934).
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could be assigned to the oxygen atom which would 
bring agreement between observed and calculated 
intensities. This model therefore had to be 
abandoned.

A completely coplanar molecule was next as­
sumed, with interatomic distances the same as in 
the preceding one except that the distance between 
the keto carbon and the nitrogen atom was short­
ened to 1.32 A. The bond angles were taken to 
be C-N-C, 110°; N-C-CH2, 125°; C-CH2-N, 
125° and N-C-O, 117°. This molecule was 
rotated about the center of symmetry with all 
atoms in the (101) plane. Excellent agreement 
for all sixty (hk0) reflections was obtained when a 
line joining the oxygen atoms made an angle of 
35° with the XZ-plane, corresponding to the 
parameters.

O : x = 0.15, y =  0.37
C : * =  0.32, y =  0.43
CH2 : x =  0.545, y = 0.37
NH  : * =  0.29, y = 0.545

Inspection of the structure factors showed that 
no change was to be expected in the signs (except 
in the case of “absent” reflections) without major 
alterations in atomic positions. A two-dimen­
sional Fourier analysis of the distribution of 
scattering power in the crystal unit projected on 
the (001) plane was made according to the equa­
tion

p ( x , y )  =  constant 2 ^  F ( U o) cos 2 i r ( h x  +  k y )

using the observed F’s for all planes with signs 
obtained from the structure factors as listed in 
Table I. The plot of p(x,y) over half of the unit
cell is sh o w n  in F ig . 1. T h e  p o sitio n s  of th e
p eak s  as sh o w n  b y  c o n to u r  lines in d ic a te  sm a ll 
b u t  d e fin ite  c h an g es  in  th e  p o s itio n s  o f a ll a to m s
ex cep t c a rb o n , 
th e n  b eco m e

T h e  c o rre sp o n d in g  p a ra m e te rs

O : x =  0.160, y = 0.368
C : x =  0.320, y = 0.430
c h 2 x = 0.545, y = 0.380
NH : x =  0.280, y = 0.544.

In Table I structure factors calculated from these 
parameters are compared with those obtained 
from the estimated intensities.

T a b l e  I

I n t e n s it ie s  a n d  S t r u c t u r e  F act o r s  f o r  (hk0) R e ­
f l e c t io n s

Intensities Obsd. CaJed.
Indices Obsd. Corr. F F
020 4200 7250 31.5 33.8
110 700 753 1 1 .2 15.9
120 665 713 11.9 19.9

130 0 0 0 5.4
040 2800 3890 33.9 - 3 4 .4
200 1120 1260 20.7 - 2 5 .7
210 560 593 14.4 - 1 8 .1
140 182 185 8 .0 -  9 .0
220 560 593 15.0 -1 8 .6
230 175 178 8 .8 - 1 2 .0
150 26 26 3 .4 -  4.9
240 63 63 5.6 -  5 .4
060 70 70 5.9 -  6 .5
160 525 554 17.5 - 2 1 .0
250 280 288 13.0 13.9
310 0 0 0 0.7
320 30 30 4.3 .8
330 280 288 14.2 - 1 3 .5
170 26 26 4 .2 -  6.5
260 7 7 2 .2 1.8
340 28 28 4 .5 5.4
080 28 28 4 .6 5.9
270 21 21 4.1 4.2
180 56 56 6.7 -  4 .9
350 54 54 6.6 -  6.7
400 0 0 0 0.3
360 91 92 9.1 7.9
410 0 0 0 2.6
280 70 70 8 .0 8.9
420 23 23 4 .6 4.7
190 0 0 0 -  0.7
430 0 0 0 1.1
370 210 214 14.2 14.0
440 26 26 5.0 5.7
0, 10, 0 91 92 9.5 -  9 .0
290 161 164 12.7 - 1 0 .6
450 0 0 0 -  1.6
1, 10, 0 0 0 0 -  0 .6
380 28 28 5.3 5.1
2, 10, 0 53 53 7.3 7 .5
460 0 0 0 -  1.2
1, 11, 0 0 0 0 1.2
390 77 78 8.7 8 .0
510 35 35 5.8 5.0
520 98 99 9.7 - 1 1 .3
470 26 26 5.0 2.9
530 26 26 5.0 4 .2
540 14 14 3.5 1.4
2, 11, 0 53 53 6.8 4.9
480 0 0 0 -  3 .4
0, 12, 0 98 99 9.3 - 1 0 .1
3, 10, 0 0 0 0 0.8
550 0 0 0 .2
1, 12, 0 28 28 5.0 3 .8
490 56 56 6.5 5.9
560 7 7 2.3 4 .3
2, 12, 0 0 0 0 2.9
3, 11, 0 19 19 3.6 -  3 .9
570 56 56 6.0 -  3 .6
600 21 21 3.5 4 .7

Bata from (hOl) Reflections.—Considerable 
difficulty was experienced in obtaining a crystal 
which would yield good photographs when ro­
tated about the b-axis. Although most of the
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thin, needle-like crystals were comparatively per­
fect and gave excellent reflections* their elonga­
tion in the c-direction made them of little value 
for the collection of data about [010]. Attempts 
were made to mount such specimens rigidly on the 
b-axis and then reduce them to cylindrical form 
by dissolving away the end portions, but the 
excessive softness and fragility of the crystals 
rendered such efforts fruitless. It was therefore 
necessary to select tiny tabular specimens having 
dimensions as nearly equal in all directions as 
possible. Such crystals were generally very im­
perfect as the result of twinning and internal 
strains and distortion. Two specimens were 
finally selected which gave good equatorial re­
flections with the Weissenberg camera, the first 
about 0.7 mm. and the second less than 0.3 mm. 
in greatest dimension. Even with these samples, 
the slight differences in shape of reflections from 
planes of widely different position made thè es­
timation of relative intensities less exact than in 
the case of (hk0) reflections. Added to this Was 
the fact that the scattering powers of most planes 
were structurally weak, so that long exposures, 
in one case seventy-two hours, were necessary. 
The estimated intensities and scattering powers 
calculated from them for all (hOl) planes capable 
of reflection are listed in Table II.

As a start in determining the ^-parameters, the 
molecule was still assumed to be completely 
coplanar with all atoms lying in the (10 1) plane 
and having the x-parameters already accurately 
determined from (hk0) reflection data. Struc­
ture factors calculated from these parameters

O : x = 0.160, y =  0.84
C : x -  0.320, y = 0.68
CH2 : x -  0.545, y -  0.455
NH : x = 0.280, y = 0.72

showed general agreement with observed values 
although some planes, notably (002), (401), 
(203), and (204), indicated the necessity for fur­
ther refinement. Since simultaneous displace­
ment of all atoms was probable, recourse was had 
to a second Fourier analysis, using only those 
planes whose signs were considered certain. Val­
ues of the function

p ( x ,z )  — constant F(hoi) cos 2 tt(Hoc +  Iz)

were plotted along lines of constant x corre­
sponding to this parameter for each atom. Defi­
nite changes in all ^-parameters were indicated 
from which structure factors were calculated, 
to determine the signs of planes previously in

Fig. 1.—Distribution of scattering power, p(x, y), for 
diketopiperazine projected upon the (001) face. Contour 
lines represent values of p(x, y) from 2 to 11.

doubt. All planes were then introduced into thé 
Fourier summation and the positions of the re­
sulting peaks used to complete the determination

T a b l e  I I

I n t e n s it ie s  a n d  S t r u c t u r e  F a c t o r s  f o r  (hOl) R e ­
f l e c t io n s

-Intensities-----------* Obsd. F

Indices
Cryst. 1 

Obsd. Corr.
Cryst. 2 

Obsd. Corr.
Cryst.

1
Cryst.

2
Calcd.

F

001 290 339 425 546 8 .4 10.6 -1 1 .3
200 670 1032 500 676 18.7 15.1 - 2 5 .7
201 260 299 170 186 10.9 8 .6 - 1 2 .2
201 125 133 160 175 7 .8 9 .0 -  5 .8
002 30 30 54 55 3 .8 5 .2 -  8 .2
202 1000 2075 960 1917 35.6 34.2 36.4
202 4 4 5 5 1.7 1.9 -  1.8
003 8 8 8 8 2.6 2.6 -  0.1
400 4 4 5 5 1.8 2.1 .3
401 0 0 0 0 0 0 -  4.3
203 0 0 0 0 0 0 1.1
401 125 133 150 163 11.3 12.5 - 1 0 .5
402 60 60 80 83 7.6 9 .0 -1 2 .1
203 250 287 320 384 16.8 19.5 -1 5 .3
402 60 60 70 73 7 .6 8 .4 6.7
004 10 10 10 10 3 .0 3.1 -  1.2
403 10 10 20 20 3 .0 4 .3 -  3 .8
204 0 0 0 0 0 0 1.3
204 12 12 19 19 2 .8 3 .5 3.3
403 120 129 80 83 8 .7 7 .0 9 .3
601 1 1 5 5 0 .7 1.7 -  0 .5
600 17 17 25 25 3 .2 3 .8 4.6
404 6 6 10 10 1.6 2 .2 6.0
602 0 0 0 0 0 0 1.Ï
601 125 133 85 89 7 .4 6.0 6.7
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of the atomic arrangement. The final parameters 
were found to be

O :x  = 0.160, y «  0.368, z = 0.885
C : s  = 0.320, y = 0.430, z = 0.705
CH2 : x *= 0.545, y = 0.380, z = 0.495
NH : x = 0.280, y ** 0.544, z = 0.695

A comparison of the observed scattering powers 
of all (hOl) planes with those calculated for these 
positions is shown in Table II. Although careful 
study of both the Fourier plot and structure fac­
tor calculations failed to give justification for 
any departures from these parameters, certain 
discrepancies in the agreement between observed 
and calculated values are to be noted. Most 
conspicuous is (404), for which the calculated 
scattering is about equal to that of (601) but 
which gave faint reflections on all films. The 
reason for this is doubtless to be found in the fact 
that this plane is practically parallel with the 
plane of the molecule, a position for which thermal 
agitation would have greatest effect in reducing 
the atomic scattering factors with increased sin
0. Thus it is seen that for planes (201), (002), 
(401), and (402) the intensity observed is less 
than that calculated, whereas the reverse is true 
for planes (20l), (401), and (203). The positions 
of these planes relative to the plane of the mole­
cule are shown in Fig. 2. It is seen that those

Z

Fig. 2.—The relative positions of some planes (having 
positive and negative values of l) with respect to the plane 
of the molecule.

Discussion of the Structure 
The positions of the atoms in an elementary 

unit cell and in three adjacent cells are shown ill 
Fig. 3a. The molecule of diketopiperazine is 
found to be a nearly plane hexagon inclined at 
about 5.5° to (101). Interatomic distances within 
the molecule are C-O, 1.25 A.; C-N, 1.33 A.; 
C-C, 1.47 A.; and N-CH2, 1.41 A., all accurate 
to about =*= 0.03 A.

Fig. 3a.—Arrangement of diketopiperazine molecules in 
the unit cell. Numerals show the ^-parameters of the 
atoms. Letters refer to subsequent packing drawing.

Fig. 3b.—A packing drawing of 
diketopiperazine viewed along the 
b-axis showing four molecules in the 
same layer a t the centers of adjacent 
unit cells and one in the layer imme­
diately above.

The molecule may be expected to resonate 
among the structures

having positive index l are more nearly parallel 
to the molecular plane than are those of negative 
index. Discrepancies in these cases are thus 
doubtless to be attributed in part to the pre­
dictable effect of orientation upon atomic scat­
tering factors in crystals of this and similar 
structure.

O:
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The bond distances for C-0 and C-N should then 
have the values characteristic of resonance of this 
type, which are about 1,25 and 1.33 A., respec­
tively, as observed. Similar values are also found 
for other resonating molecules of like type.6 In 
urea9b the interatomic distances within the mole­
cules were found to be C-O, 1.24 A. and C-NH2,
1.37 A., and in thiourea10 C-NH2 is 1.35 A. The 
shortening of the CH2-N  and CH2-C distances 
below the single bond values 1.47 and 1.54 A., 
respectively, is surprising. It is possible that it 
is to be attributed, in part at least, to the effect 
of electric charge, 11 and perhaps to a resonance 
of a new type, involving double bonds with the 
methylene group. It is of interest that in hexa­
methylenetetramine913 the separation CH2-N is
1.42 A., almost exactly that found in the present 
structure (1.41 A.).

Fig. 4.—The diketopiperazine mole­
cule as viewed perpendicular to a 
median plane. Dimensions are in 
Angstrom units.

The angles between all bonds are 120 =±= 3°. 
The extent to which the molecule, indicated by 
the parameter values, departs from true planarity 
is most readily shown by passing a median plane 
between the atoms and observing the distance of 
each atom from this plane. Figure 4 is a view 
perpendicular to such a plane in which numerals, 
positive and negative, show the distances in 
Angstrom units of each atomic position above 
and below it. It is seen that none deviates from 
the plane by as much as 0.015 A., whiph is within

(10) R. W. G. Wyckoff and R. B. Corey, Z. Krist., 81, 386 (1932).
(11) N . E llio tt , T h is  J o urn al , 58, 1380 (1937).

the limit of error of the determination of the 
atomic positions themselves. The completely 
coplanar configuration is, of course, expected for 
resonance among the structures I to IV, in con­
sequence of the stereochemical properties of the 
C-N double bonds in the ring. Thus the ob­
served coplanarity provides strong evidence for 
resonance, inasmuch as all known six-membered 
rings, involving only single bonds, are puckered.4-7

Fig. 5a.—A view perpendicular to (101) showing chains of 
molecules held together by hydrogen bonds.

Fig. 5b.—A packing drawing of some of the 
molecules of Fig. 5a. The radius of the carbon 
atom is too small to permit its appearance in 
this and other packing figures.

The packing of the, molecule is shown in Figs. 
3b, 5b, and 6. In these drawings CH2 is given a 
radius of 1.98 A.; NH, 1.8 A. and 0 , 1.35 A. The 
radius of carbon (0.77 A.) is too small to permit 
its appearance. Each CH2 group is at a distance 
of 3.96 A. from four other CH2 groups, two in the 
same layer with it and two others above or below.
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Figure 3b shows the packing of adjacent CH2 
groups in the same layer, contacts between those 
in different layers being indicated in Figs. 5b and
6. Each oxygen is in contact with two CH2 
groups, one at 3.32 A. in the same layer (B in 
Fig. 3b) and one at 3.33 A. in the layer above or 
below (C in Figs. 3b and 6). Each nitrogen is 
distant 3.55 A. from a CH2 group (molecules A and 
B, Fig. 6) and 3.69 A. from another nitrogen 
(Fig. 5b). The very pronounced cleavage along 
(010) and that along (10 1) are clearly brought out 
in Fig. 6.

Fig. 6.—A packing drawing of the molecules 
of diketopiperazine viewed in the direction of 
the molecular chains.

Assuming tetrahedral bond angles and a C-H 
distance 1.08 A., parameters could be assigned to 
the two methylene hydrogen atoms as follows

Hj: x =  0.658, y  =  0.334, 2 =  0.664 
H2: x = 0.472, y  =  0.319, 2 =  0.322

The distances between hydrogen atoms in adja­
cent methylene groups then become 2.68 A. in the 
same layer, and 2.66 A. in the next layer. These 
separations correspond to an atomic domain for

hydrogen of radius 1.33-1.34 A., which is slightly 
greater than the value 1.29 A. suggested by 
Mack12 from consideration of the packing of 
organic molecules in which there is no free rota­
tion. Distances between oxygen and hydrogen 
are 2.57 A. in the same layer and 2.48 A. in the 
next layer, which are slightly less than analogous 
distances (2.68-2.70 A.) observed in metalde- 
hyde. 13

Acknowledgments.—This investigation has 
been made possible by the financial support of 
the Rockefeller Institute for Medical Research 
and the courtesy of the California Institute of 
Technology in providing the facilities of its labo­
ratories. The author is indebted to Professor 
Linus Pauling for proposing the subject of this 
research and for his many suggestions and criti­
cisms throughout the progress of the work, to 
Dr. J. H. Sturdivant for assistance with experi­
mental details, and to W. R. Newton for the con­
struction of special equipment.

Summary
X-Ray examination of crystals of 2,5-diketo- 

piperazine shows them to be built upon a simple 
monoclinic unit having a0 = 5.19 A., bo = 11.50
A., Co = 3.96 A., and fi = 83°, containing two 
molecules. All atoms are in the general positions 
of the space group C^ — P2x/a  with the following 
parameters: oxygen, x = 0.160, y = 0.368, z =
0.885; carbon, x = 0.320, y = 0.430, z = 0.705; 
methylene carbon, x — 0.545, y = 0.380, z =
0.495; nitrogen, x = 0.280, y =  0.544, z = 0.695. 
The molecule is a nearly flat hexagonal ring pos­
sessing a center of symmetry, the angles between 
all bonds being 120 =*=3°. The interatomic dis­
tances within the molecule are: carbon-oxygen
1.25 A., carbon-carbon 1.47 A.; carbon-nitrogen
1.33 A. and nitrogen-methylene carbon 1.41 A., 
each =*= 0.03 A. All molecules are held together 
by hydrogen bonds to form long, parallel chains 
throughout the crystal. Packing of the mole­
cules is discussed.
Pasadena, California R eceived May 9, 1938

(12) E. Mack, T h is  Jo ur n a l , 54, 2141 (1932).
(13) E, Pauling and D, C, Carpenter, ibid., 58, 1274 (1936),
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[Co n t r ib u t io n  N o. 639 f r o m  t h e  G a t e s  a n d  C r e l l in  L a b o r a t o r ie s  o f  C h e m is t r y , C a l if o r n ia  I n s t i t u t e  o f  
T e c h n o l o g y , a n d  f r o m  t h e  G e o r g e  F is h e r  B a k e r  L a b o r a t o r y  o f  C h e m is t r y  o f  C o r n e l l  U n i v e r s i t y ]

The Electron Diffraction Study of Digermane and Trigermane
B y  L in u s  P a u lin g , A. W . L a u b en g a y er  and  J .  L. H oard

In order to obtain information about the cova­
lent radius and bond angle of germanium we have 
prepared and analyzed electron diffraction photo­
graphs of digermane and trigermane, with the re­
sults described below.

Preparation and Purification of Substances.—
A mixture of the hydrides of germanium was 
prepared by the action of dilute hydrochloric acid 
on magnesium germanide which had been made 
from very pure germanium and magnesium.1 
This mixture of hydrides was then subjected to 
fractionation in a vacuum apparatus.2 The sam­
ple was cooled with liquid air and all of the free 
hydrogen contaminating the hydrides was pumped 
off. The monogermane, GeH4, was removed 
by holding the hydrides at —130° and distilling 
off all of the material which was volatile at that 
temperature. The residue was warmed to —70° 
and the digermane, Ge2H6, was distilled off. This 
fraction was found to possess the characteristic 
constants reported for digermane. The re­
maining material was freed of the last traces of 
digermane by distillation at —60° for several 
hours. The temperature was then raised to 
—20° and a fraction was collected. This frac­
tion possessed the properties of pure trigermane, 
Ge3H8.

Preparation of the Photographs.—The electron 
diffraction photographs were prepared in the 
usual manner.3 The sample of trigermane was 
allowed to vaporize into the evacuated apparatus 
for a minute or two at 0° to remove any residuum 
of digermane, and was then heated to about 
20° for exposure of the photographs. The stop­
cock was held open for a few seconds before each 
exposure at this temperature. The entire sample 
of the substance was evaporated in the preparation 
of the series of photographs. About ten photo­
graphs were prepared and measured for each sub­
stance.

Analysis of the Photographs.—The photo­
graphs obtained for the two substances are closely 
similar in appearance. They show eight well-

(1) L. M. Dennis, R. B. Corey and R. W. Moore, T his Jo urn al , 
46, 658 (1924).

(2) A. W. Laubengayer and R. B. Corey, J , Phys» Chem., 30, 1043 
(1926).

(3) See L. O. Brockway, Rev. Modern Phys., 8, 231 (1936).

defined rings, with the measured So values and 
estimated intensity values given in Table I. 
The appearance of the rings does not differ greatly 
from that corresponding to a single sin Is/ls 
curve; the intensity drop between the third ring 
and the fourth ring seems larger than for the other 
steps.

The radial distribution curve4 calculated for 
digermane with use of the c values given in the 
table, obtained from the estimated intensity 
values by multiplication by the factor sze~As2 
as recommended by Schomaker and Degard,5 is 
given in Fig. 1. The curve shows a peak at 
2.41 A., representing the Ge-Ge distance. The 
other interatomic distances in the molecule are 
of less importance in the intensity function and are 
not apparent in the radial distribution curve.

A. 
/-> . 

Fig. 1.

The simplified intensity curve corresponding 
to the model with Ge-Ge = 2.44 A. and Ge-H =
1.52 A. (the sum of single-bond covalent radii) 
and with all angles 109°28', shown in Fig. 2, 
agrees well with the photographs in appearance. 
The quantitative comparison given in Table I 
leads to the average value 2.40 A. for the Ge-Ge 
distance, the first three sQ values being ignored as 
unreliable.

The radial distribution curve for trigermane, 
for which the same I  values were estimated as for 
digermane, is not appreciably different from that 
for the latter substance shown in Fig. 1, except 
that the Ge-Ge peak occurs at 2.42 A. It is sur­
prising that there is no definite indication of a 
Ge-Ge peak at 4.0 A., corresponding to the dis­
tance between the two end germanium atoms. It

(4) L. Pauling and L. O. Brockway, T h is  Jo u r n a l , 57, 2684 
(1935).

(5) V. Schomaker and C; Degard, ibid., to be published.
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T a b l e  I
E l e c t r o n  D if f r a c t io n  D a t a  f o r  D ig e r m a n e  a n d  T r ig e r m a n e

---- Digermane— ---- Trigermane—
Max. Min. I c so s<* Ge—Ge so sb Ge—Ge

1 10 1 3.29 3.17 (2.35 A.) 3.44 3.34 (2.37 A.
2 4.59 4.43 (2.35) 4.52 4.31 (2.33)

2 9 5 5.97 5.80 (2.37) 5.91 5.68 (2.35)
3 7.19 7.08 2.40 7.28 7.16 2.40

3 8 10 8.52 8.38 2.40 8.43 8.30 2.4Q
4 9.83 9.60 2.38 9.80 9.41 2.34

4 6 10 11.13 10.84 2.38 11.11 11.03 2.42
5 12.47 12.21 2.39 12.40 12.13 2.39

5 5 9 13.73 13.56 2.41 13.64 13.47 2.41
6 15.00 14.88 2.42 14.93 14.94 2.44

6 4 6 16.29 16.10 2.41 16.20 16.03 2.42
7 17.62 17.29 2.40 17.53 17.10 2.38

7 3 3 18.92 18.56 2.39 18.78 18.80 2.44
8 20.24 20.00 2.41 20.11 19.97 2.42

8 2 1 21.56 21.34 2.42 21.25 21.24 2.44
Average 2.40 A. 2.41 A.
Radial distribution value 2.41 A. 2.42 A.

a Calculated for the model with Ge-Ge = 2.44 A., Ge-H = 1.52 A., and all angles 109 °28'. b Calculated for the model 
with Ge-Ge = 2.44 A., Ge-H = 1.52 A., angle Ge-Ge-Ge = 112°, angles H-Ge-Ge = 109 °28'.

is possible that the bending frequency of the 
Ge-Ge-Ge chain is very low, and that in conse-

Fig. 2.

quence the longer Ge-Ge separation varies widely 
at room temperature, causing the peak to be 
flattened out.6 The possibility that the photo­
graphs obtained from the trigermane sample are 
really due to digermane has occurred to us. We

(6) Temperature effects of this kind will be discussed by Dr. V. 
Schomaker in a paper to be published soon.

believe, however, that the procedure followed 
was such as to make this unlikely.

The radial distribution curve shows that the 
photographs cannot be used to evaluate the 
Ge-Ge-Ge bond angle reliably. Of the three 
simplified intensity curves shown in Fig. 2, cal­
culated for the distances Ge-Ge = 2.44 A. and 
Ge-H = 1.52 A. and the angles H-Ge-Ge = 
109°28' and Ge-Ge-Ge = 110, 112  and 114°, 
respectively, the 1 1 2 ° curve seems to resemble 
the photographs somewhat more closely than 
the others. The quantitative comparison with 
this curve leads to the value 2.41 A. for the 
Ge-Ge distance.

Discussion of Results.—The investigation 
shows that the Ge-Ge bond distance in both 
digermane and trigermane is about 2.41 (=*= 0.02
A.). There is some small evidence that the 
value for trigermane is 0.01 A. larger than that 
for digermane; this difference is, however, less 
than the estimated probable errors of the values.

The Ge-Ge distance in elementary germa­
nium, which crystallizes with the diamond struc­
ture, is 2.44 A. This is the basis for the value
1.22 A. assigned as the single-bond covalent 

radius of germanium.7 The decrease of about
0.03 A. in interatomic distance observed for 
digermane and trigermane is probably real, and 
suggests that the covalent radius of germanium 
for use in compounds may be as low as 1 .2 1  or
1.20 A. The decrease may be due either to some

(7) L. Pauling and M. L. Huggins, Z. Krist., 87, 205 (1934).
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interaction with the Ge-H bonds in the germanes 
or to partial metallic character (incomplete 
covalent character) of the element; in the former 
case the value 1.22 A. for the radius would be the 
more generally applicable and in the latter case a 
smaller value. The uncertainty of 0.01 or 0.02 A. 
in the radius is not of great significance.

The Ge-H bond distance in the substances 
is probably about 1.50 A., and the bond angles 
are probably close to the tetrahedral value 
109°28'; these values are, however, not de­

rived from the experimental data.
Acknowledgment.—We wish to thank Dr.

K. S. Palmer and Dr. V. Schomaker for assist­
ance in the preparation and measurement of the 
photographs.

Summary
The Ge-Ge bond distance in both digermane 

and trigermane is found by the electron diffrac­
tion method to be about 2.41 =±= 0.02 A.
P a s a d e n a , C a l if o r n ia
I t h a c a , N e w  Y o r k  R e c e iv e d  A p r il  5, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m is t r y  D e p a r t m e n t  o f  t h e  U n iv e r s it y  o f  N o r t h  C a r o l in a ]

The Activity Coefficients of Lead Chloride in Aqueous Solutions of Mannitol at 2501
B y  H . D . C rockford  and  J. C. L o ftin

An extensive study of the activity of lead chlo­
ride in aqueous solutions at 25° has been made by 
Carmody.2 For this study he employed the fol­
lowing chemical cell

Pb-Hg (2 phase) | PbCl2(wi) | AgCl-Ag

By the use of their extended Debye-Hiickel equa­
tion La Mer, Gronwall and Greiff3 employed the 
data of Carmody to calculate the mean distance 
of closest approach of the ions of lead chloride. 
Crockford and Thomas4 and Crockford and Farr5 
employed the same cell to determine the activity 
coefficients of lead chloride in aqueous solutions of 
cadmium nitrate and barium nitrate at 25°. The 
purpose of the work was to test the relationship 
proposed by Crockford and Thomas4 for the cal­
culation of the a parameter in solutions containing 
two electrolytes. In this paper are given the re­
sults of a series of studies designed to determine 
the effect of mannitol on the activity of lead chlo­
ride in aqueous solutions at 25°. From the data 
obtained has been calculated the mean distance 
of closest approach of the ions.

The chemical cell given above was used in the 
work. Four series of data were obtained: (I) 
constant molality of mannitol and varying con­
centrations of lead chloride; (II) constant ratio 
of lead chloride and barium nitrate and varying 
concentrations of mannitol; (III, IV) constant

(1) From a thesis presented by Mr. Loftin to the faculty of the 
University of North Carolina as partial fulfilment of the require­
ments for the degree of Doctor of Philosophy.

(2) Carm ody, T h is  J o ur n a l , 51, 2905 (1929).
(3) La Mer, Gronwall and Greiff, ibid., 53, 2245 (1931).
(4) Crockford and Thomas, ibid., 55, 568 (1933).
(5) Crockford and Farr, ibid., 58, 87 (1936).

molalities of lead chloride and varying concen­
trations of mannitol.

The mannitol used was the Pfanstiehl c. p . 
grade; it was dried and kept in a vacuum desic­
cator until used. For the purification of other 
materials, preparation of solutions, preparation 
of electrodes, and general experimental tech­
nique the same procedures as employed by Crock­
ford and Farr5 were followed. Except for the 
very dilute solutions the e. m. f. values given are 
reproducible to 0.05 mv.

Results and Calculations
Tables I-IV give a summary of the experimental 

data and the calculated values for the activity 
coefficients and the a values.

The activity coefficients were calculated from 
the equation
E(mv.) +  88.7308 (0.200687 +  log m) =  £ 0(mv.) -

88.7308 log ƒ

this being the equation for a chemical cell without 
transference after the proper constants for a 1 - 2  
salt at 25° have been introduced. The value E q =
0.34320 v. calculated by La Mer, Gronwall and 
Greiff3 from the data of Carmody2 was used in the 
calculations.

T a b l e  I

Series I. Constant Molality of Mannitol 0.1000
Mi, PbCh E, v. ƒ a, k .

1 0.02109 0.50132 0.493 1.70
2 .01580 .50956 .532 1.62
3 .01056 .51970 .587 1.80
4 .00528 .54194 .688 1.58
5 .00262 .56592 .742 1.40
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T a b l e  II
Series II. mi/m^ Constant

PbCh
m2

Ba(NOa)2
mz

Mannitol E, V. ƒ a, A.
1 0.01090 0.02339 0.20698 0.52694 0.419 2.19
2 .01083 .02324 .15708 .52658 .498 2.26
3 .01076 .02308 .10002 .52606 .509 2.39
4 .01069 .02294 .05009 .52582 .515 2.46
5 .01063 .02281 .00000 .52558 .522 2.57

T a b l e  III
Series III. Constant Molality of PbCl2 0.01055

m3 Mannitol E, v. ƒ a, A.
1 0.0000 0.51995 0.608 1.76
2 .1012 .52047 .600 1.60
3 .2897 .52166 . .582 1.40
4 .5609 .52540 .528 1.44
5 .7313 .52702 .506 1.25

T a b l e  IV
Series IV. Constant Molality of PbCl2 0.023455

mz Mannitol E, v. ƒ a, A.
1 0.0000 0.49724 0.493 1.80
2 .0990 .49827 .480 1.71
3 .2899 .50000 .459 1.50
4 . 5604 .50224 .433 1.30
5 .7304 .50470 .406 1.29

The ion size parameter values were calculated 
graphically according to the procedure outlined 
by La Mer, Gronwall and Greiff.3 It is to be 
noted that the value for the dielectric constant 
varied with the concentration of mannitol. The 
values for the various solutions used can be cal­
culated from the data of Akerlöf,6 who has made 
a thorough study of the dielectric constant of 
aqueous mannitol solutions. However, in the 
construction of the family of curves necessary for 
the determination of the a parameter the dielectric 
constant of pure water was used. The error so 
introduced is very small. But in the evaluation 
of the 10 ~8JV function for the various solutions 
the value for the dielectric constant obtained from 
the data of Akerlöf was employed.

(6) G. Akerlöf, T h is  J o urnal , 54, 4125 (1932).

Discussion of Results
An inspection of the data in Series III and IV 

shows that the activity coefficient of the lead 
chloride decreases with increasing concentration 
of mannitol. Series I illustrates the same point 
when compared with the results of Carmody.2 
Series III and IV show that the a value decreases 
with increasing concentration of mannitol. In 
the solutions with zero concentration of mannitol 
the a values are close to the value of 1.75 A. as 
calculated by La Mer, Gronwall and Greiff.3 
According to the equation of Crockford and 
Thomas4 the a values in Series II should remain 
constant. Based on data given by Crockford 
and Farr5 the value should be 2.53 A., a value 
very close to that obtained in solution 6 which 
contains no mannitol. However, as in Series III 
and IV this value decreases with increasing con­
centration of mannitol.

We wish to acknowledge our indebtedness to 
the Rockefeller Foundation for financial aid in the 
original purchase of part of the equipment used.

Summary
The activity coefficients of lead chloride in 

aqueous solutions of mannitol at 25° have been 
determined. In Series I the molality of mannitol 
was kept constant. In Series II the ratio of 
lead chloride to barium nitrate was kept constant 
but the molality of the mannitol was varied. In 
Series III and IV the molality of lead was kept 
constant but the molality of mannitol was varied.

From the activity coefficients in Series I, III 
and IV the a parameter values for lead chloride 
were calculated. From Series II the mean a 
values for mixtures of lead chloride and mannitol 
were calculated.

The data obtained show that the activity co­
efficients and the a parameter values decrease 
with increasing concentrations of mannitol.
Chapel H ill, N. C. Received April 23, 1938
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[C o n t r ib u t io n  fro m  t h e  C h e m ic a l  L a b o r a t o r y  o f  B r o w n  U n i v e r s it y ]

Unilateral Triple Ion Formation in Aqueous Hydrofluoric Acid

B y C h a r les  B u sh n ell  W ooster

The phrase “unilateral triple ion formation” has 
been coined1 to describe the situation in which a 
single ionic equilibrium of the type, B~ +  AB 
AB2“, is superposed on the customary binary 
ionization of the electrolyte, AB, and to distin­
guish this situation from that in which the corre­
sponding equilibrium A+ +  AB A2B+, is also 
involved.2 In a previous paper1 it has been shown 
that with suitable approximations the conduct­
ance function for unilateral triple ion formation 
may be obtained in the linear form3

( ë ) ’r = T S 3 - A«  +
(2Aq\ q -  Ao2)A A  _ A  \  c  (1) 

k \  A0)

and this equation was applied successfully to the 
conductivity of dilute solutions of the metal 
ketyl, sodium benzophenone, in liquid ammonia. 
Because of the unusual character of this electro­
lyte and also due to the fact that additional 
equilibria must be considered in the analysis of 
this conductance curve in the more concentrated 
regions, it is very desirable to test equation 1 in­
dependently by applying it to another electrolyte. 
However, instances of unilateral triple ion forma­
tion are relatively rare since they may generally 
be expected to occur only when some specific inter­
action (formation of a chemical bond) between a 
simple ion and an ion pair is possible.4 The only 
well established instance seems to be in aqueous 
hydrofluoric acid solutions where the equilibrium, 
F~ +  HF HF2“", was first suggested by Pick,5 
who carried out an analysis of the conductance 
data by assuming arbitrary values for the limit-

(1) Wooster, T h is  J o ur n a l , 59, 377 (1937).
(2) Fuoss and Kraus, ibid., 55, 2387 (1933).
(3) C is the total concentration in equivalents (as AB) per liter, 

A is the equivalent conductance, K  =  [A +][B - ]/[A B], the constant 
for binary dissociation, k — [B“][A B ]/[A B l] , the dissociation con­
stant for the triple ion equilibrium, Ao the limiting value of A, Xo 
the sum of the limiting values of the mobility of the triple ion and of 
the single ion with opposite charge, ƒ the activity coefficient defined 
by —log ƒ =  0Ao~1̂ 2\ /C A  and m a mobility coefficient defined as 
1 — aAo~s/ 2\/C A .  The constants a  and /3 have the same significance 
as in the paper of Fuoss and Kraus [Th is  J ournal , 55, 476 (1933)]. 
In water at 25° a  =  0.228Ao +  59.7 and (3 — 0.504; at 0°, a  =  
0.220Ao +  29.0 and 0 =  0.486.

(4) It is also conceivable, of course, that coulomb forces alone 
occasionally may give rise to a situation which closely simulates uni­
lateral triple ion formation in media of appropriate dielectric con­
stant, if one of the simple ions is much larger than the other and par­
ticularly if the larger ion is unsymmetrical.

(5) Pick, Nernst's Festschrift, 360 (1912).

ing conductivity of the triple ion. His conclu­
sions were substantially verified by Davies and 
Huddleston6 through a study of the anionic trans­
ference numbers.7

It is the purpose of this paper to present the 
results of applying equation 1 to the analysis of 
the conductance curves for aqueous hydrofluoric 
acid solutions and to compare them with the 
results which may be obtained by a substantially 
independent method from the transference data 
of Davies and Huddleston. The use of equation 
1 involves the assumption that only the solute 
species H +, F “, HF and HF2” and the equilibria 
HF H+ +  F -  and HF2~ HF +  F “ need be 
considered and that the species F2 and H2F2 
are present only in negligible proportions, if at 
all. Since it is probable that the hydrofluoride 
ion owes its existence to hydrogen bridge forma­
tion,8 it is evident that there is no corresponding- 
justification for assuming the existence of F2 . 
The existence in the gaseous state9 of H6Fe sug­
gests the possible presence of H2F2 (or higher 
polymers) in solution, but the results of the present 
analysis decisively exclude this possibility in 
aqueous solutions of hydrofluoric acid at con­
centrations 1 N  and less. This result may be 
interpreted as indicating that H2F2 is a very 
strong acid or that the addition of a second proton 
to the hydrofluoride ion greatly weakens the 
hydrogen bridge, or both. In Section III the 
results obtained from the data on hydrofluoric 
acid are applied to the interpretation of the 
conductivity of potassium hydrofluoride.

I. Analysis of the Conductance Curve
The conductance data of Deussen10 were chosen 

as the most reliable of those available and two 
series one at 25° and one of probably lesser ac­
curacy at 0° were employed in the calculations. 
In order to apply equation 1 it is also necessary 
to have independent values of the limiting equiva­
lent conductance, the dielectric constant and the

(6) Davies and Huddleston, J . Chem. Soc., 125, 260 (1924).
(7) The only other attem pt at analysis of these conductance data 

is that of Kendall [Th is  J o u r n a l , 39, 7 (1917)] on the basis of a 
more or less empirical equation for "transition electrolytes.”

(8) Huggins, J . Org. Chem., 1, 409 (1936).
(9) Simons and Hildebrand, T his J o ur n a l , 46, 2183 (1924),
(10) Deussen, Z. anorg. Chem., 44, 312 (1905).
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viscosity. The values which were used, Ao = 404, 
D =  78.57,77 =  0.00895 at 25° and A0 =  255, D =  
8 8 , 77 =  0.01794 at 0°, were obtained from a va­
riety of sources but do not differ in any important 
respect from the values given in the “Interna­
tional Critical Tables.''

Plots of f 2CA.2/m 2( l— A/A0) against C( 1—A/A0) 
appear in Fig. 1 where curve I represents values 
based on the measurements at 25° and curve II 
at 0°. It is evident that, in accordance with the 
requirements of equation 1 , the points fall very 
nearly on a straight line. By applying the method

of least squares to the ten points covering the 
dilution range 1—512 liters at 25° the values
351.5 for the slope and 112.4 for the intercept 
were obtained and in a similar way a slope of
20 1.1 and intercept of 71.2 were obtained from 
nine points at 0° over the dilution range 1-256 
liters. The lines in Fig. 1 are drawn in accord­
ance with these values from which the equilibrium 
constants are found to be K — 6.89 X 10 ~4 at 
25° and 10.95 X 10“ 4 at 0°, k = 0.320(2 X0/A0-
1) at 25° and 0.354 (2X0/A0 -  1) at 0°. The 
ionization constant obtained at 25° differs very 
little from that (6.9 X 10~4) obtained by other 
investigators11 but the value at 0° is somewhat 
higher than that in the literature11 (9 X 10 ~4).

The excellent agreement with equation 1 at 
such high total concentrations requires some ex­
planation which is afforded by the facts that due 
to the low value of the ionization constants and the 
high values of the triple ion dissociation constants12

(11) "International Critical Tables,” McGraw-Hill Book Co., 
Inc., New York, N . Y ., 1929, Vol. VI, p. 260.

(12) The order of magnitude of k  is given by 0.320 at 25° and 0.354 
at 0° since the coefficient (2\o/Ao — 1) does not differ widely from 
unity.

the dielectric constant of the medium reduces 
the interionic (coulomb) forces so much that the 
approximate forms of the Debye-Hückel-Onsager 
equations employed serve adequately to calculate 
the effective values of the activity and mobility 
coefficients.

The applicability of equation 1 to unilateral 
triple ion equilibria is also determined by the 
degree to which the ratio Xo/A0 approximates 
unity, since this approximation was used to dis­
pose of a second order term in the derivation of 
the equation. In general, this ratio may not 

be obtained directly from 
the conductance data and 
the sole available test of 
the validity of this approxi­
mation may often be the 
extent to which the linear 
form of equation 1 is satis­
fied by the data. In the 
present instance, however, 
additional information is 
available from two sources. 
First, the difference be­
tween Xo and Ao is deter­
mined entirely by the dif­
ference in the limiting mo­
bilities of the simple anion 

(F~) and the triple anion (HF2-) which is doubt­
less so small in comparison with the high mobility 
of the hydrogen ion (351 at 25° and 229 at 0°) that 
the ratio Xo/Ao cannot differ widely from unity. 
Second, the value for the limiting mobility of the 
triple anion which may be obtained from the trans­
ference data (see Section II) yields the value 
Xo = 437 at 25° so that at this temperature 
Xo/Ao = 1.08. The maximum alteration in the 
slope of the plot due to neglect of the second order 
term in deriving equation 1 is given in percentage 
by 100(1 -  Xo/Ao)2/[(2Xo/A0 -  1) +  (1 -  Xo/Ao)2] 
which on substituting 1.08 for X0/A0 becomes
0.55% and is well within the limits of the experi­
mental errors involved in Deussen’s measure­
ments.

It may also be noted at this point that evalua­
tion of the ratio X0/Ao permits the calculation of 
k = 0.371 at 25° and (assuming Xo/Ao independent 
of temperature as it would be if Walden’s rule 
applies) 0.411 at 0°.

Using the slopes and intercepts given above 
the conductance curve (A against log V) has been 
calculated as previously described1 and the re-
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suits appear in Fig. 2 where the smooth curves 
represent the calculated values and the circles 
represent the experimental points. The arrows 
indicate the limits beyond which the smooth 
curve represents an extrapolation, the experi­
mental points in these regions not having been 
used in determining the slopes and intercepts 
given. The experimental points lie very close 
to the calculated curve except in the most di­
lute region. Due to experimental difficulties in 
maintaining a constant temperature at 0° under 
the conditions of Deussen’s measurements, the 
data at this temperature, particularly in the 
more dilute region, are less reliable than that 
at 25°.

II. Analysis of Transference Data
By combining values for the anionic transfer­

ence numbers with those for the equivalent con­
ductances at various concentrations, Davies and 
Huddleston6 have calculated the values for the 
triple ion dissociation constant and the mobility, 
U, of the triple ion which appear in the second 
and third rows of Table I.

Table I
Constants from Transference Data at 25°

V l 2 4 8 16 32
k 0.212 0.215 0.210 0.199 0 .165 0.137
U 73.0 68.3 64.9 61.0 53 .4 47.3
k corr. 0.338 0.338 0.324 0.356 0 .340 0.288
Uo 85.6 83.6 83.5 89.0 89,.3 84.3

It may be observed that Davies and Huddles­
ton’s values of k show an average deviation of 
13.7% from the mean 0.190 which, itself, is much 
lower than the figure 0.371 obtained in the pre­
vious section. The two values are not strictly 
comparable, however, since these authors intro­
duced no corrections for the effect of interionic 
forces on the activities and mobilities of the ions. 
The effect of this omission is particularly evident 
in their values for the mobility of the triple ion, 
which show a 1 2 .1 % average deviation from the 
mean and a pronounced trend toward decreasing 
values of U with decreasing concentration, 
whereas the true mobilities of ions should increase 
with decreasing concentration.

In the fourth and fifth rows of the table are 
given values of k and of the limiting mobility of 
the triple ion, Uq, which have been obtained from 
the same data by introducing activity and mo­
bility coefficients.

This method of calculation uses Davies and

Fig. 2.—Conductance curves for aqueous hydrofluoric acid.

Huddleston’s equations13 with the following 
substitutions: K /f2 for AV4; 351 ma for a, and 
53 mb for 5. The figures 351 and 53 represent 
the limiting mobilities of the hydrogen and the 
fluoride ions and the m*s are mobility coefficients 
calculated by the use of the following form of 
Onsager’s equation for the mobility of an ion of 
the type j.

'.— • j 105
Ao1/* +

41
A^DTy/^Ao1̂ . (2)

In the present instance this reduced to the fol­
lowing values for the mobility coefficients, ma = 
1 -  0.0156VCA and = 1 -  0.0395\ /C L  The 
values for the limiting mobility of the triple ion 
were obtained from the values, U, of the mobility 
at various concentrations also by the use of equa­
tion 2 in the reduced form

TJ U +  1-49 s/CA
U o ------------------------------------7=  { o )

1 -  0.0113% CA
It is evident on inspection of Table I that the 
“corrected” calculations give more consistent 
values of k (0.331 =*= 4.9%) and of U0 (85.9 =*= 
2 .6%) which, unlike U, should be independent of 
concentration. It is further noteworthy that 
the value of k from transference data now agrees 
reasonably well with that obtained substantially 
independently15 from conductance data. Al-

(13) Equation 9 of Davies and Huddleston6 (p. 267) is in error due 
to a misprint and should read

r ,, P — r V (p — r)2 — 8bKi(aC — p)
2b 2b

(14) For the sake of consistency the value 6.89 X 10 ~4 was used 
for K  instead of the figure 7.4 X 10 ~4 employed by Davies and Hud- 
dleston. I t  may also be noted that their Kz — \/k.

(15) It is true that Uo from transference data was used to obtain 
k = 0.371 from conductance data, but this apparent dependence 
could be avoided easily by comparing k — 0.320 (2Xo/Ao — 1) from 
conductance data alone with k — 0.286 (2Ao/Ao — 1) from transfer­
ence data by the “corrected” method of Davies and Huddleston; 
the direct comparison of the k values is more convenient, however.
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though the difference of 11.4% between these 
values is greater than the average deviation 
of the transference k values from the mean, it must 
be noted that the error in Uq is also involved in 
making the comparison. Furthermore, it is 
doubtful that the precision of the transference 
data is sufficient to render the mean value 0.331 
reliable to within less than 12% as an absolute  
value of k.16

III. The Conductivity of Potassium Hydro­
fluoride

Data for the conductivity of potassium hydro­
fluoride over the dilution range 50-1000 liters 
based on the measurements of Walden17 are given 
in the “International Critical Tables” 11 (p. 251).

Since the conductivity of this electrolyte ex­
ceeds that of potassium fluoride at corresponding 
concentrations, Walden concluded that the salt 
decomposed into potassium fluoride and hydro­
fluoric acid. Although his conclusion appears to 
be substantially correct at low concentrations, 
it was based partly on the erroneous assumption 
that the mobility of the hydrofluoride ion could 
not exceed that of the fluoride ion.

In view of the results obtained with hydro­
fluoric acid in Sections I and II and the fact that 
potassium fluoride is a strong electrolyte, it is 
likely that only the following solute species: 
K+, H+, F -, HF2-  HF and equilibria: HF 
H+ +  F “, HF2“ ^=^ HF +  F~ need be considered 
in interpreting the conductivity of potassium 
hydrofluoride, but this restriction is insufficient 
to permit direct analysis of the data. It is pos­
sible, however, to use the equilibrium constants 
and mobilities which have been obtained for in­
dependent calculations of the equivalent con­
ductance at various concentrations.

The equivalent conductance is related to the
(16) In fact, it is probable that a part of the self-consistency of the 

results from transference data is due to the fact that Davies and Hud­
dleston used values interpolated from a smoothed curve and not the 
direct experimental measurements. The same values were used in 
the above calculations in order to obtain results comparable with 
those of Davies and Huddleston. Since the conductance data are 
much more precise than the transference data, and since a satisfac­
tory equation for the conductance curve is now available, it would 
seem a more advisable procedure to use the experimentally deter­
mined transference data in combination with interpolated (and, 
where necessary in the concentrated region, extrapolated) conduct­
ance data. This method applied to the ten transference measure­
ments in the concentration range 2.33 to 0.327 moles per liter yielded 
k  =  0.327 =*= 5.8%, t/o =  83.0 =«= 6.1%, from which it  is evident that 
the results are less self consistent, although the agreement of the mean 
with the results from the conductance equation is substantially un­
changed: k  from conductance equation using U o =  83.0 to calcu­
late Xo is 0.368. The difference from 0.327 is 11.8% of the mean.

(17) Walden, Z. physik. Chem., 2, 49 (1888).

total concentration and the concentrations of the 
several ionic species (indicated by the terms in 
parentheses) by equation 4
CA = 74mK+ (K+) +  83mHF2-  (H F2~) +

53ra&(F~) +351ra«(H +) (4)

where the numerals are the values of the limiting 
mobilities and the m’s represent the Onsager 
mobility coefficients. The mobility and activity 
coefficients may be approximated with sufficient 
accuracy for the present calculations by setting 
the total ion concentration equal to 2 C so that
-  log ƒ = 0.504a/C  and M j = 1 -  (0.228 +  29.9/Aj° )V C

The concentration (K+) is given directly by 
(K+) = C} and the concentrations of the other 
four species are related by the following four 
independent equations.

(H + )(F -)/H F  =  K / p (5)
(H F )(F -)/(H F s) =  k (6)
C =  (HF*") +  (HF) +  (H+) (7)
2 C = 2(H F2-)  +  (HF) +  (F ”) (8)

On solving these simultaneously it is possible to 
obtain the concentration of the fluoride ion from 
the cubic equation
(F - )3 +  k(F ~)2 +  k [K /P  -  C ](F-) -  2C kK /f2 «  0 (9)

by the usual methods, and the other two ionic 
concentrations by successive substitution in
equations 10 and 1 1

(HF2“) =  (F -)[2C  -  ( F - ) ] /»  +  2(F-)] (10)
(H +) =  (F -) +  (H F2~) -  C (11)

Using the values K  = 6.89 X 10~4, k — 0.368, 
the following results were obtained at C =
0.0200: (F~) -  0.02007, (HF2~) -  0.00098, 
(H+) = 0.00105, (HF) -  0.01797 and A -  136.0; 
the observed value of A is 138.

At lower concentrations decomposition of the 
hydrofluoride ion is so great that the solution of 
the cubic equation becomes too sensitive to the 
value óf k to be useful. A better approximate 
calculation of A is then obtained by setting 
(HF2“) = 0, so that the other ion concentrations 
are given by equations 12  and 13.
2(H +) =  -  [C +  K /p ] +  a/[C  -h K /P Y  +  4zKC/p (12) 

(F -) =  C +  (H+) (13)

The complete results are given in Table II.
It is unfortunate that data are not available 

at higher concentrations where the triple ion 
equilibrium plays a more important part, al­
though it is true that at much higher ion con­
centrations the interionic coulomb forces will
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T a b l e  II
T h e  C o n d u c t iv it y  o f  A q u e o u s  P o t a s s iu m  H y d r o ­

f l u o r id e  a t  25 °
C 0.020 0.006 0.005 0.002 0.001
Aexptl. 138 150 167 217 270
A calcd. 136.0 163.3 169.6 217.7 265.5
% Dev. 1.45 8.87 1.56 0.32 1.67

complicate the analysis. The relatively large 
deviation at C = 0.006 is, of course, due to the 
error introduced by neglecting the concentration 
of the hydrofluoride ion; at lower concentrations 
this error becomes of less importance.

Summary
It has been shown that the conductance function 

for unilateral triple ion formation applies satis­
factorily to the conductance data for aqueous 
hydrofluoric acid at 25 and at 0°. The constants 
determined in this way are consistent with the 
substantially independent values which may be 
obtained from transference measurements and 
they may be employed successfully to calculate 
the conductivity of potassium hydrofluoride 
solutions.
P r o v id e n c e , R. I. R e c e iv e d  A p r il  20, 1938

[Jo in t  C o n t r ib u t io n  fr o m  t h e  C h e m is t r y  L a b o r a t o r ie s  o f  C a n i s iu s  C o l l e g e  a n d  o f  t h e  U n iv e r s it y  o f
M a r y l a n d ]

The Critical Increment of Ionic Reactions. III.
The Influence of Dielectric Constant and Ionic Strength

By James Lander1 and W. J. Svirbely

Recently,2 equations were derived which pre­
dicted the influence of dielectric constant and 
ionic strength upon the critical increments of 
ionic reactions. The critical increments obtained 
by means of the theoretical equations were then 
compared with the experimental critical incre­
ments obtained for the reaction between ammo­
nium and cyanate ions in methanol-water mix­
tures of constant dielectric constants. In the 
present investigation, the same reaction was 
studied over a temperature range of 30 to 60° in 
mixtures of water with ethylene glycol at the 
fixed dielectric constants of 63.5, 60, 55, 50, 45 
and 40 in order to observe if there would be any 
specific medium effects due to the use of a differ­
ent solvent. The experimental critical increments 
were then compared with the values obtained by 
means of the theoretical equations.2

Experimental
The ethylene glycol used was Eastman Best 

Grade (Highest Purity). The glycol was dis­
tilled and the fraction boiling sharply at 197° 
(uncorr.) was used. All other materials were 
prepared or purified as described in previous 
papers3 which also describe the procedure used in 
this investigation. All temperatures were checked

(1) From the thesis presented to the Graduate Committee of 
Canisius College by James Lander in partial fulfilment of the re­
quirements for the degree of Master of Science, June, 1938.

(2) (a) Svirbely and Warner, T h is  J o urn al , 57, 1883 (1935); 
(b) Svirbely and Schramm, ibid., 60, 330 (1938).

(3) (a) Warner and Stitt, ibid., 55, 4807 (1933); (b) Warner
and Warrick, ibid., 57, 1491 (1935).

against a thermometer calibrated by the Bureau 
of Standards. Thermostat temperatures were 
maintained constant within =*=0.01°. Dielectric 
constants for glycol-water mixtures were taken 
from the work of Akerlöf.4

Average values of the limiting velocity con­
stants were determined by means of the equa­
tion35*2

1 + 4  A V C \  | l + 4 4 V t ° l
C ƒ 1 C° J

and are listed in Table I. Deviations (S) of the 
experimental value of C/(l +  4 A \/C )  from the 
value calculated from the average k0 are plotted'5 
against the experimental values of this function 
in Figs. 1 and 2. The filled circles represent 
values of C0/ (1 + 4 A \ /C0). In Table II, we give 
velocity constants (^i) at = 0.194 obtained 
from k0 by the relation35

h  = ko/(l + 2A V Ï ) (2)

In Fig. 3, log k0 is plotted against T / jH for the 
various media. These lines, as well as those ob­
tained by plotting log k± against 1 /T, can be ex­
pressed by the general equation

log k =  log K  — (E/4.58T) (3)

Values of log K 0 and E0 and of log Ki and Ei ob­
tained by means of equation (3) are listed in 
Tables I and II, respectively. The tables also 
contain values of kQ and k\ calculated by equation
(3) using the tabulated values of log K  and E.

(4) Akerlöf, ibid., 54, 4125 (1932).



T a b l e  I

S u m m a r y  o f  D a t a  a t  Ze r o  I o n ic  S t r e n g t h  in  G ly c o l- W a t e r  M e d ia  
Constant dielectric constant media

Temp.,
°C.

Wt. % 
of gly.

63.5 

Eq. 1
ko

Eq. 3
w t . %
of gly.

60
ko

Eq. 1 Eq. 3
w t. % 
of gly.

55

Eq. 1
ko

Eq. 3
Wt. % 
of gly.

50
ko

Eq. 1 Eq. 3
w t  %  
of gly.

45
ko

Eq. 1 Eq. 3
Wt. % 
of gly.

40

Eq. 1
ko

Eq. 3
SO 44.25 0.0113 0.0113 54.20 0.0141 0 .0139 68.0 0.0191 0.0191 76.15 0.0265 0 .0264 85.75 0.0384 0.0372 94.10 0.0509 0.0508
40 33.56 .0321 .0329 44.90 .039 .040 58.8 .0533 .0548 70.35 .0756 .0746 82.18 .106 .106 90.8 .141 .146
50 22.70 .0910 .089 34.90 .1096 .108 50.6 .148 .148 64.0 .202 .203 75.64 .280 .287 86.65 .380 .393
60 11.55 .230 .227 24.20 .279 .275 41.6 .387 .376 56.6 .528 .515 69.95 .730 .727 81.70 .996 .995

log Ko (eq. 3) 12.51 12.54 12.67 12.76 12.91 13.06
E  (eq. 3) 20,060 19,980 19,970 19,900 19,900 19,920

Fig. 2.—Glycol-water mixtures. Fig. 1.—Glycol-water mixtures.
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Temp.
°C.
30 
40 
50 
60

log K  (eq. 3) 12.68
£(eq . 3) 20,580
E(eq. 6 at 50°) 20,400

From the equation2*1 

(£°)fl*ed comp. =  (£ ” ) +  2.3RT* ( ^ ^ ) r  §  (4)

one obtains in this case using water as the solvent 
of fixed composition

(£°)h,o -  (£*„*) -  605 J  (5)

Using equation (5) one calculates the difference 
between the critical increments in water and in 
glycol-water media of fixed dielectric constant 
to be 2800 cal. at 50°. Using the experimental 
values of the E0s given in Table I and taking E0 
in water2 to be 23,580 cal. one observes that the 
difference between the critical increments in 
water and in glycol-water media of fixed dielec­
tric constant has an average value of 3620 cal. 
Thus Eif is here apparently independent of di­
electric constant.

By taking logarithms and differentiating equa­
tion (2) one obtains a relationship between E0 and 
E at a fixed ionic strength, namely

(12.5 X 106 V U R T ) (  d ln.ZA
^  (TD )S/ 2 +  8.36 X 106 V m V d In T J

(6)
Using equation (6) we have calculated E at —
0.194 from E0 of the various media. The re­
sults are listed in Table II and are in fair agree­
ment with the Es obtained by equation (3).

An equation for ionic reactions has been de­
veloped by Scatchard5 from consideration of the 
dielectric effect of the medium, namely

log k -  log &o* = 2.3K T r  (z?° ~  Z?) ^

where ko* is the rate constant at zero ionic strength 
in a standard solvent of dielectric constant D° and 
k 0 is the corresponding rate constant at, zero ionic 
strength in a solvent of dielectric constant D. 
Using water as the standard solvent we have 
plotted in Fig. 4 the values of (log ko — log £0*) 
against the corresponding differences in the re­
ciprocals of £>° and D at the different tempera­
tures. The plots, according to equation (7),

(5) Scatchard, Chem. Rev., 10, 229 (1932).

40hi
Eq. 2 Eq. 3 

0.0230 0.0228  
.0655 .0667
.180 .183
.486 .469

12.95  
20,250 
20,310

should be linear and have slopes varying from 
— 108 at 60° to —119 at 30° (assuming r = 2 X 
10~8 cm.). The curves depart from the pre­
dicted linearity. The limiting slopes of the 
curves are in fair agreement with the predicted 
values, increasing from ^  — 88 at 60 ° to ^  — 96 
at 30°.

30 31 32 33
1 / T  X 104.

Fig. 3.—Influence of temperature on the rate of 
conversion of ammonium cyanate to urea in ethylene 
glycol-water media a t zero ionic strength.

By reference to Table I, one observes that an 
empirical relation can be obtained between the 
dielectric effect and the temperature effect on the 
value of the limiting velocity constant for this 
reaction in glycol-water mixtures of constant 
dielectric constant, namely

63.5
ki

Table II
Summary of Data at V m =  0.194

Constant dielectric constant media
60
k i

55
ki

50
ki

45
ki

Eq. 2 Eq. 3 Eq. 2 Eq. 3 Eq. 2 Eq. 3 Eq. 2 Eq. 3 Eq. 2 Eq. 3
0.00703 0.00703 0.00847 0.00829 0.0109 0.0107 0.0142 0.0142 0.0190 0.0183

.0203 .0211 .0239 .0245 .0311 .0319 .0413 .0418 .0538 .0539

.0586 .0586 .0684 .0680 .0878 .0882 .113 .115 .145 .148

.151 .153 .177 .177 .234 .230 .301 .297 .387 .383

12.69
20,500
20,330

12.79
20,480
20,360

12.80
20.330
20.330

12.91
20,320
20,360



1616 James Lander and W. J. Svirbely Vol. 60

In the case of the methanol-water media, the 
constant on the right side of the equation was 
equal to unity.2b

0 0.002 0.004 0.006 0.008 0.010 0.012

- & - i >
Fig. 4.

Discussion
It will be recalled that the equations previously 

derived2 and used in this investigation were based 
on the assumption that the rate of reaction be­
tween ions depends only upon the temperature, the 
dielectric constant of the medium and the ionic 
strength. From previous investigations,315 and 
from the comparison of rates of the ammonium 
cyanate reaction in methanol-water media2b and 
in glycol-water media, we know that this assump­
tion is only approximately true. However, con­
sidering these limitations the experimental data 
presented for this reaction in methanol-water 
media and in glycol-water media are in satisfac­
tory agreement with those calculated by means 
of the equations and thus they very definitely 
show the influence of the dielectric constant and 
of the ionic strength upon critical increments.

We have summed up all of our observations in 
the two different solvent-water mixtures including 
some specific solvent influences:

(a) In methanol-water mixtures the log Ks for

the constant dielectric constant media were 
constant, the average value being 11.77. In 
glycol-water media, however, the log Ks for the 
constant dielectric constant mixtures increase 
with decreasing dielectric constant.

(b) In methanol-water mixtures E jf decreased 
with decreasing dielectric constant. In glycol- 
water media, however, E ^  is apparently inde­
pendent of dielectric constant.

(c) In agreement with equation (6) the critical 
increments increased with ionic strength in both 
solvent-water mixtures of constant dielectric con­
stant. In both cases calculated and experimental 
critical increments are in good agreement,

(d) The limiting slopes of the plots of (log 
ko — log &o*) against (1 /D° — l/D ) are in fair 
agreement with the predicted values in both 
cases.

(e) At 50° the rate constants in glycol-water 
mixtures are very nearly the same as those in 
isopropyl alcohol-water media and in dioxane- 
water media3b for the same constant dielectric 
constant mixtures.

As a result of the constancy of E 0̂  in glycol- 
water media, the suggestion previously made2b 
that possibly some of the decrease in E jf with 
decreasing dielectric constant in methanol-water 
media was due to the method of calculating the 
&0s, must either be dismissed or we must assume 
compensating medium effects operating in the 
glycol-water media. Unfortunately we cannot 
satisfactorily decide this question at present.

Summary
1. The rate of conversion of ammonium cya­

nate to urea has been studied over the tempera­
ture range 30 to 60° in glycol-water mixtures at 
the constant dielectric constants of 63.5, 60, 55, 50, 
45 and 40.

2. The influence of ionic strength upon the 
observed critical increments at zero ionic strength 
is in good agreement with equations previously 
derived. It is observed that the critical incre­
ment is apparently independent of the dielectric 
constant in glycol-water media of constant di­
electric constant.

3. Empirically it is shown that for this reac­
tion in glycol-water mixtures of constant di­
electric constant the following relation holds

4. The influence of the dielectric constant
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of the solvent upon the rate constants is in fair 
agreement with the Scatchard-Christiansen 
theory.

5. The experimental results for this reaction

are compared in methanol-water and in glycol- 
water mixtures.
Buffalo, N. Y.
College Park, Md . Received April 22, 1938

[Contribution from the Department of Chemistry, Columbia University]

On the Mechanism of the Catechol-Tyrosinase Reaction. II. 
The Hydrogen Peroxide Question

By Charles R. D awson and Bernard J. Ludwig

The dihydric phenol catechol has been used 
widely as an experimental substrate in the study 
of phenolic-oxidase action. These studies, and 
the widespread occurrence of catechol derivatives 
in nature, have motivated the suggestion that the 
utilization of molecular oxygen during the respira­
tion of certain types of plants probably is largely 
dependent on this type of enzymatic action.1 
Robinson and McCance2 in 1925 were among the 
first to show that the enzymatic oxidation of 
catechol results in the absorption of two atoms of 
oxygen per molecule of the dihydric phenol. 
Although it has been established definitely that 
(7-benzoquinone is one of the initial products 
formed during the action of a phenolic oxidase 
such as tyrosinase on catechol,3-5 the nature of 
the enzymatic action and the chemical mecha­
nisms involved have not yet been explained satis­
factorily.

The conversion of catechol to o-benzoquinone 
is an oxidation requiring theoretically only one 
atom of oxygen, and thus much of the controversy 
during the past decade has been in reference to 
the fate of the second oxygen atom. Since 
aerobic oxidations are attended frequently by the 
initial formation of hydrogen peroxide, it is not 
surprising that one of the first mechanisms, as 
suggested by Onslow and Robinson,6 accounted 
for the second atom of oxygen by the formation of 
hydrogen peroxide, i. e.

C6H4(OH)2 +  0 2 — >  c6h 4o2 +  H20 2

These investigators, and others,7 have claimed 
to have detected traces of hydrogen peroxide in

(1) A. von. Szent-Györgyi, Science, 72, 125 (1930).
(2) M. E. Robinson and R. A. McCance, Biochem. J ., 19, 251

(1925) .
(3) A. von Szent-Györgyi, Biochem. Z ., 162, 399 (1925).
(4) C. E. M. Pugh and H. S. Raper, Biochem. 21, 1370 (1927).
(5) H. Wagreich and J. M. Nelson, J . Biol. Chem., 115, 459 (1936).
(6) M. W. Onslow and M. E. Robinson, Biochem. J ., 20, 1138

(1926) .
(7) B. S. Platt and A. Wormall, ibid., 21, 26 (1927).

the reaction mixture resulting from the enzymatic 
oxidation of catechol, and they attributed the 
difficulty in detecting this substance to the pres­
ence of peroxidase and catalase in their tyrosinase 
or oxidase preparations. Others have attributed 
the difficulty of detecting hydrogen peroxide in 
many catalytic oxidations to the presence of 
small amounts of certain metals.8,9

The reliability of the methods used by Onslow 
and Robinson, and others,7 for the detection of 
hydrogen peroxide has been questioned, and 
several workers have expressed doubt concerning 
the formation of hydrogen peroxide during the 
enzymatic oxidation of catechol. Pugh and 
Raper4 studied the oxidation of catechol using 
tyrosinase preparations that possessed apprecia­
ble catalase activity, and observed that the 
total oxygen uptake did not deviate from two 
atoms per molecule of substrate. They pointed 
out that the presence of catalase would tend to 
decompose any hydrogen peroxide formed during 
the enzymatic oxidation and would thereby re­
turn the second atom of oxygen to the reaction 
mixture. These workers suggested that the second 
oxygen atom is consumed during further oxida­
tion of o-benzoquinone. Furthermore, Nobutani10 
found that catalase has no effect on the oxygen 
consumption during the enzymatic oxidation of 
^-cresol, and therefore concluded that hydrogen 
peroxide is not formed during this reaction.

A study of the reports of Pugh and Raper and 
of Nobutani, however, reveals that their con­
clusions have been based on evidence that is not 
entirely convincing. These investigators did not 
indicate the strengths of the catalase preparations 
used nor did they demonstrate that the catalase 
remains active throughout the oxidation process.

(8) H. Wieland, "On the Mechanism of Oxidation,” Yale Univer­
sity Press, New Haven, Conn., 1932.

(9) H. Wieland and W. Franke, A nn ., 457, 1 (1927).
(10) F. Nobutani, J . Biochem. (Japan), 23, 472 (1936).
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Furthermore, it appears from some recent studies 
of Keilin and Hartree11 that under certain condi­
tions catalase may promote a secondary oxida­
tion involving the hydrogen peroxide produced 
during an enzymatic oxidation. These authors 
have shown that when catalase functions in this 
capacity, the decomposition of the hydrogen 
peroxide does not result in the liberation of oxy­
gen, i. e.y it does not return molecular oxygen to 
the reaction system. If, during the enzymatic 
oxidation of catechol, the introduction of catalase 
should promote such a secondary oxidation be­
tween hydrogen peroxide and some suitable inter­
mediate, it is possible that the total oxygen up­
take might not deviate from two atoms per 
molecule of substrate. Under such conditions, 
therefore, the formation of hydrogen peroxide 
would not be detected by oxygen uptake meas­
urements.

In 1930 Pugh12 reported that the activating 
action of traces of catechol and other dihydric 
phenols on the tyrosinase-monohydric phenol 
reaction could be attributed to the formation of 
either hydrogen peroxide or both hydrogen 
peroxide and 0-quinone. More recently, Evans 
and Raper13 have reported that the addition of 
purified peroxidase to the mealworm tyrosinase- 
tyrosine reaction causes a considerable decrease 
in the accumulation of dopa (3,4-dihydroxy- 
phenylalanine). Since peroxidase itself has no 
action on mono- or dihydric phenols, they pre­
sented this as evidence that either hydrogen 
peroxide or an organic peroxide, which is capable 
of being activated by peroxidase, is produced in 
the tyrosinase-tyrosine reaction.

It has been found recently in these Labora­
tories14 that the quinone produced during the 
enzymatic aerobic oxidation of catechol can be 
followed by iodimetric titration. When produced 
under certain conditions, i. e., with an optimum 
amount of enzyme in very dilute solutions of 
catechol buffered in the pH range 4.2 to 6.6, the 
stability of the quinone is such that the stoichio­
metric relationship between it and catechol can 
be demonstrated. Since both quinone and hydro­
gen peroxide liberate iodine from hydriodic acid, 
it was apparent at an early stage in these studies 
that the indefinite status of the hydrogen perox-

(11) D. Keilin and E. F. Hartree, Proc. Roy. Soc. (London), 
£119, 141 (1935).

(12) C. E. M. Pugh, Biochem. J ., 24, 1442 (1930).
(13) W. C. Evans and H. S. Raper, ibid., 31, 2155 (1937).
(14) C. R. Dawson and J. M. Nelson, This Journal, 60, 250 
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ide controversy tended to cloud all interpreta­
tions. For this reason it became essential that 
more conclusive experimental evidence be ob­
tained concerning the questionable role of hydro­
gen peroxide in this enzymatic oxidation.

In order to avoid the questionable reliability of 
the oxygen absorption methods which have been 
applied previously to this problem, the reaction 
course was followed by means of the iodimetric 
titration method previously described.14 The
study reported in this communication deals with 
the effect of hydrogen peroxide and the effect of 
catalase on the production and stability of the 
oxidation products formed during the catechol- 
tyrosinase reaction.

The Tyrosinase Preparations.—The tyrosinase 
preparations used in the present study were ob­
tained from common mushrooms (common or 
field mushroom “PsalUota campestris”). The
detailed procedure used for obtaining tyrosinase 
preparations from mushrooms will be published 
later. In brief, the mushrooms were frozen, 
ground, treated with cold acetone, and extracted 
with water. After an acetone precipitation and 
one or two ammonium sulfate precipitations, the 
enzyme was adsorbed on kaolin, eluted, and then 
adsorbed on alumina. The last step was followed 
by elution and dialysis, and the activity of the 
resulting preparation was measured according to 
the method proposed by Graubard and Nelson.15

The preparations were found to be free of 
peroxidase activity and to have negligible cata­
lase activity. Typical data in support of this 
statement are compiled in Table I. These data 
were obtained using the procedure of Balls and 
Hale16,17 for the determination of peroxidase 
activity.

The negligible magnitude of the catalase ac­
tivity in the tyrosinase preparations can be 
judged by an inspection of the values of (a — x) jt 
in column 1 of this table. The very small values 
of (a — x)/t indicate a very low rate of decom­
position of hydrogen peroxide by 5 cc. of the 
tyrosinase solution in the absence of pyrogallol. 
The absence of peroxidase activity in the tyro­
sinase solutions is shown by a comparison of the 
values of {a — x)/t in columns 2 and 3 with those 
in column 1. The introduction of pyrogallol at

(15) M. Graubard and J. M. Nelson, J . Biol. Chem., 112, 135 
(1935).

(16) A. K. Balls and W. S. Hale, / .  Assoc. Off. Agr. Chem., 16, 
445 (1933).

(17) A. K. Balls and W. S. Hale J . Biol. Chem., 107; 767 (1934).



July, 1938 1619Hydrogen Peroxide in the Catechol-T yrosinase Reaction
!

Table I
250 cc. of 0.02 M  phosphate buffer contained 4.0 cc. of 0.1 N H2O2 with enzyme and pyrogallol as shown. The solu­

tion was covered with oil to prevent access of air and was stirred with nitrogen. Titrations were made on 25-cc, portions
with thiosulfate solution (approximately 0,01 jV), 
of the hydrogen peroxide.

pH  6.6
5 cp. tyrosipasp

The value of ( a  — x ) / t  gives a measure of the rate of decomposition

p H  6.6
5 pp. tyrosinase

pH  7.8
5 cc. tyrosinase 

soln.

PH  7.8
5 cc. peroxidase 

diluted

p H  7.8
5 cc. perpxidase

Time,
m n -

56.5 tmits 
Np pyrpgallpl 

Thio., a -  x 
pc. t

56.5 uqits 
P-6 g. pyrpgallol 

Thio., a -  x
PC. t

56.5 units 
0.6 g. pyrogallol 

Thio., a -  x  
pp. t

(1:20)
0.6 g. pyrogallol 

Thio.. a -  x 
cc. t

0.6 pyrogallol 5 cc. 
tyrosinase 56.5 unit§ 
Thio.. « “  * 

cc. t

Q 4,07 4,10 4,42 4.06 3.91
9 4.03 0.02 4.QÖ 0.02 4.40 0.01 3.70 0.18 3.56 0.18
5 4.00 .01 4.00 .02 4.39 .01 3.19 .17 3.06 .17
8 3.98 .02 8.92 .02 4.87 .01 2.71 .17 2.60 .16

10 3.86 .02 3.85 .02 4.38 .01 2.43 .16 2.32 .16

pH 6.6 did not increase the rate of decomposition 
of hydrogen peroxide, and at pH 7.8 caused a 
slightly lower rate of decomposition. Further- 
more, as shown in columns 4 and 5, a mixture of 
5 cc. of the tyrosinase solution with 5 cc. of a 
diluted horse radish peroxidase preparation had 
the same peroxidase activity as the peroxidase 
preparation alone.

The Effect of Hydrogen Peroxide on the 
Stability of the Oxidation Product Formed 
During the Enzymatic Oxidation of Catechol.—
In dilute solutions buffered within the pH range
4.2 to 6.6 and in the presence of sufficient tyro­
sinase, catechol is rapidly and completely con­
verted by air to an oxidized state that is equiva­
lent to two atoms of iodine per molecule of 
catechol.14 This iodine equivalency naturally 
suggests the oxidation product to be a benzo- 
quinone, but does not preclude the possibility that 
the titration values may correspond to a mixture 
of a benzoquinone and hydrogen peroxide. With­
in this pH range the decrease in stability of the 
oxidation product with increase in pH is small, as 
can be seen in curves 1, 2 and 3 of Fig. 1, but at 
higher pH values the product is too unstable to 
be determined effectively. Since the tyrosinase 
preparations used in these experiments possess 
negligible catalase and peroxidase activity, hydro­
gen peroxide, if formed during the oxidation of 
catechol under these conditions, should be 
detectable, provided that the hydrogen peroxide 
does not undergo a secondary reaction with the 
benzoquinone.

To determine the conditions favoring such a 
secondary reaction between the benzoquinone 
and hydrogen peroxide, the enzymatic oxidation 
of catechol in the presence of given amounts of 
hydrogen peroxide at different hydrogen ion con­
centrations were studied* The results obtained

are shown graphically in curves 5, 6 and 7 of 
Fig. L The experimental conditions and other 
points of information are given in the legend of 
this figure. As explained in this legend, 1.91 cc. 
of the thiosulfate solution is the titration value 
that represents complete conversion of 10 mg. 
of catechol to the quinone state, i. è., to an oxidized 
state that is equivalent to two atoms of iodine 
per molecule of catechol. Thus, in the presence 
of an amount of hydrogen peroxide equivalent to 
3.30 cc. of the thiosulfate solution per titration 
sample (see curve 4, Fig. 1), the complete enzy­
matic conversion of 10 mg. of catechol to this 
quinone state should be represented by a titra­
tion value of 5.21 cc. of thiosulfate solution, pro­
vided the hydrogen peroxide and quinone are 
perfectly compatible. Curves 6 and 7 of this 
figure show the quinone and hydrogen peroxide 
to be incompatible in solutions buffered to pH 
values of 5.5 and 6.7, respectively. However, 
at pH 4.1 hydrogen peroxide appears to have very 
little effect on the stability of the quinone pro­
duced in this enzymatic oxidation, as can be 
judged from a comparison of curve 5 with curve 
1 in this figure. Since hydrogen peroxide and 
the quinone appear to be compatible at pH 4.1, 
it is evident that experiments designed for the 
detection of hydrogen peroxide as a reaction 
product in this enzymatic oxidation should be 
conducted in solutions buffered to approximately 
this pH value.

The Effect of Catalase on the Reaction Course 
as Determined by the Iodimetric Titration 
Method.—By the use of a sufficient amount of 
the enzyme catalase, the decomposition of hydro­
gen peroxide can be effected at a rate so rapid as 
to be practically immeasurable. For this reason, 
the presence of a relatively large amount of cata­
lase in the reaction system, during the enzymatic
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oxidation of catechol at pH 4.1, should alter ma­
terially the reaction course, as determined by the 
iodimetric titration method, if hydrogen peroxide 
is responsible for any part of the titration values.

Fig. 1.— Curves showing the effect of pH  and of hydrogen peroxide 
on the production and stability of the oxidation product formed in 
the catechol-tyrosinase reaction. 3.5 units of tyrosinase per mg. 
of catechol was used in solutions buffered to the following pH  values: 
Curve l ,  pH  4.1; 2, pH  5.3; 3, pH  6.7; 5, 4.1; 6, pH  5.5;
7, pH  6.7. The enzymatic oxidations represented by curves 1, 2 
and 3 were run at 25° in a total reaction volume of 250 cc., of which 
25 cc. was 0.2 M  phosphate buffer; 5 cc. was 0.2% freshly prepared 
catechol solution (10 mg.), and 5 cc. was enzyme solution. The 
enzyme was added at zero time. With air bubbling through the 
reaction solution, 25-cc. samples were removed at the time intervals 
noted and added to 25 cc. of 2 N  sulfuric acid. After adding 10 cc. 
of 10% potassium iodide they were allowed to remain in the dark 
for fifteen minutes before titrating the liberated iodine with standard 
thiosulfate solution. Thus the plotted volumes of thiosulfate solu­
tion required to take care of the iodine liberated in each sample are 
a measure of the amounts of oxidation product causing this iodine 
liberation. 1 Mg. of catechol per 25 cc. (0.1 reaction volume) when 
completely oxidized is equivalent to 9.10 X 10 “6 mole of iodine 
which in turn is equivalent to 1.91 cc. of 0.00950 N  sodium thio­
sulfate solution. The runs represented graphically by curves 5, 6 
and 7 differ from those of curves 1, 2 and 3 in that the reaction 
system corresponding to the upper curves contained in addition to 
10 mg. of catechol and 35 units of enzyme 2.0 cc. of approximately 
0.15 N  hydrogen peroxide. The titration values plotted in curve 4 
(3.30 *  0.01 cc.) are those obtained when the system contained 
only this amount of hydrogen peroxide. The upper dotted line 
(at 5.21 on the ordinate axis) is the sum of the hydrogen peroxide 
equivalent (3.30) and the catechol equivalent (1.91) in cc. of 0.00950 
N  sodium thiosulfate solution.

Curves 1 and 2 in Fig. 2 show the reaction 
course, as determined by this method, when 10 
mg. of catechol in 250 cc. of solution buffered to 
pH 4.1 was oxidized rapidly with 35 units of 
tyrosinase and more slowly oxidized with 5 units 
of the enzyme. Curves 4 and 5 show the results 
obtained when the experiments were repeated

Fig. 2.— Curves showing the absence of hydrogen peroxide in the 
products resulting from the enzymatic oxidation of catechol. The 
data represented in curves 1, 2, 4 and 5 were obtained using 10 mg. 
of catechol per 250 cc. reaction volume (buffered to p H  4.1) according 
to the procedure described in the legend of Fig. 1. The data repre­
sented in curves 6 and 7 were obtained with similar solutions buffered 
to pH  5.6. Tyrosinase used per mg. of catechol: curves 1 and 4, 
3.5 units; curves 6 and 7, 1.0 unit; curves 2 and 5, 0.5 unit. The 
systems represented by curves 4 and 5 differ from those of curves 
1 and 2 only in that the initial reaction volume (250 cc.) of the former 
systems contained, in addition to catechol and tyrosinase, 2.0 cc. 
of a diluted catalase preparation. The data represented in curve 3, 
which has been included to give an indication of the catalase activity  
possessed by this amount of the catalase preparation, were obtained 
by use of the same titration procedure. The system contained 
initially only 2.0 cc. of approximately 0.17 N  hydrogen peroxide in 
250 cc. This amount of hydrogen peroxide is nearly twice that 
theoretically producible in the enzymatic oxidation of catechol 
under these conditions. As can be seen in this curve, one minute 
after the addition of 2.0 cc. of the diluted catalase preparation, only 
a negligible quantity of hydrogen peroxide remained. To demon­
strate that the catalase remained active throughout the  oxidation 
process j a similar amount of hydrogen peroxide (2.0 cc. of 0.17 N  
hydrogen peroxide) was added after the expiration of twelve minutes 
to the systems represented by curves 4 and 5. Had the catalase 
been inactivated completely the last titration value in each of these 
curves would have been greater by about 5.8 cc. of the thiosulfate 
solution. The system represented by curve 7 differs from that of 
curve 6 only in that the former contained initially 5 cc, of a diluted 
(1:20) peroxidase preparation in addition to the catechol and tyro­
sinase. The activity of this amount of peroxidase can be judged 
from an inspection of the data in column 4 of Table I. The titra­
tions in the experiments represented by curves 6 and 7 were made 
with 0.00964 N  sodium thiosulfate.

in the presence of a relatively large amount of 
catalase. This negative effect of catalase on the 
reaction course was observed also at other pH 
values within the pH range 4.1 to 6.7. Experi­
ments of this type were also conducted at several 
pH values using peroxidase rather than catalase 
for the purpose of detecting hydrogen peroxide. 
In no case did the presence of peroxidase alter 
the reaction course. A typical example is pre­
sented in the form of curves 6 and 7 of Fig. 2 (see
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legend). As explained in the legend and shown 
in curve 3 of this figure, the amount of catalase 
used in these studies was sufficient to decompose 
in about one minute nearly twice the amount of 
hydrogen peroxide that theoretically could be 
produced during this enzymatic oxidation. Since 
the catalase remained active throughout the 
enzymatic oxidation (see legend of Fig. 2) and 
caused no change in the course of the reaction as 
followed by this method, it can be concluded 
definitely that the titration values are in no part 
due to hydrogen peroxide.

Discussion
It is quite apparent that the uptake of the extra 

atom of oxygen over and above that which is 
required for the formation of ̂ -benzoquinone from 
catechol cannot be accounted for in this enzy­
matic oxidation simply by the formation of hydro­
gen peroxide as suggested by Onslow and Robin­
son,6 i.e.

C6H4(OH)2 +  0 2 — ^ C6H40 2 +  H20 2
This statement, based largely on the evidence that 
has been presented above, has recently received 
further substantiation during the course of other 
investigations in these Laboratories. By simul­
taneously following the enzymatic oxidation of 
catechol with both oxygen uptake measurements 
and iodimetric titration measurements, Wagreich 
and Nelson18 have found that the complete conver­
sion of catechol to the quinone state, as indicated 
by iodimetric titration, requires the absorption of 
only one atom of oxygen. It appears quite prob­
able that the second oxygen atom is used in oxida­
tion of a product resulting from the action of 
water on o-benzoquinone.

The question of whether or not hydrogen per­
oxide has an intermediary function during the

(18) H. Wagreich and J. M . Nelson, T h is  J o urnal, 60, 1545 
(1938).

formation of the initial quinone may be considered 
to be still open to debate. For such to be the 
case, the hydrogen peroxide must perform this 
function at a rate greater than the rate of its own 
decomposition by relatively large amounts of 
catalase, and its concentration therefore at any 
given time must be extremely low. If the tyro­
sinase preparations had possessed appreciable 
peroxidase activity, such an intermediary func­
tion of hydrogen peroxide would be more readily 
conceivable. Considering the facts that have 
been presented above, there appears to be little 
reason at present for supporting such a view of 
the enzymatic oxidation of catechol.

Summary
1. The enzymatic oxidation of catechol has 

been studied using tyrosinase preparations hav­
ing no peroxidase activity and negligible catalase 
activity.

2. In dilute solutions buffered within the pH 
range 4.1 to 6.7 the oxidation product formed in 
the initial stages of the catechol-tyrosinase reac­
tion is equivalent to two atoms of iodine per 
molecule of catechol. This iodine equivalency 
corresponds to a benzoquinone.

3. This quinone and hydrogen peroxide are 
incompatible in solutions buffered to pH values 
above 4.1.

4. In the pH range 4.1 to 6.7, the course of the 
catechol-tyrosinase reaction, as followed by 
iodimetric titration, is unaltered by large amounts 
of catalase or peroxidase.

5. It is concluded that hydrogen peroxide is 
not responsible for any part of the titration 
values, and that the consumption of two atoms 
of oxygen per molecule of catechol during the en­
zymatic oxidation cannot be directly attributed 
to the formation of hydrogen peroxide.
N e w  Y o r k , N. Y. R e c e iv e d  M a y  4, 1938
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Researches on Pyrimidines. CLVIIL 
The Oxidation of Mercaptopyrimidines with Chlorine Water

By T r e a t  B- J o h n s o n  a n d  J a m es  M. S p r a g u e 1

In a ^eeent publication from this Laboratory 
By the authors2 it was shown that chlorine gas 
and certain 2-mercaptopyrimidines interact 
smoothly in aqueous solution at low temperature 
with production of the corresponding 2-alkylsub 
fonyl derivatives. This reaction is applicable to 
g-mercaptopyrimidines conforming in constitution 
to Formula L By raising the reaction tempera­
ture, however, the chlorination process proceeds 
further with replacement of the sulfonyl group­
ing of the pyrimidine II by chlorine. These 
changes are expressed by Formulas I, II and III. 

N = C X  N = C X  N = C X
I

RSC CH
II II
N—CH

Cl2
H20

RS02 C CH
Cl2

C1C CHj ,
H20

N—CH N—CH
I II III

(X = halogen, OCH3 or OC2H5, SC2H5 and NH2).
During study of this chlorination reaction in 

1935 we experimented also with several 2-mer- 
capto-4-oxypyrimidine compounds but were un-

RSO2C
II
N-

NH—CO
I I

CH
Cl2

NH—CO
I I

h 2o
-CH

RSC
II
N-

CH
II

-CH

Cl2
NH—CO
I I

------^  CO CC12
H20  I I

NH—CHOH 
VIIV V

able to prepare the 2 -alkylsulfonyl pyrimidines 
corresponding to Formula IV. The products 
of reaction were always sulfur free and they 
were identified as 2,4-diketohexahydropyrimi- 
dines as is represented by Formula VI.

In other words, the chlorination reaction in 
aqueous solution proved to be specific, and 
serves to differentiate between 2 -mercapto- 
pyrimidines represented by structures ex­
pressed in Formulas I and V, respectively. In 
pyrimidines of type I the unsaturation of the 
pyrimidine cycle is not changed by chlorina­
tion, and the mercapto grouping is oxidized, 
giving a stable sulfonyl pyrimidine II. In 
the case of pyrimidines of type V the chlorina­
tion process is more complicated. Here we 
are dealing with three different reaction 
changes: (1 ) oxidation of the 2-mercapto group­
ing, (2) saturation of the double bond in positions

(1) Sterling Professorship of Chemistry Research Assistant 
1936-1937.

(2) Sprague and Johnson, T m s Jo urn al* 57* 2252 (1935);

5 and 6 of the pyrimidine cycle and (3) hydrolysis 
in position^ with formation of an alkyl sulfonic 
acid and a 2 ,4-diketohexahydropyrimidine deriva­
tive.

This specificity of reaction is also exhibited by 
chlorination of mercaptopyrimidines in alcohol 
solutions. The mercaptopyrimidines of type V 
behave as the corresponding 2,4-diketotetrahy* 
dropyrimidines, giving the same products, the
2.4- diketohexahydropyrimidines.3 This char« 
acteristic difference in chemical behavior is il­
lustrated in the equations expressed under sec­
tions A and B below.

Several mercaptopyrimidines of type V have 
been utilized in different research programs in 
progress in this Laboratory, and in every case 
thus far examined the respective mercaptopy- 
rimidine has undergone the characteristic trans­
formations expressed under section B. These
2.4- diketohexahydropyrimidines are converted 
quantitatively into 2 ,4-diketotetrahydropyrimi- 
dine derivatives by digestion with reducing agents.

Experimental Part
I. The Oxidation of the Mercaptopyrimidines to their 

Corresponding Sulfonyl Derivatives

C2H5S02(>=NCH==C(CH3)C(NHC1)===N, 2-Ethylsul- 
fonyl-4-chloroamino-5-methylpyrimidine.—Two grams of

N=CC1
I I

c 2h 5s c  c h
(A) || ||

N—CCH3
NH—CO

(B) I I
C2H5S—C CH

N=CC1
I ! ■

+  chlorine in water =" C2H5SO2—C CH 
or methyl alcohol || ||

N—CCH3

Chlorine in water
N H -
I

-CO

N- - c c h 3

->  C2H6S03H +  CO CC12
I I

NH—CCH3

Chlorine in methyl alcohol
I

OH 
NH—CO

C2H6S03H +  CO CC12 

NH—CCH3

o c h 3

2-ethylrrtercapto - 4 - amino - 5 - methylpyrimidine4 was dis­
solved in 3 cc. of cold methyl alcohol and the solution 
acidified with 1 cc. of concentrated hydrochloric acid.

(3) Johnson and Sprague, ibid., 59, 2436 (1937).
(4) Wheeler and Johnson, A m . Chem. V ., 31, 597 (1904).
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After diluting to 20 cc. with ice water chlorine gas was then 
bubbled slowly into the cold solution until the precipita­
tion of a crystalline solid was complete. This reaction 
product (2 g.) was dried over phosphorus pentoxide and 
purified by crystallization from ethyl acetate. I t  melted 
at 125-126° and responded to qualitative tests for sulfur 
and chlorine.

Anal. Calcd. for C7Hi0O2N3SCl: N, 17.83; S, 13.61; 
Cl, 15.15. Found: N, 17.88; S, 13.77; CJ, 15.25; (active 
Cl, 15.05).

C2H,S02t==NCH=C(CHs)C(NH2)=N, Formation of
2-Ethylsutfonyi^amino-g-methylpyrimidine.—The above 
chloroaminopyrimidine was suspended in dilute sodium 
bisulfite solution and the mixture agitated vigorously for 
several minutes. The insoluble material was then filtered 
off, dried in vacuum and purified by crystallization from 
ethyl acetate. It melted at 136-137° and proved to be 
identical with the pyrimidine obtained by the action 
of ammonia on 2-ethylsulfonyl-5“chloro-5-methylpyrimi- 
dine.4

Anal. Calcd. for C7H11O2N3S: N, 20.88; S, 15.94. 
Found: N, 21.03; S, 16.06.

On exposure of this pyrimidine to the action of chlorine 
in dilute hydrochloric acid the chloroamino compound 
(above) was formed and melted at 125-126°.

C2H6S02C=N C(CH 8)=CHC(C1)=-N, 2-Ethylsulfonyl- 
4-chloro-6-methylpyrimidine.—This was prepared by 
suspending 10 g. of 2-ethylmercapto-4-chloro-6-methyl- 
pyrimidine5 6 in 75 cc. of ice water and then saturating the 
cold solution with chlorine gas. This pyrimidine chloride 
separated as an oil. After extraction with ether and dry­
ing over calcium chloride the oil was purified by distilla­
tion. I t  boiled at 189-191° at 3.5 mm.; w25d 1.5422.

Anal. Calcd. for C7H9O2N2CI: N, 12.70. Found: N, 
12.60.

NH2C = N —C(CH3)=C H C ( C1)=N, Formation of 2- 
Amino-4“Chloro-6-methylpyrimidine.7—This is formed
smoothly by interaction of 2-ethylsulfonyl-4-chloro-6- 
methylpyrimidine with cold saturated alcoholic ammonia 
solution. I t  is also formed by heating the chloropyrimi- 
dine with strong aqueous ammonia at 100° for one hour. 
The yield is 80% of the theoretical. After purification by 
crystallization from hot alcohol it melted at 182-183°.

Anal. Calcd. for C5H6N3C1: N, 29.27; Cl, 24.74. 
Found: N, 29.40; Cl, 24.65.

C2H 5S 0 2C ^ N C ( C H 3)= C H C (N H C 1) = N , 2-Ethylsul- 
fonyl-4-chloroamino-6-methylpyrimi dine.—Four grams of 
2-ethylmercapto-4-amino-6-methylpyrimidine was dis­
solved in 5 cc. of dilute hydrochloric acid and the solution 
diluted with 35 cc. of ice water. The above pyrimidine 
was formed on saturating the cold aqueous solution with 
chlorine gas. The pyrimidine crystallizes from benzene 
and melts at 133-134°. Analysis of the compound after 
drying in vacuo at 100°: Calcd. for C7H10O2N3SCI: N, 
17.83. Found: N, 17.86.

(5) Sprague and Johnson, T his J o urn al , 68, 426 (1936)j
(6) Johns, Am. Chem. J ., 40, 350 (1908).
(7) Gabriel and Colman, Ber., 88, 2922 (1899);

II. The Conversion of 2-Mereapto-4-oxypyrimiclines into
2,4-Dike tohexahy dr opyrimi dines

CONHCH(OCHj) C( CH3)ClCON&, 2,4-Diketohexahy^ 
dro-5-methyl-5-chlQro-6-methoxypyrimidine,—-Four grams 
of 2 - ethylmercapto - 4 - oxy - 5 methylpyrimidiue8 was dis­
solved in 50 cc. of methyl alcohol and the ice-cooled solution 
saturated with chlorine gas. The excess of alcohol was 
then repioved foejow a temperature of 30° under diminished 
pressure. During this operation there was a distinct odor 
and lachrymator effect of ethyl sulfonyl chloride. The 
crystalline reaction product which separated (3 g.) was 
washed with cold water and petroleum ether, and then 
purified by crystallization from boiling water. The com­
pound obtained was free from sulfur and crystallized from 
water in the form of needles melting at 220-221 °.

Anal. Calcd. for C*H90sN2Cl: N, 14.54; Cl, 18.42; 
methoxyl (OCH3), 16.12. Found: N, 14.43; Cl, 18.60; 
methoxyl (OCHa), 16.14.

This pyrimidine is very soluble in acetone, ethyl acetate, 
ethyl alcohol, ether and hot water. I t  is also soluble in 
dilute alkali solution from which it is precipitated by 
neutralization of the alkali with acids. On digesting the 
hexahydropyrimidine with hydriodic acid,9 it is converted 
quantitatively into “thymine.”

CONHC( CHs)(OCHs) CC1CONH, 2,4 - Diketotetrahy- 
dro - 5,5 - dichloro- 6- methyl - 6 - methoxypyrimidine.—Four 
grams of 2-ethylmercapto-4-oxy-6-methylpyrimidine10 was 
chlorinated according to the experimental technique de­
scribed in the preceding experiment. Five grams of the 
hexahydropyrimidine was obtained. This was purified by 
crystallization from methyl alcohol and melted a t 274- 
275°, with effervescence. The compound failed to give a 
test for sulfur.

Anal. Calcd. for C6H803N2C12: N, 12.33, methoxyl 
(OCH3), 13.67. Found: N, 12.33; methoxyl (OCH3), 
13.60.

On digesting this pyrimidine with tin and hydrochloric 
acid,11 it is converted quantitatively into 5-chloro-6- 
methyluracil, C0NHC(CH3)=CC1C0NH. This crys­
tallized from hot water in the form of needles.

Anal. Calcd. for C5H60 2N2C1: N, 17.45. Found: N,
17.40.

CONHCH(OCH3) CCUCONH, 2,4-Diketotetrahydro- 
5,5-dichloro-6-methoxypyrimidine.—This is formed quan­
titatively by chlorination in methyl alcohol solution 
of 2-ethyl or 2-methylmercapto-6-oxypyrimidine.12 The 
pyrimidine melts at 225-226°3 and is converted into 5- 
chlorouracil by digestion with tin and hydrochloric acid.

Summary

1 . 2-Mercaptopyrimidines of types I and II, 
respectively, can be differentiated by their char­

es) Wheeler and Merfiam, Am. Chem. J ., 29, 487 (1903) ; Wheeler 
and Johnson, ibid., 31, 595 (1904).

(9) Baudisch and Davidson, J . Biol. Chem., Mkt 234 (1925).
(10) List, Ann., 236, 12 (1888); Wheeler and M erriam, Am . 

Chem. J., 29, 478 (1903).
(11) Johnson, ibid., 40, 27 (1908).
(12) Wheeler and Johnson, Am. Chem, 29* 483 (1903);
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acteristic behavior toward chlorine gas in water 
and alcohol solutions.

NH—CO
I I

CHaSC CH
II II

N-----CH
I

N=CH  

CHaSC CH

2. Pyrimidines of type I are desulfurized com­

pletely with formation of 2,4-diketohexahydro- 
pyrimidine compounds.

3. Pyrimidines of type II are oxidized to the 
corresponding 2 -alkyl sulfonyl pyrimidine com­
pounds. The double bond in positions 5 and 6 of 
the pyrimidine cycle is not altered.
N e w  H a v e n , C o n n . R e c e iv e d  A p r il  4, 1938

[C o n t r ib u t io n  fr o m  T h e  F l e is c h m a n n  L a b o r a t o r ie s , S t a n d a r d  B r a n d s  I n c o r p o r a t e d ]

The Volatile Constituents of Roasted Coffee
B y W illia m  R. J ohn sto n  and C h a r les  N . F r e y

Our interest in the staling of roasted coffee led 
us to attempt to isolate and identify some of the 
aroma and flavor constituents. It is evident that 
any effort to prevent or retard the staling of 
roasted coffee can be undertaken with better 
prospects of success if the identity and nature of 
the substances responsible for its flavor and aroma 
can be more completely ascertained.

When we started our investigation the best 
information on the subject was contained in the 
patents issued to Staudinger and Reichstein.1 
They outlined a method of isolating coffee vola­
tiles by vacuum distillation and listed a number of 
compounds supposedly present in roasted coffee. 
Some of the compounds reported were: hydro­
gen sulfide, methyl mercaptan, furfuryl mer­
captan, dimethyl sulfide, acetaldehyde, furfur- 
aldehyde, diacetyl, acetyl-propionyl, furfuryl al­
cohol, acetic acid, guaiacol, vinyl guaiacol, 
pyridine, pyrazine and N-methylpyrrole. How­
ever, in British Patent 260,960, the statement is 
made that the compounds reported were not 
actually found in coffee but were split products ob­
tained by analysis—the real products being un­
stable and difficult to isolate. This statement is 
somewhat confusing since some of the substances 
mentioned have been reported previously by 
earlier investigators as being present in coffee. 
For example, pyridine, furfuraldehyde, furfuryl 
alcohol and acetic acid actually have been isolated 
from roasted coffee. The older literature on this 
subject has been surveyed critically by Prescott 
and his co-workers.2 With this contradiction in 
mind, we decided to use the work of Staudinger 
and Reichstein as a guide and attempt to isolate

(1) Staudinger and Reichstein, British Patents 246,454 and 
260,960.

(2) Prescott, Emerson and Peakes, Food Research, %, l~20 (1937).

the volatile coffee components as nearly un­
changed as possible. Their procedure includes 
distillation at 2-5 mm. pressure at 100- 1 1 0 ° and 
the use of steam or liquid water to assist in re­
moval of volatile substances from roasted coffee. 
We believed that this treatment was not ideal 
because previous work on staling had convinced 
us that very small amounts of oxygen were suffi­
cient to cause appreciable deterioration of the 
coffee and in addition that moisture had a dis­
tinct accelerating effect on this deterioration. 
Consequently, we decided to utilize a high vac­
uum apparatus and to avoid the use of water 
during the distillation. By distilling at low pres­
sures and working in the practical absence of 
oxygen we have been able to isolate as actual 
constituents of coffee several of the substances 
reported by Staudinger and Reichstein. We also 
have detected methylacetylcarbinol as a new con­
stituent of roasted coffee.

Shortly after we had completed our investiga­
tion, two excellent papers by Prescott and his 
associates2,3 supplied valuable new information 
on the constituents of roasted coffee. Prescott 
and his collaborators relied on solvent extraction 
of coffee brew and dry roasted coffee to isolate 
several new substances which were identified in 
the usual manner. The following substances 
were reported: furfuryl alcohol, furfuraldehyde, 
acetic acid, formic acid, diacetyl, diethyl ketone, 
kahweol, vanillone, ^-vinylguaiacol, guaiacol, 
w-heptacosane, ^-vinylcatechol, sylvestrene, eu- 
genol, and a hydrocarbon melting at 116-117°. 
Of these substances, formic acid, diethyl ketone, 
vanillone, w-heptacosane, ^-vinylcatechol, sylves-

(3) Prescott, Emerson, Woodward and Heggie, ibid., 2; 165-173 
(1937).
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Irene, eugenol, and the hydrocarbon (m. p. 116- 
117°) have not been mentioned specifically by 
previous workers.

Judging from this work and from our own it is 
likely that the substances reported by Staudinger 
and Reichstein were not split products but actual 
coffee constituents.

Although not directly concerned with coffee, 
the paper by Reichstein and Beitter4 on the aroma 
constituents of roasted chicory is well worth the 
study of anyone interested in the chemistry of 
coffee. The methods of isolation and identifica­
tion described by Reichstein and Beitter are very 
probably quite similar to those used previously by 
Staudinger and Reichstein.

Apparatus and Procedure
Dry Distillation of Roasted Coffee (Santos).—The high 

vacuum distillation equipment included a heavy copper 
flask of about 15-liters capacity which was suitable for 
holding a charge of 15 kg. of finely ground coffee; a Pyrex 
glass manifold carrying 3 receivers of 200-cc. and 3 of 100- 
cc. capacity, a trap for mercury vapor, a mercury vapor 
pump, and a Cenco Hy-vac pump as a backing pump.

After charging the copper distillation flask with coffee it 
was fitted with a rubber stopper carrying a glass tube which 
was sealed to the receiver manifold. The joints between 
the rubber stopper, copper and glass were sealed vacuum 
tight with hard deKhotinsky cement.

The larger receivers were cooled with solid carbon di­
oxide and the smaller ones with liquid air. Each was 
fitted with a ground joint which permitted the removal of 
the lower portion holding the condensate.

In carrying out the distillation, after all leaks had been 
eliminated, the pumps were operated for several hours to 
remove all of the oxygen in the system. During this time 
the distillation flask was at room temperature but even at 
this temperature appreciable amounts of carbon dioxide, 
water vapor, and volatile aroma and flavor constituents 
condensed in the receivers. Only traces of substances 
condensed in the final liquid air trap and only small 
amounts of gas, presumably carbon monoxide, passed this 
receiver, since the pressure at that point was usually about 
0.005 mm. The pressure in the copper flask could not be 
measured at any time but since the bore of the manifold 
and receiver tubes was of the order of 1 cm, at all points, 
it is probable that no considerable drop in pressure existed 
between the distillation flask and the last receiver.

When oxygen had been eliminated completely from the 
system, the distillation flask was heated gradually to 100° 
on the water-bath and maintained a t that temperature 
throughout the distillation. Condensate accumulated 
rapidly after the coffee was heated, most of the water 
condensing in the receivers cooled with solid carbon di­
oxide, while carbon dioxide, traces of water, and a small 
amount of a pale yellow liquid having a strong coffee 
aroma condensed in the liquid air receivers.

When it became necessary to remove a receiver, oxida­
(4) Reichstein and Beitter, Ber., 63B, 816-826 (1930).

tion of the condensate was avoided by filling the manifold 
with pure nitrogen. After removal from the apparatus 
the receiver was sealed and stored in a packing of solid 
carbon dioxide until analysis of the condensate was under­
taken. The distillation was continued until practically 
no more liquid condensed in the solid carbon dioxide re­
ceivers. This usually required about forty hours. After 
one charge of coffee had been distilled, the copper flask was 
removed, a fresh charge introduced, and the distillation 
continued, following the procedure just outlined. In a 
typical experiment in which 100 lb. (45 kg.) of coffee was 
distilled, about 850 cc. of condensate in the solid carbon 
dioxide receivers and approximately 50 cc. of condensate 
in the liquid air receivers were obtained. The amount of 
liquid air condensate (50 cc.) is exclusive of the condensed 
carbon dioxide which was not retained.

Examination of Condensates.-—The condensate from the 
receivers cooled with liquid air was allowed to volatilize 
at atmospheric pressure, the effluent gas, chiefly carbon 
dioxide, being passed through receivers cooled with solid 
carbon dioxide. The gas finally escaping smelled strongly 
of hydrogen sulfide and of mercaptans or organic sulfides. 
Testing with lead acetate identified the hydrogen sulfide 
beyond question. The residual condensate (50 cc.) was a 
dilute aqueous solution supporting a thin layer of a pale 
yellow liquid. This mixture was distilled a t atmospheric 
pressure on the water-bath a t 75° in a slow stream of 
nitrogen until about 2 cc. of a pale yellow liquid condensed 
in a receiver cooled with solid carbon dioxide. The re­
sidual aqueous solution was combined with the primary 
condensate obtained in the three receivers cooled with 
solid carbon dioxide.

The pale yellow liquid was redistilled on a water-bath 
in an atmosphere of pure nitrogen, using receivers cooled 
with solid carbon dioxide. Three fractions were taken 
distilling a t 25-35, 35-50 and 50-85°, only a trace of 
brownish residue remaining in the distilling flask. The 
first fraction (0.4 cc.) was mostly soluble in water and had 
an odor of acetaldehyde. This substance was identified by 
formation of its 2,4-dinitrophenylhydrazone, m. p. 162- 
164°. A mixed melting point with an authentic sample 
confirmed the identification. Judging by the amounts of 
hydrazone formed, acetaldehyde was the chief ingredient 
of this fraction. A trace of furan seemed to be present 
since a pine splinter gave a green reaction and a brown 
precipitate was obtained on treatment with concentrated 
hydrochloric acid.

The second fraction (0.8 cc.) also contained acetaldehyde 
and, in addition, a mixture of perhaps several aldehydes 
and ketones, for a mixture of 2,4-dinitrophenylhydrazones 
was obtained. An attempted separation was not successful 
because of the small amount of material available.

The third fraction (0.4 cc.) was found to contain a small 
amount of diacetyl which was isolated as a foVsemicarba- 
zone, m. p. 281-282°. A mixed melting point of 281-282° 
confirmed the identification. The third fraction had a 
good coffee-like aroma and also a mercaptan-like odor. 
Sulfur was detected but mercaptans or sulfides could not 
be isolated or identified. A ketone was isolated in the 
form of a red 2,4-dinitrophenylhydrazone, m. p. 258-259°, 
but its identification was not completed, again because of 
the minute amounts of material available.
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The primary condensate from the receivers cooled with 
solid carbon dioxide contained droplets of oil. Immedi­
ately on exposure to air the oil droplets turned reddish- 
brown and the solution gradually darkened and deposited a 
brownish resin or tar. This also took place when the con­
densate was heated to 100-110° in pure nitrogen. The 
pxidized oil droplets had an odor very similar to that of 
yery stale coffee.

From a portion of the condensate diacetyl was precipi­
tated as its characteristic osazone, m. p. 243-245°, the 
identification being confirmed by a mixed melting point 
with the osazqne obtained from an authentic sample of 
diacetyl.

The bulk of the condensate was separated from the oil 
droplets and acids and then roughly fractionated. I t was 
first distilled at about 50-60 mm. pressure in a slow stream 
of pure nitrogen to remove the water. After practically 
all the water had distilled over, the distillation was stopped 
and the oily residue sealed in nitrogen to be saved for 
further work. The aqueous distillate was saturated with 
potassium carbonate and extracted with pure ethyl ether. 
The ether extract was concentrated to yield a viscous 
brown oil (3-4 cc.) which was distilled a t 20-30 mm. in a 
stream of nitrogen. Two fractions were taken: A (1 cc.) 
distilling a t 20-35°; and B (1 cc.) 35-65°; and a residue 
of about 2 cc. was set aside. Fraction A was found to be 
mainly a mixture of aldehydes and ketones and was not 
investigated further. Fraction B had an odor of pyridine 
and yielded a picrate melting at 167-168°. A mixed 
melting point with an authentic sample of pyridine picrate 
confirmed the identification.

Fraction B was fractionated at atmospheric pressure in 
pure nitrogen to yield a main fraction of 0.5 cc. boiling at 
145-165°. This distillate gave a phenylhydrazone melting 
at 97° which proved to be the phenylhydrazone of furfur­
aldehyde. A mixed melting point clinched the identifica­
tion. The aniline acetate test was also positive.

A few drops of a higher boiling liquid were also obtained 
from fraction B which seemed to be furfuryl alcohol but the 
identification was not confirmed by preparation of a 
derivative.

The distillate from fraction B coming over at 145-165° 
also yielded a phenylhydrazone melting at 237-240° which 
on purification melted at 244-245°. A mixed melting 
point with diacetyl osazone was 244-245°, so it was evident 
that either diacetyl or methylacetylcarbinol must have 
been present in fraction B. But diacetyl is excluded by 
its boiling point so the compound was identified as methyl­
acetylcarbinol which boils at 148° and yields diacetyl on 
oxidation. Its isolation may be ascribed to the care with 
which oxygen was excluded during manipulations. Its 
oxidation to diacetyl occurred during the preparation of the 
osazone in the presence of air.

Tests on the higher boiling fractions obtained from the 
aqueous condensate and on the small amount of water in­
soluble oils, indicated that phenols, nitrogenous com­
pounds other than pyridine and high boiling aldehydes 
and ketones were present. The phenolic fractions had a 
coffee-like odor and were very sensitive to heat and oxygen,

Discussion
In the main* our work has been an extension,

a general confirmation, and an elucidation of the 
patent disclosures of Staudinger and Reichstein. 
We have found high vacuum distillation to be 
very suitable for isolating the volatile coffee con­
stituents and have isolated several coffee con­
stituents which have been reported by Staudinger 
and Reichstein to be split products and not actual 
constituents. As mentioned previously, the indi­
cations are that most if not all of thé substances 
listed by Staudinger and Reichstein are actually 
present in coffee, ;

The identification of diacetyl, furfuraldehyde* 
pyridine, and furfuryl alcohol further confirms 
previously published reports. The detection of 
acetaldehyde, furan and hydrogen sulfide confirms 
the work of Staudinger and Reichstein, but the 
isolation of methylacetylcarbinol is new. Separa­
tion of fractions containing phenols, nitrogenous 
compounds other than pyridine, and mixtures of 
aldehydes and ketones again confirms several 
previous investigations, but the detection of sul­
fur in a volatile fraction is the first confirmation 
in this respect of Staudinger and Reichstein’s 
work. We are inclined to agree with their belief 
that the compounds containing sulfur are of major 
importance with respect to the distinctive char­
acter of coffee aroma. The fraction containing 
sulfur had a very intense odor which seemed to 
embody the unusual aroma and taste sensations 
imparted by roasted coffee.

The work of Prescott and his associates, mainly 
on the less volatile constituents of coffee, also 
confirms certain aspects of the researches of 
Staudinger and Reichstein and is of great impor­
tance in understanding the changes which take 
place on staling. We are in complete agreement 
with Prescott with respect to the probable 
changes occurring during the staling process 
Staling probably involves volatilization, oxida­
tion, hydrolysis, and polymerization of the various 
flavor and aroma constituents, and has little if 
anything to do with the fat of coffee.

At the present time we have an imposing list of 
coffee aroma and flavor constituents which should 
be of great assistance in studying the staling of 
coffee and various other problems of the coffee 
industry.

Summary
The utilization of high vacuum distillation to 

isolate the volatile aroma and flavor components
of roasted coffee is described» The identification
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of diacetyl, methylacetylcarbinol, furan, furfur­
aldehyde, furfuryl alcohol, acetaldehyde, pyridine, 
and hydrogen sulfide is reported. The contribu­
tions of Staudinger and Reichstein and of Prescott 
and his associates are discussed and the relation 
of the volatile constituents to the staling of

coffee is considered briefly. Coffee staling is 
probably concerned with changes in the volatile 
aroma and flavor substances and does not involve 
fat rancidity.
810 G r a n d  C o n c o u r s e
N e w  Y o r k , N .  Y .  R e c e iv e d  A p r il  12, 1938

[C o n t r ib u t io n  f r o m  t h e  M e l l o n  I n s t it u t e  o f  I n d u s t r ia l  R e s e a r c h  a n d  E . R . S q u ib b  a n d  S o n s ]

The Preparation of 2-Methyl-8-carboxy-3-keto-3,4-dihydro-l,4-benzoxazine
By H arold  W . C o les1 and W a lter  G. C h r is t ia n s e n 2

In the search for new analgesics without the 
chemical structures said to cause agranulocytosis3 
we have been interested in the possibilities of the 
benzoxazine ring system, and particularly in the 
8 - carboxy - 3 - keto - 3,4 - dihydro -1,4 - benzox- 
azines (I) since it is seen that these compounds

Q—COOH 

—O—CH—R

N H ------CO I

may be considered as derivatives of salicylic acid, 
and they also contain the skeleton of acetanilide. 
The carboxyl group not only acts in a detoxifying 
capacity, but also permits the preparation of a 
soluble sodium salt.

A number of carboxylated benzoxazines have 
been reported in the literature4 but, so far as we 
know, were not tested pharmacologically. There­
fore, 2-methyl-8-carboxy-3-keto-3,4-dihydro-1,4- 
benzoxazine (I, R = CH3) was synthesized and, 
being physiologically inactive, no further members 
of this series were prepared.

The authors wish to record their appreciation 
for the interest and advice of Dr. George D. 
Beal, Assistant Director of Mellon Institute, 
during the progress of this work.

Experimental Part
3-( a-Bromopropionylamino)-salicylic Acid.—The pro­

cedure, here described, is adapted from directions given 
by Sanna5 for the non-carboxylated aminophenols. One 
mole equivalent (4.25 g.) of 3-aminosalicylic acid and

(1) Senior Industrial Fellow, E. R. Squibb and Sons Industrial 
Fellowship, Mellon Institute.

(2) E. R. Squibb and Sons, Brooklyn, N . Y.
(3) Council on Pharmacy and Chemistry, A. M. A., J . Am . Med. 

Assoc., 102, 2183 (1934).
(4) (a) Christiansen, T his  J o u r n a l , 47, 1158 (1925); 48, 460 

(1926) ; (b) Einhorn and Oppenheimer, A n n ., 311, 154 (1900).
(5) Sanna and Vacca, Gazz. chim. ital., 62, 555 (1932); Puxeddu

and Sanna, ibid., 61, 158 (1931).

slightly more than one mole equivalent (6.25 g.) of a- 
bromopropionyl bromide was added to 50 g. of dry benzene. 
The aminosalicylic acid remained suspended in the benzene 
since it is quite insoluble. The Erlenmeyer flask contents 
were refluxed on a water-bath for twelve to fourteen hours 
with the evolution of acid fumes. The flask contents were 
chilled and the grayish crystalline material was removed to 
a Büchner funnel and washed repeatedly with cold benzene. 
The crystals, after drying in the air, weighed 8 g. repre­
senting a practically theoretical yield. It was recrystal­
lized from a minimum of boiling 50% alcohol, washing re­
peatedly on the filter with distilled water. I t was dried in 
an 80° oven. The white solid has an irritating odor, and 
in a melting point tube it softened quite sharply at 178 °, 
but the column did not break until 188° (U. S. P. corr.).

Anal. (Kjeldahl). Calcd. for CioHnABrN: N, 4.86. 
Found: N, 4.64.

The crystals are easily soluble in acetone, alcohol and 
alkalies, but sparingly soluble in water and benzene.

2 - Methyl - 8 - carboxy - 3 - keto - 3,4 - dihydro - 1,4- 
benzoxazine (I, R = CH3).—3-( a-Bromopropionylamino) - 
salicylic acid (3.3 g.) was dissolved in 25 cc. of 10% sodium 
hydroxide solution and warmed on the water-bath at 60° 
for one hour. The color darkened considerably. The 
solution was cooled, filtered and dilute (1:1) hydrochloric 
acid added until the dark solution was acid to congo red. 
A dark precipitate came out on standing, and was washed 
repeatedly with distilled water. Recrystallized from a 
minimum of boiling absolute alcohol, the product was se­
cured as colorless crystals (yield 60%). The substance is 
sparingly soluble in the usual solvents. I t is readily solu­
ble in alkalies; m. p. 285° (U. S. P. corr.).

Anal. Calcd. for Ci0H9O4N: N, 6.61. Found: N, 
6.76.

Pharmacological T ests.6—6-Carboxy-3-keto-3,4-dihydro-
l,4-benzoxazine4a and 2-methyl-8-carboxy-3-keto-3,4-di­
hydro-1,4-benzoxazine, administered intravenously to 
mice, rats and rabbits, exhibited no antipyretic or hyp­
notic action in doses up to 2000 mg. per kg. The first 
compound shows some toxic effects above 500 mg. per kg., 
while the second is non-toxic at least up to a dosage of 1500 
mg. per kg. The compounds were not tested as to possible 
local anesthetic properties. The effect of the introduction 
of the carboxyl group into the benzene ring is very marked

(6) The authors are greatly indebted to the Biological Labora­
tories, E. R. Squibb & Sons, New Brunswick, N. J., for these tests.
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in this series, as benzoxazines without the carboxyl group, 
or with other groups such as the methyl group, have been 
reported as being of considerable medicinal value.7

Summary
3-(a-Bromopropionylamino)-salicylic acid was 

synthesized and, from this by treatment with
(7) F. Hoffman, La Roche & Co. A.-G., British patent 370,375 

(Apr. 17, 1931); German patent, 557,111 (Apr. 18, 1931); Preis- 
werk and Mayer, U. S. patent 1,951,807 (Mar. 20, 1934).

alkali, 2-methyl-8-carboxy-3-keto-3,4-dihydro-1,4- 
benzoxazine. Both of these substances are new 
compounds.

Neither 2 - methyl - 8 - carboxy - 3 - keto- 3,4- dihy­
dro-1,4-benzoxazine nor 6-carboxy-3-keto-3,4-di- 
hydro-1,4-benzoxazine exerts either antipyretic or 
analgesic action in various test animals.
P it t s b u r g h , P e n n a .
B r o o k l y n , N .  Y . R e c e iv e d  F e b r u a r y  28, 1938

[Co n t r ib u t io n  p r o m  t h e  D e p a r t m e n t  o f  P h arm a c o l o g y , S ch o o l  o f  M e d i c i n e , U n iv e r s it y  o f  M a r y l a n d  ]

A New Method for the Purification of the Alcoholate of the Trimer of Hydroxypyruvic
Aldehyde

B y W illia m  E . E v a n s , J r ., C. J e l l e f f  C arr  a n d  J ohn  C. K r a n tz , J r .

Hydroxypyruvic aldehyde is of interest owing 
to its relationship to the intermediate metabolites 
of glucose. This compound has been prepared by 
the oxidation of dihydroxyacetone1""4 and by the 
photochemical decomposition of glyoxal.5 Evans 
and Waring1 treated dihydroxyacetone with an 
excess of cupric acetate and removed the excess 
of copper by precipitation as sulfide. Friede- 
mann2 employed the same method but did not 
separate the compound from solution. This 
process was objectionable on account of the for­
mation of sulfur derivatives of hydroxymethyl 
glyoxal which are toxic. Ktichlin and Böeseken3 
decomposed the sulfur compounds with an excess 
of silver acetate at 30° and subsequently removed 
the excess of silver as chloride. Hynd4 found that 
the use of silver acetate caused the formation of a 
highly polymerized product. He avoided the use 
of hydrogen sulfide by precipitating the excess 
copper with barium hydroxide. The barium 
was then removed as sulfate. Norrish and Grif­
fiths5 prepared small amounts of gly cerosone by the 
photochemical decomposition of glyoxal and iso­
lated it as the trimer combined with one molecule 
of alcohol.

Experimental
Preparation of Hydroxypyruvic Aldehyde.—One mol of

dihydroxyacetone was dissolved in 10 mols of water and 
treated at room temperature with 2.25 mols of finely di­

(1) W. L. Evans and C. E. Waring, T h is J o urnal , 48, 2678 
(1926).

(2) T. E. Friedemann, J . Biol. Chem., 73, 331 (1927).
(3) A. T. Ktichlin and J. Böeseken, Rec. trav. chim., 47, 1011 

(1928).
(4) A. Hynd, Biochem. J .,  25, 11 (1931).
(5) R. G. W. Norrish and J. G. A. Griffiths, J . Chem. Soc., 2829 

(1928).

vided crystallized cupric acetate. The mixture was shaken 
frequently in order to keep the solution saturated with 
copper acetate. The reaction was allowed to proceed until 
the calculated amount of cuprous oxide was precipitated. 
The usual period of time necessary was five to seven days. 
At this time a grayish-colored precipitate of cupric oxalate 
began to appear. The excess of Cu++ was then precipi­
tated carefully by the addition of a calculated amount of a 
10% solution of oxalic acid. After filtering the solution 
was reduced to a small volume by distilling at 17 mm. at 
35°. Successive portions of alcohol were added and the 
product was reduced to dryness at 17 mm. The residue 
was then dissolved repeatedly in small amounts of absolute 
alcohol and precipitated by the addition of ether. The 
ether-alcohol solutions were worked up later, using the 
same procedure, to recover some of the product. Sub­
stances which were insoluble in water and in absolute alco­
hol were removed and the product was dried in vacuo at 
70°. The yield of the product was 87%. After purifica­
tion for biological use the yield was 64%. The product 
gave a negative test for Cu++ or oxalate. I t  was obtained 
as a pale yellow amorphous solid which melted between 155 
and 160°. A 1% aqueous solution exhibited a pH  of 3.12 
at 25°. I t  reduced Fehling’s solution and mercuric chlo­
ride solution rapidly in the cold. No immediate reaction 
was obtained when SchifFs reagent was added to the 
freshly prepared solution but the characteristic color ap­
peared within several minutes.

Anal. Calcd. for (C3H40 3)3 C2H60H : C, 42.47; H, 5.85; 
mol. wt., 310. Found: C, 42.57; H, 5.42; mol. wt., 306.

This is in agreement with the results obtained by Norrish 
and Griffiths.5

On account of the ease of depolymerization, molecular 
weight determinations had to be made with the greatest 
possible rapidity.

The aqueous solution was depolymerized by long stand­
ing or by heating for ten minutes in a water-bath at 60-70 °.

Mol wt. Calcd. for 3C3H40 3 +  1C2H 50H : 77.6. 
Calcd. for 2C3H40 3 +  C3H40 3 C2H50 H : 103. Found 99.3. 
These mol. wts. confirm those of Norrish and Griffiths.5

Quinoxaline derivative: m. p. 250-251°; reported5 m. p. 
165°.
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Phenylglycerosazone: m .p. 132°; reported1»5 m. p. 132°.
Hydroxymethylglyoxime: m. p. 134-135°. Reported5 

m .p . 168°.
Anal. Calcd. for C3H603N2: N, 23.7. Found: N, 23.4.
An aqueous solution of the dioxime gave a red color with 

cobalt acetate in the presence of sodium acetate. On 
careful addition of dilute sodium hydroxide to this solution 
a green base was precipitated.

Summary
1. The alcoholate of the trimer of hydroxy­

pyruvic aldehyde was prepared free from sulfur 
derivatives.

2. The quinoxaline derivative, phenylosazone, 
and dioxime were prepared.
B a l t im o r e , M d . R e c e iv e d  F e b r u a r y  28, 1938

[C o n t r ib u t io n  fr o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , S t a n f o r d  U n i v e r s i t y ]

Saponins and Sapogenins. VI. Surface Films of Chlorogenin and Derivatives
B y  C. R. N o ller

In the last paper of this series1 the tentative 
formulas, I and II, based on chemical evidence,

CH3

I
CH;

II

were proposed for chlorogenin. Formula II was 
favored because the ketodibasic acid obtained 
on oxidation did not appear to be either an a- 
or a /3-keto acid as would be required by formula
I. The second hydroxyl group was assigned to 
position 1 2 , since the diketone forms a dioxime 
which would not be expected if the hydroxyl 
group is at position 1 1 .

Recent work on the surface films of structurally 
related compounds2 indicates that those mole­
cules having one or two hydroxyl groups in the 
end-ring give incompressible films in which the 
molecules stand on end and occupy an area that 
is predicted by models of the compounds. Choles- 
tanol-6 and A4,5-cholestenol-7 (^-cholesterol) hav­
ing hydroxyl groups in the second ring give highly

(1) Noller, T h is  J o u r n a l , 59, 1092 (1937).
(2) Askew, Farmer and Kon, J . Chem. Soc., 1399 (1936).

compressible films indicating that the molecules 
are tilted or lying fiat at low pressures.3 Hence 
it was expected that if formula II is a possibility 
for chlorogenin, the molecules in surface films 
would lie flat at low pressures and give a highly 
compressible film. The data plotted in curve I 
show that this is actually the case. The mole-

0 40 o 80 120
Sq. A. per molecule.

Fig. 1.—Pressure-area curves for surface films of:
I, chlorogenin; II, gitogenin; III, chlorogenin di­
acetate; IV, diketone from chlorogenin.

cules occupy at low pressures an even larger area 
than ^-cholesterol, the film being gaseous at very 
low pressures. At higher pressures the curve 
appears as if it will coincide with that for gitogenin

(3) Adam, Askew and Danielli, Biochem. J .,  29, 1786 (1935).
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but contraction begins at a pressure of about 
15 dynes per centimeter and at higher pressures 
the film collapses. However, it remains mobile 
as shown by dusting with talc, even at 32 dynes 
per centimeter.

The data for gitogenin (curve II) were obtained 
using a sample kindly supplied to us several years 
ago by Dr. W. A. Jacobs of the Rockefeller In­
stitute for Medical Research. The value of 39.5
A. for the area per molecule at zero pressure is 
identical with that obtained previously2 and 
served to check our technique and procedure. 
Evidently under pressure the molecules of chloro­
genin can be made to stand on end and occupy 
an area very close to that occupied by gitogenin, 
thus furnishing additional evidence for the close 
relationship in the structure of these two com­
pounds.

Chlorogenin diacetate gives a curve, III, which 
is very similar to that for chlorogenin except that 
the lower attraction of the acetate groups for 
water is manifest in the greater tendency to re­
main in the gaseous state and the greater insta­
bility of the close packed film. The diketone ob­
tained by the oxidation of chlorogenin (curve 
IV) shows no tendency to form a close packed 
film but collapses at pressures of about 6 dynes 
per centimeter.

Experimental
The surface pressures were measured on a Cenco 

Hydrophil Balance by the general procedure de­
veloped by Adam and his co-workers.3 The sol­

1630

vent used was a mixture of eight parts by volume 
of purified cyclohexane and two parts of purified 
dioxane. From 0.01 to 0.02 g. of compound was 
weighed accurately into a tared glass-stoppered 
25-cc. Erlenmeyer flask and dissolved in 10-20 
cc. of solvent with warming if necessary. After 
cooling to room temperature the flask was stop­
pered and the weight of solvent determined.

For placing the solution on the surface a 1-cc. 
ground-glass syringe was used, whose tip was 
drawn out and ground so that small drops would 
form and leave the pipet without wetting the outer 
surface of the tip. The tip was fitted with a small 
cap by means of a ground joint to prevent evapo­
ration during the weighing of the syringe. The 
space between plunger and barrel of the syringe 
was sealed by a narrow band of glycerol.

All films were spread on 0.02 N  hydrochloric 
acid. The films were not examined for collapse 
with a dark ground illuminator3 but the phenome­
non of contraction was observed shortly before 
collapse was obvious.

Summary

Measurements on surface films of chlorogenin, 
chlorogenin diacetate and the diketo derivative 
are in agreement with the view that the two hy­
droxyl groups are in different rings in the molecule. 
They also confirm the close relationship in struc­
ture previously assumed to exist between chloro­
genin and gitogenin.
Stanford University, Calif. Received May 4, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  S t a n f o r d  U n i v e r s i t y ]

Saponins and Sapogenins. VII. The Structure of the Side Chain of Chlorogenin

B y F. M. M cM illa n  and C. R. N o ller

In previous chemical investigations on the struc­
ture of chlorogenin, 1 it has been assumed that the 
two unreactive oxygen atoms of chlorogenin are 
in a side chain whose structure is similar to that 
of the isomeric compound gitogenin and of other 
steroid sapogenins. This side chain is generally 
believed to consist of two tetrahydrofuran rings, 
the chief chemical evidence being the oxidation of 
tigogenin acetate2 to an acid and a lactone as

(1) Noller, T h is  J o u r n a l , 59, 1092 (1937); 60, 1629 (1938).
(2) Tschesche and Hagedorn, Ber., 68, 1412, 2247 (1935).

formulated in the equation

CH3
\ _
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-1— C—CH2—CH—COOH
I 1! I

o  o  CHs

AcO/X-/ \ /
CH3

A c O / X / \ /

Since the present work was completed, Fieser and 
Jacobsen3 have reported the isolation of an acid 
from sarsasapogenin which they have named 
sarsasapogenoic acid and which is analogous to the 
acid obtained by Tschesche and Hagedorn from 
tigogenin. The acetate of the C22-lactone from 
sarsasapogenin was first reported by Farmer and 
Kon.4

Oxidation of chlorogenin diacetate gives the 
diacetate of a C27-acid which, in conformity with 
the nomenclature of Fieser and Jacobsen, we shall 
call chlorogenoic acid. Conditions have been 
worked out for obtaining directly the diacetate 
of the acid in good yields and little difficulty was 
encountered in its purification. In the case of 
sarsasapogenin Fieser and Jacobsen found it 
necessary to saponify the crude acetate and purify 
the dihydroxy acid. The tigogenoic acid of 
Tschesche and Hagedorn was likewise isolated 
after saponification. In both cases removal of 
the acetyl groups apparently takes place on ex­
tracting the acid with aqueous alkali. It is of 
interest to note the narrow range of temperature 
in which it is possible to get good yields of chloro­
genoic acid diacetate. At 25° chlorogenin diace­
tate is not attacked whereas at 40° only difficultly 
crystallizable gums are formed.

Chlorogenoic acid diacetate crystallizes with a 
molecule of water of crystallization which at 
first led us to believe that a hydroxy acid was 
formed in the oxidation. This has been shown 
definitely to be not the case. Like tigogenoic 
acid and sarsasapogenoic acid, chlorogenoic acid 
diacetate does not form a semicarbazone under 
the usual conditions. We have not tried as yet

(3) Fieser and Jacobsen, T h is  J o u r n a l , 60, 28 (1938).
(4) Farmer and Kon, J . Chem. Soc., 414 (1937).

the more drastic treatment with hydroxylamine 
by which Fieser and Jacobsen converted sarsasa­
pogenoic acid into the compound C27H44Ó5N2.

Under the optimum conditions for preparing 
chlorogenoic acid diacetate, no neutral oxidation 
products could be detected. Under more drastic 
conditions very poor yields were obtained of a 
compound which has the characteristic properties 
of a lactone. If this is analogous to the lactones 
from tigogenin and sarsasapogenin, it should have 
the empirical formula C26H3806. Our analyses 
indicate the formula C27H4407. Similarly the 
saponified lactone should have the formula 
C22H3404, whereas our analyses indicate C23H4o05. 
The best explanation seems to be that both of 
these compounds contain methyl alcohol of crys­
tallization which would lead to the formulas 
C27H4207 and C23H380 5, respectively.

Numerous attempts were made to obtain oxi­
dation products intermediate between chloro­
genoic acid diacetate and the lactone diacetate, 
most of which were unsuccessful. In several of 
the oxidations starting with chlorogenoic acid 
diacetate, minute amounts of an acid were ob­
tained having the empirical formula C27H4206. 
This is the same as that for chlorogenoic acid but 
the compound is definitely different and we have 
no evidence concerning its structure.

By heating sarsasapogenin or gitogenin with a 
mixture of glacial acetic acid and concentrated 
hydrochloric acid, Jacobs and Simpson5 obtained 
a liquid ketone which gave a semicarbazone melt­
ing at 119.5-120°. Chlorogenin behaves simi­
larly except that the semicarbazone was extremely 
difficult to purify and the melting point could not 
be raised above 114-118°. The amount of this 
material was vanishingly small in spite of the 
fact that as much as 10 g. of chlorogenin was used 
in the decomposition.

It is planned to continue these investigations 
as soon as we can replenish our stock of raw ma­
terials.

Experimental
Chlorogenin Diacetate.—To 7 g. of chlorogenin, m. p. 

272-276°, were added 38 cc. of 99% acetic anhydride, 4 cc. 
of glacial acetic acid and 6.5 g. of fused sodium acetate. 
The mixture was refluxed over a free flame until all of the 
sodium acetate dissolved and then heated on a steam-bath 
for two hours. The solution was poured into 400 cc. of 
water with rapid stirring. The product separated as an 
oil which soon crystallized. I t was filtered, washed with 
water, dried and crystallized from 40 cc. of methyl alcohol

(5) Jacobs and Simpson, J . Biol. Chem., 105, 501 (1934).
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giving 6.1 g., m. p. 152.5-155°. On recrystallization it 
melted a t 154-155 ° and a third crystallization did not 
change the melting point.

A nal® Calcd. for C3iH48C>6: C, 72.05; H, 9.37; sap. 
equiv., 258.3. Found: C, 72.14; H, 9.53; sap. equiv.,
257.9, 259.3.

Chlorogenoic Acid Diacetate.—A solution of 4 g. of 
chlorogenin diacetate in 175 cc. of glacial acetic acid was 
kept a t 32-33° in a water-bath while a solution of 5 g. of 
chromium trioxide in 75 cc. of 90% aqueous acetic acid 
was added slowly through a motor-driven hollow stirrer in 
order to ensure rapid mixing. The addition of the reagent 
required twenty-five minutes and stirring was continued 
for ten minutes after all the reagent had been added. 
The solution was poured into water, giving a fight-colored 
gummy precipitate. After standing for several hours the 
precipitate hardened and was filtered, washed with water 
and dried. The product, weighing 3.5 g., was dissolved in 
ether and extracted with three portions of 5% aqueous 
sodium carbonate and washed with water. The aqueous 
extracts were counter extracted with ether which was added 
to the previous ether solution.

Evaporation of the ether solution gave about 0.3 g. of a 
light-colored glass which after three crystallizations from 
methyl alcohol gave* crystals which were shown by melting 
point and mixed melting point to be unchanged chloro­
genin diacetate.

Acidification of the combined sodium carbonate ex­
tracts gave a cream-colored precipitate which was filtered, 
washed and dried in vacuo over potassium hydroxide. 
I t  weighed 2.4 g. and melted at 102-106°. I t was ex­
tremely soluble in all the common organic solvents with 
the exception of the paraffin hydrocarbons, in which it 
was only slightly soluble. I t crystallized from 70% aque­
ous acetic acid, 70% aqueous acetone, and from ligroin 
(100-120°) containing a small amount of absolute ethyl 
alcohol. After the acid had been purified fairly well from 
70% acetone, it could be crystallized readily from 80% 
aqueous methyl alcohol. I t  then melted at 114-116° to a 
viscous glass which gradually gave off bubbles and crys­
tallized on the walls of the melting point tube, after which 
it melted again at 211-213.5°. This behavior was ob­
served from all aqueous solvents. If, however, the com­
pound was boiled in ligroin (100-120°) and then just 
sufficient absolute alcohol added to take it into solution, 
the crystals obtained on cooling melted at 210-211° 
without first melting at the lower temperature. The same 
result was obtained by heating at 140° at 20 mm. for five 
hours. As the analyses show, the acid melting at 114-116 ° 
is a monohydrate which goes over above its melting point 
to the anhydrous acid.

Anal, of hydrate. Calcd. for C31H46CVH2O: C, 65.93; 
H, 8.57; acetyl, 15.25; OH, 6.00, neut. equiv., 564.7. 
Found: C, 65.43; H, 8.32; acetyl, 15.30, 14.72; OH 
(Zerewitinow), 7.03; neut. equiv., 566.3, 563.5, 563.5,
566.9.

Anal. (Anhydrous acid). Calcd. for C3iH4e08: C,
68.10; H, 8.49; OH, 3.10; neut. equiv., 546.7. Found: 
C, 67.87; H, 8.55; OH (Zerewitinow), 3.35; neut. equiv., 
548.2. 6

(6) All carbon and hydrogen analyses are by Dr. A. Schoeller, 
Berlin.

In order to obtain satisfactory yields of chlorogenoic acid 
diacetate, the above conditions for the oxidation must be 
followed closely. If the reaction was carried out at 25° 
only a trace of acidic material was formed and a large 
amount of the diacetate was recovered unchanged. When 
carried out a t 40 ° over a period of one and one-half hours, 
the acid fraction was a gum which could be recrystallized 
only with difficulty.

Chlorogenoic acid diacetate does not form a semicar­
bazone on refluxing for two hours with semicarbazine in 90% 
ethyl alcohol, nor does it form a triacetate or an un­
saturated compound on heating with acetic anhydride.

On heating the hydrate at 140 ° and 20 mm. for two hours 
it lost weight equivalent to 3.37% of the original sample 
as compared with the calculated amount of 3.18% for loss 
of one molecule of water. The gas evolved on heating at 
its melting point contained no carbon dioxide and the de­
crease in volume on washing with ammoniacal cuprous 
chloride solution corresponded to only 3.5% of the amount 
calculated for the evolution of one mole of carbon monox­
ide. No other combustible gases could be detected. The 
residue after heating was recrystallized and proved to be 
unchanged chlorogenoic acid diacetate.

On heating the acid with concentrated sulfuric acid, the 
amount of gas evolved which could be absorbed by am­
moniacal cuprous chloride solution corresponded to about 
11% of that calculated for the evolution of one mole of 
carbon monoxide per mole of compound.

Chlorogenoic Acid.—The brown gummy residue re­
maining after the acetyl determinations on chlorogenoic 
acid diacetate, partially crystallized on standing. Crys­
tallization from methyl alcohol gave white crystals which 
shrank from the tube at 161 ° and melted at 169-170°.

Anal. Calcd. for C27H42O6: C, 70.09; H, 9.16. Found: 
C, 70.01; H, 9.00.

Methyl Ester of Chlorogenoic Acid Diacetate.—To a
solution of 0.50 g. of chlorogenoic acid diacetate in methyl 
alcohol was added an ether solution of diazomethane until 
a slight excess was present. The solution was evaporated 
to a volume of about 4 cc. and filtered hot. On cooling 
0.34 g. of methyl ester, m. p. 162.5-163°, crystallized and 
evaporation of the filtrate from, this crop gave 0.15 g., 
m. p. 159-162 °. Recrystallization from methyl alcohol did 
not raise the melting point above 163°. The same ester 
was obtained from the acid showing a double melting 
point as from the dehydrated material.

Anal. Calcd. for C32H480 8: C, 68.54; H, 8.63; OH, 
none; sap. equiv., 186.9. Found: C, 68.39; H, 8.76; 
OH (Zerewitinow), 0.71, 0.79; sap. equiv., 187.7, 187.8.

Lactone Diacetate.—When the oxidation of chlorogenin 
diacetate was carried out under more vigorous conditions 
than described above, for example, at 40 0 for one and one- 
half hours, or 45° for six hours, crystalline chlorogenoic 
acid diacetate could not be isolated readily but a small 
amount of a neutral product was obtained from the ether 
solution after extraction with sodium carbonate. The crude 
product, m. p. 190-208°, after two crystallizations from 
methyl alcohol melted at 249-252°, after which there was 
no further change. The compound did not form an oxime 
on refluxing with hydroxylamine in methyl alcohol for 
three and one-half hours.

The compound was insoluble in cold aqueous alkali and
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a solution in 50% aqueous alcohol absorbed no alkali on 
titration. A few milligrams of the compound was re­
fluxed for forty-five minutes with 1 N  ethyl alcoholic po­
tassium hydroxide solution after which the solution was 
poured into water. No precipitation occurred but acidi­
fication with hydrochloric acid precipitated a compound 
which after solution in 50% alcohol absorbed no alkali on 
titration. These properties indicate that the neutral 
product is a lactone diacetate which is saponified by al­
coholic alkali to a dihydroxy lactone.

Anal. Calcd. for C26H3806: C, 69.93; H, 6.58. Calcd. 
for C26H3806-CH30H: C, 67.76; H, 8.84. Calcd. for 
C27H44O7: C, 67.46; H, 9.26. Found: C, 67.85; H, 9.36.

Attempts to determine the equivalent weight of the 
lactone diacetate by saponifying with an excess of stand­
ard alkali and back titrating did not give consistent re­
sults due to the hydrolysis of the sodium salt and reforma­
tion of the lactone. The dihydroxy lactone recovered 
from these saponifications consisted of needles, m .p . 255- 
256°.

Anal. Calcd. for C22H34O4 : C, 72.88; H, 9.46. Calcd. 
for C2 2H34 0 4 -CH3 0 H: C, 70.01; H, 9.71. Calcd. for 
C23H40O5 : C, 69.66; H, 10.17. Found: C, 69.62; H, 10.01.

Oxidation of Chlorogenoic Acid Diacetate.—Of the 
many attempts made to obtain intermediate oxidation 
products between the acid and the lactone, the most 
successful was the oxidation with potassium permanga­
nate. A neutral solution of the sodium salt from 0.1 g. 
of chlorogenoic acid diacetate was refluxed for thirty 
minutes with an aqueous solution of 0.038 g. of potassium 
permanganate. Precipitation of manganese dioxidé be­
gan almost immediately and the purple color disappeared 
in a few minutes. After thirty minutes, the solution was 
filtered and the precipitate washed well with water. 
Acidification of the filtrate gave a flocculent white pre­
cipitate, m. p. 175-190°. After two crystallizations from 
70% aqueous acetone and one from acetone it melted at 
221-222°. The compound is much more soluble in 70% 
aqueous acetone than in acetone alone but is precipitated 
from the 70% acetone on further dilution with water.

Anal. Calcd. for C27H42O6: C, 70.09; H, 9.16; neut. 
equiv., 462.6. Found: C, 69.81, 70.05; H, 9.23, 8.85; 
neut. equiv., 484.

The same acid was isolated in small amounts after oxi­
dation of the sodium salt with hydrated manganese di­
oxide at 65-70° and in one of the chromic oxide oxidations 
at 40°. In none of the oxidations yielding this acid could 
the results be duplicated consistently since the acid appears 
to undergo further oxidation with the formation of oils and 
gums that could not be crystallized. Chlorogenoic acid 
diacetate was recovered unchanged after treatment in 
acetic acid solution with lead tetraacetate.

Cleavage of the Side Chain of Chlorogenin.—A fragrant 
oil was obtained on treating 10 g. of chlorogenin with 
acetic acid-hydrochloric acid according to the procedure 
of Jacobs and Simpson.5 This was converted into a semi­
carbazone but extreme difficulty was encountered in a t­
tempting to isolate a pure product. Recrystallization 
from ether-petroleum ether mixtures failed to give a prod­
uct melting above 100°. A large number of other sol­
vents and solvent mixtures were tried without success. 
By passing an ether solution of the semicarbazone through 
a column packed with a mixture of magnesium oxide 
and Celite, evaporating successive portions of the filtrate 
separately and rubbing up the solid residues with small 
amounts of ether, a product was obtained from the middle 
fractions that melted at 114-118°. This material con­
sisted of tiny microcrystals but was still somewhat gummy 
and could not be purified further by crystallization. The 
melting point given by Jacobs and Simpson for the semi­
carbazone of the ketone from sarsasapogenin and gito­
genin is 119.5-120°.

Summary
Oxidative and acid degradation of chlorogenin 

indicates that the structure of the side chain is 
very similar to, if not identical with, that of the 
other steroid sapogenins.
S t a n f o r d  U n i v e r s it y , C a l i f . R e c e iv e d  May 10, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  t h e  G e n e r a l  E l e c t r ic  Co.]

Dielectric Constants of Some Fluorine Compounds
By R aymond M. F uoss

L Introduction.—In contrast to the other 
halogens, the properties of fluorine compounds 
have been studied comparatively little. Recent 
technical interest in new refrigerants has, how­
ever, made a large number of fluorinated meth­
anes and ethanes available. Below are presented 
the results of an investigation of the dielectric 
constants of fifteen fluorine compounds.

II. Materials, Apparatus and Method.—The fluorine 
compounds were presented to us by the Jackson Labora­
tory of E. I. du Pont de Nemours and Company, to whom 
grateful acknowledgment is made.

The bench apparatus consisted of a manifold to which 
were connected an oil pump, three distilling bulbs with an 
ascarite tube between the first two, a manometer and a 
guarded condenser. The ascarite served to remove traces 
of water or of hydrogen halides which might have been 
present. The stopcocks were lubricated with a sirup of 
phosphoric acid and anhydride for the higher boiling com­
pounds; ordinary heavy grease was used for the others. 
The samples were distilled from the supply cartridges into 
the first bulb, and then distilled back and forth through 
the ascarite. After each of the first few condensations, the 
Samples were pumped to remove small amounts of dis­
solved air. Then the sample was distilled from the first 
bulb in small portions, and a dielectric constant determina­
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tion at several pressures was made on each portion. The 
third bulb was used as a receiver for the initial and final 
portions, so that the middle fraction could be redistilled to 
give a check determination. The vapor density of the 
middle fraction was determined by weighing against a 
matched counterpoise a bulb (volume 421.3 cc.) filled with 
the gas at known pressures and temperature.

The measuring condenser was a 100 jn/nf radio condenser 
mounted in a vacuum-tight brass case, and insulated from 
the latter by mica washers. The case was connected to 
the guard line in the Schering bridge circuit.1 The leads 
(high potential and test) to the condenser plates were 
brought out as tungsten wires through glass insulation 
fused to fernico tubes which were soldered to the brass 
case. The condenser case was connected to the manifold 
by a graded seal between a fernico bushing and the Nonex 
glass of the manifold. The insulation between the two 
se1 s of brass condenser plates was isolantite; the insulation 
held up very well, but m the course of about six weeks use 
developed a slightly conducting film. (The original value 
of tan 5 at 60 cycles for the cell was 0.0004; during use, it 
gradually rose to 0.0014.) The cell was mounted in a 
wooden box in order to surround it by a dead air space; 
the cell temperature was determined by means of a thermo­
couple inserted in a well soldered inside the case.

All measurements were made at 60 cycles and 100 v. 
across the cell. The temperature varied from about 22 to 
30 °, depending on room temperature, but the drift in any 
run was so slow that no appreciable error was introduced 
due to uncertainty in temperature for a given reading.

The polarization was obtained in several ways 
from the data, which consisted in a series of 
pressure and resistance measurements. Since 
the unknown arm of the bridge was substantially 
loss free, we have

Cx = SRa/R z (1)
where Cx is the unknown capacity, S is a 100 
jjifxi standard capacity and Ra and Rz are the 
other two components of the bridge network. 
But the dielectric constant e' is given by

= CX/C Q (2)
where Co is the capacity of the evacuated con­
denser. In turn

Co = SRt/R** (3)
In the measurements, Rz was kept fixed for all 
readings on a given compound, so that Rs and S 
dropped out of the final result

e' =  Ra/R a° (4)

Rz was selected to make i?4° just above 10,000 
ohms, so the bridge was made direct reading in 
dielectric constant

e' =  1 +  10~4Ai?4 (5)

where ARa was the difference between R4° for the 
evacuated cell and Ra for the cell filled with gas at 
pressure p. Ra could be determined to =*=0.2 12

(1) Fuoss, T h is  Jou rn al , 59, 1703 (1937).

which gives an accuracy of about ±  0.002% in e'. 
The polarization P  was calculated by the Clausius- 
Mosotti formula

where M  is the molecular weight and p is the 
density, for the temperature and pressure at 
which e' was determined. As a check on the 
consistency of the results (e' — 1 )/p  was plotted 
against p, and P was calculated, using the ideal 
gas density2 as follows

P = 2.097 X 104 T  lim ( e' ~  ■)  (7)
p — ► 0  \  P m m .  /

Finally, a value of P  was calculated from the low 
pressure data (where the deviations from ideal 
behavior were small) by the formula

P  = 2.079 T ( ARa/  Ap) (8)

All pressures were corrected to 0° by the formula 
po = p (1 -  0.000175*) (9)

Values of P  calculated by (6), (7) and (8) for a 
given compound usually agreed within several 
per cent, or better. Lack of agreement was an 
indication of impurities in the sample, because
(6) contains the actual density of the sample 
while (7) and (8) contain only the ideal gas den­
sity.

III. Results.—An abstract of the experi­
mental results is given in Table I. The pressures 
have been corrected to millimeters at 0° and 
rounded off to three places. In order to make the 
tables more compact, the dielectric deviation 8 is 
given in place of the dielectric constant e'; the 
two are related by the equation

e' = 1 +  10“3 5 (10)

In Fig. 1 are given some examples of e' — p 
curves, which illustrate the method of determining 
polarization by means of (8). It should be 
pointed out that the scattering of the points 
from the straight lines of Fig. 1 is a direct measure 
of the reproducibility of the Schering bridge 
readings; one unit in the 5-scale corresponds to 
10 £2 in Ra. The absolute values of e' are consist­
ent to about ± 0.002%, i. e., several units in the 
fifth place.

Figure 2 illustrates the evaluation of polariza­
tion by means of the extrapolation of (e' — 1 )/p  
to zero pressure. As is well known, the limiting 
value of (e' — 1 )/p  permits P  to be calculated 
using ideal gas densities. It was, however, con­
sidered desirable in this work to make direct de-

(2) Fuchs, Z. Physik. 63: 824 (1930).
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T a b l e  I

D ie l e c t r ic  C o n s t a n t s  o f  F l u o r in e  C o m p o u n d s

p a P a P a
SFe, t -  27.5° CF2CI2, %= 29.0 CHF2Br, t -  27.2'
708 1.91 719 3.05 734 7.29
704 . 1.90 504 2.14 682 6.79
m 1.58 417 1.76 654 6.45
457 1.23 331 1.41 461 4.52
369 0.98 188 0.79 419 4.02
216 .57 157 .65 324 3 4 3
131 134 m ,32 214 2.07

129 1.23
86 0.83

CF4, t »  24.8° CFCla, t 26.0° CHFClg, t *  30.0
m 1.13 498 2.51 719 6.59
629 0.98 448 2.24 709 6.51
515 .81 339 1.67 419 3.79
429 .67 270 1.32 312 2.80
332 .52 189 0.92 222 1.99
223 .36 129 .60 134 1.20
131 .21 73 .35

CFaCl, t = 29.0° C H F 2C1, t = 25.4° C F2Br2, t -  28.8 ‘
619 1.96 711 6.58 718 5.03
607 1.93 611 5.64 652 4.53
484 1.53 509 4.69 617 4.28
330 1.00 410 3.74 519 3.49
211 0.66 311 2.82 411 2.72
99 ,31 205 1.87 299 1.99

154 1.37 210 1.45
105 0.96 114 0.82
82 .72 64 .45

CF3CF3, CC1F2CC1F2, C H 3C F 3,
i = 23.0°

000COII / = 25.2°
711 1.97 715 4.04 644 13.23
608 1.69 605 3.40 554 11.34
509 1.40 512 2.87 436 8.91
411 1.14 416 2.30 337 6.83
307 0.86 328 1.80 219 4.43
201 .56 225 1.25 120 2.42
110 .31 150 0.83 83 1.67
61 .17 93 .52 61 1.23

63 .34 40 0.82
24 .47

CF3CF2C1, C2H2C1F3, CH3CC1F2,
i = 27.4° t = 26.6° t = 27.4°

722 3.34 715 10.25 706 13.38
584 2.71 612 8.74 600 11.31
506 2.36 513 7.30 511 9.59
333 1.58 414 5.86 379 7.09
260 1.23 309 4.37 279 5.21
195 0.93 207 2.95 204 3.79
121 .58 153 2.19 155 2.89
59 ,28 107 1.53 123 2.29

65 0.91 95 1.77
43 ,60 71 1.33

47 0.87
H *64

P-
Fig. 1.—Change of dielectric constant with pres­

sure: €>, CF2Br2; O, C2F6; # , CH3CF3; ©, C2C12F4;
©, C2C1F6; O, CHF2C1.

terminations of the vapor densities, in order to 
check the purity of the samples. The results 
of the vapor density determinations are given in 
Table II. The first column gives the formula of 
the compound, the next two the pressure and 
temperature corresponding to the density (in 
mg./cc.) in the fourth column, and the fifth 
column gives the ratio of the apparent molecular 
weight to that calculated from the chemical 
formula. Gases of the type discussed here should 
give positive deviations up to several per cent.

T a b l e  II
V a p o r  D e n s i t i e s  a n d  P o l a r iz a t io n s  o f  F l u o r in e  C om ­

p o u n d s
Compound P t p M/ Mo t P

SF6 718.8 27.8 5.650 1.0102 27.5 16.8
CF4 722.9 23.6 3.451 1.0039 24.8 9.7
CF3CI 613.8 28.3 3.430 1.0058 29.0 19.8
CF2C12 719.3 28.0 4.709 1.0169 29.0 26.2
CFCU 551.2 27.2 4.138 1.0238 26.0 30.7
CHF2C1 711.2 25.4 3.377 1.0223 25.4 56.1
CHF2Br 466.8 27.0 3.129 0.9584 27.0 60.0
CHFC12 712.8 29.2 3.958 1.0172 30.0 56.5
CF2Br2 654.8 28.6 7.426 1.0172 29.0 43.0
CHaCFi 644.2 26.0 2.948 1.0161 25.2 124.2
CHaCCIFs 706.8 26.6 3.895 1.0252 27.4 116.5
CF8CF8 710.5 22.6 5.335 1.0036 22.6 17.2
CF|CF2C1 721.8 27.0 6.007 1.0092 26.2 28.7
CClFgCCIF* 715.2 26.2 6.569 1.0047 26.2 34.5
CiH*OF* 716,6 26,2 4,776 1.Ö616 26,2 83 6
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from, ideal behavior. The sixth column gives the 
temperature at which the polarization was calcu­
lated; the polarization is given in the last column. 
The figure given is an average, based on the direct 
determinations and on the extrapolated values.

Fig. 2.—Variation of (e' — P)/P with pressure: O, 
CH3C F3; d ,  CH3CCIF2; ©, CHFCI2; Q ,  C2CI2F4.

IV. Discussion*—We begin by comparing the 
results of Table II with previously observed values 
for the cases where they are available. For 
SF6, Watson, Rao and Ramaswany3 find P 25° = 
16.51 cc. and for CF4, Watson, Kane and Ramas­
wany4 find P 25° = 10.15 cc.

Four of the fluorinated chloromethanes have 
been studied by Smyth and McAlpine5 at a series 
of temperatures, which permitted a direct de­
termination of PMj the part of the polarization 
due to orientation of permanent dipoles. Since 
the total polarization P  is given by

P  =  P e +  P a +  P m (11)
we can calculate values of the moments from the 
data of Table II by using Smyth's values for 
P Ar the atomic polarization, together with calcu­
lated values for PE, the electronic polarization. 
For the latter, the following values of atomic

(3) Watson, Rao and Ramaswany, P ro c . Roy. S oc. (London), 143, 
558 (1934).

(4) W atson, Kane and Ramaswany, ibid., 156, 130 (1933).
(5) Sm yth and McAlpine, J , Chism. Phys., 1, 190 (1933).

refractivities, extrapolated to infinite wave length 
by the Cauchy formula,6 were used: C = 2.37, 
H = 1.07, Cl = 5.80, Br = 8.53, F = 1.00. 
The first four figures are conventionally accepted; 
for fluorine, whose atomic refraction varies with 
the compound containing it,7 8 9 an average value 
was chosen which was derived from compounds 
of the type studied here.4,7" 10 An average value 
for PA = 4.0 cc. was used for the fluoromethanes; 
Smyth and McAlpine's value 0.9 for CHFC12 
seems low compared to the values they find for 
the other three compounds and to Watson's 
value of 2.86 for CF4. We obtain the results given 
in Table III, where the moments are given in 
Debye units.

T a b l e  III
D ip o l e  M o m e n t s  o f  F l u o r o m e t h a n e s

Compound (R .M .F .) (S. and McAJ
c f 4 0.0 —

c f 3ci .47 —

CF2CI2 .55 0.51
CFCI3 .53 .45
CHF2C1 1.41 1.40
CHFCb 1.34 1.29
CHF2Br 1.30 —

CF2Br2 0.72 —

It will be seen that the agreement is within the 
experimental error of the writer's method; the 
method of Smyth and McAlpine gives one more 
significant figure in the dielectric constant.

We can compare the result for CF3C1 with that 
for the other fluorochloromethanes by the method 
of vector addition used by Smyth and McAlpine. 
Using their notation, in which the symbol for a 
radical or molecule in parentheses denotes its 
dipole moment corrected for induction,11 we have

(CF3C1) =  3(C -  F)cos 70° -  (CC1)
=  (CF) -  (CC1) = 0.47 (obsd.)

(CFCls) =  (CF) -  3(CCl)cos 70°
= (CF) -  (CC1) = 0.53 (obsd.)
=  0.45 (Smyth and McAlpine)

The moments of the last two compounds in 
Table III give a value for the difference (CC1) — 
(CBr). We shall assume an atomic polarization 
of 11.0  cc. for the bromo compounds; this value 
was chosen after considering the few data avail­
able on atomic polarization of bromoalkanes.

(CHF2Br) =  (CH) +  1/ 3(2CF +  CBr) *  1.30 
(CHF2C1) =  (CH) +  7 3(2CF +  CC1) =  1.41

(6) Smyth, P h il .  M a g ., 45, 849 (1923).
(7) Swarts, J . chim. phys., 20, 30 (1923).
(8) Klemm and Henkel, Z . a n o rg . a llg em . C h em ., 213, 115 (1933).
(9) Locke, Brode and Henne, T h is  J o ur n a l , 56, 1726 (1934).
(10) Henne and Renoll, ib id . ,  58, 887 (1936).
(11) Sm allw ood and Herzfeld, ib id .,  5 2 , 1919 (1930).
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whence (CC1) — (CBr) = 0.33, and
(CF2B1 2 ) = (CF) -  TsCCF +  2CBr) = 0.72 

. (CF2C12) = (CF) -  7s(CF +  2CC1) = 0.55

whence (CC1) — (CBr) = 0.26. When compared 
with Morgan and Lowry’s12 value for methyl bro­
mide, it appears that the results for both the 
bromo compounds are high by about the same 
amount, as is shown by the following calculation
(CHF2Br) =  (CH) +  7«(2CF +  CBr) = 1.30 (obsd.)
(CF2Br2) = (CBr) -  7 3(2CF +  CBr) = 0.72 (obsd.)

(CH) +  (CBr) -  2.02
(CH 3Br) =  (CH) +  (CBr) = 1.45 (Morgan)

The agreement could, of course, be improved by 
assigning a larger value to PA for CF2Br2, which 
would also improve the agreement between the 
two determinations of the (CC1) — (CBr) 
difference. However, the available samples 
of these two compounds were quite small and 
did not permit a careful fractionation; judging 
from the vapor density, the CHF2Br contained 
an impurity of low molecular weight. The value
11.0 cc. used above for PA already seems large. 
If a smaller value is chosen, the following values 
are obtained: with PA = 4.0 cc. yu(CHF2Br) = 
1.43 and ^(CF2Br2) = 0.93, which gives (CH) +  
(CBr) = 2.36, a value which seems entirely too 
large. Until data on the temperature coefficients 
of the polarizations of more bromo compounds 
are available, the value of their atomic polariza­
tions will have to remain an open question.

The fluoroethanes present an interesting group. 
Two of them, CF3CF3 and CC1F2CC1F2, should 
be non-polar; this fact gives P A = 6.5 for C2F6 
and PA = 14.2 for C2C12F4. If we use PA =
6.5 for CH3CF3 and CH3CC1F2, we obtain 
m(CH3CF3) = 2.27 and M(CH3CC1F2) = 2.13. 
We can compare these figures with the results for 
the methanes as follows

(CH 3CF3 ) =  (CH3 C) +  3(CF)cos 70° = 2.27
(CH3CF2C1) =  (CH 3C) +  7 s(2CF +  CC1) = 2.13

whence (CF) — (CC1) = 0.42, in agreement with 
the earlier figures. For CF3CF2C1, we have 
(P — PE) = 13.2, which is smaller than the corre­
sponding figure for the non-polar C2F4C12. But 
within the experimental error, we can set PA —
12.8 for CF3CF2C1, which gives it a moment of
0.14, in agreement with the other moments

(12) Morgan and Lowry, J .  Phys. Chem., 34, 2385 (1930),

(CH 3CF3 ) -  (CHgCCïF,) -  0.14 
(CF3 CC1F2) = 0.14

We could, in analogy with 1,1,2,2-tetrachloro- 
ethane, for which fi — 1.6, 13 assume that C2C12F4 
had a finite moment, in which case the atomic 
polarizations for the fluorinated ethanes would 
be reduced from the values assumed here, and all 
moments would be correspondingly increased.

Finally, the compound C2H2FC13 will be con­
sidered. It was prepared by fluorination of 
CHC12CHC12 and one naturally would expect it 
to be CHFC1CHF2. However, the dipole moment 
agrees more closely with the structure CF3CH2C1. 
If we use PE = 15.7 and PA — 12.8, we find 
/ (̂CgHaFgCl) = 1.64. Then we have

(CF8CH2C1) -  (CF3C) +  7 S(2CH -  CC1) -  1.64
(CF 3CH3) =  (CFaC) 4* 3(CH)cos 70° =  2.27

whence (CH) +  (CC1) = 1.89, which agrees 
very closely with the value 1.85 used by Smyth 
and McAlpine for methyl chloride. The other 
isomer, CF2C1CH2F, gives (CH) +  (CF) = 1.47, 
compared to the accepted value 1.81. The vapor 
density of the sample indicates a small amount of 
an impurity of higher molecular weight, but it 
hardly seems possible that the presence of an 
impurity could raise the moment from 0 .1- 0.2 
expected for CHFC1CHF2 to the value ob­
served. The only explanation which can be 
advanced on the basis of the present evidence is 
that rearrangement took place during fluorination.

Summary
The total polarization of a series of fluorine 

compounds has been determined by Schering 
bridge measurements on the gases. By making 
reasonable assumptions concerning the electronic 
and atomic polarizations, values for their dipole 
moments were obtained as follows: CF4, 0.0; 
CF3C1, 0.47; CF2C12, 0.55; CFC1*, 0.53; CHF2- 
Cl, 1.41; CHFCI2, 1.34; CHF2Br, 1.30; CF2Br2,
0.72; CF3CF3, 0.0; CC1F2CC1F2, 0.0; CH3CF3, 
2.27; CH3CC1F2, 2.13; CF3CF2C1, 0.14; CF3- 
CH2C1, 1.64. These figures are in agreement 
with the theory of induction between dipole 
moments.
S c h e n e c t a d y , N. Y. R e c e iv e d  M a y  14, 1938

(13) Smyth, “ Dielectric Constant and Molecular Structure/’ 
Chemical Catalog Qo., New York, 1931, p. 201,
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[Contribution from the Chemistry Department of the University of N ew Hampshire]

The Activity and Osmotic Coefficients of Trivalent Metal Chlorides in Aqueous 
Solution from Vapor Pressure Measurements at 25°

By C harges M. M ason

In a previous communication1 it was shown 
how the isotonic or isopiestic method of Robinson 
and Sinclair2 could be adapted to the measure­
ment of the vapor pressures of the aqueous soln- 
tions of the three-one electrolyte, lanthanum 
chloride. In the present investigation, with re­
vised technique, this method has been extended 
to the determination of the vapor pressures of six 
more three-one electrolytes: namely, aluminum 
chloride, scandium chloride, yttrium chloride, 
cerous chloride, praseodymium chloride, and 
neodymium chloride. In the present work the pre­
vious data for lanthanum chloride were extended 
to higher concentrations and more accurate data 
obtained in the concentration range below 0.4 
molal. All the data obtained in each case have 
been used to compute the osmotic and activity 
coefficients for the corresponding salt.

Experimental Details
Apparatus.—The apparatus employed was modified 

from that described by Mason and Gardner.3 The brass 
desiccator used was supplemented by an additional one 
cast of monel metal. This metal was found to be freer of 
pinholes and easier to make vacuum tight. For this in­
vestigation the metal tee tube formerly used was replaced 
by a brass needle valve to which was soldered the female 
half of a brass union. The male half of the union was con­
nected by rubber tubing to the vacuum line. Another 
male half of the union, interchangeable with the first, was 
soldered shut and served to keep water out of the needle 
valve during immersion in the thermostat. A diagram of 
the metal desiccator as used is shown in Fig. 1.

Needle valve 
Union

V ///////^ m ~  Cover
Ground joint

Support
Aluminum watch glass

Glass weighing bottles 
Support

Fig. 1.—Metal desiccator.
(X) Mason and Ernst, T h is  J o urn al , 58, 2032 (1936)t
(2) Robinson and Sinclair, ibid., 56, 1830 (1934),
(3) Mason and Gardner* J . Chem, Ed., 13, 188 (1936) 4

With the more concentrated solutions it was found 
possible to obtain reproducible results using 30-cc. glass- 
stoppered weighing bottles in the apparatus. The solu­
tions under investigation were weighed in these bottles. 
In order to ensure more rapid thermal and distillation 
equilibrium, platinum gauze was placed in tfie solutions in 
the glass bottles. This was done in the form of strips of 
gauze 1 cm. wide by 10 cm. long folded like a bellows and 
placed edgewise to stand up in the bottom of the weighing 
bottles. The strips were then about half in and half out 
of the solution, providing additional surface as well as 
thermal conduction. The platinum gauze was found to 
decrease by more than half the minimum time needed to 
obtain equilibrium. In order to prevent grease and other 
films from interfering with the wetting of the platinum 
they were ignited in the Meker burner before each run.

The glass bottles in the desiccator were immersed to a 
depth of about 0.3 cm. in potassium chloride or sodium 
chloride solution of the same concentration as that used in 
the reference bottles. They were held in place by a brass 
frame which kept them from tipping over and at the same 
time served as a shield to prevent any of the solution in the 
bottom from splashing into the bottles themselves. At­
tached to the frame above the bottles was a watch glass 
shaped disk of aluminum which acted as a shield to keep 
any spray from getting into the bottles when air was ad­
mitted at the end of a run.

Below 0.5 molal the accuracy obtained with glass bottles 
decreased rapidly with decreasing concentration. The 
glass bottles were therefore replaced in this range by 
similar bottles made of sterling silver and heavily gold 
plated. Stainless steel was tried but was found not to 
withstand corrosion. The design of the silver containers 
is shown in Fig. 2. They were made to fit tightly into

Brass re­
tainer

Bakelite ring 
Silver bottle

Brass block

Fig. 2.—Brass block with silver bottles.

recesses in a heavy copper block. A good thermal contact 
was secured by pressing them firmly against the bottom of 
the recess with a bakelite collar (to prevent wear) which 
was in turn forced down by a brass collar screwed into the 
top of the recess. I t  was found that equilibrium could be 
obtained without a contacting solution and so none was 
used. The air was removed from under the bottles and 
from under the copper block by putting a drop of water 
under each silver bottle and several drops under the block 
in the bottom of the desiccator. This evaporated when 
the desiccator was evacuated and swept the air out ahead
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of it. No water was ever found in these places when a run 
was completed. In all cases the desiccator was evacuated 
slowly to prevent boiling and splashing, allowed to stand 
for one hour or more, and then reëvacuated to remove the 
last traces of air,

The concentration of the solution in all of the bottles 
^vas determined in the usual manner, namely, by weighing. 
Care was taken to wipe the bottles with a damp cloth be­
fore each weighing and thus the weights could always be 
Reproduced within the error of the balance.

All measurements were carried out in a water thermostat 
fit 25 =1= 0.01°. The temperature was determined by 
thermometers checked against thermometers calibrated 
by the Bureau of Standards. The thermostat was 
equipped with a shaking device to rock the metal desic­
cators back and forth, about forty-five times a minute, 
thereby keeping the solutions in constant agitation.

Materials, (a) Aluminum Chloride.—The best com- 
mercial grade of hydrated aluminum chloride was dis­
solved in water, filtered, and recrystallized four times by 
shaking out of solution with hydrogen chloride gas at 0°. 
The hydrated salt so obtained was carefully dried in a 
current of warm air at 50-70° and then ground in an agate 
mortar to pass 20 mesh. This material was then placed 
for several weeks over potassium hydroxide in a vacuum 
desiccator to remove the last traces of hydrogen chloride. 
The product was analyzed gravimetrically for chloride ion 
by the usual methods and for the aluminum present by the 
method of Willard and Tang.4 The results of the analysis 
indicated a purity better than 99.97%.

(b) Cerous Chloride.—The cerous chloride used had 
been prepared from a very pure sample of cerium oxalate 
by the method of Hönigschmid and Holch5 and was found 
to be of high purity by spectroscopic analysis. The salt 
was recrystallized three times by shaking out of solution 
with hydrogen chloride gas at 0°. A pure white product 
was obtained entirely free from any trace of ceric cerium. 
This product was then purified as follows: The hydrated 
salt was dried in a current of warm air at 50-70° until 
all traces of hydrogen chloride appeared to be removed. 
The dried salt was then dissolved in a minimum amount of 
conductivity water, a few drops of concentrated hydro­
chloric acid added to prevent hydrolysis, and evaporated 
to a thick sirup on the steam-bath. This sirup was chilled 
to 0°, seeded if possible, and stirred vigorously with a 
motor stirrer. This action produced a mass of very fine 
crystals which were easily filtered onto a fritted glass 
plate, sucked free of mother liquor, and air-dried as before. 
The final drying was accomplished in a vacuum desiccator.

(c) Hydrochloric Acid.—All the hydrochloric acid used 
was obtained by distilling the best commercial grade of 
arsenic-free acid in an all-glass still and discarding the first 
and third portions.

(d) Lanthanum Chloride.—The lanthanum material had 
been prepared carefully by repeated crystallization as the 
oxalate and the hydroxide. The chloride was prepared by 
ignition of the oxalate to the oxide in an electric muffle 
furnace and solution of this oxide in hydrochloric acid. 
After filtering, the solution was evaporated and the chlo-

(4) Willard and Tang, T his Jo u rn al , 89, 1190 (1937).
(5) Hönigschmid and Holch, Z. anorg allgem. Chem., 177, 91 

(1928).

ride shaken out at 0° with hydrogen chloride. The prod­
uct was purified by the same procedure as for cerous chlo­
ride.

(e) Neodymium Chloride.—This was prepared in a 
manner similar to that for cerous and lanthanum chloride,

(f) Potassium and Sodium Chlorides.—These salts were 
the best commercial material twice recrystallized from 
water and dried for twenty-four hours in an electric oven 
at 120°.

(g) Praseodymium Chloride.—Praseodymium oxalate 
was obtained from the estate of the late Charles James. 
I t was purified by the method of Brauner6 to remove Ce­
rium and lanthanum. The oxide so obtained was com 
verted to the chloride and purified by the same method a$ 
that given for lanthanum and cerous chloride.

(h) Scandium Chloride.—Scandium oxalate was coil 
verted to the chloride and purified in a manner similar to 
the lanthanum chloride.

(i) Yttrium Chloride.—The yttrium oxalate was ignited 
to the oxide, dissolved in hydrochloric acid, and reprecipi­
tated as the oxalate five times until all trace of the impur­
ity, sodium, was removed. The chloride was then pre­
pared and purified in a manner similar to that for lantha­
num chloride.

Procedure.—In all the experimental work the analysis 
of the solutions under investigation was obtained from 
the weight of the bottles containing them. To make the 
standard reference solutions, enough potassium or sodium 
chloride, whichever was used, was weighed directly into 
the bottles to make between 1 and 2 cc. of solution of the 
concentration desired. The requisite amount of water 
was then added. Below 0.4 molal the weights of these 
salts became so small as to introduce weighing errors, and 
solutions of known concentration were weighed into the 
bottles instead. These were diluted with the proper 
amount of water before being placed in the desiccator.

I t was not practical to weigh out the hydrated salts 
directly, so concentrated solutions in conductance water 
were prepared and carefully analyzed for chloride ion by 
the gravimetric method. These solutions were weighed 
directly into the bottles and diluted to the approximate 
concentration before being placed in the apparatus. All 
solutions were stored in Pyrex brand glass to prevent intro­
duction of any dissolved material.

In several cases the solutions were also analyzed for rare 
earth content by precipitation of the oxalate and subse­
quent ignition to the oxide in the muffle furnace according 
to the standard procedure. The only divergence in the 
analyses was for cerium where the method outlined by 
Moore and Bonardi7 and modified by Hillebrand and 
Lundell8 was employed. In  every case the concentration 
of the solutions checked that obtained from the chloride 
analysis within the known experimental error.

Density Measurements.—In the theoretical treatment 
it was necessary to know the concentration in moles per 
liter, which was calculated from the molality by means of 
the density. The densities of all these salts in aqueous 
solution were determined in duplicate at 25° using a 25-g.

(6) Brauner, Coll. Czech. Chem. Comm., 6, 279 (1933).
(7) Moore and Bonardi, Bur. M in es  Bull., 212, 43 (1923).
(8) Hillebrand and Lundell, "Applied Inorganic Analysis/' 

John Wiley and Sons, Ine», New York, N . Y., 1929, p. 434,
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T a b l e  I

I so t o n ic  R a t io s  a n d  O sm o tic  C o e f f ic ie n t s  o f  t h e  S a lt  S o l u t io n s

m  i m2 <px <p2

Aluminum Chloride (m2) against 
Sodium Chloride (mi)

6.1440 1.8025 1.2987 2.2132
6.1440 1.8048 1.2987 2.2105
6.1440 1.8065 1.2987 2.2084
5.7681 1.7259 1.2658 2.1151
5.7380 1.7213 1.2630 2.1050
5.5518 1.6819 1.2470 2.0581
5.4913 1.6629 1.2418 2.0504
5.4047 1.6527 1.2346 2.0187
5.3806 1.6442 1.2324 2.0165
5.0535 1.5737 1.2046 1.9341
4.6805 1.4920 1.1725 1.8391
4.6081 1.4735 1.1670 1.8248
4.0092 1.3323 1.1175 1.6814

Aluminum Chloride (m2) against 
Potassium Chloride (mi)

4.6099 1.3350 0.9835 1.6981
4.4577 1.3108 .9785 1.6638
4.2475 1.2650 .9713 1.6307
3.9090 1.2002 .9603 1.5638
3.5684 1.1306 .9500 1.4992
3.4809 1.1167 .9473 1.4765
3.1511 1.0437 .9375 1.4153
2.9196 0.9903 .9308 1.3721
2.7913 .9617 .9272 1.3456
2.7241 .9477 .9254 1.3300
2.3830 .8645 .9165 1.2632
2.0056 .7680 .9082 1.1859
1.8342 .7176 .9053 1.1570
1.3561 .5782 .9004 1.0559
1.3511 .5745 .9004 1.0588
1.3266 .5682 .9002 1.0509
1.0185 .4632 .8985 0.9878
0.9905 .4537 .8984 .9807

.8531 .4039 .8980 .9495

.8150 .3885 .8980 .9419

.6994 .3462 .8980 .9071

.5472 .2792 .8993 .8812

.3916 .2073 .9027 .8526

.3814 .2040 .9029 .8440

.2494 .1370 .9093 .8276

.1851 .1041 .9150 .8134

.1681 .09473 .9169 .8136

.1643 .09230 .9174 .8164

. 1488 .08374 .9195 .8170

.1409 .08015 .9208 .8093

.1205 .06811 .9240 .8174

.1034 .05830 .9272 .8222

.09569 .05416 .9287 .8204

Scandium Chloride (m2) against 
Sodium Chloride (mi)

6.1440 1.9549 1.2987 2.0408
6.1440 1.9568 1.2987 2.0388
5.7609 1.8679 1.2663 1.9527
5.7313 1.8596 1.2625 1.9455
5,7247 1.8596 1.2618 1.9422
5.7313 1.8642 1.2625 1.9407
5.4983 1.7993 1.2425 1.8984
5.4047 1.7814 1.2364 1.8756
5.0535 1.6891 1.2046 1.8018
4.6860 1.5960 1.1752 1.7253

m i m i <pi <pn

Scandium Chloride (m2) against 
Potassium Chloride (mi)

4.8040 1.4599 0.9900 1.6289
4.7704 1.4535 .9887 1.6225
4.4252 1.3790 .9770 1.5676
4.3707 1.3631 .9752 1.5635
4.3618 1.3631 .9750 1.5600
4.3468 1.3596 .9745 1.5578
4.3360 1.3616 .9741 1.5510
3.9044 1.2602 .9602 1.4875
3.8839 1.2653 .9595 1.4726
3.8796 1.2602 .9594 1.4768
3.5077 1.1780 .9483 1.4119
3.3977 1.1493 .9449 1.3970
3.2965 1.1282 .9418 1.3759
3.2788 1.1217 .9413 1.3757
3.1241 1.0845 .9369 1.3495
3.0378 1.0699 .9343 1.3265
2.7903 1.0031 .9272 1.2896
2.7652 0.9980 .9265 1.2835
2.6955 .9812 .9246 1.2700
2.5656 .9471 .9212 1.2477
2.3147 .8834 .9148 1.1985
1.8067 .7387 .9049 1.1066
1.7990 .7339 .9047 1.1088
1.6753 .6978 .9032 1.0842
1.4169 .6160 .9009 1.0361
1.1667 .5313 .8992 0.9873
0.9721 .4602 .8983 .9483

.9359 .4470 .8982 .9403

.7213 .3612 .8980 .8966

.6927 .3483 .8981 .8931

.5634 .2980 .8991 .8499

.5627 .2963 .8991 .8537

.5621 .2919 .8991 .8657

.4849 .2569 .9002 .8496

.4896 .2565 .9002 .8591

.4762 .2598 .9005 .8253

.4345 .2330 .9015 .8406

.4221 .2322 .9018 .8197

.4183 .2322 .9019 .8124

.3916 .2139 .9026 .8262

.3814 .2074 .9030 .8303

.3786 .2113 .9031 .8091

.3587 .1994 .9037 .8128

.2584 .1433 .9087 .8193

.2205 .1270 .9132 .7928

.1626 .09363 .9176 .7966

.1559 .09179 .9185 .7800

.1559 .09140 .9185 .7833

Yttrium Chloride (m2) against
Sodium Chloride (mi)

6.1440 2.0166 1.2987 1.9784
5.3806 1.8255 1.2324 1.8162
4.6081 1.6235 1.1670 1.6561
4.0092 1.4634 1.1175 1.5531

m i m i ¥>i <P2

Yttrium Chloride (m2) against
Potassium Chloride (mi)

4.8040 1.5118 0.9900 1.5729
4.3663 1.4164 .9752 1.5031
3.8920 1.3051 .9598 1.4311
3.1241 1.1240 .9376 1.3030
2.7652 1.0337 .9265 1.2392
2.3147 0.9114 .9148 1.1617
1.8067 .7617 .9049 1.0732
1.4169 .6337 .9008 1.0071
1.1667 .5449 .8992 0.9627
0.9721 .4715 .8983 .9261

.6927 .3567 .8981 .8720

.6055 .3165 .8989 .8599

.4118 .2266 .9020 .8196

.3494 .1957 .9042 .8072

.2372 .1366 .9102 .7902

.2312 .1347 .9106 .7815

.1974 .1148 .9138 .7856

.1237 .07104 .9235 .8040

Lanthanum Chloride (m2) against 
Sodium Chloride (mi) 

6.1440 2.1461 1.2987 1.8629
5.6391 2.0018 1.2544 1.7668 
5.3127 1.9103 1.2292 1.7092
5.0510 1.8360 1.2046 1.6569 
4.3974 1.6473 1.1493 1.5340

Lanthanum Chloride (m2) against 
Potassium Chloride (mi)

4.2776 1.4573 0.9705 1.4243
4.1533 1.4317 . 9679 1.4039
3.8814 1.3663 .9595 1.3629
3.8541 1.3595 .9586 1.3588
3.7674 1.3381 .9559 1.3456
3.5795 1.2908 .9503 1.3176
3.4381 1.2574 .9461 1.2934
3.4075 1.2472 .9450 1.2910
3.2548 1.2071 .9406 1.2681
2.8414 1.0967 .9285 1.2028
2.5870 1.0272 .9217 1.1606
2.4924 0.9985 .9182 1.1460
2.0895 .8767 .9098 1.0842
1.7321 .7618 .9038 1.0274
1.7105 .7548 .9035 1.0238
1.4362 .6603 .9010 0.9798
1.0312 .5069 .8990 .9144
0.7337 .3794 .8980 .8683

.5697 .3063 .8990 .8361

.5440 .2953 .8994 .8284

.3784 .2096 .9031 .8150

.2494 .1439 .9092 .7893

.2003 .1172 .9133 .7811

. 1955 .1131 .9138 .7898

.1913 .1103 .9112 .7902

.1698 .09874 .9166 .7880

.1671 .09767 .9170 .7846

.1390 .08117 .9325 . 7986

.1385 .08165 .9209 .7820

.1268 .07349 .9230 ,7972

.1109 .06424 .9257 .7989
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T a b l e  I (C o n t in u e d )

mi m2 <pi <f>2 mi m 2 <pi <P2 mi m2 <pi <P2
Cerium Chloride (m2) against Praseodymium Chloride (ma) Neodymium Chloride (m2) against

Sodium Chloride (mi) against Sodium Chloride (mi) Sodium Chloride (mi)
6.1440 2.1202 1.2987 1.8817 6.1440 2.1298 1.2987 1.8732 5.9376 2.0517 1.2848 1.8591
6.1440 2.1165 1.2987 1.8850 6.1440 2.1346 1.2987 1.8690 5.9287 2.0517 1.2840 1.8551
5.6391 1.9821 1.2544 1.7844 5.9287 2.0712 1.2840 1.8377 5.5518 1.9491 1.2470 1.7760
5.4913 1.9303 1.2418 1.7662 5.5518 1.9711 1.2470 1.7562 5.3806 1.9098 1.2324 1.7369
5.3127 1.8923 1.2292 1.7256 5.4913 1.9515 1.2418 1.7471 4.6081 1.6908 1.1670 1.5903
5.0510 1.8210 1.2046 1.6707 5.3806 1.9225 1.2324 1.7245 4.0092 1.5183 1.1175 1.4754
5.0535 1.8172 1.2046 1.6750 5.0535 1.8283 1.2046 1.6648 Neodymium Chloride (m2) against
4.3974 1.6345 1.1493 1.5460 4.6081 1.7076 1.1670 1.5746 Potassium Chloride (mi)

Cerium Chloride (m2) against 4.0092 1.5307 1.1175 1.4634
4.6046 1.5254 0.9832 1.4889

Potassium Chloride (mi) Praseodymium Chloride (m2) 4.4254 1.4840 .9772 1.4570
4.8040 1.5907 0.9900 1.4949 against Potassium Chloride (mi) 4.4205 1.4841 .9770 1.4550
4.3663 1.4851 .9752 1.4335 4.3663 1.4808 0.9752 1.4377 4.3747 1.4724 .9775 1.4485
3.8920 1.3672 .9598 1.3661 3.8920 1.3665 .9598 1.3669 4.3264 1.4622 .9642 1.4264
3.1241 1.1734 .9376 1.2481 3.1241 1.1710 .9376 1.2507 3.9793 1.3783 .9626 1.3886
2.8408 1.0861 .9290 1.2149 2.7652 1.0767 .9265 1.1897 3.9739 1.3765 .9623 1.3890
2.7652 1.0766 .9265 1.1900 2.3147 0.9465 .9148 1.1186 3.7302 1.3196 .9547 1.3494
2.4474 0.9862 .9182 1.1393 1.8067 .7908 .9049 1.0337 3.6443 1.2998 .9522 1.3349
2.0903 .8676 .9097 1.0967 1.7990 .7854 .9047 1.0362 3.3946 1.2344 .9447 1.2990
1.7990 .7801 .9047 1.0432 1.4169 .6540 .9008 0.9758 3.0498 1.1453 .9345 1.2442
1.7643 .7667 .9043 1.0408 1.1667 .5635 .8992 .9309 2.9095 1.1085 *.9306 1.2213
1.6236 .7165 .9026 1.0226 0.9721 .4844 .8983 .9014 2.6249 1.0293 .9227 1.1765
1.4169 .6513 .9008 0.9798 .6927 .3648 .8981 .8527 2.2975 0.9346 .9144 1.1239
1.3672 .6303 .9005 .9767 .6055 .3216 .8989 .8461 1.8291 .7905 .9051 1.0471
1.2461 .5876 .8997 .9540 .4115 .2296 .9020 .8101 1.5467 .6945 .9019 1.0043
1.1667 .5616 .8992 .9340 .3494 .1977 .9042 .7990 1.2232 .5791 .8485 .9489
1.0759 .5210 .8988 .9280 .2372 . 1374 .9102 .7857 0.8961 .4505 .8980 .8932
0.9721 .4822 .8983 .9055 .2312 . 1338 .9106 .7867 .6898 .3608 .8981 .8585

.6927 .3625 .8981 .8581 . 1974 .1158 .9138 .7783 .4924 .2695 .9001 .8224
,4082 .2263 .9021 .8136 .1355 .08038 .9215 .7767 .4724 .2613 .9005 .8140
.3482 .1955 .9042 .8052 . 1187 .06985 .9244 . 7854 .4082 .2282 .9021 .8068
.2074 .1203 .9126 . 7867 .3482 .1960 .9042 .8032
.1436 .08461 .9203 .7810 .2686 .1541 .9080 .7913
.1276 .07570 .9227 .7777 .2074 .1207 .9126 .7841

. 1436 .08443 .9203 • .7826

.1276 .07430 .9227 .7923

Regnault specific gravity bottle. The usual precautions 
were observed and the results are given in Table IV.

Results and Discussion
In most of the experimental runs three samples 

of the salt solution were allowed to come to iso­
tonic equilibrium with a like number of the 
standard reference solution. When the silver 
bottles were used two samples were in equilibrium 
with the two samples of standard solutions. In 
some experiments only two samples of the stand­
ard solution were used and these were opposed by 
two or four different salt solutions as the case 
might be. Ample time, usually more than forty- 
eight hours, was allowed in every case for the 
solutions to reach equilibrium with each other. 
No experiment was considered satisfactory if the 
deviation between identical samples was greater 
than one part per thousand,

Potassium chloride was used as a reference salt 
up to saturation and sodium chloride was used to 
extend the range of the three-one electrolytes 
beyond the concentrations which could be ob­
tained with potassium chloride.

The silver bottles gave good results down to 
about 0.25 molal but below this concentration, 
although fair results were obtained down to about
0.06 molal, the results were inclined to be quite 
erratic and had about ten times the error of the 
results above 0.25 molal. In general, the results 
for all the salts are of about the same accuracy. 
The observed values of <p2 did not, as a rule, 
deviate more than one per cent, from a smooth 
curve such as is shown in Fig. 3. The average 
deviation was about 0.2 % in concentrated solu­
tions and 0.5% in dilute. Scandium chloride 
was more erratic than the rest and gave larger



1642 Charles M. Mason VoL 60

T a b l e  I I

S m o o th e d  O sm o tic  C o e f f ic ie n t s , <?2
m\ AlCls SeCl3 YCls LaCls CeCls PrCls NdCls

0 ,0 5 0 .3 0 0 .8 2 6 0 .8 0 7 0 .8 1 0 0 .8 0 0 0 .8 0 0 0 .8 0 1 0 .7 9 7
,1 0 .6 0 .8 1 2 .7 9 4 .7 9 1 .7 8 8 .7 8 4 .7 8 2 .7 8 4
,2 1 .2 .8 4 1 .8 1 5 .8 0 8 .8 0 1 .7 9 8 .7 9 6 .7 9 5
,3 1 .8 .8 9 0 .8 5 8 .8 4 7 .8 3 1 .8 3 2 .8 2 8 .8 2 8
A 2 . 4 .9 4 8 .9 1 2 .8 9 2 .8 6 9 .8 7 1 .8 6 5 .8 6 6
.5 3 . 0 1 .0 0 9 .9 7 0 .9 4 0 .9 1 0 .9 1 4 .9 0 6 .9 0 9
,6 3 . 6 1 .0 7 4 1 .0 2 8 .9 9 0 .9 5 2 .9 5 8 .9 5 0 .9 5 4

,7 4 . 2 1 .1 4 1 1 .0 8 8 1 .0 4 2 .9 9 8 1 .0 0 5 .9 9 5 1 .0 0 3
.8 4 . 8 1 .2 1 3 1 .1 5 0 1 .0 9 6 1 .0 4 6 1 .0 5 5 1 .0 4 2 1 .0 5 3

.9 5 . 4 1 .2 9 1 1 .2 1 6 1 .1 5 5 1 .0 9 7 1 .1 0 6 1 .0 9 4 1 .1 0 5
1 .0 6 . 0 1 .3 7 8 1 .2 8 5 1 .2 1 7 1 .1 5 0 1 .1 6 0 1 ,1 4 8 1 .1 5 9
1 .1 6 . 6 1 .4 7 1 1 .3 5 9 1 .2 8 3 1 .2 0 5 1 .2 1 4 1 .2 0 6 1 .2 1 6
i . a 7 . 2 1 .5 6 4 1 .4 3 3 1 ,3 5 1 1 .2 6 4 1 .2 7 0 1 .2 6 7 1 .2 7 5
1 . 3 7 . 8 1 .6 5 7 1 .5 0 7 1 .4 2 0 1 .3 2 3 1 .3 2 8 1 .3 2 7 1 .3 3 6
1 . 4 8 . 4 1 ,7 5 3 1 .5 8 3 1 .4 9 1 1 .3 8 2 1 .3 8 7 1 .3 8 8 1 .3 9 9
1 . 0 9 . 0 1 .8 5 5 1 .6 5 9 1 .5 6 4 1 .4 4 5 1 .4 5 5 1 .4 4 7 1 .4 6 4
1 . 6 9 . 6 1 .9 6 6 1 .7 3 4 1 .6 3 9 1 .5 0 6 1 .5 1 5 1 .5 0 8 1 .5 2 9
1 . 8 1 0 .8 2 .2 0 3 1 .8 8 9 1 .7 9 6 1 .6 3 3 1 .6 5 7 1 .6 3 8 1 .6 6 2
2 . 0 1 2 .0 . . . 2 .0 4 0 * 1 .9 6 5 1 .7 6 6 1 .7 9 6 1 .7 7 7 1 .8 0 9
2 . 2 1 3 .2 . . . 1 .8 9 9 1 .9 3 5 * 1.922® 1 .9 4 0 '

a E x tr a p o la te d .

deviations. The isotonic data obtained are listed 
in Table I.

0 .0  0 .2  0 .4  0 .6  _ _ 0 .8  1 .0  1.2  1.4
Vm.

F ig . 3 .— O sm o tic  co effic ien ts  o f s a lts :  I , A lC U ;
I I ,  S cC l3; I I I ,  Y C13; IV , L a C l3; V , <po, lim it in g  law .

Table I includes the values of pi and p2. The 
values of <pi were taken from those of Scatchard 
and Wood9 which were given to me prior to pub­
lication by Professor Scatchard. These data 
represent the best possible evaluation of all the

(9) Ssatehard and Woodf UapublishctL

known data for potassium and sodium chlorides. 
The values of pi in Table I were read from a large- 
scale plot of the data described above.

P2 is defined by the equation
<p2 =  ( 5 5 .5 1 /4  m 2) In p 0/ p  (1 )

and pi by the equation
<Pi =  ( 5 5 .5 1 /2  n h )  In p 0/ p  ( 2 )

Pq/P is the same for both salts when at isotonic 
equilibrium and combining equations (1 ) and (2) 
we obtain

-  mi /o\
(3)

By means of equation (3) the values of p2 in 
Table I were computed. These values have been 
smoothed graphically by plotting p2 against ml/‘2 
on a large scale as shown in Fig. 3. The data 
which were obtained are listed at round concentra­
tions in Table II.

The activity coefficients have been computed 
from the osmotic coefficients by a modification of 
the method of Randall and White10 using the 
equation

lo g  7  =  “  2 .3 0 3  ~  2HÖ3 X  i m  / t

From the data of Wyman11 the intercept on the 
h /m /2 axis was calculated to be 2.844. When the 
curve was constructed, as shown in Fig. 4, it was 
found that a large portion of the area was in the 
region below 0.25 molal where the data were least

(10) Randall and White, T his Journal, 48, ££14 (1926).
(11) Wyman, P kyt. Mev.* 36, 623 (1930).
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Fig. 4,—Plot of h/m 17* against ml/'" for ScCl3 to com- 
pute the graphical integration.

accurate and that there was probably a very long 
error in log y  resulting from this. Furthermore, 
there was the additional error in drawing this 
curve that it was impossible to determine how 
much of a hook or hump should be given to these 
data in considering their approach to zero con­
centration. Inasmuch as chlorides are peculiarly 
sensitive to the formation of complex ions, the 
area represented by such a hump may be con­
siderable. The following method was adopted 
to correct this error. Equation (4) was rewritten 
in the form

log 7 = h
2.303 2.303 (5)

where Y represents the correct area under the 
curve at a given value of m. X  was then defined as 

X  = Y  +  Z  (6)
becoming equal to the measured area when Z 
represents the error introduced.

The right-hand term of equation (5) was then 
substituted for log y  in the equation of Hiickel12
log y  = -  1068  V l 2c +  B(12c) -  log (1 +  0.072 m)

1 +  A  V Ï2 c
(7)

where m is the molality and c is the concentration 
in moles per liter.

The constants A and B and the correction
(1 2 )-Hückel, Physik. Z., 26, 93 (1925).

factor Z were then calculated by substitution of 
the numerical data for 0.5, 1.0 and 1.5 molal and 
simultaneous solution of the resulting equations. 
The numerical values obtained for the correction 
factors Z were larger than one would expect from 
an error in the linear extrapolation. This would 
show that a hook or hump of some sort must exist 
in the curve shown in Fig. 4 near zero concentra­
tion. The values obtained for these quantities 
are given in Table III.

T a b l e  III
C o n s t a n t s  in  D e b y e  a n d  H ü c k e l  E q u a t io n s

Salt A B b z
AlCls 0.32953 0.08623 0.14560 -0.63409
ScCl3 .47040 .06446 .11696 -  .41977
YC13 .43836 .06186 .11067 -  .50656
LaCl3 .44919 .05506 .09413 -  .43880
CeCl3 .51556 .05115 .09663 -  .45158
PrCl3 .45350 .05485 .09500 -  .46729
NdCl3 .50930 .05118 .09771 -  .40575

The values obtained for Z were used to calcu­
late the correct areas, F, in the graphical integra­
tions. These values of Y  were then used in equa­
tion (5) to compute the activity coefficients given 
as 7corr. in Table IV. In this same table 7 obsd> 
refers to the values of the activity coefficients ob­
tained directly from the graphical integration of 
Randall and White.10 The constants A and B 
were used in Hückel’s equation (7) to compute 
the values of yD recorded in Table IV. In order 
to compare the corrected activity coefficients with 
those obtained by equation (7), the values of 
A7 (7corr. — 7 d) have also been included in Table 
IV and one set for aluminum chloride have been

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0.50 1.0 2.0 3.0 3.5

At1/2.
Fig. 5.—Activity coefficients of AlCfi: • ,  td ; O, 7Curr.
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T a b l e  IV
A c t iv it y  a n d  O sm o tic  C o e f f ic ie n t s  o f  S a l t s

m Density êxptl. <PD A <p Yexptl. Ycorr. 7 D Ay

Aluminum Chloride
0.05 1.0030 0.826 0.718 0.108 0.463 0.130 0.247 -0 .1 1 7

.1 1.0088 .812 .715 .097 .403 .113 .175 -  .062

.2 1.0200 .841 .771 .070 .366 .103 .127 -  .014

.3 1.0310 .890 .849 .041 .364 .102 .114 -  .012

.4 1.0416 .948 .934 .014 .376 .106 .110 -  .004

.5 1.0523 1.009 1.022 -  .013 ( .398) .112 .113 -  .001

.6 1.0630 1.074 1.112 -  .038 .428 .120 . 120 .000

.7 1.0739 1.141 1.203 -  .062 .465 .131 .130 .001

.8 1.0845 1.213 1.294 -  .081 .511 .144 .144 .000

.9 1.0943 1.291 1.384 -  .093 .569 .161 .161 . 000
1.0 1.1048 1.378 1.476 -  .098 ( .643) .181 .183 -  .002
1.1 1.1147 1.471 1.567 — .096 .734 .207 .209 -  .002
1.2 1.1245 1.564 1.657 -  .093 .843 .237 .240 -  .003
1.3 1.1341 1.657 1.749 -  .092 .971 .273 .277 -  .004
1.4 1.1437 1.753 1.839 -  .086 1.126 .317 .321 -  .004
1.5 1.1532 1.855 1.931 -  .076 (1.318) .371 .374 -  .003
1.6 1.1625 1.966 2.022 -  .056 1.562 .440 .431 .009
1.8 1.1812 (2.203) 2.203 .000 2.248 .633 .602 .031

Scandium Chloride
0.05 1.0039 0.807 0.709 0.098 0.416 0.180 0.270 -0 .0 9 0

.1 1.0101 .794 .715 .079 .357 .154 .201 -  .047

.2 1.0231 .815 .737 .078 .317 .137 .156 -  .019

.3 1.0359 .858 .797 .061 .310 .139 .137 .002

.4 1.0487 .912 .865 .047 .316 .137 .140 -  .003

.5 1.0613 .970 .936 .034 ( .330) .143 . 143 .000

.6 1.0738 1.028 1.009 .019 .350 , 151 .150 .001

.7 1.0860 1.088 1.082 .006 .375 .162 .161 . 001

.8 1.0980 1.150 1.156 -  .006 .406 .175 . 174 .001

.9 1.1096 1.216 1.230 -  .014 .443 .191 .191 .000
1.0 1.1209 1.285 1.304 -  .019 ( -487) .210 .210 .000
1.1 1.1321 1.359 1.378 -  .019 . 541 .234 .235 -  .001
1.2 1,1433 1.433 1.452 -  .019 .602 .260 ,260 .000
1.3 1.1545 1.507 1.526 ■- .019 .675 .291 .291 .000
1.4 1.1656 1.583 1.600 -  .017 .757 .327 .327 .000
1.5 1.1763 1.659 1.673 -  .014 ( .852) .368 .368 .000
1.6 1.1870 1.734 1.747 -  .013 .961 .415 .415 .000
1.8 1.2088 1.889 1.894 -  .007 1.234 .533 .529 .004
2.0 1.2280 (2.040) 2.040 .000 1.588 .686 .677 .009

Yttrium Chloride
0.05 1.0056 0.810 0.707 0.103 0.451 0.164 0.262 -0 .0 9 8

.1 1.0141 .791 .694 .097 .385 .150 .197 -  .047

.2 1.0315 .808 .729 .079 .340 .123 .144 -  .021

.3 1.0485 .847 .786 .061 .329 .120 .128 -  .008

.4 1.0652 .892 .850 .042 .331 .120 .123 -  .003

.5 1.0820 .940 .917 .023 ( .341) . 124 .124 .000

.6 1.0990 .990 .986 .004 .356 .129 . 128 .001

.7 1.1154 1.042 1.056 -  .006 .376 .137 .135 .002

.8 1.1316 1.096 1.126 -  .030 .401 . 146 . 145 .001

.9 1.1472 1.155 1.196 -  .041 .432 .157 .156 .001
1.0 1.1622 1.217 1.266 -  .049 ( .469) .170 .170 .000
1.1 1.1765 1.283 1.336 -  .053 .513 .186 .187 -  .001
1.2 1.1918 1.351 1.406 -  .055 .564 .205 .205 .000
1.3 1.2066 1.420 1.476 -  .056 .623 .226 .227 -  .001
1.4 1.2211 1.491 1.547 -  .055 .692 .251 .252 -  .001
1.5 1.2357 1.564 1.617 -  .053 ( .772) .280 .280 .000
1.6 1.2506 1.639 1.686 -  .047 .866 .315 .313 .002
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T a b l e  IV (Continued)
m Density <Pexptl. <PT> A <p Yexptl. Ycorr. YD A y

1 . 8 1.2805 1.796 1.826 -0 .030 1.101 0.400 0.403 -0 .003
2.0 1.3090 (1.965) 1.965 .000

Lanthanum Chloride
1.430 .519 .493 +  .026

0.05 1.0082 0.800 0.702 0.099 0.390 0.162 0.262 -0 .100
. 1 1.0194 .788 .684 .104 .333 .139 .190 -  .051
. 2 1.0414 .801 .709 .091 .292 .121 .142 -  . 021
.3 1.0630 .831 .756 .075 .297 .116 .125 -  .009
A 1.0842 .869 .810 .059 .277 .115 .118 -  .003
. 5 1.1057 .910 .868 .042 ( .282) .117 .117 .000
. 6 1.1265 .952 .927 .025 .290 .121 .119 .002
.7 1.1474 .998 .986 .012 .303 .126 .124 .002
,8 1.1677 1.046 1.047 -  .001 .318 .132 .130 .002
.9 1.1877 1.097 1.107 -  .010 .338 .140 .139 .001

1.0 1.2075 1.150 1.167 -  .017 ( .360) .150 .149 .001
1.1 1.2269 1.205 1.227 -  .022 .388 .161 .161 .000
1.2 1.2463 1.264 1.287 -  .023 .419 .174 .174 .000
1.3 1.2655 1.323 1.348 -  .025 .455 .189 .189 .000
1.4 1.2851 1.382 1.407 -  .025 .496 .206 .206 .000
1.5 1.3036 1.445 1.468 -  .023 ( .543) .226 .226 .000
1.6 1.3220 1.506 1.528 -  .022 .595 .248 .248 .000
1.8 1.3575 1.633 1.647 -  .014 .723 .301 .299 .002
2.0 1.3923 (1.766) 1.766 .000 .888 .370 .362 .008
2.2 1.4266 1.899 1.885 .014

Cerium Chloride

1.096 .456 .445 .011

0.05 1.0084 0.800 0.703 0.097 0.462 0.187 0.275 -0 .088
.1 1.0195 .784 .685 .099 .393 .159 .205 -  .046
. 2 1.0420 .798 .712 .086 .344 .140 .158 -  .018
. 3 1.0640 .832 .761 .071 .330 .134 .142 -  .008
.4 1.0853 .871 .816 .055 .329 .133 .136 -  .003
.5 1.1074 .914 .875 ,039 ( .335) .136 .136 .000
. 6 1.1275 .958 .936 .022 .346 .140 ,140 .000
.7 1.1480 1.005 .997 .008 .362 .147 .146 .001
.8 1.1700 1.055 1.059 -  .004 .382 . 155 .156 -  .001
.9 1.1912 1.106 1.120 -  .014 .406 .164 .164 .000

1.0 1.2120 1.160 1.182 -  .022 ( .434) .176 .176 .000
1.1 1.2315 1.214 1.243 -  .029 .467 .189 .191 -  .002
1.2 1.2515 1.270 1.305 -  .035 .504 .204 .206 -  .002
1.3 1.2715 1.328 1.367 -  .039 .547 .222 .223 -  .001
1.4 1.2910 1.387 1.429 -  .042 .596 .242 .243 -  .001
1.5 1.3100 1.455 1.490 -  .035 ( .658) .267 .266 .001
1.6 1.3285 1.515 1.552 -  .037 .719 .292 .291 .001
1.8 1.3658 1.657 1.674 -  .017 .891 .360 .357 .003
2.0 1.4020 (1.796) 1.796 .000 1.103 .447 .420 .027
2.2 1.4380 1.935 1.918 .017 1.376 .558 .508 .050

Praseodymium Chloride
0.05 1.0089 0.801 0.702 0.099 0.419 0.165 0.264 -0 .099

.1 1.0204 .782 .684 .098 .356 .140 .181 -  .041

.2 1.0430 .796 .710 .086 .312 .123 .150 -  .023

.3 1.0655 .828 .758 .070 .299 .118 .131 -  .013

.4 1.0872 .865 .812 .053 .297 .117 .120 -  .003

.5 1.1085 .906 .870 .036 ( .302) .119 .119 .000

.6 1.1290 .950 .930 .020 .310 .122 .121 .001

.7 1.1502 .995 .990 .005 .324 . 127 . 126 .001

.8 1.1717 1.042 1.051 -  .009 .341 .134 .132 .002

.9 1.1925 1.094 1.111 -  .017 .362 .142 .141 .001
1.0 1.2129 1.148 1.172 -  .024 ( .387) .152 .151 .001
1.1 1.2330 1.206 1.233 -  .027 .417 .164 .164 .000
1.2 1.2530 1.267 1.293 -  .026 .452 .178 .177 .001
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m Densi ty V’exptl.

T a b l e  IV ( Concluded)

<PT) A <p Y cxptl. Ycorr. Y D A y

1 . 3 1 . 2 7 2 7 1 . 3 2 7 1 . 3 5 4 -  . 0 2 7 . 4 9 2 . 1 9 3 . 1 9 2 . 0 0 1

1 . 4 1 . 2 9 2 5 1 . 3 8 8 1 . 4 1 5 -  . 0 2 7 . 5 3 7 . 2 1 1 : 2 1 0 . 0 0 1

1 . 5 1 . 3 1 1 5 1 . 4 4 7 1 . 4 7 6 -  . 0 2 9 ( . 5 8 6 ) . 2 3 0 . 2 3 0 . 0 0 0

1 . 6 1 . 3 3 0 0 1 . 5 0 8 1 . 5 3 6 -  . 0 2 8 . 6 4 3 . 2 5 3 . 2 5 3 . 0 0 0

1 . 8 1 . 3 6 7 4 1 . 6 3 8 1 . 6 5 6 -  . 0 1 8 . 7 8 2 . 3 0 7 . 3 0 6 . 0 0 1

2 . 0 1 . 4 0 4 7 ( 1 . 7 7 7 ) 1 . 7 7 7 . 0 0 0 . 9 6 8 . 3 8 0 . 3 6 8 . 0 1 2

2 . 2 1 . 4 4 0 7 1 . 9 2 2 1 . 8 9 6 . 0 2 4 1 . 2 1 4 . 4 7 7 . 4 5 4 . 0 2 3

0 . 0 5 1 . 0 0 9 0 0 . 7 9 7

Neodymium Chloride 
0 . 7 0 3  0 . 0 9 4 0 . 4 1 5 0 . 1 8 4 0 . 2 7 3 - 0 . 0 8 9

. 1 1 . 0 2 0 3 . 7 8 4 . 6 8 6 . 0 9 8 . 3 5 4 . 1 5 7 . 2 0 3 -  . 0 4 6

. 2 1 , 0 4 3 5 . 7 9 5 . 7 1 3 . 0 8 2 . 3 0 9 . 1 3 7 . 1 5 6 -  . 0 1 9

. 3 1 . 0 6 6 3 . 8 2 8 . 7 6 2 . 0 6 6 . 2 9 5 . 1 3 1 . 1 4 0 -  . 0 0 9

. 4 1 . 0 8 8 8 . 8 6 6 . 8 1 9 . 0 4 7 . 2 9 4 . 1 3 0 . 1 3 4 -  . 0 0 4

. 5 1 . 1 1 0 5 . 9 0 9 . 8 7 9 . 0 3 0 ( . 2 9 9 ) . 1 3 3 . 1 3 4 -  . 0 0 1

. 6 1 . 1 3 2 7 . 9 5 4 . 9 4 0 . 0 1 4 . 3 0 9 . 1 3 7 . 1 3 8 -  . 0 0 1

. 7 1 . 1 5 4 5 1 . 0 0 3 1 . 0 0 2 . 0 0 1 . 3 2 3 . 1 4 3 . 1 4 3 . 0 0 0

. 8 1 . 1 7 6 2 1 . 0 5 3 1 . 0 6 4 -  .011 . 3 4 1 . 1 5 1 . 1 5 1 . 0 0 0

. 9 1 . 1 9 7 8 1 . 1 0 5 1 . 1 2 6 -  . 0 2 1 . 3 6 2 . 1 6 1 . 1 6 3 -  . 0 0 2
1.0 1 . 2 1 9 0 1 . 1 5 9 1 . 1 8 8 -  . 0 2 9 ( . 3 8 8 ) . 1 7 2 . 1 7 2 . 0 0 0
1 . 1 1 . 2 4 0 2 1 . 2 1 6 1 . 2 5 0 -  . 0 3 4 . 4 1 8 . 1 8 6 . 1 8 7 -  . 0 0 1
1 . 2 1 . 2 6 0 8 1 . 2 7 5 1 . 3 1 3 -  . 0 3 8 . 4 5 3 . 2 0 1 . 2 0 1 . 0 0 0
1 . 3 1 . 2 8 1 3 1 . 3 3 5 1 . 3 7 5 -  . 0 4 0 . 4 9 4 . 2 1 9 . 2 1 9 . 0 0 0
1 . 4 1 . 3 0 1 5 1 . 3 9 9 1 . 4 3 8 -  . 0 3 8 . 5 3 9 . 2 3 9 . 2 3 8 . 0 0 1

1 . 5 1 . 3 2 1 4 1 . 4 6 4 1 . 5 0 0 -  . 0 3 6 ( . 5 9 2 ) . 2 6 3 . 2 6 0 . 0 0 3

1 . 6 1 . 3 4 1 0 1 . 5 2 9 1 . 5 6 2 -  . 0 3 3 . 6 5 3 . 2 9 0 . 2 8 5 . 0 0 5

1 . 8 1 . 3 7 9 8 1 . 6 6 2 1 . 6 8 6 -  . 0 2 4 . 8 0 0 . 3 5 5 . 3 4 3 . 0 1 2
2 , 0 1 . 4 1 7 6 ( 1 . 8 0 9 ) 1 . 8 0 9 . 0 0 0 1 . 0 0 1 7 . 4 4 5 . 4 1 4 . 0 3 1
2 . 2 1 . 4 5 5 3 1 . 9 4 0 1 . 9 3 2 . 0 0 8

( ) show reference points used in theoretical calculations.

plotted against the square root of the ionic ionic strength of ten but this is quite readily under­
strength in Fig. 5. This plot in Fig. 5 is charac- stood because the linear term in Hiickel’s equa- 
teristic of all seven salts. tion may not be enough to correct for the varia­

tion of the dielectric con­
stant in such concentrated 
solutions.

The smoothed osmotic 
coefficients given in Table 
II have been used to test 
the equation of Scatchard13 
for osmotic coefficients of 
salts in concentrated solu­
tions. This equation was 
used in the form

<pt> = i +  —  |"i +  v a  -
0.0 0.2 0.4 0.6 0.8 1.00 1.2 1.4 1.6 1.8 2.0 i ' M L -i

*. " r+vs- 21n(1 + vd +
Fig. 6.*—Deviations of osmotic coefficients: 0,A1C13; ScCl3; € , YC13; 3 , LaCl3. bn (8)

Examination of the values for At shows wide 
divergence in the dilute solutions. This is to be 
expected and the values for Ycorr are probably 
too low in this region, because of the increased 
error in the isotonic measurements at lower con­
centrations. The values of td fall off above an

where fi is the ionic strength and b is the linear 
constant. The value —1.165 was used for A. b 
was calculated by fixing <pD = <peXpti. at 2.0 molal 
and the values so obtained have been included in 
Table III. The values of <pD were computed by

(13) Scatchard, Chem. Rev., 19, 309 (1936).
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means of equation (8) and are given in Table IV. 
The corresponding values of Ap(^expti. ~~ <Pd )  have 
also been calculated and are included in the same 
table (III). For some of the salts A<p has been 
plotted against m in Fig. 6. Cerium, praseo­
dymium and neodymium chlorides were omitted 
from the plot because the values of A<p for these 
salts were so close to lanthanum chloride which 
has been included.

The values of Ay representing the deviation 
from Scatchard’s equation are not proportion­
ately large when compared to those given by him 
for the higher valence sulfates measured by 
Robinson and Jones.14 In fact, the actual values 
of A<p found in this investigation are less than 
those for the sulfates.

(14) Robinson and Jones, T h is  J o u r n a l , 58, 959 (1936).

I am indebted to Professor Scatchard and Dr. 
Wood for the use of their data for the osmotic 
coefficients of potassium and sodium chlorides 
prior to publication and for several suggestions 
regarding the use of equation (8). For these 
courtesies I wish to express thanks.

Summary
1. The osmotic coefficients of aluminum, 

scandium, yttrium, lanthanum, cerium, praseo­
dymium and neodymium chlorides have been 
determined in aqueous solution at 25° by the 
isotonic method of Robinson and Sinclair.2

2. The activity coefficients of these salts have 
been computed from the osmotic coefficients.

3. The data obtained in both 1 and 2 have 
been compared with theory.
D u r h a m , N. H. R e c e iv e d  A p r il  30, 1938

[C o n t r ib u t io n  fr o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  N e w  Y o r k  U n i v e r s it y ]

Ternary Systems. XXIV. Calcium Sulfate, Sodium Sulfate and Water
B y Ar th u r  E. H ill  and J ohn  H . W il l s 1

Early study of this system by Fritsche2 dis­
closed the existence of two double salts, glauberite 
(CaS04-Na2S04) and a salt of the composition 
CaS04-2Na2S04*2H20 , which has been variously 
known as syngenite, from a mistaken reading of 
its composition, and as the labile double salt, from 
its metastable relationship to other double salts. 
Isotherms of the system have been studied at 22° 
by Cameron and Seidell,3 and at 25° by Cameron 
and Breazeale,4 in both cases without inclusion of 
double salts. Barre5 compiled the concentrations 
of isothermally invariant solutions saturated with 
two salts, glauberite and each of the components 
of the system and the labile salt with each of the 
components, giving an outlined polytherm of the 
system from room temperature to 100°. D’Ans 
and Schreiner6 discussed the two double salts 
and added a point of saturation by glauberite and 
gypsum at 60°. Van’t  Hoff7 determined the in­
variant points of saturation by each of these

(1) This paper is an abridgment of the thesis presented by Mr. 
Wills in partial fulfilment of the requirements for the degree of 
Ph.D. at New York University, June, 1935.

(2) Fritsche, J . prakt. Chem., 72, 291 (1857). Glauberite had 
been prepared previously only in the dry way.

(3) Cameron and Seidell, J . Phys. Chem., 5, 643 (1901).
(4) Cameron and Breazeale, ibid., 8 , 335 (1904).
(5) Barre, A nn . chim. phys., [8] 24, 145 (1911).
(6) D ’Ans and Schreiner, Z. anorg. Chem., 62, 129 (1909).
(7) Van’t Hoff, Z . physik. Chem., 45, 257 (1903).

double salts with gypsum and mirabilite (Glau­
ber’s salt) as 30.2° for the transition involving the 
labile double salt and 29° for that involving glau­
berite. The present research contains a repetition 
of the 25° isotherm and additional isotherms at 
35, 50 and 75°, including in addition to the 
previously known double salts, anhydrite at the 
higher temperatures and a new double salt, 
sodium pentacalcium sulfate; these data permit 
the construction of a fuller polytherm than was 
previously possible.

In carrying out work in this system in which 
there occur so many degrees of metastability at 
any given temperature, much use has been made 
of van’t Hoff’s8 generalization that the retarda­
tion of salts in coming to equilibrium with their 
solutions is related to the mean valence, calcu­
lated by dividing the total valence representing 
all the ions in the formula by the total number of 
such ions, giving each water molecule in a hydrate 
an arbitrary mean valence of 4/3; this rule guided 
us in this research, as in other related researches,9 
in deciding upon appropriate time of contact for

(8) Van’t Hoff, "Zur Bildung der ozeanischen Salzablagerungen,” 
F. Vieweg und Sohn, Braunschweig, 1905; Vol. I, p. 32; Vol. II, 
p. 17.

(9) Hill, T h is  J o urn al , 56, 1071 (1934); Hill and Yanick, ibid., 
57, 645 (1935).
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the different salts, for which periods as short as 
one or two minutes may sometimes not be ex­
ceeded without change, while in other cases weeks 
or months are necessary. The entire list of salts 
now known in this system, with the mean valence 
for each, is as follows:

Name Formula Mean valence
Mirabilite Na2SO4-10H2O 1.33
(Unnamed) (Na2SCV7H20) (1.33)
Thenardite Na2S04 1.33
Labile salt 2Na2S04- CaS04-2H20 1.43
Gypsum CaS04*2H20 1.50
Glauberite Na2S04CaS04 1.60
Pentasulfate Na2S04-5CaSO4-3H2O 1.64
(Hemihydrate) (CaSO4-0.5H2O) (1.71)
Anhydrite CaS04 2.00

Of this series, the second and the eighth, 
sodium sulfate heptahydrate and calcium sulfate 
hemihydrate, did not appear spontaneously in 
any of our experiments, and were omitted from 
consideration; the others have been considered 
in the appropriate isotherms. Special attention 
was paid to the labile salt, concerning which a 
number of points have apparently remained un­
settled in the eighty years since its discovery and 
of course special attention was likewise given to 
the new pentasalt after it had appeared in one 
of the isotherms.

The Labile Salt, Sodium Hemicalcium Sul­
fate.—The composition of this salt as proposed 
by Fritsche and its condition as metastable with 
respect to glauberite as held by van’t  Hoff were 
disputed by Cameron, Bell and Robinson,10 who 
believed the formula to be 2CaS04*3Na2S04 
(anhydrous) on the basis of indirect determination 
of composition in a sodium chloride solution, and 
also believed that their dilatometric experiments 
showed it to be stable. Experimental answer to 
this view appears in the four isotherms presented 
in this paper, which show by solubility curves 
that the labile salt is metastable with respect to 
glauberite between 25 and 75°, in accord with 
van’t Hoff's conclusion based upon the transition 
temperatures. The matter of the composition of 
the salt was gone into by D’Ans and Schreiner,6 
who were able to obtain samples sufficiently freed 
from mother liquor, by use of a hydraulic press, 
to permit analyses, which agreed well with the 
formula CaS04'2Na2S04-2H20 . It is worth not­
ing that each of the methods which led to the con­
flicting results is accompanied by unusual diffi­
culties in the case of this salt, which forms from

(10) Cameron, Bell and Robinson, J. Phys. Chem., 11, 409 (1907).

gypsum in sodium sulfate solution in the form of 
a network of fine spicules so knitted together that 
a weight of approximately 2 % of the salt will 
hold the mass in suspension so rigidly that 
there is no movement upon inversion of the vessel. 
This condition obviously retards the attainment 
of equilibrium and may leave a considerable por­
tion of gypsum unchanged, which is probably the 
cause of Cameron, Bell and Robinson’s error. 
This network retains a large proportion of mother 
liquor even upon centrifuging at 1800 r. p. m., so 
that a direct analysis such as D’Ans and Schreiner 
made is not always possible. We are able, how­
ever, to confirm their findings, by the use of both 
methods; algebraic extrapolation of the tie lines 
for the labile salt in Table I gave (assuming the 
water content of the salt correct) agreement with 
the original formula of Fritsche with an average 
deviation of 0.75% for the six cases there tabu­
lated, with a maximum deviation of 1.30%, in 
experiments in which the amounts of solid phase 
were usually less than 1 % of the weight of the 
system. A sample was also prepared by washing 
out the mother liquor with alcohol-water mix­
tures, which was found to contain 29.75% CaSCh 
(theory 29.83), 61.57% Na2S04 (theory 62.27), 
and 8.68% H20  (theory 7.90), in agreement with 
the formula CaS0 4-2Na2S04*2H20 .

With respect to the metastability of the salt, 
our findings are in agreement with those of Barre 
and of D’Ans and Schreiner that the salt can be 
held unchanged for long periods of time in contact 
with its solutions at lower temperatures (25° 
e. g.), and that only at 75° and above does the 
change toward glauberite begin at once. The 
action of the salt when treated at 25° with pure 
water instead of a sodium sulfate solution with 
which it is in equilibrium (30-34%) is noteworthy; 
the decomposition cannot be better described than 
as explosive, both because of the astonishing speed 
at which the solid disappears, and also because 
of the unexpected concentration attained. A 
sample was treated with cold water and immedi­
ately filtered from a small residue of calcium sul­
fate; the solution was analyzed and found to con­
tain 1.01% calcium sulfate. At 25° the solubility 
of gypsum is 0.208% and that of anhydrite11 is
0.274%; the solubility of hemihydrate from the 
curve of Chassevent12 is about 0.8%, all figures 
being considerably less than the value found.

(11) Hill, T h is  J o u r n a l , 59, 2242 (1937).
(12) Chassevent, A n n . chim. phys., [10J 8, 244 (1926).
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This seems to be evidence that the mechanism by 
which the salt decomposes on treatment with 
water cannot be a simple change into dissolved 
sodium sulfate and solid calcium sulfate in one of 
the three forms noted, since a solution cannot 
supersaturate itself from a given solid phase; 
either a fourth solid calcium sulfate is formed (an 
amorphous body, perhaps, which may be the 
condition of the oft-quoted “soluble, anhydrite”) 
or else the primary change is into dissolved ma­
terial which only later precipitates. Investiga­
tion of this phenomenon of decomposition is being 
continued.

Microscopic identification of the labile hemi- 
salt is comparatively easy, by two of its properties: 
first, the unusual slimness of the long needles, 
which run quite uniformly between 1 and 2 n in 
breadth, whatever be the length, and by their 
refractive index y = 1.510 (=*=0.003), which is 
sufficiently different from that of glauberite as 
given by Larsen13 (7 = 1.536) as well as that of 
the pentasalt given later in this paper. The 
refractive indices in the other directions could 
not be determined accurately enough.

Sodium Pentacalcium Sulfate.—The new salt, 
resembling the pentacalcium sulfates found in the 
potash series and the ammonia series except as to 
extent of hydration, was first found at 75° when 
solutions of about 14% sodium sulfate content 
were treated with gypsum;' in general, it may be 
prepared easily at temperatures of 60 to 75° in 
solutions of 10 to 14% sodium sulfate upon addi­
tion of gypsum, or more rapidly by introduction 
of gypsum and glauberite in proportions cor­
responding to the reaction 4(Ca804*2H20) +  
CaS04-Na2S04- ^  5CaS04-Na2S04-3H2Q +  5H20. 
The reaction is completed in four days or less; if 
the concentration of the solution is such that the 
salt is metastable only with respect to anhydrite 
(see Fig. 4), subsequent change to that solid is 
very slow and need hardly be taken into consid­
eration, but operation in the concentration where 
the pentasalt is metastable with respect to glau­
berite will result in fairly rapid and eventually 
complete change into that salt. Samples of the 
pentasalt may be washed free of mother liquor 
without appreciable decomposition, and are 
found upon analysis to be in close agreement with 
the formula given; a sample gave CaS04 77.59% 
(theory 77.63), Na2S04 16.21 (theory 16.20),

(13) Larsen, “The Microscopic Determination of the Nonopaque 
Minerals,” U .S . Govt. Printing Office, Washington, D. C., 1934, p. 156.

H20  6.20 (theory 6.17). This water content, 
which was confirmed by a number of analyses 
giving 6.2% of water or a few tenths higher, cor­
responds to a trihydrate, whereas the cor­
responding potassium and ammonium salts have 
been found by all investigators to be mono­
hydrates.

The salt crystallizes in rather fine needles of an 
average diameter of about 7 fx, which under the 
microscope are seen to be prisms (or pinacoid 
faces) with pyramidal ends. They show oblique 
extinction; ZAc is 11° (=±=2), which is quite 
close to that found for the corresponding potas­
sium and ammonium salts by Gabriel;14 the 
refractive indices found were a = 1.5557
(=*=0.003), 7  = 1.567 (=*=0.003).

Experimental Procedure
The materials used were precipitated gypsum 

and analyzed anhydrous sodium sulfate. Where 
salts were expected to form by reaction of these 
components, they were weighed accurately with 
weighed quantities of water, to give a known 
original complex as one of the points to be used 
in extrapolations for the composition of the solid 
phases. The materials were rotated in stoppered 
bottles in thermostats for appropriate times. For 
analysis, solution was filtered off and a part 
evaporated to constant weight, first at 100° and 
finally for a day at 200°; in the remainder of the 
solution, the calcium was precipitated as oxalate 
and weighed as oxide. It was found that the pre­
cipitated calcium oxalate occluded sodium sul­
fate in weighable amount, whereas occlusion of 
potassium sulfate did not occur in our previous 
work;9 the most effective method of elimination 
was found to be the volatilization of the sodium 
salt from the bottom of the platinum crucible to 
the lid, which occurred at temperatures reached 
by a Meker burner or blast lamp, and subsequent 
volatilization from the lid by heating it in the 
open; failure to do this would leave the results one 
per cent, or more too high in calcium.

The 25° Isotherm.—The results at 25° are 
given in Table I and shown in Fig. 1.

The solubility curve for gypsum passes through 
a minimum at a concentration of about 1 .5% of 
sodium sulfate, and through a maximum at about 
20%. The figures of Cameron and Breazeale4 are 
distinctly higher than found by us; the isother- 
mally invariant point for gypsum and mirabilite

(14) Gabriel, T h is  J o u rn al , 57, 686 (1935).
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T a b l e  I
CaS04~Na2S04-H 20  at 25°

Original complex Saturated solution
w t. %

Na2S 0 4 CaSO*
Wt. %

Na2S04 CaSCh Solid phases

— — — 0.209 Gypsum
0.573 3.773 0.595 .148 Gypsum
1.529 3.789 1.601 .139 Gypsum
3.109 2.561 3.200 .144 Gypsum
5.964 3.805 6.251 .161 Gypsum

10.80 1.176 10.93 .181 Gypsum
14.63 3.304 15.23 .194 Gypsum
17.89 1.093 18.09 .197 Gypsum
19.24 3.803 20.15 1198 Gypsum
24.21 1.276 21.75 .197 Gypsum +  mirabi­

lite
— — 25.87 .188 Gypsum (m) +

glauberite
— — 27.98 .180 Gypsum (m)

29.84 0.325 29.78 .174 Gypsum (m) +  la­
bile salt

— — 33.85 .155 Gypsum (m) -f
thenardite

— — 21.70 — Mirabilite
22.29 1.138 21.72 .120 Mirabilite

— •— 33.91 .049 Glauberite +  the-
nardite

— — 32.61 .065 Glauberite
— — 29.31 .113 Glauberite
— — 26.60 .175 Glauberite

36.37 0.358 34.13 .055 Labile salt +  the­
nardite

33.31 .700 32.72 .070 Labile salt
32.84 .426 32.49 .073 Labile salt
31.74 .427 31.41 .094 Labile salt
31.60 .693 31.05 .123 Labile salt
30.69 .317 30.47 .115 Labile salt
31.01 .744 30.34 .141 Labile salt

34.00 .00 Thenardite

shows very little change in the solubility of mirabi- 
lite caused by the small amount of calcium 
sulfate present. It is not easy to explain Cameron 
and Breazeale’s view that the solubility of mirabi- 
lite is considerably depressed. We have con-

Fig. L—CaS04-N a2S04-H 20  at 25°.

tinued the measurements in the region of super­
saturation with respect to mirabilite, which was 
accomplished by warming the systems above the 
transition temperature of mirabilite (32.4°) before 
immersion in the thermostat at 25°. The points 
on the curve for the labile salt were obtained by 
allowing the compound to form from gypsum, 
after seeding with the labile salt; the reaction 
required one to two weeks for completion, except 
where excèss solid thenardite was present, in 
which case the change of gypsum to labile salt is 
quite rapid. Glauberite, however, did not seem 
to form at all at this temperature; the measure­
ments were made, therefore, by addition of glau­
berite prepared at higher temperatures; equi­
librium was reached in one day. Anhydrite was 
not included in the work at this temperature, 
because of the extreme difficulty in obtaining

Table II
CaS04-N a2S04-H 20  a t  35°

Original complex Saturated solution
W t. %

Na2S 0 4 C aS04
Wt. %

N a2S 0 4 C aS04 Solid phases
— — — 0.214 Gypsum
0.489 1.023 0.503 .150 Gypsum

.984 0.974 .988 .142 Gypsum
1.937 .983 1.896 .142 Gypsum
5.916 .978 5.968 .164 Gypsum

13.85 1.064 13.97 .198 Gypsum
— — 25.16 .204 Gypsum

27,70 0.819 27.93 .199 Gypsum
29.51 1.216 29.89. .190 Gypsum
33.54 0.700 32.85 .178 Gypsum 4- the­

nardite
—- — 32.90 — Thenardite

35.21 .560 32.87 .046 Thenardite +
glauberite

29.67 .962 29.31 .084 Glauberite
28.70 .993 28.34 .099 Glauberite
25.73 1.169 25.17 .146 Glauberite
23.68 1.219 23.06 .199 Glauberite
22.96 2.103 22.65 .206 Glauberite +  gyp­

sum
33.79 0.734 32.85 .065 Thenardite -j- la­

bile salt
33.79 2.498 31.66 .078 Labile salt
31.73 0.751 31.18 .088 Labile salt
31.73 1.583 30.48 .102 Labile salt
—- — 27.25 .176 Labile salt
— — 26.70 .200 Labile salt -p gyp­

sum
-r— - — 27.93 .217 Pentasalt
— — 30.06 .189 Pentasalt -p gyp­

sum
— — 31.01 .179 Pentasalt
— — 31.4 .166 Pentasalt
■— ' ---- 32.5 .144 Pentasait
— — . 32.88 . 135 Pentasalt -p the-

nardite
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equilibrium with that salt at low temperatures;9,11 
it is unquestionably metastable with respect to 
gypsum in water, with a solubility curve which 
crosses that for gypsum at a high concentration 
of sodium sulfate. The new pentacalcium sulfate 
was also omitted, since the isotherms at higher 
temperatures make it reasonably sure that it is 
metastable at 25° with respect to all other salts 
in the system.

The 35° Isotherm.'—The isotherm at 35° was 
chosen to illustrate conditions just above the 
temperature at which mirabilite has disappeared. 
The results are shown in Table II and Fig. 2.

Fig. 2.—CaS04-N a2S04-H 20  at 35°.

The gypsum curve again shows a maximum 
and a minimum, as it did at 25°. The salt comes 
to an equilibrium with its solution within a few 
minutes, but no need for rapid work resulted, as 
there was no spontaneous occurrence of double 
salts in eighteen hours’ time up to a concentration 
of 30% sodium sulfate. In the presence, however, 
of solid thenardite at the invariant point (32.85%) 
the formation of labile salt begins immediately 
and the system becomes constant at the invariant 
concentration for labile salt and thenardite, the 
change toward glauberite being suspended. The 
change of labile salt to glauberite at this tem­
perature is very slow under all conditions of 
concentration, for which reason some of the 
points on the glauberite curve were obtained with 
samples of that salt made at 75°. The labile 
salt formed from gypsum at 35°, upon seeding, 
within two to four days, but the extrapolations 
of the tie-lines fail to agree with the accepted 
formula by two to three per cent., which may be 
due either to the presence of unchanged gypsum 
or to that of glauberite, each of which is higher in

calcium sulfate, that being the direction in which 
the experiments with the labile salt regularly err. 
Anhydrite was not included in the isotherm. The 
new pentasalt15 is found to be metastable with 
respect to both labile salt and glauberite; the 
points on its curve were obtained by rotating the 
salt with sodium sulfate solution until the maxi­
mum content of calcium was found by analysis, 
which point was usually reached between five 
and twenty-four hours. During this period there 
was sometimes the appearance of a few glauberite 
crystals and more frequently formation of the 
labile salt set in.

The 50° Isotherm.—The isotherm at 50°, 
which includes a solubility curve for anhydrite 
in addition to the salts included at lower tempera­
tures, is shown in Table III and Fig. 3. In this 
table and others which follow, the results in 
parentheses were obtained by interpolation.

Fig. 3.—CaS04-Na2S04-H 20  at 50°.

The gypsum curve again shows a minimum and 
maximum. No spontaneous formation of glau­
berite from gypsum occurred at any concentra­
tion of sodium sulfate; our observation is that it 
occurs only as a second step after labile salt (or 
pentasalt) has formed, according to the two 
equations

CaS04-2H20  +  2Na2S04 — >  2Na2S04 CaS04-2H20  
2Na2S04-CaS04-2H20  — ■>

Na2S04CaS04 +  Na2S04 +  2H20
In obtaining the points on the gypsum curve 

any length of time was found possible up to about 
25% sodium sulfate; beyond that concentration 
not more than ten minutes could be allowed

(15) We are indebted to Dr. John E. Ricci and Dr. Thomas W# 
Davis for the experimental work with this salt a t 35 and a t 50®#
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T a b l e  III
CaS0 4-N a 2S0 4 -H 2 0  a t  50°

Original complex 
Wt. %

Saturated solution 
Wt. %

Na2S04 CaS04 Na2S04 CaS04 Solid phases
■------- — — 0.210 Gypsum
0.449 8.437 0.521 .154 Gypsum

.894 7.576 .989 .149 Gypsum
1.431 3.758 1.521 .148 Gypsum
1.889 3.743 1.981 .149 Gypsum
3.712 3.672 3.908 .164 Gypsum
7.160 3.540 7.496 .185 Gypsum

13.36 3.774 14.05 .214 Gypsum
18.20 0.657 18.28 .224 Gypsum
19.94 .403 20.07 .228 Gypsum
23.11 3.810 24.40 .230 Gypsum
26.43 1.755 26.93 .230 Gypsum
29.76 0.539 29.75 .224 Gypsum
33.59 .525 31.77 .216 Gypsum -f the­

nardite
— — 31.73 — Thenardite
— — 1.236 .135 Anhydrite
1.941 .594 1.529 .135 Anhydrite
1.945 .856 1.942 .138 Anhydrite
8.978 1.006 8.923 .162 Anhydrite

35.38 0.641 31.70 .040 Thenardite -f- 
glauberite

29.49 .967 29.08 .058 Glauberite
25.84 .522 25.49 .102 Glauberite
26.71 5.280 23.93 .115 Glauberite
22.77 0.749 22.53 .136 Glauberite
20.14 .195 20.24 .182 Glauberite
20.33 1.172 19.68 .197 Glauberite
19.79 1.299 19.66 .203 Glauberite 4* an­

hydrite
18.65 1.096 18.71 .227 Glauberite +  gyp 

sum
18.23 1.068 18.44 .233 Glauberite
18.10 0.722 17.88 .252 Glauberite
33.71 .807 31.67 .060 Labile salt +  the­

nardite
— — 26.61 .124 Labile salt
— — 25.51 .163 Labile salt
— — — 24.8 .230 Labile salt +  gyp­

sum
- — — 24.51 .277 Labile salt
— ~ — 31.7 .147 Pentasalt -f ther 

nardite
T------* ■ — 31.3 .153 Pentasalt
— — . 29.4 .165 Pentasalt
— — 27.0 .182 Pentasalt
------ - — . 25.2 .202 Pentasalt +  labile 

salt
--------. — 23.6 .213 Pentasalt
— — 22.8 .217 Pentasalt
— — 21.6 .226 Pentasalt
— — - (21.4) ( .229) Pentasalt +  gyp­

sum

before the solubility began to drop, and at 31.77% 
(the invariant concentration) a still shorter time 
was necessary. The points on the curve for the

labile salt were all obtained from undersaturation 
with material made at 35° and about 30% sodium 
sulfate; when the attempt was made to obtain 
results by formation of the labile salt from 
gypsum, the formation of glauberite began before 
the formation of the labile salt was complete. 
Glauberite, it will be observed, is the stable salt 
over a considerable range of concentrations; at 
about 25% sodium sulfate it could be formed com­
pletely in about two days from gypsum, via the 
labile salt, and from anhydrite in about two 
weeks. The invariant point with gypsum could 
be approached only from lower concentrations of 
sodium sulfate, that is, by decomposition of 
glauberite to gypsum, but not from the higher 
concentrations (change of gypsum to glauberite) 
because of the non-existence at this concentration 
of the apparently necessary intermediate com­
pound, the labile salt. The curve for anhydrite 
was included, this being the lowest temperature at 
which it was thought feasible to work with that 
salt. It recently has been shown11 that anhydrite 
is stable with respect to gypsum at temperatures 
down to 42°, as had previously been indicated 
in the systems containing potassium sulfate and 
ammonium sulfate.9 The solid used was an 
artificial anhydrite made by dehydration of gyp­
sum by sulfuric acid as previously described;9 
the solubility figures represent approach from 
undersaturation for one week’s time, and were 
found constant for two months; approach from 
supersaturation did not prove feasible. Experi­
ments were not successful in the region where 
the anhydrite is metastable with respect to 
glauberite or the labile salt. The points on the 
pentasalt curve are all obtained from under­
saturation, using a sample of the salt made at 75° 
and periods of from two to eighteen hours, the 
time being limited usually by the spontaneous ap­
pearance of the labile salt.

The 75° Isotherms.—Table IV and Fig. 4 
show the results at 75°, which include curves for 
the two forms of calcium sulfate and the three 
double salts.

The gypsum curve has apparently lost the 
maximum. In obtaining the curve, gypsum could 
be left in contact with solutions containing up to 
12-13% of sodium sulfate for a half day without 
appearance of double salts; from that point on, 
there was almost immediate formation of double 
salts (probably pentasulfate, or labile salt at the 
higher concentrations) as shown by the extra­
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polation of the tie-lines; the last four points on 
the gypsum curve show the presence of double 
salt, although the filtrations were made within a 
minute ör two. For this reason it is possible that 
the true solubility curve is slightly higher than 
we have found; Barre’s5 two figures are very

T a b l e  IV
CaS04-N a2S04-H20  a t  75°

Original complex Saturated solution
Wt. %

Na2S04 CaSÜ4
Wt. %

Na2S04 CaSÜ4 Solid phases
— — — 0.192 Gypsum
0.488 2.257 0.506 .142 Gypsum

.978 2.212 1.009 .143 Gypsum
1.461 2.309 1.505 .145 Gypsum
1.944 2.306 1.996 .148 Gypsum
3.890 2.316 4.036 .168 Gypsum
7.766 2.300 8.046 .199 Gypsum

10.05 2.747 10.38 .224 Gypsum
12.17 2.870 12.06 .238 Gypsum
17.96 1.892 17.20 .270 Gypsum
22.56 2.494 23,15 .300 Gypsum
29.61 0.511 29.62 .308 Gypsum

— — 30.32 .308 Gypsum +  the­
nardite

— — _ 30.38 — Thenardite
0.991 0.980 1.002 .070 Anhydrite
4.955 1.243 5.017 .086 Anhydrite
7.94 4.671 8.93 .113 Anhydrite
9.099 2.536 9.205 .103 Anhydrite
9.62 3.309 9.95 .113 Anhydrite

15.82 0.824 14.47 .117 Anhydrite
18.94 .577 18.92 .128 Anhydrite +  glau­

berite
19.78 .895 19.95 .129 Anhydrite

— — 30.32 .042 Glauberite +  the­
nardite

28.88 4.619 27.14 .052 Glauberite
28.57 3.815 26.76 .054 Glauberite
28.96 5.253 26.35 .056 Glauberite
25.94 0.410 25.78 .060 Glauberite
23.39 1.756 22.45 .086 Glauberite
19.23 0.808 19.20 .123 Glauberite

— . '--------- 18.16 ,138 Glauberite
16.42 .354 16.30 .175 Glauberite
15.43 .523 15.12 .198 Glauberite
14.36 .521 14.16 .225 Glauberite
13.76 2.006 13.85 .247 Glauberite +  gyp­

sum
— ~ — 30.38 .081 Labile salt +  the­

nardite
— — 29.06 .103 Labile salt
_ — ---------- 28.46 .110 Labile salt
— — 26.17 .154 Labile salt
— — 25.94 .169 Labile salt
— — _ 25.20 .210 Labile salt
— — _ 24.20 .292 Labile salt
— — (24.0) (.302) Labile salt +  gyp­

sum
— — 10.2 .221 Pentasulfate -f 

gypsum

10.85 1.386 10.81 .217 Pentasulfate
11.11 1.478 11.05 .201 Pentasulfate
12.39 5.355 12.10 .208 Pentasulfate
12.99 0.430 13.06 .207 ■ Pentasulfate
13.74 6.490 13.60 .200 Pentasulfate
14.36 2.605 14.25 .197 Pentasulfate
15.00 3.433 15.07 .201 Pentasulfate
14.99 1.117 15.10 .198 Pentasulfate +  

glauberite
16.97 0.354 17.03 .189 Pentasulfate
19.01 .472 19.08 .185 Pentasulfate

— — (26.2) (.160) Pentasulfate +  la­
bile salt

33.76 .510 30.28 .146 Pentasulfate -f* 
thenardite

much lower than ours, probably on this same ac­
count. The anhydrite figures were obtained from 
undersaturation, the time being a few days to a 
week; two points standing slightly above the curve 
represent approach from supersaturation by a 
month’s decomposition of the pentasulfate. In

Fig. 4.—CaS0 4 -N a 2S0 4 -H 2 0  at 75°.

the region in which anhydrite is metastable with 
respect to glauberite, it changes to that salt in 
surprisingly short time, so that the curve could 
not be continued to higher concentrations. The 
point on the glauberite curve at 25.78% sodium 
sulfate was obtained from anhydrite in two days. 
The points on the curve for the labile salt were 
obtained wholly from undersaturation, using ma­
terial obtained at lower temperatures and were 
contaminated with excess sodium sulfate, for 
which reason the exact composition of the original 
complexes is not known; the time was restricted 
to one-half hour or less to avoid too extensive
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T a b l e  V

ISOTHERMALLY INVARIANT POINTS IN SYSTEM

CaSOHSTaaSCVHaO 
---------w t . % Na2so4 found-

25 °

i
Gypsum

+
mirabilite

2 1 .7

ii
Thenardite

with
any Ca-salt

3 3 .9

in
Labile salt 

+
pentasalt

IV
Labile salt 

+
gypsum

2 9 .8
35° 3 2 .8 2 6 .7
50° , , 3 1 .7 2 5 .2 2 4 .8
75° 3 0 ,3 (2 6 .2 ) (2 4 .0 )

V VI VII VIII
Glauberite Glauberite Glauberite Pentasalt

+ + + +
anhydrite pentasalt gypsum gypsum

2 5 .9
2 2 .6 5 3 0 .0

1 9 .7 1 8 .7 (2 1 .4 )
1 8 .9 1 5 .1 1 3 .8 5 1 0 .2

formation of glauberite. The glauberite curve 
represents formation of the salt from gypsum, 
by way of labile salt, for periods of approximately 
one day. The figures for the pentasalt were ob­
tained mostly by formation of the compound from 
gypsum and glauberite, in a few cases from under­
saturation with pure pentasulfate. In general,

Fig. 5.—Polytherm of system CaSCL-Nao SO4-H 2O. 
Curve I, gypsum and mirabilite; II, thenardite and 
any calcium salt; III, labile salt and pentasalt; IV, 
labile salt and gypsum; V, glauberite and anhydrite; 
VI, glauberite and pentasalt; VII, glauberite and 
gypsum; VIII, pentasalt and gypsum.

the time allowed for formation was from two to 
five days at concentrations of sodium sulfate 
between 10 and 14%; in no case is any extensive 
decomposition of the pentasalt indicated by the 
extrapolation of the tie-lines, which show a solid 
with a sodium sulfate content of 10.84 to 17.7%

(16.2 by theory). At higher concentrations, 
however, where it is metastable with respect to 
glauberite, its decomposition is very rapid, and 
the points on the curve were obtained in times 
of an hour or less.

The Polythermal Diagram.—The results at 
the four temperatures are collected in Table V 
and in the polythermal diagram, Fig. 5, showing 
the concentration of sodium sulfate at each point 
and omitting the small concentrations of calcium 
sulfate. A corresponding diagram showing the 
concentrations of calcium sulfate can be con­
structed from the foregoing tables, but with less 
clarity.

In Fig. 5, the lines represent saturation with 
respect to the two salts indicated in each case 
by the Roman numeral in Table V, but it is to be 
noted that the areas between lines do not repre­
sent fields of saturation with respect to a single 
salt, as in the usual diagram, since the many 
degrees of metastability occurring in this system 
make impossible that simple method of represen­
tation. Curve I is the curve for mirabilite and 
gypsum. Curve II represents saturation with 
thenardite and any one of the calcium-containing 
salts; since their solubility is in all cases so 
slight, it is found that the solutions saturated 
with two salts show the solubility of thenardite 
within the errors of analysis. The curves for the 
labile salt with other salts make a pair (III and 
IV) running increasingly close together at lower 
temperatures; Barre’s figures5 for one of these 
pairs (gypsum and labile salt) are slightly above 
ours at the lower temperature and below ours at 
75°, which we attribute to partial change of his 
salt to glauberite or pentasalt. The curves for 
glauberite with another salt make a trio (V-VI- 
VII) lower down in the diagram; Barrels figures 
for the gypsum-glauberite curve are above 2 % 
higher than ours, as is also D'Ans’ figure at 60°. 
The curve for gypsum and pentasalt (VIII) shows 
a markedly different direction, in accord with
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the fact that the solubility curve of the pentasalt 
(Figs. 2-4) does not parallel the curves for the 
other salts.

The system shows a relatively small number of 
invariant points of saturation with respect to 
three salts within the temperature range studied. 
That the number is small may be seen from the 
four isotherms, in which it appears that four of 
the seven salts considered change their relative 
solubility but slightly with change of tempera­
ture. The exceptions are anhydrite, mirabilite 
and pentasalt. With respect to anhydrite, it has 
been shown lately11 that its transition tempera­
ture with gypsum is 42° instead of the higher 
temperature (63.5°) assigned at an earlier date 
by van’t Hoff;16 there must therefore be a series 
of invariant points below that temperature for 
anhydrite and gypsum with each of the other salts 
of the system. Because of the difficulty in ob­
taining saturation with anhydrite at these lower 
temperatures, this series of points has not been 
determined. Mirabilite increases its solubility 
greatly between 25° and its transition temperature 
to thenardite, 32.4°, so that its solubility curve 
(Fig. 1 and Fig. 5, curve I) passes through the 
solubility curves for gypsum-glauberite (VII), 
gypsum-labile salt (IV) and gypsum-thenardite
(II), giving rise to invariant points A, B and C. 
A similar change in the solubility of the pentasalt 
gives rise to the invariant points D, E and F. 
The interpolated values of the temperature and 
the concentration of sodium sulfate are collected 
in Table VI.

The invariant points A and B of this table were
(16) Van’t Hoff, Z. physik. Chem., 45, 257 (1903).

T a b l e  VI
I n v a r ia n t  P o in t s  i n  S y s t e m  CaS04-NaS04-H20

Letter in Temp., w t .  %
Fig. 5 Saturating salts °c. N ajS 04

A Gypsum, Mirabilite, 
Glauberite

27.5 25.0

B Gypsum, Mirabilite, 
Labile salt

29.5 28.0

C Mirabilite, Thenardite, 
Gypsum

32.4 33.0

D Pentasalt, Gypsum, 
Thenardite

31 33.2

E Pentasalt, Gypsum, 
Labile salt

44 25.5

F Pentasalt, Gypsum, 
Glauberite

60 16.6

determined previously by van’t Hoff7 and set at 
29 and 30.2°, respectively; it is possible that the 
interpolated figures of Table VI from equilibrium 
experiments may be closer to the true values. The 
interpolated values which we have obtained for 
points D, E and F probably are less close to the 
true values, since they depend upon equilibria 
which were less clearly established.

Summary
The system CaS0 4-Na2S0 4-H 20  has been 

studied and isotherms constructed at four tem­
peratures, 25, 35, 50 and 75°, including solubility 
determinations for gypsum, anhydrite, glauber­
ite, the labile salt and a new hydrated sodium 
pentacalcium sulfate, Na2S04-5CaS04*3H20 . The 
metastability and the composition of the labile 
salt, 2Na2S04*CaS04*2H20 , have been confirmed, 
and a polythermal diagram of the system sketched.
U n iv e r s it y  H e ig h t s  
N e w  Y o r k , N .  Y . R e c e iv e d  A p r il  22, 1938



1656 Edith Bloch and Harry Sobotka Vol. 60

[Contribution prom the Laboratories op the M ount Sinai H ospital]

Studies on Triazines. II.
Lactim-Lactam Isomerism in Substituted Tetrahydrotriazines

By Edith Bloch1 and Harry Sobotka

In a previous communication2 l,3,5-trimethyl-2- 
phenyl (or -alkyl) -2-hydroxy-4,6-dioxohexahydro- 
triazines (I) were described. In order to corrobo­
rate this formulation it was attempted to arrive 
at a common derivative starting from 2-phenyl- 
4,6-dioxotetrahydrotriazine (II), the cyclization 
product of benzoyl biuret, a substance studied 
extensively by Ostrogovich.3 In his later com­
munications he ascribes mono-enolic structures to 
this product and to various homologs, as given 
in formula Ila. However, the result of catalytic 
hydrogenation seems to favor lib, as only two 
hydrogen atoms can be introduced in the methyl 
homolog, yielding trigenic acid.4

0
C

h 3c n / N n c h 3
/O H

o d  lc—R
N
c h 3
I

N

oc

OH
C

/ \ rN

Y
H
Ha

C—C6H6

W
o
c

hn / N n 
o c l  J c —c 6h 6

N
H
lib

Nf
jic—c 6h 6

O
C

h 3c n / \ n

o c ^ ^ c—c 6h 6
N
c h *

IV
M. p. 132°

The methylation of 2-phenyl-4,6-dioxotetra- 
hydrotriazine with diazomethane in ether yields 
a mixture of two isomeric substances C11H11O2N3. 
One of them crystallizes in fine needles of m. p. 
183°, whereas the other forms heavy, stout plate-

(1) Hernsheim Fellow in Chemistry.
(2) Sobotka and Bloch, T h is  J o ur n a l , 59, 2606 (1937).
(3) A. Ostrogovich, Gazz. chim. ital., 39, 540 (1909); 44, 562 

(1914); 65, 229 (1935); Bui. Soc. Stiin te Cluj, 4, 521, 528 (1929).
(4) A. Ostrogovich and G. Ostrogovich, Gazz. chim . ital., 66, 48 

(1936).

lets of m. p. 132° and is generally more soluble in 
organic solvents and water. At first it was sus­
pected that the two isomers differ from each 
other like isocyanurates from cyanurates, the 
former carrying the methyl groups on nitrogen, 
the latter on oxygen.

The constitution of the lower melting substance 
(IV) was confirmed by analysis of its decomposi­
tion products. After eight hours of digestion in 
alkaline solution, benzoic acid could be isolated 
from the mother liquors and methylamine hydro­
chloride, as well as ammonium chloride from the 
distillate, the methylamine hydrochloride defi­
nitely exceeding 1 equivalent.

Quantitative methoxyl determinations showed 
the absence of methoxyl in substance IV and the 
presence of only 1 methoxyl group in substance 
III. On treatment with dilute acid or alkali, 
substance III easily loses one methyl group and a 
monomethyl derivative (V) is formed. We 
therefore assign structure III with one methoxyl 
and one methyl imide group to this product. 
The location of the methyl groups in position 3 and 
6 is not proved definitely, but seems more likely 
than in 4 and 5 or the highly improbable positions 
3 and 4 or 5 and 6. The simultaneous occurrence 
of oxygen and nitrogen bound methyl groups in 
the molecule of this substance is the more re­
markable, since no such ul/ 3 or 2/ 3-isoesters” 
occur in the case of cyanuric acid. Hantzsch 
and Bauer5 claimed the existence of such com­
pounds, but Slotta and Tschesche6 disproved their 
results and attribute the non-existence of such 
“mixed” esters-isoesters to the great trend to­
ward symmetry in the molecule. In the present 
case there is, however, a far lesser degree of sym­
metry in the starting material which makes the 
unequal methylation more plausible. On treat­
ment with diazomethane the monomethyl deriva­
tive V yielded again the mixed ester-isoester III 
in about 80% yield.7

(5) Hantzsch and Bauer, Ber., 38, 1005, 1113 (1905).
(6) Slotta and Tschesche, ibid., 60, 295, 301 (1927).
(7) The methylation of itnino nitrogen by diazomethane seems 

to depend upon its position in a ring between two CO groups, in­
fluencing the acidic character of the imino hydrogen. Cyanuric 
acid [Palazzo and Scelsi, Gazz. chim. ital., 38, 659 (1908)], phthal- 
imide [Pechmann, Ber., 28, 859 (1895)], succinimide and the tri­
azines in the present case react, whereas urea, methyl urea, benzoyl
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Although the substances I and IV differ from 
each other only by the elements of methyl alcohol, 
it was not possible to convert one into the other. 
Neither the removal of CH3OH from substance I 
nor the addition of the elements of water to the 
double bond in IV could be achieved. Aqueous 
or alcoholic sulfuric or hydrochloric acids of 
various concentrations were tried. However, in 
each case only the starting material could be re­
covered, even after heating to 100° in coned, sul­
furic acid*

The similarity between substances I and IV is 
exemplified by their behavior on bromination. 
The tetrabromide CnHnC^NsB^ is very similar 
in appearance and properties to the substance 
Ci2Hi402N3Br3 derived from substance I by bro­
mination under identical conditions.2 They differ 
from each other by one methyl group and the 
replacement of one hydrogen atom by bromine. 
Debromination of the new tetrabromide with 
alkali, zinc dust, or silver salts does not yield the 
starting material or any other crystalline sub­
stance.

The pharmacological action of these substances 
is under investigation.

Experimental Part
Benzoyl Biuret.—Forty grams of urea was dissolved 

in 120 cc. of dry pyridine and refluxed for two hours. The 
mixture was allowed to cool to about 80° and 38.5 cc. of 
benzoyl chloride was added dropwise under stirring, until 
a uniform solution was obtained, which occurs sharply on 
addition of the last drop. The solution was warmed for 
thirty minutes on a boiling water-bath, cooled to room 
temperature and kept in the refrigerator overnight. The 
resulting solid mass of crystals was extracted three times 
with 200 cc. of warm chloroform to remove benzamide and 
dibenzamide, formed as by-products of the reaction. The 
residue was heated for five minutes with 400 cc. of water 
and filtered hot through a Büchner funnel. This extrac­
tion with water was repeated twice. Then the residue was 
extracted twice with 200 cc. of hot methyl alcohol and fil­
tered hot as above. After drying, the residue had a 
melting point of about 220° and was sufficiently pure for 
the following reaction; yield 11-12 g. After repeated re­
crystallization from ethyl alcohol the substance melted at 
224-225 0 (all melting points corrected).

From the combined aqueous and alcoholic extracts and 
mother liquors a mixture of benzoyl urea and little benzoyl 
biuret was obtained. I t  was extracted with water in a 
Soxhlet extractor for forty-eight hours A small amount 
of pure benzoyl biuret could be obtained from the residue 
in the thimble by recrystallization from ethyl alcohol. 
From the aqueous extracts benzoyl urea crystallized,
urea, benzoyl biuret and glycine anhydride were found to remain 
unchanged in dry ether, also in wet ether suspension and in acetone- 
ether mixtures. For the reaction of amino acids see Kuhn and 
Brydowna, Ber., 70, 1333 (1937).

which, after recrystallization from ethyl alcohol, melted at 
214-216°; yield ca. 25 g.8

2 - Phenyl - 4,6 - dioxotetrahydrotriazine (II). — Twelve 
grams of crude benzoyl biuret was dissolved in a solution 
of 7.5 g. of potassium hydroxide in 350 cc. of water and 
after standing for one hour the solution was saturated with 
carbon dioxide. The monopotassium salt crystallized and 
was redissolved by addition of more water. The solution 
was now made just acid to Congo by addition of 50% acetic 
acid. On standing overnight the triazine crystallized in 
beautiful needles, which after recrystallization from ethyl 
alcohol melted at 297-300 °; yield ca. 5 g.8 The substance 
could be recovered unchanged after two hours of heating 
with concentrated sulfuric acid on a boiling water-bath.

Methylation of 2-Phenyl-4,6-dioxotetrahydrotriazine.— 
A solution of diazomethane in ether (from 8 g. of nitroso­
methyl urea) was dried for one hour over pellets of potas­
sium hydroxide and then poured over 3 g. of 2-phenyl-4,6- 
dioxotetrahydro triazine, suspended in 500 cc. of dry ether. 
Slow reaction with gradual evolution of nitrogen occurred. 
After standing for two days at room temperature, the 
ether was filtered from a small amount of undissolved ma­
terial and evaporated in vacuo to a volume of about 25 cc. 
After standing in the refrigerator overnight, the crystalline 
part was filtered on a Büchner, pressed well, to remove as 
much of the oily material as possible, then recrystallized 
twice from benzene: m. p. 183°; yield about 0.8-1.0 g. 
The ethereal and benzene mother liquors were combined 
and evaporated to dryness under reduced pressure. The 
partly oily residue was dissolved in 300 cc. of boiling 
water. On slow cooling and rubbing a small amount of 
fine needles appeared, which after recrystallization from 
benzene melted a t 183° and were combined with the first 
lot; yield about 0.1 g The substance forms long fine 
white needles, very soluble in methanol, ethanol, hot 
benzene, soluble in chloroform, ether, glacial acetic acid; 
little soluble in water and in petrolic ether.

Anal.9 Calcd. for CiiH u0 2N3: C, 60.83; H, 5.07; N, 
19.30; OCH3, 14.30. Found: C, 60.83; H, 5.11; N, 
19.50; OCHs, 14.18.

The aqueous mother liquors were extracted three times 
with 100 cc. of benzene in a separatory funnel, the com­
bined extracts dried over sodium sulfate and evaporated 
in vacuo. The oily residue crystallized on rubbing with a 
few drops of petrolic ether. The substance was dissolved 
in 50 cc. of butanol on a hot water-bath. On cooling it 
slowly crystallized and after standing for several days was 
filtered on a Büchner funnel and washed several times 
with a mixture of 1 part of methyl alcohol and 4 parts of 
petrolic ether: m .p . 120-125°; yield ca. 0.5 g. Examina­
tion under the microscope proved that the substance still 
contained needles of the higher melting isomer. By re­
peated recrystallization from butanol it was finally ob­
tained pure, in heavy, stout platelets melting at 132°. 
The substance is very soluble in organic solvents, except 
petrolic ether, also soluble in water. I t  is easily soluble in 
coned, hydrochloric acid and can be reprecipitated on 
neutralization with 10% ammonia.

(8) Method adapted from A. Ostrogovich, Bui. Soc. Stiinte C lu j, 
4, 521, 528 (1929).

(9) We are indebted to Dr. S. A. Morrell for the methoxyl deter-, 
minations.
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Anal. Calcd. for CnHii02N3: C, 60.83; H, 5.07; N, 
19.30; OCH3, Q. Found: C, 60.86; H, 4.92; N, 19.56; 
OCH3, 0.

Monomethyl Derivative (V).—Five-tenths gram of 
substance III  was heated with 2 cc. of normal sodium 
hydroxide for ten minutes. After cooling the solution was 
acidified with dilute sulfuric acid; the product separated 
at once and was recrystallized from dilute methanol or 
from a large amount of water, as prismatic glistening 
white needles, of m. p. 278-280°. The same product was 
also obtained by heating substance III  in aqueous or alco­
holic hydrochloric acid.

Anal. Calcd. for C10H9N 3O*: C, 59.11; H, 4.43; N, 
20.49; ÖCH3, 0. Found: C, 59.02; H, 4.54; N, 20.22; 
OCH3/0.

Alkali Hydrolysis of Substance IV.—Hydrolysis was 
carried out in an apparatus similar to that described by 
Lieber and Smiths0 217 mg. of substance I II  was dissolved 
in 40 cc. of 25% sodium hydroxide and heated. After the 
given time intervals the receiver containing a measured 
amount of acid was changed and the liquid in the distilling 
flask each time filled up to the original volume The acid 
was titrated with 0.1 N  alkali and from the amounts used 
by the distilled ammonia and methylamine the percentage 
hydrolysis was computed. I t  was 36.7, 56.3, 73.0, 83.2, 
and 84.6% after one, two, four, six, and eight hours, re­
spectively.

After eight hours the alkaline solution was carefully 
acidified and the resulting precipitate filtered. After 
recrystallization from alcohol the substance formed shining 
plates which proved to be identical in melting point and 
gave no melting point depression with benzoic acid (122°). 10

(10) E. Lieber and G. B. L. Smith, T h is  J o urnal , 59, 2283 
(1937).

In order to determine the nature of the distilling amine, 1 
g. of substance IV was hydrolyzed for eight hours with 50 
cc. of 25% potassium hydroxide and the distillate absorbed 
in excess hydrochloric acid. The solution was evaporated 
to dryness and the residue carefully dried in a vacuum 
desiccator to constant weight; yield 460 mg. The ma­
terial was extracted in a Soxhlet extractor with absolute 
alcohol for four hours. The alcoholic extract on evapora­
tion yielded 350 mg. of methylamine hydrochloride. The 
residue in the thimble consisted of ammonium chloride.

Reaction of Substance IV with Bromine.—Forty-five 
hundredths gram of substance IV was dissolved in 2 cc, 
of glacial acetic acid and 2.5 cc. of an 8% solution of bro­
mine in glacial acetic acid added drop wise. The bromide 
crystallized at once in beautiful red plates, which on filter­
ing and washing with dry ether became yellow, apparently 
with loss of hydrobromic acid; yield 0.57 g. The sub­
stance was recrystallized from hot glacial acetic acid, con­
taining bromine; it is very soluble in methanol, ethanol, 
soluble in hot chloroform and glacial acetic acid, insoluble 
in ether; it is readily debrominated by dilute alkali, also 
by silver salts in aqueous solution or etheric suspension.

Anal. Calcd. for CuHnC^NaBru C, 24.58; H, 2.04; 
N, 7.82; Br, 59.59. Found: C, 24.84; H, 2.30; N, 7.73; 
Br, 59.87.

Summary
2-Phenyl-4,6-dioxotetrahydrotriazine, the cy- 

clization product of benzoyl biuret, yields two 
isomeric dimethyl derivatives on methylation with 
diazomethane. The pair represents a case of 
lactam-lactim tautomerism involving one of the 
two methyl groups.
N e w  Y o r k , N. Y . R e c e iv e d  A p r il  18, 1938

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

A New Synthesis of 3,4-Benzpyrene Derivatives
By Louis F. Fieser and E. B. Hershberg1

The only synthesis of the powerfully carcino­
genic 3,4-benzpyrene heretofore achieved is that 
of Cook and Hewett,2 consisting in the application 
to pyrene of the general method of constructing an 
additional ring with the use of succinic anhydride. 
With the technical improvements in the various 
steps introduced in this Laboratory,3,4 by Winter- 
stein, Vetter and Schön,5 and by Vollmann, 
et al. , 6 ,7  3,4-benzpyrene can now be prepared 
fairly readily by this method in over-all yield of

(1) Lilly Research Fellow.
(2) Cook and Hewett, J . Chem. Soc., 398 (1933).
(3) L. F. Fieser and M. Fieser, T h is  J o u r n a l , 57, 782 (1935).
(4) Fieser, Hershberg, Long and Newman, ibid., 59, 475 (1937).
(5) Winterstein, Vetter and Schön, Ber., 68 , 1079 (1935).
(6) Vollmann, Becker, Corell and Streeck, Ann., 531, 1 (1937).
(7) For further comments on the synthesis, see Sannié and Porem- 

ski, Bull. soc. chim., [5] 3, 1139 (1936); Rondoni and Corbellini, 
AUi accad. L in tei, VI, M, 188 (1935).

about 36%.3 The succinic anhydride synthesis, 
however, is not adaptable to the preparation of 
many derivatives of the important parent hydro­
carbon, and the list of compounds thus far ob­
tained by application of the general synthesis or 
by utilization of the same intermediates includes 
only the following substances: 4'-methyl-3,4- 
benzypyrene3,8 (and its dihydride3,8), 3'(?)-meth- 
yl-3,4-benzpyrene,5 4 '-hydroxy-3,4-benzpyrene,4
3,4-benzpyrene-3',4'-dicarboxylic anhydride9 (and 
its dihydride9), i ',2',3',4'-tetrahydro-3,4-benzpy­
rene.3,5,10

(8) Fieser and Newman, T h is  J o ur n a l , 57,1602 (1935).
(9) L. F. Fieser, M. Fieser and E. B. Hershberg, ibid., 58, 1463 

(1936).
(10) The analytical sample of this hydrocarbon prepared with Mrs. 

Fieser» (by Clemmensen reduction) formed faintly yellow plates,
m. p. 113®, whereas Winterstein, Vetter and Schön1 subsequently
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The synthesis of additional derivatives of known 
structure seemed to us of importance both for 
the purpose of exploring further the relationship 
between carcinogenic activity and structure arid 
in order to provide reference substances for use in 
investigating the course of the oxidation,6 diazo 
coupling, 11 and other substitutions12 of the inter­
esting hydrocarbon.13 Because of the limita­
tions in the succinic anhydride synthesis, a search 
was made for an alternate method of constructing 
the 3,4-benzpyrene ring system, and we can now 
report the development of a new synthesis which 
offers promise of considerable variation. An im­
portant step of the process involves a Scholl peri- 
condensation of a benzoylnaphthalene derivative, 
and in this respect the synthesis resembles that 
discussed but not tried by Cook and Hewett.2 
These authors expressed the view that 3,4-benz­
pyrene probably could be synthesized by appli­
cation of the Scholl reaction to the benzoyl de­
rivative of the ketone obtained by Mayer and 
Sieglitz14 by the cyclization of /3-(1 -naphthyl)- 
propionic acid and regarded by them as having 
the structure I (for a discussion of the nomen­
clature of compounds I—III, see footnote15).
reported obtaining colorless needles, m. p. 135°, from methanol. 
In an effort to account for this discrepancy the earlier experiment in 
this Laboratory has been repeated (L. F. F.). A pure sample (6.3 
g.) of 4 '-k eto -l'^ '^ '^ '-tetrah yd ro-S ,4 -b en zp yren e  (crystallized 
from dioxane4) was reduced by the Clemmensen method with added 
dioxane and toluene. The crude, twice distilled product (3.7 g., 
pale yellow, m. p. 110.5-112°) was crystallized repeatedly from glacial 
acetic acid and from alcohol, further purified by chromatographic 
adsorption (E. B. H .), and again crystallized from alcohol, when it 
formed lustrous, colorless plates, m. p. 112.6-113.1°, corr. This 
material appears to be a pure individual, and our earlier observation 
concerning the melting point of the product of Clemmensen reduc­
tion is thus confirmed. High pressure hydrogenation of the ketone 
was reported3 to give low-melting crude material which affords pure 
3,4-benzpyrene on dehydrogenation. We may now add that this 
crude product, although it appears to contain a considerable quan­
tity  óf the above tetrahydride, is not homogeneous and probably 
consists of a mixture of hydro derivatives.

(11) Fieser and Campbell, T h is  J o u r n a l , 60, 1142 (1938).
(12) Windaus and Rennhak, Z. physiol. Chem., 249, 256 (1937).
(13) Our hydrogenation, oxidation (lead tetraacetate), and reduc­

tion studies, T h is  J o u r n a l , 59, 2331, 2502 (1937); 60, 940 (1938), 
are also being extended to 3,4-benzpyrene.

(14) Mayer and Sieglitz, Ber., 55, 1835 (1922).
(15) Note on Nomenclature.— Cook and H ew ett18 have noted that 

three systems of naming these tricyclic compounds have been em­
ployed and that none of them is strictly correct. The ketone II has 
been referred to as pyrene ketone,17 phenalone-9,14»16 1,8-naphthin- 
denone® [see also Criegee, Kraft and Rank, A nn., 507, 177 (1933); 
Koelsch, T h is  J o ur n a l , 58, 1326 (1936); Wojack, Ber., 71, 1102 
(1938)], and ^m'-naphthindone.25»26 While we hesitate to add to 
the confusion of the literature, there is as yet so little agreement or 
precedent that we venture to propose a system which seems to us 
more satisfactory than any heretofore employed. For the parent 
hydrocarbon with a saturated alicyclic bridge, the name peri-tri- 
methylenenaphthalene is lengthy and not well adapted to naming 
aosubstitution products, "dihydrobenznaphthene” imputes to the 
unsaturated hydrocarbon “ benznaphthene” [v. Braun and Rath, 
ibid., 63 , 960 (1928)] a completely aromatic character which it does 
not possess, "dihydrophenalene” implies a closer relationship to ben-
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Cook and Hewett,16 however, subsequently found 
that under certain conditions the cyclization gives 
a mixture of products, one of which is the uri- 
saturated ketone II, apparently identical with the 
“pyrene ketone” obtained by Bamberger and 
Philip17 in their degradation of pyrene.17a The 
English workers also observed in another connec­
tion that 4,5-benzhydrindone-3, a ketone some­
what analogous to I, failed to enter into a typical 
Friedel and Crafts reaction even at slightly ele­
vated temperatures.18 It was our plan to attempt 
to benzoylate not a ketone or diketone,2 but the 
corresponding tricyclic hydrocarbon III.

^m-Trimethylenenaphthalene, for which wé 
propose the new name perinaphthane, 15 was first 
isolated by Langstein,19 who obtained a small 
amount of the crystalline hydrocarbon as a 
product of the degradation of pyrene. A syn­
thesis was accomplished by Fleischer and Retze20 
from naphthalene and malonyl bromide, but the 
process involved reduction of the resulting dike­
tone with hydrogen iodide and red phosphorus, 
followed by dehydrogenation of the over-reduced 
product, and the method is hardly practical for 
preparative purposes. In seeking a practical 
method we first considered the possibility of ef­
fecting a cyclization of 1 -allylnaphthalene21 into
zene than to naphthalene, and “£eri-naphthindane” suggests the 
presence of an indane system and a five-membered ring. The hydro­
carbon has been made reasonably easily available in the present 
work and may assume a position of importance corfiparable with 
acenaphthene. The name suggested, perinaphthane, calls to mind 
significant features of the structure and can be modified to include 
various possible ac-derivatives by the usual conventions (compare 
cholestane). It does not represent a wide departure from at least 
one of the names prevously employed, for perinaphthane may be 
regarded as a condensation of £eri-naphthindane. A lack of corre­
spondence with parallel compounds of the acenaphthene (ace, from 
acetic) series is regrettable, but hardly avoidable, since the common 
name for the latter hydrocarbon does not conform to modern usage 
with respect to the alicyclic part of the molecule, It would have been 
more appropriate to use “acenaphthane” for the hydrocarbon with 
the saturated bridge and “acenaphthene” for its dehydro derivative.

(16) Cook and Hewett, J . Chem. Soc., 365 (1934).
(17) Bamberger and Philip, A nn ., 240, 178 (1887).:
(17a) Professor Cook has called our attention to the more recent 

work of Darzens and Lévy, Compt. rend.t 201, 902 (1935), who ob­
tained a saturated ketone in excellent yield by conducting the cycli­
zation in nitrobenzene solution.

(18) Cook and Hewett, J. Chem. Soc,, 1098 (1933).
(19) Langstein, Monatsh., 31, 867 (1910).
(20) Fleischer and Retze, Ber., 55, 3280 (1922).
(21) Tiffeneau and Daudel, Compt. rend., 147, 678 (1908).
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the 8-position, but the only smooth transforma­
tion discovered gave a different result. When the 
substance was passed over alumina at 500-550° 
there was produced a liquid hydrocarbon corre­
sponding in properties to a-propenylnaphthalene.22

We next investigated as a possible starting 
point for the preparation of the desired hydro­
carbon in quantity a process described in the 
patent literature for the synthesis of the un­
saturated ketone, perinaphthenone (II). Accord­
ing to an early patent23 a yellow substance (m. p. 
152°) of this probable structure can be obtained 
by heating either a- or jS-naphthol with glycerol 
and 82% sulfuric acid, the acid presumably func­
tioning as a dehydrating, condensing, and oxi­
dizing agent. Cook and Hewett16 noted that the 
reported properties are similar to those of Bam­
berger and Philip’s17 “pyrene ketone” (m. p. 142°) 
and of the product (m. p. 153-154°) formed with 
other substances from /L(l-naphthyl)-propionic 
acid under the cyclizing and dehydrogenating in­
fluence of stannic chloride16 (or of aluminum 
chloride, acting on the acid chloride14). Finally 
Vollmann, et al.f made a direct comparison of the 
material prepared according to the patent with a 
purified sample of “pyrene ketone” (m. p. 152°) 
and found the two to be identical. Although the 
original process did not seem very promising, a 
more recent patent24 includes a detailed descrip­
tion of an improved procedure in which sodium 
nitrobenzene sulfonate is employed as the oxi­
dizing agent. Silbermann and Barkow25 have 
employed this procedure with success and have 
recorded further observations concerning the 
reaction. In our hands the reaction proceeded 
essentially as described in the patent. After 
finding a convenient method for recovering the 
product from the tarry reaction mixture, no dif­
ficulty was experienced in preparing the ketone 
in quantity (200 g.), and although the yield of 
pure product is only 26% of the theoretical, based 
on the j8-naphthol used, the starting materials are 
of such a nature that this is not a very important 
consideration. Our purified perinaphthenone (II) 
melts at 156-156.5°, corr.

The only recorded attempt to reduce perinaph­
thenone is an experiment by Silbermann and

(22) Zal’kind and Zonis, J . Gen. Chem., U. S . S. R ., 6, 988 (1936).
(23) Bad. Anil. u. Sodafabrik, German Patent 283,066 (1915) 

[Chem. Centr., 86, I, 814 (1915)].
(24) I. G. Farbenindustrie, German Patent 614,940 (1935) 

1C. A .,  29, 8009 (1935)].
(25) Silbermann and Barkow, J . Gen. Chem., U. S . S. R ., 12, 1733 

(1937).

Barkow25 in which the ketone was treated with 
zinc and hydrochloric-acetic acid and the resulting 
oil distilled over zinc dust. This gave a very 
small amount of an evidently impure sample of 
perinaphthane (III). We investigated the hy­
drogenation of the ketone in the presence of 
Raney nickel, platinum oxide, and copper chro­
mite catalyst with quite different results. With 
Raney nickel at atmospheric pressure the ketone 
in ether-alcohol absorbed 2 moles of hydrogen 
and gave as the chief product the previously un­
known saturated alcohol, perinaphthanol-7. With 
Adams catalyst there was a rapid initial absorp­
tion of gas and a yellowish reaction product soon 
separated from the alcoholic solution. This sub­
stance is very sensitive and decomposes rapidly 
in solution. Rapid recrystallization gave deep 
yellow material for which analyses and molecular 
weight determinations suggest the structure of a 
dimolecular product of either reduction or re­
duction and condensation. This was not in­
vestigated further.

On hydrogenating the unsaturated ketone in 
dioxane or ether at high pressure in the presence 
of copper chromite catalyst we invariably ob­
tained a mixture of the saturated alcohol and the 
hydrocarbon. As the temperature was increased 
less alcohol was found in the reaction mixtures, 
and it seems likely that the alcohol is produced 
in any case and, at the higher temperatures, is 
converted into perinaphthane by a process of 
dehydration and hydrogenation. It appeared, 
however, that the temperature cannot be in­
creased beyond a certain point without offering 
opportunity for hydrogenation of the naphthalene 
nucleus. In order to avoid such over-hydrogena­
tion and still maintain dehydrating conditions, 
the amount of catalyst was reduced to a minimum. 
Using but 2.5 mg. of catalyst per gram of ketone, 
it was found possible to conduct the hydrogenation 
at 250-260° in a reasonable time and obtain hy­
drocarbon of high purity in 70-74% yield.

With a satisfactory method available for the 
preparation of perinaphthane in quantity, little 
difficulty was experienced in completing the re­
maining steps of the 3,4-benzpyrene synthesis in­
dicated in the chart. Benzoylation of the hy­
drocarbon by the Perrier method proceeded 
smoothly to give a crystalline product which we 
assume to be 3-benzoylperinaphthane (IV). For 
conversion into 2 ,l'-trimethylenebenzanthrone-10  
(V) by the Scholl reaction it was found best to
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heat the ketone IV in a sodium-aluminum chlo­
ride melt at 1559 in an atmosphere of oxygen. A

H2S04

4-
OH C 6H4 (N 02) SO3N a

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

CHOH

(26% yield)

pure product was then isolated from the reaction 
mixture fairly readily, if in low yield, and on dis­
tillation with zinc dust it yielded pure 3,4-benzpy­
rene (VI). It was thought that hydro deriva­
tives of V are probably formed in the Scholl re­
action along with the benzanthrone derivative, 
and indeed the mother liquor material from V 
gave an additional quantity of 3,4-benzpyrene on 
zinc dust distillation. It was then found that 
the over-all yield of the hydrocarbon can be 
improved greatly by carrying out the cyclization 
process at a lower temperature without undue 
exposure to air and submitting the total amount 
of moist, gummy reaction product to distillation 
from a mixture with zinc dust. Conducted in 
this way, the synthesis affords 3,4-benzpyrene in 
over-all yield of 34% from perinaphthenone, or 
9% from d-naphthol. The process is rapid and 
compares favorably with the older synthesis as a 
practical method of preparing the carcinogenic 
hydrocarbon.

In extending the synthesis, we investigated the 
three ketones resulting from the condensation of 
the isomeric toluyl chlorides with perinaphthane. 
The Scholl reaction was conducted under con­

ditions judged from the above experience to 
give material best suited for conversion into the 
hydrocarbon rather than for the isolation of the 
benzanthrone derivatives, and these intermediates 
were not examined. The hydrocarbons did not 
prove difficult to purify, and the homogeneity 
was checked carefully by conversion to the beau­
tifully crystalline, brilliant red trinitrobenzene 
complexes and recovery of the hydrocarbons by 
chromatographic adsorption of the trinitroben­
zene on alumina from benzene solution. The p- 
toluyl compound VII gave in 42% yield a hydro­
carbon which we regard as 2'-methyl-3,4-benzpy-

/ V
HSC\ / \  \ /

0
V II

h 3c v \2'
1T 1

s /

\ /

V III

rene (VIII), m. p. 140-140.2°, corr. The m-toluyl 
ketone IX and the 0-toluyl ketone XI gave, in 14 
and 22% yield, an identical hydrocarbon, m. p, 
147.6-148.1°. This compound is definitely dif­
ferent from the 2 '-isomer, for both the hydro­
carbon and its picrate give a distinct depression 
in melting point (the trinitrobenzene derivatives 
show no depression on admixture). There is rea­
son to believe that the second hydrocarbon is 3 '- 
methyl-3,4-benzpyrene (X), formed normally from 
the w-toluyl ketone and produced in the case of 
the 0-toluyl ketone as the result of a migration of 
the methyl group to the adjacent position in the 
course of the Scholl reaction. If the <?-toluyl ke­
tone had reacted normally the hydrocarbon would

X

be identical with the known 4'-methyl-3,4-benzpy­
rene,3 m. p. 219.5-220°, corr.,8 which is not the
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case. Since there is little likelihood that both reac­
tions proceed abnormally and still yield the same 
product, it is safe to assume that the ketone IX 
undergoes normal cyclization. Furthermore, the 
hydrocarbon in question corresponds fairly closely 
in melting point with the methylbenzpyrene 
(m. p. 143-144°, corr.) synthesized by Winter- 
stein, Vetter and Schön5 from pyrene and methyl 
succinic anhydride. This synthesis must give 
either the 2 '- or 3 '-isomer and, in analogy with 
known cases, the 3 '-position is the more probable 
point of attachment. The correspondence be­
tween the substances obtained in two syntheses 
which would be expected to yield the 3'-isomer 
strengthens the belief that this structure is cor­
rect. Further support is derived from the 
analogy with the behavior of the three isomeric 
toluyl-ce-naphthyl ketones. In extending earlier 
work, Fieser and Martin26 proved that the meta 
and para isomers condense normally to the ex­
pected methylbenzanthrone, while the ortho 
compound gives the same product as the meta 
isomer, corresponding exactly to the conclusions 
reached above. The structures assigned in the 
present work therefore are open to little question.

A number of ramifications of the new synthesis 
are being investigated, and we can report now the 
isolation of two additional methylbenzpyrenes 
resulting from the addition of methyl lithium to 
the benzanthrone derivative V.

Experimental Part27

Isomerization of «-Allylnaphthalene.—For preparation 
of the hydrocarbon,21 the Grignard reagent from 207 g. of 
a-bromonaphthalene and 36 g. of magnesium in ether 
(600 cc.)-benzene was added in two hours, with stirring 
under reflux, to 121 g. of allyl bromide in 250 cc. of ben­
zene. After refluxing further for two and one-half hours, 
the hydrocarbon fraction was separated and distilled, b. p. 
220-235° (8 mm.); yield, 154 g. (92%). Fractionation 
through a 1-meter column gave 137 g. (81%) of material, 
b. p. 127.5-128.5° (8 mm.), n^B  1.6089.

The picrate, obtained from a cold, concentrated methanol 
solution, formed orange needles, m. p. 68-69°.

Anal. Calcd. for CisH^CeHsOrNg: N, 10.59. Found: 
N. 11.00.

Fifteen grams of a-allylnaphthalene was distilled slowly 
through a tube of activated alumina at 500-550 ° at a pres­
sure of 15 mm. The condensate consisted of a light yellow 
oil, b. p. 125-135° (8 mm.). Treated in alcoholic solution 
with two successive 5-g. portions of picric acid, the oil 
yielded 7.9 g. of picrate, m. p. 109-110°, and 6.2 g., m. p.

(26) Fieser and Martin, T h is  J o ur n a l , 58, 1443 (1936).
(27) All melting points are corrected. Microanalyses by the 

Arlington Laboratories, Arlington, Virginia.

106-108°. Crystallized to constant melting point, the 
picrate formed orange needles, m. p. 110-111°.

Anal. Calcd. for Ci3H12-C6H30 7N3: N, 10.59. Found: 
N, 10.99.

The hydrocarbon was recovered from the purified picrate 
by adsorption of the nitro compound on alumina from 
benzene and obtained as a yellow oil (4.9 g.), b. p. 139-140° 
(10 mm.), w20d  1.6350. The constants given by ZaFkind 
and Zonis22 for a-propenylnaphthalene are b. p. 105-106° 
(6 mm.), »20d 1.6388. On oxidation of the hydrocarbon 
with sodium dichromate there was a strong odor of acetal­
dehyde and a-naphthoic acid, m. p. 158-159 °, was isolated 
in good yield.

Perinaphthenone (II).—For the preparation of a quan­
tity of the ketone the condensation was run conveniently 
in three lots, which were then combined for recovery of 
the product. In each lot the charge consisted of 460 cc. of 
water, 675 cc. of concentrated sulfuric acid, 250 g. of tech­
nical sodium nitrobenzene sulfonate, 500 g. of glycerol and 
200 g. of /3-naphthol. The reagents were mixed in this 
order in a 3-liter three-necked flask provided with a short 
condenser in the center opening, a mechanical stirrer 
(tantalum wire stirrer) working through the condenser, 
and a thermometer. The mixture was stirred and heated 
cautiously as required to maintain a temperature of ISO- 
MO0 for one hour. (The reaction is exothermic and is apt 
to get out of control if a heating bath is used.) The dark 
solution was decanted while hot from a tarry residue 
through a pad of glass wool in a funnel onto 2-3 liters of ice 
in a series of beakers. After dilution to a total volume of 
about 6 liters, the mixtures were kept at 0 ° for one or two 
hours to allow the precipitated tar to agglomerate and the 
supernatant liquor was then decanted and discarded. 
The next two lots of reaction mixture were poured in suc­
cession onto ice in the same beakers, discarding the 
acid liquor and retaining the tar. The total tar, which 
becomes soft and mobile when warm, was then extracted 
with six 1-liter portions of benzene, heating the mixture on 
the hot-plate with mechanical stirring. The decanted 
extracts were filtered, combined, clarified with decolorizing 
carbon, and concentrated. After removing the solvent 
the product was distilled in vacuum, and there was ob­
tained 209 g. of orange-yellow distillate boiling at 190-200 ° 
at 1-3 mm. For crystallization this was dissolved in 500 cc. 
of benzene and 500 cc. of ligroin (b. p. 80-86°) was added 
at the boiling point. This crystallization gave 196 g. (26%) 
of product in the form of yellow prisms, m. p. 154.5-155.5°. 
A sample recrystallized from benzene-ligroin formed elon­
gated, diamond-shaped prisms, m. p. 156-156.5°.

The tar remaining from the benzene extraction dissolves 
fairly readily in hot water. The proportion of glycerol 
specified is considerably greater than that specified in the 
patent24 and by Silbermann and Barkow,25 for it was our 
experience in trial runs that this modification results in 
a definitely superior product. No advantage was found 
in increasing the proportion still further. Slow addition 
of the /3-naphthol, as specified by Silbermann and Bar­
kow, did not improve the result, nor did changes in the 
proportion of the oxidizing agent. In one trial with a- 
naphthol the yield was not as good as with the /3-isomer.

Perinaphthane (III).—In the procedure found most 
satisfactory the charge consisted of 20 g. of perinaph-
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thenone, 25 cc. of peroxide-free dioxane, and 50 mg. of 
copper chromite catalyst 37 KAF. This was placed in the 
bomb in a glass liner and hydrogenation was conducted 
a t an initial pressure of 1800 lb. (120 atm.) and a tempera­
ture of 250-260° for ten hours. On cooling, the solution 
separated into two layers and dioxane was added to make it 
homogeneous. After filtering from the catalyst the sol­
vent was removed in vacuum and the product distilled 
at 8 mm. pressure. The fraction boiling at 140-165 ° 
(15.8 g.) consisted largely of the desired hydrocarbon, and 
the remaining distillate, b. p. 165-190°, was mainly peri- 
naphthanol (see below).

Crystallization of the hydrocarbon fraction from 50-75 
cc. of methanol diluted with a few cubic centimeters of 
water gave 11.7 g. (m. p. 63.5-64.5°) of perinaphthane in 
the first crop and 1.3 g. (m. p. 62-63°) in the second; 
total yield 70%. In a duplicate experiment the yield was 
74%.

In pilot experiments hydrogenation was tried at tem­
peratures below 200 ° with ether as solvent and without a 
solvent, but the yield of hydrocarbon was never better 
than 45%. I t seems advantageous to use a solvent for 
there is then less gum left as a residue from the distillation. 
Yields of 45-58% were obtained in 20-g. runs at 200-230 ° 
using from 100 to 750 mg. of catalyst, and it was noticed 
that the use of a large amount of catalyst tended to give 
material of inferior melting point, possibly because of 
over-hydrogenation. This suggested the use of a very 
small quantity of catalyst, a higher temperature, and a 
pressure as low as possible, as specified in the procedure 
given above.

Further purification of perinaphthane by repeated crys­
tallization from dilute methanol gave thin, colorless plates 
of the constant melting point 65.1-65.4°. We cannot 
confirm the melting point 68-69° reported by Langstein,19 
or 66-67° given by Fleischer and Retze.20 Our hydro 
carbon, like Langstein’s, darkens on exposure to light.

The picrate forms fine orange-red needles from methanol 
and melts at 150-151°.

Anal. Calcd. for Ci3H i2*C6H30 7N3: N, 10.58. Found: 
N, 10.62.

I t  is doubtful whether previous investigators had the 
pure substance in hand, for melting points of 127° (Lang­
stein19), 134-135° (Fleischer and Retze20), and 132-133° 
(Silbermann and Barkow25) are given, all with previous 
darkening.

The trinitrobenzene derivative formed long, yellow 
needles from methanol and melted a t 160-161°, in agree­
ment with the value 159-160° reported by Fleischer and 
Retze.20

Perinaphthanol-7.—This alcohol, formed in varying 
amounts in the above experiments, was obtained as the 
chief product of hydrogenation under the following 
conditions. A solution of 5 g. of perinaphthenone in 100 
cc. of ether (distilled from a Grignard solution) and 25 
cc. of absolute alcohol was shaken with hydrogen at at­
mospheric pressure in the presence of 0.5 g. of Raney 
nickel. There was a transient deep brown color at the 
start and the absorption of gas reached 2 moles in about 
five hours. After filtering from the catalyst and removing 
the solvent there was obtained on distillation in vacuum
3.2 g. of pale yellow distillate, b. p. 158-161 ° (1 mm.), and

0.9 g. of deep red distillate, b. p. 161-200° (1 mm.); con­
siderable tar was left in the flask. The first fraction 
(solid) on crystallization from ligroin (b. p. 80-86°) gave
2.5 g. (49%) of colorless, crystalline product, m. p. 81- 
85 °. After six further crystallizations the material formed 
glistening blades, m. p. 91.5-93°, and the picrate formed 
dull orange needles, m. p. 159-160°, from benzene-ligroin. 
This sample of the alcohol appears to be less satisfactory 
than those described below, and the substance seems to be 
very difficult to purify.

Crystallization from ligroin of the high-boiling fraction 
from the high-pressure hydrogenation gave a sample of the 
alcohol melting at 100.5-101.5° and showing no depression 
when mixed with the lower melting material. The 
picrate in this case melted at 163-165°. Surprisingly 
enough, the best sample was obtained from material re­
covered from an attempted dehydration. One gram 
of crude alcohol, m. p. 81-85°, was heated with a little 
potassium bisulfate at 180-200° for five minutes and the 
product distilled at 10 mm. pressure. There was con­
siderable tarry residue, and the light yellow distillate 
afforded only 0.25 g. of crude, crystalline product from lig­
roin (b. p. 60-70°). After six recrystallizations, the sam­
ple melted a t 105.5-106°. This sample was analyzed.

Anal. Calcd. for Ci3H120 : C, 84.75; H, 6.57. Found: 
C, 84.96; H, 6.38.

The picrate, prepared from the best sample and crystal­
lized from benzene-ligroin, formed fine, dull orange 
needles, m. p. 163.5-164.5°.

Anal. Calcd. for C13H120-C6n30 7N3: N, 10.14. Found: 
N, 9.92.

Hydrogenation with Adams Catalyst.—A solution of 
2 g. of perinaphthenone in 40 cc. of absolute alcohol with 
30 mg. of platinum oxide catalyst quickly turned deep 
brown when shaken with hydrogen at slight positive pres­
sure, and after a few minutes a yellowish solid began to 
precipitate. (The behavior was the same when a small 
amount of hydrochloric acid was added to the alcoholic 
solution.) After the absorption of 1 mole of gas (several 
hours), the solid was collected with the adhering catalyst 
and washed with dry ether (weight 1.75 g.). The material 
was dissolved in 40 cc. of hot dioxane and the solution was 
quickly filtered and diluted with 50 ce. of hot water. The 
first crop of crystals (0.25 g ) formed small, orange-yellow 
needles, m. p. 179-180°, dec. The substance decomposes 
rapidly in solution and recrystallization usually gives in­
ferior material and is attended with heavy losses. De­
composition was evident in an attempted molecular weight 
determination in camphor.

Anal. Calcd. for C26H20O2: C, 85.78; H, 5.54; mol. 
wt., 364. Calcd. for C26Hi80 2: C, 86.18; H, 5.C1; mol. 
wt., 362. Found: C, 86.06, 85.81; H, 5.41, 5.59; mol. wt. 
(ebullioscopic in acetone), 320, 348.

3-Benzoylperinaphthane (IV).—The Perrier complex 
from 45 g. of benzoyl chloride and 43.3 g. of aluminum 
chloride was dissolved in 500 cc. of carbon bisulfide and 
added with shaking to 52 g. of perinaphthane in 150 cc. of 
the same solvent. The clear, deep red solution was re­
fluxed for one-half hour and decomposed with ice and acid. 
After evaporation of the solvent the oily product was ex­
tracted and washed in ether and distilled, giving 79.9 g.
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(95%) of material, b. p. 210-215° (2 mm.) which slowly 
solidified. This was suitable for use in the next step, A 
sample recrystallized twice from ether-petroleum ether 
formed massive, faintly cream-colored prisms melting at 
62-63°.

Anal Calcd. for C20H16O: C, 88.21; H, 5.92. Found: 
C, 87.96; H, 5,95.

2,1 '-Trimethylene-l ,9-benzanthrone-10 (V).—The most 
satisfactory procedure found for preparing this inter­
mediate, rather than utilize it in the synthesis, was as 
follows. A melt was prepared from 23 g. of sodium chlo­
ride and 80 g. of aluminum chloride, and 19.6 g. of ben- 
zoylperinaphthane was added. The mixture was heated 
for four hours in a bath maintained at 150-155°, while 
stirring mechanically and passing oxygen over the surface 
of the melt. The hot melt was then poured onto ice and 
hydrochloric acid and the brown, gummy precipitate was 
collected and taken into glacial acetic acid while still wet. 
Four crystallizations from this solvent, with the liberal 
use of decolorizing carbon each time, gave in all 5.0 g. 
(26%) of iridescent golden-yellow leaflets, m. p. 217-218°. 
The substance is readily soluble in benzene, rather spar­
ingly soluble in glacial acetic acid, and only slightly soluble 
in alcohol. In very dilute alcoholic solution it exhibits a 
striking yellow-green fluorescence. The solution in con­
centrated sulfuric acid shows a brilliant red-yellow fluores­
cence.

Anal Calcd. for C20H14O: C, 88.86; H, 5.22. Found; 
C; 89.05; H, 5.24.

The material precipitated from the mother liquors of the 
above experiment by dilution with water was distilled 
with zinc dust as described below and yielded 2.2 g. (12%) 
of 3,4-benzpyrene. A small sample of the pure benzan­
throne derivative was converted in the same way into the 
hydrocarbon.

3,4-Benzpyrene."—A melt was prepared from 23 g. of 
sodium chloride and 80 g. of aluminum chloride in a 
125-cc. Erlenmeyer flask, 15.1 g. of 3-benzoylperinaph- 
thane was added, and the flask was stoppered loosely and 
heated with occasional shaking in an oil-bath held for 
three hours at 130-140 0 and for two hours longer at 145- 
150°. The ketone dissolves readily in the melt giving at 
the outset a deep red solution which turns brown as the 
reaction proceeds. At the end of the time specified this 
was poured onto ice and acid and the gummy precipitate 
was collected on a filter, washed with water, and sucked 
well. The crude, moist material, which darkens appre­
ciably during the washing, was shredded and mixed with 
250 cc. of zinc dust in a 300-cc. round-bottomed flask 
sealed directly to a distilling flask with a sealed-on re­
ceiver. The distillation was conducted from a sodium- 
potassium nitrate bath at a dull red heat and was con­
tinued as long as distillate collected in the distilling flask 
(one-half to one hour). The crude product was then dis­
tilled into the second receiver at a pressure of 1-2 mm. 
This eliminated entrained zinc dust and a tarry residue 
and gave a clean distillate easily purified by dissolving it in 
ether, concentrating, and adding successive portions of 
petroleum ether until crystallization was complete. 
The first crop (5.8 g.) consisted of light yellow needles, 
m. p. 176-177°, and the second (1.2 g.) melted at 172- 
175°; total yield, 50%. When the zinc dust distillation

was conducted at too low a temperature, or too rapidly, 
the product often crystallized in the form of leaflets of 
lower melting point; this probably is due to contamina­
tion with hydro derivatives. When the Scholl reaction 
was conducted with stirring in the presence of oxygen as 
above and the crude product put through the zinc dust 
distillation the yield of hydrocarbon was about half that 
obtained by the process described.

The hydrocarbon was fully identified by comparison 
with known material,3 For further characterization, and 
for comparison with the new derivatives described below, 
the hitherto unknown 3,4-benzpyrene-trinitrobenzene 
was prepared. I t formed glistening, bright red blades 
from benzene, m. p. 226-227°.

Anal Calcd. for CaoHia-CeHaOe: N, 9.Q3. Found: N, 
9.00.

Unlike the corresponding complex from methylcholan- 
threne,28 this trinitrobenzene derivative can be cleaved 
effectively with full recovery of the hydrocarbon by selec­
tive adsorption of the nitro component on alumina from 
benzene solution. The recovered hydrocarbon after 
crystallization melted at 178.5-179°.

The Isomeric 3-Toluylperinaphthanes.—These were 
prepared as above from the reaction of the Perrier complex 
of the appropriate toluyl chloride and perinaphthane 
(from 8 to 13 g.) in carbon bisulfide solution, distilled in 
vacuum for use in the syntheses, and crystallized for 
analysis from ether-petroleum ether or from ether. The 
properties and yields are given in the table. They all 
form massive prismatic clusters and were obtained in 
either a colorless or pale yellow condition.

T a b l e  I
0-, m -  a n d  ^ -T o l u y l p e r in a p h t h a n e  (C2iH i80)

Isomer

00d2

B. p., °c. Mm.
Yield,

%

Analyses 
% C % H  

(Calcd. (Calcd. 
88.06) 6.33,

Ortho 68-69 210-215 0.2 84 87.83 6.41
Meta 86.5-87 225-230 2 95 88.13 6.42
Para 90-90.5 215-220 0.5 95 88.13 6.29

2'-Methyl-3,4-benzpyrene (VIII).—A solution of 16.9 g. 
of 3-(£-tohiyl)-perinaphthane in a melt from 23 g. of 
sodium chloride and 80 g. of aluminum chloride was heated 
in a stoppered flask at 140-150 0 for four and one-half hours. 
The crude, moist product was mixed with 150 cc. of zinc 
dust and distilled slowly as before, except that the pres­
sure was reduced to 200-250 mm. to allow for a higher 
boiling point of the methylated hydrocarbon. Crystalliza­
tion of the distillate gave in all 6.8 g. (42%) of material 
melting in the range 130-136°. This was converted into 
the trinitrobenzene complex, which was crystallized to a 
constant melting point of 212-213° and then passed in ben­
zene solution through an adsorption tower of alumina. 
The regenerated hydrocarbon collected from the filtrate 
was crystallized once from benzene-ligroin and three 
times from methanol. It forms fluffy, light yellow needles 
and has a double melting point. When heated slowly it 
melts almost completely at 138-139°, and after solidifica­
tion by cooling it remelts at 140-140.2°. I t is readily 
soluble in benzene and ether, moderately soluble in metha­

(28) Fieser and Hershberg, T h is J o u r n a l , 60, 940 (1938).
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nol, and almost insoluble in petroleum ether. The solu­
bility is greater than that of the parent hydrocarbon.

Anal. Calcd. for C21H14: C, 94.70; H, 5.30. Found: 
C, 94.85; H, 5.51.

The trinitrobenzene complex forms glistening red 
blades from benzene-ligroin, m. p. 211.5-212°.

Anal. Calcd. for C2iHi4-C6H3C>6N3: N, 8.77. Found: 
N, 8.95.

The picrate forms brown needles from benzene-ligroin, 
m. p. 184-185°.

Anal. Calcd. for C21H14 C6H3O7N3: N, 8.48. Found: N, 
8.35.

3'-Methyl-3,4-benzpyrene (X). (a) Normal Reaction.—
3-(ra-Toluyl)-perinaphthane (9.4 g.) was heated with so­
dium-aluminum chloride in a closed flask at 135-150° 
for four and one-half hours and the product distilled from 
zinc dust at atmospheric pressure. The once crystallized 
distillate melted at 138-142°; yield, 1.3 g. (14%). A ben­
zene solution of this material was passed through a tower 
of alumina and the recovered product was crystallized 
six times from ether-ligroin and ether-absolute alcohol. 
This gave small, faintly greenish-yellow needles. The 
hydrocarbon apparently exists in two forms of slightly dif­
ferent melting point. When heated slowly the sample 
melted at 146.5-147°, but when inserted in a bath at 145° 
it melted at once. The resolidified material melts at 
147.6-148.1°. The melting point and appearance re­
mained unchanged on further passage through an adsorp­
tion tower and on regeneration from the purified trinitro­
benzene derivative. The hydrocarbon is somewhat less 
soluble than the 2 '-isomer.

Anal. Calcd. for C21H14: C, 94.70; H, 5.30. Found: 
C, 94.52; H, 5.04.

The trinitrobenzene complex forms long, brilliant red 
needles from benzene-ligroin, m. p. 210.5-211 °.

Anal. Calcd. for C2iHi4-C6H306N3: N, 8.77. Found: 
N, 8.55.

The picrate separated from benzene-ligroin as fine 
brownish-red needles, m. p. 179.5-180°.

Anal. Calcd. for CaiHn-CeHgOyNs: N, 8.48. Found: 
N, 8.42.

Mixtures of the hydrocarbon with the 2 '-isomer were 
found to melt as low as 123-128°, Und a depression to 171-

173° was noted with a mixture of the two picrates. The 
trinitrobenzene derivatives melt a t practically identical 
temperatures and no depression was observed with mix­
tures.

(b) By Rearrangement.—The Scholl reaction was con­
ducted as above with 12 g. of 3-(tf-toluyl)-perinaphthane 
(four hours at 150-160°) and the distillation from zinc 
dust carried out at 100-200 mm. pressure. The redistilled 
and once crystallized product formed straw-yellow needles, 
m. p. 143-145°; yield. 2.6 g. (22%). After further crys­
tallization from ether-petroleum ether it melted at 146.5- 
147.50 and gave no depression when mixed with the first 
sample (a). The melting points and mixed melting points 
of the picric acid and trinitrobenzene complexes were also 
identical with those of the above samples.

Summary
The first step in the synthesis consists in con­

densing /3-naphthol with glycerol essentially as 
described in a patent. The resulting unsaturated 
ketone, for which the name perinaphthenone is 
proposed, can be reduced satisfactorily to the 
hydrocarbon (perinaphthane, in the suggested 
system of nomenclature) by high pressure hy­
drogenation. The benzoyl derivative of the 
hydrocarbon undergoes the Scholl cyclization 
fairly smoothly, and 3,4-benzpyrene is obtained 
in good over-all yield by zinc dust distillation of 
the product.

Of the isomeric toluyl derivatives of peri­
naphthane, the meta and para compounds undergo 
normal cyclization and give as final products of 
the synthesis 3'- and 2'-methyl-3,4-benzpyrene, 
respectively, while with the ortho isomer there 
is methyl migration leading to the ultimate for­
mation of 3'-methyl-3,4-benzpyrene. These re­
sults parallel those obtained in the application of 
the Scholl reaction to the preparation of the 
corresponding methylbenzanthrones.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s . R e c e iv e d  M a y  23,4938
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7 ,7 ,7 -Triphenylpropyl Derivatives
B y C h a r les  B u sh n e l l  W o o ster , H. D. Segool  and  T. T. A ll a n , J r .

The reaction between sodium in liquid ammonia 
solution and 7 ,7 ,7 -triphenylpropyl iodide which 
results in the formation of sodium triphenyl- 
methide was reported in a previous paper.1 Be­
cause of the interesting nature of this reaction 
and of the observed tendency of compounds of 
the type R3C-C-CX to undergo unusual reactions,2 
it appeared desirable to establish more thoroughly 
the constitution of the triphenylpropyl iodide 
which was used. This has now been accomplished 
by carrying out the reactions indicated in the 
flow sheet.

The iodide was prepared originally by cleavage 
of 7 ,7 ,7 -triphenylpropyl ethyl ether the con­
stitution of which appeared to be reasonably well 
established by the method of its synthesis. 
Furthermore, the available evidence demon­
strated the presence of a triphenylmethyl group 
in thé iodide. There remained, however, the 
possibility of molecular rearrangement during the 
action of hydriodic acid on the ether which might 
have led to the formation of a triphènylisopropyl 
iodide instead of the expected triphenyl-n-propyl 
iodide. Accordingly, the synthesis of the same io­
dide from triphenyl-w-propyl alcohol and the re­
generation of this alcohol, by conversion to the 
acetate and hydrolysis, furnish the necessary 
link in the chain of evidence which shows that 
the iodide actually has the primary structure.

Experimental Part
The Preparation of 7,7,7-Triphenylpropyl Alcohol.—

Sodium triphenylmethide was prepared by slowly adding 
50 g. of triphenylchloromethane to a solution of 8.3 g. of 
sodium dissolved in about 500 cc. of liquid ammonia in a 
one-liter three-necked flask equipped with a mercury- 
sealed stirrer, a dropping funnel and an outlet for gaseous 
ammonia. A large excess of ethylene oxide was then 
added gradually in small portions. This reacted vigor-

(1) Wooster and Morse, T h is  J o urnal , 56, 1735 (1934).
(2) Whitmore and Stahly, ibid., 55, 4153 (1933).

ously with the excess sodium, but at first the deep red 
solution of sodium triphenylmethide showed no evidence 
of reaction. However, after several hours a voluminous 
pink precipitate had appeared in the reaction vessel, al­
though the red color of the solution indicated the presence 
of some unreacted sodium triphenylmethide. These ob­
servations suggest that ethylene oxide may form an inter­
mediate, unstable oxonium complex with the organo-alkali 
compound similar to those which are formed with Grignard 
reagents.

The addition of water t o the reaction mixture discharged 
the red color and precipitated a yellow plastic mass which 
solidified on standing in contact with water after it had 
been washed free of most of the aqua ammonia. The 

product was recrystallized from commercial hexane 
and obtained in the form of light yellow crystals, 
m. p. 106.5-107.5°; yield about 30 g.

Anal. Calcd. for C2iH20O: C, 87.5; H, 6.94. 
Found: C, 87.9, 87.7; H, 7.07, 7.05.

Attempts to oxidize this product to tritylacetic acid 
were unsuccessful, but its structure seems to be suffi­
ciently well established by its thermal stability and the 
method of preparation. Although “abnormal” reac­

tions with the Grignard reagent (involving isomerization to 
the aldehyde or ketone structures) have been reported with 
isobutylene oxide, styryl oxide and syra-dimethylethylene 
oxide3 no such results have ever been observed with ethyl­
ene oxide itself. Furthermore, the triphènylisopropyl alco­
hol, (CeHg^CCHOHCHs, which is the only likely alterna­
tive structure, would be expected to be thermally unstable 
since its next lower homolog (C6H5)3CCH2OH, decomposes 
smoothly into triphenylmethane and formaldehyde when 
heated slightly above its melting point (107°)4 and the 
corresponding decompositions of triphenylacetic acid and 
triphenylacetaldehyde indicate the generality of such be­
havior. However, the reaction product was recovered un­
changed after heating to 150-170° for an hour and failed 
to give a test for even a trace of triphenylmethane with a 
solution of potassium amide in liquid ammonia which in­
stantly produces a deep red solution of potassium tri­
phenylmethide when treated with this hydrocarbon.

Preparation of Triphenylpropyl Iodide from the Alcohol. 
—Five grams of the alcohol was refluxed for five hours 
with 40 cc. of constant boiling hydriodic acid. After 
cooling, the product was separated and purified as previ­
ously described1 and identified by a mixed melting point; 
yield 1.6 g.

Preparation of Triphenylpropyl Acetate from the Alco­
hol.—The alcohol seems to be quite unreactive toward 
many of the usual reagents; it was recovered unchanged 
after refluxing for one hour with acetyl chloride and thionyl 
chloride although a product of m. p. 134° (presumably the 
benzoate) was obtained by refluxing with benzoyl chloride.

(3) Henry, Compt. rend., 145, 21, 406 (1907); Tiffeneau and 
Fourneau, ibid., 146, 697 (1908).

(4) Schlenk and Ochs, Ber., 49, 610 (1916).

BrCH2CH2OC2H5
(C6H6)3CNa — ------------ — >  (C6H5)3CCH2CH2OC2H5

/ ° \  j ™
CH2— CH, H I ^ T  (C6H5)3CCH2CH,I

v (H20) NaOH j,CH3COOAg
(CeH5)3CCH2CH2OH * (C6H6)3CCH,CH2OCOCHi

(CHsC0)20



The determining factor seems to be the boiling point of the 
reagent since the acetate was obtained in satisfactory yield 
by the use of acetic anhydride.

Seven and three-tenths grams of the alcohol was refluxed 
for one hour with excess acetic anhydride, the solution 
poured into water and, after the hydrolysis of the anhydride 
was complete, the product was separated by filtration and 
recrystallized from alcohol: yield 6.4 g., m. p. 114-115°.

Anal. Calcd. for C23H2202: C, 83.6; H, 6.67. Found: 
C, 83.3, 83.1, 83.7; H, 6.72, 6.70, 6.75.

Hydrolysis of the Acetate.—Two grams of the acetate 
was dissolved in 50 cc. of alcohol in which 3 g. of sodium 
had been dissolved and 10 cc. of water was added. After 
refluxing for two hours the solution was poured into water, 
neutralized with hydrochloric acid and filtered. After 
crystallization from commercial hexane the product was 
identified as the triphenylpropyl alcohol by a mixed melt­
ing point.

Preparation of Triphenylpropyl Acetate from the 
Iodide.—An attem pt to prepare the acetate by refluxing 
a solution of the iodo compound in glacial acetic acid with 
silver acetate for ten and one-half hours proved unsuccess­
ful, possibly because the initially formed silver iodide 
coated over the sparingly soluble silver acetate. The reac­
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tion proceeded satisfactorily, however, when an excess of 
silver acetate was placed in the filter thimble and the 
acetic acid solution of 1.88 g. of triphenylpropyl iodide was 
placed in the flask of a  Soxhlet apparatus to prevent pre­
cipitation of the silver iodide from occurring in the presence 
of solid silver acetate. After the Soxhlet apparatus had 
been operated for about twenty hours, the solution in the 
flask was cooled, filtered, evaporated to small volume, 
diluted with water, neutralized with sodium carbonate and 
filtered again. The black gummy solid was crystallized 
from alcohol by seeding with a sample of the previously 
prepared acetate. After recrystallization from alcohol it 
was found to be halogen free and identical (by mixed melt­
ing point) with the acetate obtained from 7,7,7-tnphenyL 
propyl alcohol and acetic anhydride.

Summary
The product previously obtained by the action 

of hydriodic acid on 7 ,7 ,7 -triphenylpropyl ethyl 
ether has been shown to be 7 ,7 ,7 -triphenyl­
propyl iodide. Evidently no molecular rearrange­
ment occurs during this reaction.
P r o v id e n c e , R . I . R e c eiv ed  M a y  5, 1938
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Semiquinone Radicals in the Indamine and Indophenol Groups
By G. Schwarzenbach1 and L. M ichaelis

The original task of this paper was to extend 
the search for semiquinone radicals as intermedi­
ate steps of reversible oxidation-reduction, to the 
indamine and indophenol groups. The result not 
only was successful but in addition presented an 
excellent opportunity for developing the general 
principles concerned with the degree of stability 
of such radicals.

In none of the many representatives of the indo­
phenol dyes investigated by W. M. Clark2 and as­
sociates, was there any evidence for the existence 
of an intermediate step of reduction. On the con­
trary, these authors took just these dyestuffs as 
models to prove their assumption that in reversi­
ble bivalent oxidations the two electrons always 
go on and off in pairs. The experimental results 
can be confirmed entirely for the dyestuffs se­
lected by these authors and for the pH range 
covered by their experiments. Yet it would be 
unjustifiable to consider this state of affairs as 
general. We shall demonstrate for two dye­
stuffs rather closely related to the group investi-

(1) Under a fellowship from the Rockefeller Foundation.
(2) Hygienic Laboratory Bulletin, No. 151# United Stat*» PwtoHc 

Health Service, Washington, D, C., 1&3Q.

gated by these authors, that semiquinone radicals 
are formed in fairly large concentrations as inter­
mediate steps. These two dyestuffs are phenol 
blue and Bindschedler’s green, the formulas of 
which are given by the T-forms in the table of 
formulas (Fig. 7). The experimental material 
will be presented first, and the cause for the differ­
ent behavior will be treated in the discussion.

The formulas shown in the table are electronic 
formulas, each stroke representing an electron 
pair. The totally oxidised forms T, the semi­
quinone forms S, and the fully reduced forms R 
are given in the different possible states of ioniza­
tion. T, R, and S, themselves, denote the forms 
existing only in very alkaline solutions, where all 
removable protons are removed. The order rep­
resented in this scheme corresponds to the order 
of the ionization steps as derived from the experi­
ments.

An open structure has been chosen for the T- 
forms in which the central nitrogen appears sur­
rounded by only six electrons. The fourth elec­
tron pair can be said to be delivered by the auxo- 
chromk groups N(CH*)», OH, and O* These have
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unshared electron pairs, which can form a double 
bond with the neighboring carbon atom, whereby 
the benzene ring, of which this carbon is a part, 
is converted into a quinoid ring. Both auxo- 
chromic groups take part in this electron delivery, 
the molecule is a resonance system. The valence 
chemistry and its connection with the absorption 
spectra and the acidimetric behavior of systems 
like these have been described by Schwarzenbach 
and co-workers.3 In the S-form the odd electron 
is represented as a dot attached to the central 
atom, but this should not be regarded as an ex­
pression of a definite position of the odd electron.

A. Experimental Part
1. Preparation of the Dyestuffs

Phenol blue was prepared by the method described by 
Heller,4 by oxidation of freshly prepared p-omm.o6.i- 
methylaniline and phenol with sodium hypochlorite in 
acetate buffer and at zero temperature. The dye was 
filtered off and crystallized three times from 95% ethanol. 
It then forms dark crystals, m .p. 167°.

Bindschedler’s green was prepared by the method given 
by Wieland.5 p-Amino dimethylaniline and dimethyl­
aniline are oxidized with bichromate in acid solution and 
in the presence of zinc chloride. The zinc double salt 
forms a beautifully crystallized green product which was 
not further purified. Recrystallization cannot be accom­
plished without some decomposition and the recrystallized 
product is rather less pure than the original material. In 
concentrated aqueous solutions this green salt is converted 
partially into red crystals, the longer known of the two 
modifications of Bindschedler’s green, which behave in 
solution exactly like the green product. Both modifica­
tions have been described already by Wieland. Titrations 
have been carried out mainly with the green crystals, which 
show certain advantages owing to their greater solubility.

Phenolindophenol was prepared according to the method 
described by Clark2 and recrystallized five times from a 
solution of sodium chloride. I t  was obtained in beauti­
fully crystalline state of great purity and stability. All 
these specimens were kept constantly in the ice box to pre­
vent decomposition.

2. The Titrations.—The titrations were mostly reduc­
tive. As reductant, reduced rosindulin GG, and in a few 
cases in the acid pH range, where rosindulin becomes insol­
uble, titanous chloride was used. These reductive titra­
tions were controlled in some cases by a corresponding oxi­
dative titration, the dyestuff being rèduced previously by 
means of hydrogen on colloidal palladium, and bromine or 
ferricyanide was used as oxidant.

The technique of the titration has been described before. 
The only modification consisted in adding the dyestuff to 
the buffer solution just before the titration began. This 
makes the effect of a possible slow decomposition of these 
dyestuffs, which are not very stable, almost negligible.

(3) G. Schwarzenbach and co-workers, Helv-, Chimi Acta, 20, 490, 
498, 627, 654, 1253, 1591 (1937).

(4) G. Heller, A nn., 392, 47 (1912).
(5) H. Wieland, Ber:. 48* 1087 (1915).

Two microburets were introduced through the stopper of 
the titration vessel which contained 50 cc. of the buffer 
solution. One of the burets contained a strong solution of 
the dye (concentration about 4 X 10 ~3 M) in alcohol (in 
the case of phenol blue) or water (in the case of Bindsched­
ler’s green) and the other the reductant or oxidant in the 
same molar concentration. The air in the titration appa­
ratus was then replaced by hydrogen. Colloidal palladium 
ensured the removal of the oxygen dissolved and produced 
a hydrogen potential, which made possible the measure­
ment of the pH  of the buffer. In the case of an oxidative 
titration 2 cc. of the dyestuff solution was now added and 
immediately reduced. After replacement of the hydrogen 
by nitrogen the titration was started. In the case of a 
reductive titration, the buffer was bubbled with nitrogen 
before adding the dyestuff and the titration begun im­
mediately after its addition. After the titration was fin­
ished more colloidal palladium was added, hydrogen was 
passed through the vessel and the hydrogen potential 
measured. I t  was found that the change of pH  value 
during the reduction was negligible in all titrations of 
Bindschedler’s green, except for some few titrations with 
titanous chloride. In the experiments with phenol blue 
the final pH  value was always somewhat lower than the 
value before the beginning of the titration. This difference 
of about 0.07 pH  unit is due to the addition of alcohol to 
the buffer solution and not to a change caused by the 
oxidation-reduction process. In the following tables only 
the final pH  value is registered.

In the case of phenol blue we could get excellent titration 
curves between pH  3.7 and 9.1. The potentials could be 
measured in this pH  range with the same accuracy achieved 
in the case of lactoflavin,6 the limits of error being about 
=*=0.2 mv. In more acid solutions we had difficulties in 
the determination of the starting point of the reduction and 
end-point of the oxidation. The potentials at these points 
are very unsteady due to an irreversible decomposition of 
phenol blue. But even in solutions of a pH  of 2 or 3 it 
could be shown definitely that the titration curve is much 
too steep for a two-electron process without intermediate. 
The semiquinone in these solutions could also be detected 
visually by its color, especially distinctly visible in a nearly 
completely reduced solution. At pH  10 the potentials 
were again unstable. This is due most probably to a 
hydrolytic elimination of the dimethylamino group, as can 
be inferred from the fact that the potentials dropped 
slowly to the potential range of phenolindophenol which is 
produced by this process.

Bindschedler’s green is more stable in acid solutions and 
less stable in alkaline solutions in comparison with phenol 
blue. The potentials were perfectly stable between pH  3 
and 7, the limits of error being not greater than in the case 
of phenol blue. At pH  7.5 and 8.0 fairly reliable titration 
curves were still obtained, but at pH  9 the dye stuff was 
hydrolyzed rather quickly to form phenol blue, a well- 
known reaction for Bindschedler’s green. In the acid 
range fairly good curves were obtained down to a pH  of 
1.5. Here titanous chloride had to be applied as a reduc­
tant because rosindulin forms a precipitate. The strong 
acidity of the titanous chloride solutions impaired some-

(6) L. Michaelis and G. Schwarzenbach, J . Biol. Chem., 123, 
527 (1938).
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what the reliability of the measurements around pH 2 due 
to a change in pH  during the reduction. Below pH  1 
Bindschedler’s green begins to become very unstable, the 
green solution being decolorized in a few hours. In phos­
phate buffer solutions which were used in the pH  range 
around 7, zinc phosphate was precipitated, because the 
zinc double salt was used directly. In  some cases this pre­
cipitate was filtered off, but it was found that it did not 
affect the potential measurements a t all.

The final concentration of the dye in the titration experi­
ments was usually between 2 and 4 X 10 “4 mole per liter. 
The slight solubility of phenol blue did not allow of 
higher concentrations. Belowr a concentration of 1 X 
10 ~4 the establishment of the potentials was no longer 
satisfactory.

In Table I the normal potentials Em against 
the standard hydrogen electrode in volts and the 
index potentials E{ against the corresponding Em 
value in millivolts are registered for the different 
buffer solutions. The values are mean values of 
several duplicate titration experiments at 30°.

T a b l e  I
Buffer pH Titration  

Phenol blue
Era Ei

Lactate 3 .00 Oxidative (CrO<r, Bn) +  0.5007 (21)
Lactate 3.00 Reductive (rosindulin) +  .5000 (22)
Lactate 3.72 Reductive (rosindulin) .4538 19.5
Lactate 3 .84 Reductive (rosindulin) .4490 20.0
Acetate 4 .12 Reductive (rosindulin) .4262 19.7
Acetate 4.62 Reductive (rosindulin) .3970 19.6
Acetate 5.04 Reductive (rosindulin) .3623 18.2
Phosphate 5.96 Reductive (rosindulin) .2923 15.6
Phosphate 6.86 Oxidative ([Fe(C N )e]a) .2300 15.0
Borate 9.13 Reductive (rosindulin) 

Bindschedler’s green

.0945 14.6

HC1 1.10 Reductive (TiCL) + 0 .6290 ?
HC1 1.53 Reductive (TiCL) .5927 15.3
Lactate 2.37 Reductive (TiCL) .5325 (15)
Lactate 2 .65 Reductive (TiCh) .5185 (15)
Lactate 2 .95 Reductive (rosindulin) .4978 15.8
Acetate 3.97 Reductive (rosindulin) .4152 15.4
Acetate 4 .58 Reductive (rosindulin) .3635 16.4
Acetate 5 .50 Reductive (rosindulin) .2945 17.1
Phosphate 6 .78 Reductive (rosindulin) .2294 17.2
Phosphate 7 .18 Reductive (rosindulin) .2157 16.4
Phosphate 7 .47 Reductive (rosindulin) .2071 16.1
Phosphate 8.03 Reductive (rosindulin) .1853 16.2

The E{ values in brackets are not certain. Here 
the titration curves were not very reliable because 
the dye was not quite stable or the pH during the 
titration could not be kept quite constant.

The results indicate clearly that in both dyes 
the reduction leads through an intermediate prod­
uct on an oxidation level of a quinhydrone, since 
the index potentials are distinctly greater than
14.3 mv. In the case of phenol blue below pH 5 
the index potentials are so high as to indicate the 
formation of the quinhydrone in large quantities.

This quinhydrone may be a radical or its di­
meric form, a hydrazine derivative, To decide

between these alternatives, we carried out some 
titration experiments with various concentrations 
of the dyestuff, keeping the pH  value constant. 
Table II gives information about these.

T a b l e  II
Phenol blue Bindschedler’s green Bindschedler’s green 

p H  4.60 pH  4.58 pH  6.78
C Ei C Ei C Ei

0 .9  X 10 “4 19.8 2 .2 X 10 "4 16.4 2 .8  X 10 "4 17.2
1 .8  X 10 ~4 19.5 4 .0 X 10 "4 16.4 5 .6  X lO -4 17.2
3 .5  X 10 “4 19.5 7 .6 X 10 "4 16.4 9 .0  X 10 "4 17.3

These figures show clearly that the quinhydrone 
is a radical and not a dimeric compound, since the 
index potential is independent of concentration. 
This result is not unexpected. The intermediate 
form of phenol blue has a definite blue color which 
would not be expected of a valence saturated hy­
drazine. Furthermore, Wieland states that the 
radical bis- (dimethylaminophenyl) -hydrazine at 
a concentration of 2 X 10~2 M  in benzene solution 
is 10% dissociated into radicals. We may expect 
that the dimerization constant in water is even 
smaller, but even if this be not the case, the di­
meric form could not be formed in the low concen­
tration range used in our titration experiments.

3. The Absorption Spectra.—Phenol blue is 
a base, which takes up a proton at pH 4.9 giving 
rise to a color change from pure blue to violet. 
There can be no doubt about the constitution of 
the molecules involved in this acidity equilibrium: 
namely, T and HT. The color of the ion and the 
neutral molecule indicate that both are resonance 
systems, the quinoid double bonds shifting from 
one nucleus to the other. This is only possible if 
we place the added proton in the indicated posi­
tion. An addition to the electron pair of the di- 
methylamino nitrogen would destroy the reso­
nance and give rise to the formation of a quinone 
of a very slight, probably yellow, color.7 Further­
more the order of magnitude of 10-5 must be ex­
pected for a dissociation constant of a phenolic 
hydroxide group which is acidified through a 
slightly asymmetrical resonance. The addition 
of the proton to the central nitrogen would give 
rise to a much smaller change in color as we will 
see in the case of Bindschedler’s green. The ab­
sorption spectra of T and HT have been deter­
mined with König and Martens’ spectrophotome­
ter and are given in Fig. 1, together with the 
spectra of two forms of Bindschedler’s green. It 
can be seen that the absorption maxima of phenol

(7) G. Schwarzenbach and co-workers, Helv. Chim. Acta, 20, 490, 
627 (1937).
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blue in its T and HT state are separated far 
enough to make a spectrometric determination of 
the acidity constant possible. I t was found by 
this method that in an acetate buffer solution of a 
pH of 4.55 the ratio of H T/T is 1.81 at 30°, a 
wave length of 6620 A. being used for the meas­
urements of the extinctions. This corresponds to 
a dissociation constant of Kt * 10“4*81.

4500 5500 6500 7500
X.

Fig. 1.—The logarithm of the molar extinction 
coefficient: Curve A, phenol blue pH  5.5 (T); Curve 
B, phenol blue pH  3.5 (HT); Curve C, Bindschedler’s 
green pH. 4.5 (T); Curve D, Bindschedler’s green 
pH  2 (HT).

Bindschedler’s green gives yellowish-green solu­
tions which on acidifying turn to a more bluish- 
green. Both solutions have a strong absorption 
band at the infrared border of the visible part of 
the spectrum. The maximum of the absorption 
lies so far in the red that its determination with the 
visual method (König and Martens’ apparatus) is 
scarcely possible. Photographs on infrared sen­
sitized plates revealed, however, the exact position 
of the bands. Their maximum is in the infrared 
quite close to the visible red. The color change on 
acidifying takes place between pH 3 and 4. From 
Fig. 1 it can be seen that the change in the absorp­
tion spectrum is not very pronounced, making a 
colorimetric determination of the acidity constant 
difficult. But this acidity constant shows up 
clearly if we plot the Em potentials against pH. 
From this curve it follows that this dissociation 
constant has a value of about 10~3-4. The place 
of addition of the proton can only be the central 
nitrogen atom of the molecule so that the mole­
cules T and HT, with the formulas in the table of 
formulas, are involved in this acidity equilibrium. 
An addition to the free electron pair of the di-

methylamino nitrogen would give rise to the for­
mation of a strongly asymmetrical structure, 
which would have a yellow color. Such a color 
change takes place only at much lower pH values, 
namely, in about 40% sulfuric acid.

Both forms of Bindschedler’s green and of 
phenol blue have two more absorption bands in 
the region of shorter wave lengths. One lies in 
all cases in the neighborhood of 2900 A. The 
other lies in the case of the acid form of phenol 
blue also in the ultraviolet at about 3550 A., 
whereas in the case of Bindschedler’s green and 
the neutral form of phenol blue this second band 
which is rather weak lies in the violet and blue 
region of the visible spectrum (Fig. 1). The 
whole absorption spectrum has therefore in all 
cases three bands showing a pronounced similarity 
to the spectra of the sulfonphthaleins.8 This is 
not surprising because the indophenols and in- 
damines represent a resonance system very simi­
lar to that of the dyes of the Döbner’s violet and 
benzaurin type (2). On reduction the bands in 
the visible part of the spectrum and in the nearer 
ultraviolet disappear, whereas the band at 2900 
A. is strongly increased in intensity.

It has been mentioned that the presence of the 
semiquinone of phenol blue can be demonstrated 
by its definite color. If small amounts of bromine 
are added to a solution of reduced phenol blue in 
an acid solution (HC1 = 0.005 N ) , the color of the 
solution turns blue, not violet, which in acid solu­
tion is the color of the fully oxidized form. Also 
an absorption appears in the far red which dis­
appears again on further oxidation and is replaced 
by the band of the fully oxidized substance HT. 
The absorption in the far red has to be attributed 
to the radical. Curve A in Fig. 2 represents the 
extinction of a solution in which 16% of the phenol 
blue has been reoxidized (concentration of the 
dyestuff = 10"5). From the semiquinone forma­
tion constant, derived from the titration experi­
ments, the concentration of the fully oxidized 
form HT has been calculated and the absorption 
due to its presence introduced as curve B in Fig.
2. Curve C is the difference between the curves 
A and B and represents the absorption of the semi­
quinone. In the other regions of the spectrum, 
including the ultraviolet, the presence of the semi­
quinone does not show up by any specific absorp­
tion.

(8) Mofaler, Forster and Schwarzenbach, Helv. Chim. Actaf 20, 
654 (1937).
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4000 5000 6000 7000
X.

Fig. 2.—A, the extinction of a solution of 
10 “5 molar leuco-phenol blue in 5 X 10 ~~3 
molar hydrochloric acid of which 16% has 
been oxidized; B, the extinction due to the 
form HT; C, the extinction due to the form 
H2S (the free radical).

I t is somewhat surprising that the oxydimethyl- 
aminodiphenyl nitrogen, the radical derived from 
phenol blue, has a completely different color from 
bis - (dimethylaminophenyl - ) - nitrogen derived 
from Bindschedler’s green, which has been pre­
pared by Wieland5 and which is yellow. Since 
the absorption bands of Bindschedler’s green are 
shifted toward the red in comparison with phenol 
blue, we think it likely that this will be the case 
also in the two corresponding radicals and we pre­
dict for the yellow radical of Wieland another ab­
sorption band in the infrared region.

4. The Acid-Base Constants of Reduced 
Phenol Blue.—The curve of Em as a function 
of pH which is shown in Figs. 4 and 5, shows 
different points where it changes its direction owing 
to the dissociation of the reduced and oxidized 
forms. To confirm the exact positions of these 
bends, the direct determination of the acidity con­
stants of the reduced forms also was desirable. In 
the case of Bindschedler’s green this was not pos­
sible because the reduced form is very sparingly sol­
uble, but it could be accomplished easily in the 
case of leuco-phenol blue, which is a phenol and an 
aniline at the same time

HR~ «*-7 H2R H3R +
K x"  K r'"

K t,n was derived from an acid titration curve of 
the leuco-base which is shown in Fig. 3 and Kxn 
was computed from the shift of the potential of a

hydrogen electrode in a sodium hydroxide solution 
by addition of phenol blue. The results are

.K t "  — 10“5-99 K r"  =10“10-00

Both figures hold for 30° and an ionic strength of 
about 0.1.

Cc. 0 1 2 3 4 5
HC1

Fig. 3.—Titration of leuco-phenol 
blue with acid at the hydrogen elec­
trode.

B. The Interpretation of the Potential 
Measurements

1. The Mean Potentials Em as a Function 
of pH and the Dissociation Constants of T and
R.—The curve drawn through the experimental 
points in Fig. 4 for phenol blue shows a bend at pH
4.8 and 6.0 owing to the acid dissociations of T and 
R described above. At pH 10 there must be an­
other bend indicating K x"  and then the curve will 
have, in the more alkaline range, a slope of 30 mv. 
per pH unit and can be extrapolated safely. In the 
acid range, where experimental points no longer 
can be obtained, the extrapolation is not so safe. 
We will probably soon reach another constant of 
the T form, a proton being attached to the central 
nitrogen.

The curve of Bindschedler’s green represented 
in Fig. 5 has a slope of 30 mv. per pH unit in the 
alkaline solution. The reduced form contains, 
therefore, one proton more than the oxidized form 
in this pH range and must be represented by 
formula HR. The curve will extend with this 
slope far into the alkaline range, where the proton
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attached to the central nitrogen atom finally will 
be lost, the potential becoming independent of 
pH. At pH 6.4 and 5.1 the reduced form takes

formed here with salt formation of the weakly 
basic diphenylamino nitrogen. This constant 
lies so far in the acid range that a confirmation by 

means of an acidimetric titration is 
impossible.

2. The Index Potentials, E iy the 
Normal Potentials of the Lower 
and the Higher Step of Oxidation, 
E x and E 2} and the Semiquinone 
Formation Constant, k .—From the 
index potentials we can calculate9 
the semiquinone formation constant 
k and the maximum ratio of semi­
quinone to the total dye (s AO max. 
Table III contains these figures in 
solutions of different pH , as com­
puted from the curves Ex and E2 
which will be discussed later. Obvi­
ously both dyestuffs form free radi­
cals to a large extent. One of these 
radicals, the one derived from Bind- 

Fig. 4.—Phenol blue: the normal potentials Em for the system T, R; schedler’s green, is identical with the 
E2 for the system T, S; and Ei for the system S, R. Kt, Ks, and Kr X j- (dimetliylaminophenyl)-nitrogen

obtained by Wieland from the corre­
sponding hydrazine.5 Wieland states that this

- 0.2

denote the acidity constants of the T, S, and R forms.

up two more protons, obviously forming the ions
H2R and H3R. The constants K r" 
(HR)/(H2R)+ = 10~6'4 and K r'"  = 
(H+) X (H+) X (H2R+)/(H3R++) = 
10-5*1 are very reasonable for aromatic 
dimethylamino groups and also the 
ratio of K r" /K r" f, corresponding to 
1.3 pH units is compatible with the 
expected value as influence of the 
ionic charge of the first proton on the 
acidity constant of the second in this 
distance. In the case of leuco-phenol- 
indophenol about the same ratio be­
tween K /  and K /  has been observed, 
the constants being 10“9-4 and 10-10-6. 
Unfortunately the solubility of the 
base HR is so slight that no good 
acidimetric titration curves could be 
obtained in a titration experiment

= (H+) X radical is very sensitive toward water. We can

0.6

0.4

0.2

~  - C X ;

—

T ^ 2

-  1 Kr”
. 1 1 ..

1 t
h r  * s

L  J ...

t
l

t
kr"

1

I
*s’

1 1 1 1 Is

5

) 2 4 6 8 10 12
pH.

- . - , . , Fig. 5.—Bindschedler’s green: The normal potentials E m for the sys-with the hydrogen electrode to con- tems T> R. ^  for the system T> s> and El for the system s> R. ^
firm the constants above. x s and K r denote the acidity constants of T, S, and R.

At pH 3.4 the Em curve bends from 
the 90 mv. slope back to the 60 mv. slope owing 
to the dissociation constant of the T-form de­
scribed above.

At pH 1*5 there is once more a bend indicating 
a third constant of the reduced form. This is 
somewhat surprising. Only the ion H4R can be

confirm this result but Wieland's viewpoint should 
be corrected somewhat. The radical does not dis­
appear entirely in the presence of water. There is 
an equilibrium established according to 2S <2^

(9) The methods of calculation as developed previously will be 
summarized in Chem. Rev.t in press (1938).
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T a b l e  I I I

k — s2/rt, where by, r and t denote the activities of the S, R and T-forms. (s/a)max. = maximum ratio of 5 : a, that 
is to say the ratio 5:a in the half-reduced state.
pH. 1 2 3 4 5 6 7 8 9 10 11 12
Bindschedler’s k  0 .0087 0.030 0.040 0.023 0.100 0.146 0 .059 0 .059 0 .4 0  4 .00  36 1550

green 100 X (s /a )max. 4 .5  8 .0  9 .1  7 .0  13.7 16 .0  10 .8  10 .8  24 50 75 95
Phenol blue k 0.48  0 .48  0 .25  0.027 0.0041 0.0022 0 .0022 0.0047 0 .022  0 .1 8

100 X (s /a )max. 26 26 20 7 .6  3 .1  2 .2  2 .2  3 .3  6 .9  17 .5

R +  T, the constant of this equilibrium depend­
ing on pH. At pH 6 as much as 16% of the whole 
dyestuff is still present in the form of the radical.

It is worth while mentioning that this is the 
first case in which a radical of the semiquinone 
type is identical with a radical previously pre­
pared by the classical method, by spontaneous 
dissociation of its dimeric form in an organic sol­
vent.

If we compare the figures of Table III with the 
behavior of phenolindophenol we find at first sight 
a pronounced difference. As can be inferred 
from the data obtained by W. M. Clark,2 the 
latter compound does not form a radical between 
pH 5 and 13. We also have found in these pH 
ranges an index potential not differing from the 
theoretical minimum value 14.3. But there is an 
indication that in very strongly alkaline solutions 
the formation of an intermediate does occur. 
Satisfactory titration curves could not be ob­
tained owing to an instability of the system, but 
by reducing a very pure sample of phenolindo­
phenol in strong alkali (> 2 m sodium hydroxide) 
with glucose, a pink color can be observed easily 
just before the solution decolorizes on forming the 
fully reduced compound. On re-oxidation with 
air, the pink color appears again before the solu­
tion becomes blue. We do not believe that this 
phenomenon is due to a decomposition product, 
but to the formation of a radical as intermediate 
product. It is analogous in appearance and be­
havior to the intermediate form of the indigosul- 
fonate as described by Shaffer.10

We also have an indication that a semiquinone 
is formed in more acid solutions. Below pH 4 the 
dye is very unstable, the potentials always drift 
toward the positive side, probably because qui- 
none-imide is formed with a normal potential above 
phenolindophenol. This decomposition has the 
effect of compressing the titration curve (poten­
tial plotted against degree of reduction), causing 
the index potentials to appear lower than they 
would be without secondary decomposition oc-

(10) P. A. Shaffer, J . Biol. Chem., Proc. 105, lxxviii (1934); cj. 
also L. Michaelis, Chem. Rev., 16, 243 (1935), on p. 282.

curring. So at pH 3.7 a curve was obtained with 
an index potential of only 11.0, but at pH 4.6 an 
index potential of 14.7 and at pH 4.02 even one of
15.2 was observed. The corrected values, there­
fore, would be distinctly greater than 14.3 al­
though accurate figures cannot be given. This 
is a clear indication that a semiquinone is formed 
in these pH ranges.

We shall discuss the semiquinone formation in 
terms of the E± and E2 values which, in addition 
to Emf are plotted in Figs. 4 and 5. These po­
tentials are the normal potentials of the systems 
T, S and S, R and defined by the equations

E  -  E, +  ^  to (i/s> =  Ei +  ~  In (s/r)

where E  is the potential observed.
It is comparatively easy to give the correct E1 

and E2 curves although the index potentials may 
not be absolutely certain, for these curves can 
only have a slope of 0.06 or 0.12 v. per pH unit. 
This restriction makes it possible to compute a 
mean value of the measured index potentials at 
different pH. The slope of the curve informs us 
about the number of protons by which the semi­
quinone differs from the t or r forms. We are 
therefore definitely sure about the state of ioniza­
tion of the half reduced form. In the pH  range 
investigated, the semiquinone formation constant, 
k, is in the case of both dyestuffs, and of course 
also in the case of phenolindophenol, so small, that 
E2—E i becomes negative, the Ei curve being above 
the E2 curve. Here, a wide separation oi E2 and 
E1 is equivalent to a small k.

Figure 4 shows that between pH 7 and 10 the 
semiquinone of phenol blue has the form HS and 
that below pH 6.6 the form H2S exists. These 
two forms will have the structures given in the 
table of formulas because it is reasonable to as­
sume that the dissociation constant for an acidic 
group in the semiquinone lies between the corre­
sponding constants for the T and R forms.

The last value experimentally obtained for 
phenol blue on the alkaline side is that for pH 9. 
Nevertheless we know, as has been pointed out, 
the course of the Em curve beyond 10, because the
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dissociation constant H2R HR has been meas­
ured. At pH 10, where the parallel course of these 
three curves is broken by the constant just men­
tioned, the semiquinone has still the central proton 
to lose. The semiquinone formation constant in 
very alkaline solutions depends on the magnitude 
of this unknown constant HS —>■ S. I t is certain 
that this constant must be much greater than the 
corresponding one for the reduced form RH R, 
and reasonable to assume that it has to lie in the 
neighborhood of 10~10. As we will see, we have 
in the case of Bindschedler’s green a clear indica­
tion that this constant HS —*>■ S lies below pH 8. 
If we take account of all these arguments, we come 
to the extensions for the curves in the high pH 
ranges as indicated in Fig. 4, and reach the con­
clusion that in very strong alkaline solutions we 
must expect a very large semiquinone formation. 
The same holds true for the very acid range. At 
pH. 3, where the last experimental points could be 
obtained, we have as semiquinone the form H2S 
and a new constant will soon be due, addition of 
the proton taking place at the dimethylamino ni­
trogen. Such a constant makes the Ei and E2 
curves again bend toward the Em curve, produc­
ing an increase in the semiquinone formation.

The case of Bindschedler’s green is very similar, 
but the conclusions reached for the behavior in 
very alkaline solutions are more certain because 
the constant of the semiquinone RS —> S is indi­
cated clearly at pH 7.5. It is clearly seen that 
the semiquinone formation in very alkaline solu­
tions must be very large as indicated also in 
Table III.

The observations on all three dyestuffs, Bind­
schedler’s green, phenol blue and phenolindo­
phenol, indicate the following general behavior: 
strong semiquinone formation in alkaline and acid 
range and comparatively small semiquinone for­
mation in the middle pH range. In the case of 
phenol blue the acid range of large semiquinone 
formation is reached exceptionally early and al­
ready begins at pH 4.

The above statement for the very alkaline range 
is not astonishing. We know that the formation 
of R and T forms in non-aqueous solutions, from a 
free radical, is generally negligible and that we 
find only the equilibrium between the dimeric 
compound and the radical. Such solutions are 
similar to a solution of very high pH, because the 
R form has not the possibility of taking up a 
proton. The sensitivity of these equilibria to*

ward water now becomes quite clear. The addi­
tion of water, a proton donator, has an effect 
equivalent to that of a strong lowering in pH by 
converting the R form into HR

R +  H20  — RH +  OH'
2S +  H20  — ^  T  +  RH +  OH'

This is the main reason for the dismutation which 
has been found in many cases by addition of water 
to the radicals and has been especially described 
for the case of the radical derived from Bind­
schedler’s green by Wieland. If w:e dissolve 
small quantities of the semiquinone or its dimeric 
product in water, Bindschedler’s green is produced 
immediately and by the action of the OH ions, 
formed by the reaction just mentioned, hydrolyzed 
to phenol blue.

C. Discussion
The general treatment of oxidations and reduc­

tions of organic compounds has to take account 
of the following equilibria

£ £

R ^ ± S ^ ± T  (1)

The reaction D 2S has been the classical 
one to prepare radicals and has been investigated 
always in non-aqueous solutions. On the other 
hand, oxidations and reductions R T have 
been investigated extensively in aqueous solution 
by means of the poten tiometric method. The 
general belief was that the bivalent reversible oxi­
dation-reduction in organic compounds would 
occur in a single bivalent step. There was no 
reason to link the reversible oxidation with the 
problem of free organic radicals, until almost si­
multaneously Friedheim and Michaelis11 and 
Elema12 found that in some cases during such re­
ductions and oxidations free radicals are formed 
even in aqueous solutions. Later on, Michaelis 
and Fetcher13 also found the dimeric form of the 
radical to exist in the equilibrium. Thus the 
complete picture of the scheme (1) was revealed.

The semiquinones, however, still seemed to have 
little connection with the substances commonly 
known as free radicals. As pointed out by 
Michaelis, the semiquinones were in all cases com­
pounds which contained two equal atoms (other

(11) E. A. H. Friedheim and L. Michaelis, J. Biol. Chem., 61, 355 
(1931).

(12) B. Elema, Rec. trav, chim., 60, 907 (1931).
(13) L. Michaelis and E. S. Fetcher, T h is J o urn al , 69» 2400 

(1937).
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than carbon), symmetrically located in the mole­
cule, as in the case of Wurster’s blue

+

N(CH3)2
+

Thèse two atoms could be regarded as carriers of 
the odd electron, e, which was assumed to reso­
nate symmetrically between the two positions. 
The older free radicals, on the other hand, con­
tained one atom which might be considered as 
the carrier of the odd electron, so that it was rea­
sonable to speak of trivalent carbon, or divalent 
nitrogen or univalent oxygen. These latter radi­
cals were found to be very sensitive toward water.

The present paper has filled the gap between 
the two groups of radicals: radicals of the second 
type, with so called divalent nitrogen, have been 
found to exist in aqueous solution in equilibrium 
with the oxidized and reduced forms. These 
findings are quite in agreement with the theory 
of stability of the free radicals. As Hückel14 and 
Pauling15 have shown, all free radicals owe their 
existence to resonance energy. The odd electron 
and the w electrons of the aromatic nuclei cannot 
be placed in a definite position, rather their charge 
is on a time average distributed over a wide range 
of the molecule.16

The equilibria constants of the above scheme 
are of course dependent on pH. The equilibrium 
R T is expressed in the potential Em and the 
equilibria R S and S T in the potentials 
Ei and E%. To understand their magnitude, we 
must know something about the relative stability 
of the molecules involved in the equilibrium, this 
is to say, of all the molecules whose formulas are 
given in the table of formulas (Fig. 7) for the T-, 
R- and S-forms.

This stability cannot yet be calculated by quan­
tum mechanical methods. Even in simpler cases, 
where the molecules contain no other atoms than 
carbon and hydrogen, different approximation 
methods (Hückel and Pauling) yield widely differ 
ing results. We will try here to express the sta­
bility of a molecule in terms of the more qualita-

(14) E. Hückel, Z. P hysik, 83, 632 (1933); Trans. Faraday Soc., 
30, I, 41 (1934).

(15) L. Pauling and G. W. Wheland, J . Chem. Phys., 1, 362 
(1933).

(16) C. K. Ingold, Trans. Faraday Soc., 30, 52 (1934).

tive valence chemistry, starting from the con­
cept of an ideal state of a molecule exhibiting 
maximum stability. The instability of a mole­
cule is then measured in terms of the tendency of 
its atoms to reach this ideal state.

Fig. 6 —The mean normal potentials of 
Bindschedler’s green, phenol blue and 
phenolindophenol.

An atom in the ideal state would be surrounded 
by four electron pairs which are all equal and in­
distinguishable. For example, the C-atom in 
methane or the helium atom can be regarded as 
being in this ideal state. Any reactivity can be 
attributed to one of the two following reasons:

1. A deviation from the stable electron num­
ber 8, giving rise to a tendency for oxidation or 
reduction as for instance in the fluorine atom

This kind of instability will be called oxidation- 
reduction instability.

2. A deviation from the ideal state of equality 
of the four electron pairs, giving rise to acid-base 
reactions as in ammonia

H H +
I + H +  I

H—N------------- ^  H—N—H
I IH H

We will call this instability an acid-base insta­
bility.

Both tendencies must be regarded as equally 
important, because the free energies of acid-base 
reactions and oxidation-reduction reactions are 
of the same order of magnitude.
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Fig. 7.

If we regard the stability of all the ions and mole­
cules involved in the equilibrium R S T 
in all possible pH ranges, we arrive at the follow­
ing conclusions.

1. The Stability of the R-Forms.—The R- 
forms of our dyestuffs show primarily an acid- 
base instability, all atoms being surrounded by an 
electron octet. (In the formulas in the table of 
formulas (Fig. 7) 4 strokes belong to every atom.) 
The instability is manifested in the basic character 
of these molecules, the central N-atom and the 
auxochromic groups having unshared electron 
pairs. It is easily understood that the instability 
will be great in strongly alkaline solution, where 
even the central N atom has lost a proton and is 
strongly basic. In extremely acid solutions a 
maximum stability is reached. This means that 
all equilibria will be displaced in favor of the R 
form on decreasing the pH.

2. The Stability of the T-Forms.—The fact 
that the R-forms can be oxidized to the S- and T-

forms even in acid solutions, is due to the fact that 
the oxidized forms exhibit a new type of resonance, 
which is missing in the R forms. The nature of 
this resonance is different for the S and for the T 
forms. In the T forms we have resonance be­
tween the two moieties of the molecule, one of 
quinoid structure, the other of benzenoid struc­
ture. Their acid-base instability is much de­
creased in comparison with the R forms, but in­
stead an oxidation-reduction instability arises. 
In these substances the fourth electron pair of the 
central nitrogen is delivered by the auxochromic 
groups. The stability will therefore depend on 
the tendency of these groups to share their elec­
tron pairs with the neighboring carbon atom, in 
other words, to form a double bond with this car­
bon atom. This tendency is strongly related to 
the basicity of the auxochromic groups. The 
stability will be great if the auxochromic groups 
are strongly basic. We have, therefore, the maxi­
mum stability in solutions of a high pH . As we go
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to more acid solutions we block the unshared elec­
tron pairs of the auxochromic groups (T —> HT) 
and the central nitrogen is more and more deprived 
of its electrons, giving rise to an increased tend­
ency to take up an electron pair from outside. 
It has to be assumed that all symmetrical forms, 
in which the two auxochromic groups are equal, 
have a greater stability than the corresponding 
unsymmetrical forms. This is due to the larger 
resonance energy of the symmetrical forms.

The stabilities of the R and T-forms change, 
therefore, in just the opposite sense as we change 
the pa. In acid solutions R is especially stable 
and in alkaline solutions T is especially stable. 
This corresponds to the general fact that the nor­
mal potentials all become more negative as we 
raise the pa . A more positive potential means 
that T is more easily reduced to R and a more 
negative potential means that R is more easily 
oxidized to T.

In this respect a comparison of the Em values of 
phenolindophenol, phenol blue and Bindsched­
ler’s greed, as demonstrated in Fig. 6, is of inter­
est. Above p a  10, the three curves are parallel, 
the value for Bindschedler’s green being the most 
positive and the one for phenolindophenol the 
most negative. The same must hold true for 
still more alkaline solutions, where the potentials 
become independent of pa. The relative values 
of the three normal potentials can be understood 
easily, because the instability (basicity) of the 
three R forms will increase in the following se­
quence
Bindschedler’s green < Phenol blue < Phenolindophenol 
whereas the instability of the T forms will increase 
in just the opposite order, the more basic ionic 
oxygen group forming a more stable resonance 
system than the less basic amino group. This 
brings about the sequence in the normal poten­
tials of these three dyestuffs.

3. The Stability of the Radical S.—It is much 
more difficult to predict the stability of a radical 
even qualitatively. Quite generally it must be 
assumed that a valence-unsaturated compound 
is less stable than R or T. The S form arises 
from the reaction R +  T 2S only if R and T 
are relatively unstable; this means, in general, 
in very acid and in very alkaline solution. We 
have shown experimentally that this really is the 
case in our examples. However, although it is 
difficult to make any statement about the sta­
bility of a radical in a general way, there may ex­

ist one quite obvious electronic structure in a 
radical which greatly enhances its existence. 
We may say that the semiquinones, which are 
radicals stable to a well measurable extent even 
in an aqueous solution, show this type of electronic 
arrangement. This is a resonance phenomenon, 
which differs essentially from the resonance of the 
T form mentioned above. It is not concerned nec­
essarily with a resonance between two rings, but 
may be confined entirely within one single ring 
which contains two atoms of the same kind, either 
two N atoms, or two O atoms in symmetrical po­
sitions—that is to say, either in ortho or in para 
positions; either attached to, or within this ring. 
They are within the ring in phenazine, attached 
to the ring in Wurster’s dyes. Instead of one 
ring, it may be the double ring of the biphenyl 
type, as in benzidine and y^'-dipyridyl. The 
experience with the Wurster’s dyes shows that 
the atom groups attached to each of the two N 
atoms need not necessarily be alike. They are 
alike in Wurster’s blue, which has a very great 
stability. They are not alike in Wurster’s red, 
which still has a fair stability. Also the semi­
quinone of phenol blue may be considered as com­
parable to Wurster’s red, symmetrical with respect 
to the two N atoms at one ring, but not symmetri­
cal with respect to the groups attached to the two 
N atoms. Phenolindophenol does not show this 
type of symmetry at all, but Bindschedler’s green 
does.

This type of resonance furthermore is greatly 
influenced by p a , as was formerly explained on 
several occasions, e. g., for the semiquinone of 
phenanthrenequinone,13 and for the purple radi­
cal prepared by partial reduction of benzil.1?

So, in alkaline solution (I), there is resonance with 
respect to the negative charge which may be at 
the one or the other O atom. But in acid solu­
tion (II), the attachment of the proton fixes the 
electron in one of the two possible positions thus 
decreasing the resonance and so the stability.

(17) L. Michaelis and E. S. Fetcher, T h is  Jo urn al , 59, 1246 
(1937).
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These considerations convey, at least qualita­
tively, an understanding about the stability of the 
radicals as depending on the constitution of the 
particular dye and on pH. We may emphasize 
once more, at this occasion, that practically none 
of the organic radicals that had been known prior 
to the discovery of the semiquinones, exhibit that 
particular type of strongly symmetrical resonance 
structure which has just been described as char­
acteristic of the semiquinones. Correspondingly, 
those older radicals are usually not stable enough 
to be capable of any appreciable existence in the 
presence of water, in contrast to the semiquinone 
radicals.

Summary
Potentiometric oxidative and reductive titra­

tions of Bindschedler’s green and phenol blue at 
various >̂H’s have been carried out. The slope 
of the titration curves indicates that an interme­
diate semiquinone radical is formed. The ioni­

zation constants for the reduced, half-oxidized, 
and oxidized forms of these dyes as well as the 
semiquinone formation constant have been de­
termined. The latter depends on pH.

The ionization constants have been checked by 
spectrophotometric measurements. The absorp­
tion bands of all the three forms of each of these 
two dyestuffs are shown.

The discussion correlates the stability of the 
three forms, and especially that of the free radi­
cal, with general ideas about molecular stability 
derived from the electronic theory of the chemical 
bond and the principle of resonance. The type of 
resonance stabilizing the free radical is very dif­
ferent from the type of resonance stabilizing the 
oxidized form of the dye itself. The relative sta­
bility of the three forms of a dyestuff (oxidized, 
half-reduced radical, and reduced) is accounted 
for, qualitatively at least. The results are sum­
marized in Figs. 4, 5, 6.
N e w  Y o r k , N. Y. R e c e iv e d  A p r il  22, 1938

[C o n t r ib u t io n  f r o m  t h e  L a b o r a t o r ie s  o f  T h e  R o c k e f e l l e r  I n s t it u t e  f o r  M e d ic a l  R e s e a r c h  a n d  t h e  P h y s ic s
D e p a r t m e n t  o f  C o l u m b ia  U n i v e r s it y ]

Potentiometric and Magnetometric Study of the Duroquinone System
By L. M ichaelis, M. P. Schubert, R. K. Reber,1 J. A. Kuck1 and S. Granick

Among the numerous reversible bivalent two- 
step oxidation-reduction systems studied so far 
only a few cases of simple quinones have been 
subjected to an experimental study. They are 
concerned with orthoquinones. This paper adds 
an example of a paraquinone. A suitable rep­
resentative avoiding the difficulties due to the 
instability of most quinones in alkaline solution, 
is duroquinone (tetramethylbenzoquinone). Al­
though there is a limit to the stability of duro­
quinone also, no observable irreversible altera­
tion by alkali occurs at all, during the period of 
time necessary for the experiments, at the tem­
perature, 30°, even at the highest pH that rea­
sonably may be used for experiments of this type. 
Because of its slight solubility, the experiments 
were performed with buffer solution containing 
20 volume per cent, of pyridine, which, though 
reacting chemically with other quinones, serves 
only as a solvent for duroquinone. The process 
of reduction was studied both by the potentio­
metric and the magnetometric methods. Both

(1) Members of the staff of the College of the City of New York.

methods agree in the final result. In sufficiently 
alkaline solution a free semiquinone radical of 
brown color is formed as intermediate step of the 
reversible reduction. This radical is strongly 
paramagnetic. In contrast to the semiquinone of 
phenanthrenequinonesulfonate, which is a repre­
sentative of the orthoquinones, the semiquinone 
of duroquinone has no measurable tendency to 
form a valence-saturated, dimeric form in the 
dissolved state.

1. Potentiometric Experiments
Reductive titration with leuco-rosinduline G G 

was used. In sufficiently alkaline solutions, pH 
>9, the potentials are instantaneously and re- 
producibly established at concentrations down 
to 6 X 10~5 molarity. At lower pH values, the 
establishment of the potentials in low concentra­
tions, about 10 ~4 m, is relatively sluggish, though 
eventually leading to definite and reproducible 
values. For this reason titration curves for duro­
quinone at pH < 9 are somewhat less accurate 
than those at pH > 9. This uncertainty has no
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T a b l e  I
\ Molar 
concn., 

of duro­
quinone 

X t 104 pn 100 cc. of the buffer contains 
20 cc. of pyridine, and

Mean normal 
potential,

-Em, V.

Vk
Index potential Ei (k *= 

Left: right semiquinone 
of the titration formation 

curve, mv. Average constant)
Et -  Eu 

mv.
2.4 7.40 47 cc. 0.067 M  KH2P 04 + 23 cc.

0.067 M  Na2H P 04 -0 .226 13 14 0 —  CO

2.4 7.56 40 cc. 0.067 M  KH2P 04 + 40 cc.
0.067 M  Na2H P 04 -  .2285 13 15 0 — OO

2.4 8.71 2.00 g. sodium veronal + 2.5 cc. 1
M  HC1 -  .299 15 14 ^  0 — OO

2.4 11.50 70 cc. 0.067 M  Na2H P04 + 2.2 cc.
of 1.086 N  NaOH -  .4645 15.7 15.8 15.75 0.19 —87

2.4 11.76 70 cc. 0.067 M  Na2H P04 + 3.2 cc.
of 1.086 N  NaOH -  .4805 17.5 18.0 17.75 0.45 -4 2

2.4 12.26 1.6 cc. 1.086 N  NaOH 
0.74 g. KC1

-  .504 20 21 20.5 0.84 -  9.1

2.4 12.74 5 cc. 1.086 N  NaOH 
0.74 g. KC1

-  .524 26 26 26.0 1.62 +25.1

2.4 12.92 7.5 cc. 1.086 N  NaOH 
0.74 g. KC1

-  .530 29.5 29.5 29.5 2.15 + 39.9

4.9 13.01 10 cc. 1.086 N  NaOH 
0.74 g. KC1

-  .533 31 32 31.5 2.46 + 46.9

1.2 13.00 Same -  .532 29.5 30.5 30.0 2.21 +41.3
0.6 12.96 Same -  .532 32 32 32 2.54 + 48 .6
2.4 13.01 Same -  .532 33 32 32.5 2.62 + 50 .2
2.4 13.28 20 cc. 1.086 N  NaOH .538 36 36 36 3.23 + 60 .0

0.74 g. KC1
2.4 13.51 40 cc. 1.086 N  NaOPI -  .548 39 39 39 3.79 + 69 .4

0.74 g. KC1

noticeable bearing on the values of Emi the mean 
normal potential, but it affects somewhat the 
values for Ex and E%, the normal potentials of the 
lower and the higher steps of oxidation, since at 
pH < 9 the index potential E-t is very close to its 
minimum value 14.3 mv., and under these cir­
cumstances a small error in involves a distinct 
error in Ex and £ 2. It will be seen, however, that 
no uncertainty in the construction of the curve 
(Fig. 1) ensues herefrom, except for the fact that 
the ionization constant of the radical cannot be 
determined with accuracy. All that we can say 
is that it is greater than 10~n. Probably it is 
very much greater than 10 “n , by analogy with 
the semiquinone of phenanthrenequinonesul- 
fonate.2 The titration experiments are sum­
marized in Table I, and the normal potentials, 
plotted against pH according to calculations from 
these experiments, are shown in Fig. 1. The bend 
correlated to the acid dissociation of the radical has 
been located tentatively at pH 1 1 ; it may be in 
reality at a much smaller pH  value. In any case, 
it can be seen that the radical is practically in­
capable of existence in neutral or acid solution.

The initial concentration of duroquinone has
(2) L. Michaelis and M. P. Schubert, J . Biol. Chem., 119, 133 

(1937).

been varied in these experiments in the ratio 1:16 
without producing any variation in the shape of 
the titration curve at any given pH, in contrast 
to the case of phenanthrenequinonesulfonate.3 
This clearly indicates that there is no measurable 
tendency to dimerization of the radical. This 
result is confirmed by the magnetic method up to 
much higher concentrations.

One striking difference of this paraquinone 
from the two orthoquinones previously investi­
gated is this. An 0-quinone shows an acidic 
ionization, at pH around 9, due to the addition 
of an 0H~ ion in alkaline solution. A p-quinone 
does not show this type of ionization, obviously 
because the acidifying influence of one CO group 
upon another is distinct only if the two CO groups 
are in close proximity. In any case, within the 
pH range experimentally available no ionization 
is noticeable. A consequence of this fact is that 
the Ei and the E2 curves do not run parallel in 
strongly alkaline solution, and hence the maxi­
mum ratio of semiquinone to total dye {s/a)max> 
continuously increases with increasing pH, whereas 
in the two orthoquinones investigated2,4 it reaches 
a maximum value constant for any pH > 11.5.

(3) L. Michaelis and E. S. Fetcher, T h is J o urn al , 59, 2460 
(1937).

(4) L. Michaelis, ibid., 58, 873 (1936).
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Magnetometric Measurements 
The method used was what may be called the 

slow-reduction method as described in a previous 
paper5 with the magnetic balance of Wills and 
Boeker, modified by Woodbridge.6 The change of 
magnetic susceptibility of the solution was meas­
ured during the period of reduction. The dura­
tion of this reductive period depends on pH and 
on the concentrations. The concentration of glu­
cose was usually adjusted so as to stretch the time 
of reaction approximately over one hour.

In order to compare these measurements with 
those obtained potentiometrically one has to know 
the pH of the solution. In general, the pH will 
not be constant during the reduction. First, 
from the non-acid duroquinone the acidic semi­
quinone and the acidic hydro quinone are formed 
gradually. Since in these experiments the con­
centration of the quinone has to be taken much 
higher than in the potentiometric experiments, 
this fact has to be taken into consideration.

(5) L. Michaelis, G. F. Boeker and R. K. Reber, T h is Jo urn al , 
60, 202 (1938); L. Michaelis, R. K, Reber and J. A. Kuck, ibid., 
60, 214 (1938).

(6) A. P. Wills and G. F. Boeker, Phys. Rev., 42, 687 (1932); 
D. B. Woodbridge, ibid., 48, 672 (1935).

Second, as the sugar acts as a reductant it is 
oxidized to various acids. So a sufficient excess of 
sodium hydroxide has to be added in order to 
minimize the effect of these acidic molecular 
species on the pH during the reduction. The 
following experiments will show that the experi­
mental conditions chosen were such as to render 
any change of pH during the reduction negligible. 
All of these experiments were carried out by meas­
uring the potential of the platinum electrode 
after adding some drops of 1 % colloidal palladium, 

and while bubbling with hydrogen 
until the reduction was complete 
and the hydrogen potential was con­
stant. (1 ) A solution just as used 
for the magnetic experiments no. 12 
to 15, containing sodium hydroxide 
and pyridine, but without duro­
quinone and without glucose, showed 
pH 13.05. (2) The same solution,
containing glucose, showed pH 13.01.
(3) After adding in addition the 
duroquinone and rapidly reducing it 
by PdH2 in the electrode vessel to 
the hydroquinone, pH was 12.99.
(4) The same solution, containing 
glucose and the duroquinone as in
(3) was allowed to stand at 30° in a 
closed bottle until the reduction by 
glucose was complete. Then the 
solution was poured into the elec­
trode vessel, and after addition of 
colloidal palladium the potential in 
hydrogen was measured. This 
showed pH 13.00.

These experiments show that 
addition of glucose slightly shifted 
the pH of the sodium hydroxide 

solution, as may be expected, but that the effect 
on pH of any chemical reaction during the reduc­
tion is within the limits of error in the measure­
ment of pH in such strongly alkaline solutions.

So we may put for experiments 1 2 , 13, 14, 
and 15, pH — 13,00. For this pH we derive 
from the curve Fig. 1, E2~ E i = 40 mv. Hence 
the semiquinone formation constant k = 4.64; 
and (6'/a)max = 0.517 =*= 0.01. The limits of 
error are based on the assumption that the limit 
of error in the index potential, E ly from which 
E2 — Ei has to be calculated, is =*=0.5 mv. The 
magnetic measurement yields (s/fiOmax. = 0.519 
as average for the four parallel experiments, 12

Tig. 1.—The mean normal potential, Em; the normal potential of the 
lower step of oxidation, Ei, and the normal potential of the higher step of 
oxidation, E2, of duroquinone plotted against pH. The left-hand curve is 
an extension of the main curve. The point designated O- corresponds to 
three separate experiments with coinciding results.
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0 15 30 45 60 75
Time, min.

Fig. 2.—Magnetic susceptibility of duroquinone plotted against time, for 
three of the experiments tabulated in Table II. The time-independent 
diamagnetic susceptibility after the completion of the reduction is taken as 
zero point.

to 15. The agreement is satisfac­
tory. The calculation of (Va)max> 
is based on the difference in the 
value of susceptibility of its maxi­
mum point in the half reduced state, 
and the final, time-independent 
value after the completion of the re­
duction, and on the principle set 
forth in the previous paper5 by as­
suming that the contribution of one 
mole of the free radical to the total 
susceptibility, in the direction of 
paramagnetism, amounts to 2.94/T 
units, where T  is the absolute tem­
perature. According to Van Vleck,
‘‘all odd polyatomic molecules 
should presumably conform to this 
formula.”7 Certainly this radical 
does.

It should be ascertained also that 
the oxidation of glucose itself does 
not entail any measurable change 
in magnetic susceptibility. This was proved in 
the following experiment.

Expt. °C. P G S a K  X 10* 5 & /örrxax.
1 20 3 61.1 0.52 0.0142 0.00945 0.00750 0.528
2 20 3 419 .52 .0143 .00417 .00331 .226“
3 20 3 243 1.00 .0147 .01020 .00810 .550
4 30 3 53.4 1.00 .01337 .00915 .00745 .557
5 30 3 52.4 2 .00 .0139 .01045 .00850 .612
6 30 3 300 2 .00 .01427 .01095 .00893 .625
7 30 3 302.2 2 .00 .01427 .01108 .00902 .632
8 30 3 90.2 0 .60 .01445 .00788 .00642 .444
9 30 2 80.4 .61 .01431 .00850 .00692 .482

10 30 2 78 .6 .60 .01440 .00810 .00659 .457
11 30 *2 72 .8 .60 .01430 .00831 .00677 .473
12 30 2 39.2 .60 .00712 .00430 .00351 .493
13 30 2 39.2 .60 .00754 .00491 .00400 .531
14 30 2 39.2 .60 .00717 .00461 .00375 .523
15 30 2 39.2 .60 .00703 .00457 .00373 .530
16 30 2 20 .0 .60 .00355 .00217 .00177 .500
17 30 2 20.1 .60 .00353 .00228 .00186 .527
18 30 2 24 .0 .60 .00356 .00238 .00194 .540

P = ml. of pyridine in 10 ml. of solution.
G = mg. of glucose in 10 ml. of solution.
S = ml. of 2.00 N  NaOH in 10 ml. of solution. 
s — calculated molar concentration of the semiquinone 

radical.
a = molar concentration of duroquinone added.
K — difference between the susceptibility at the maxi­

mum point and the time independent value at the 
end of the reaction.

" The exceptionally low value of (s/a) max. in experiment 
no. 2 is due to the fact that the amount of glucose in com­
parison with that of sodium hydroxide is so high that pH 
is considerably lower than in experiment no. 1.

(7) J. H. Van Vleck, “ Electric and Magnetic Susceptibilities,” 
Oxford University Press, 1932, p. 274.

A fresh solution just as in the magnetic experi­
ment, but without duroquinone, was measured 
in the magnetic balance. Another portion of 
this solution was bubbled for five hours with 
air under conditions such as to avoid any evapora­
tion and to keep the volume unchanged, and 
was then put in the magnetic balance. The 
oxidation of the sugar had not been allowed to 
proceed too far in order to ensure the absence 
of dissolved oxygen during the magnetic observa­
tion. The result was that the diamagnetic sus­
ceptibility was the same as without previous oxi­
dation, within the limits of error (=±= 0.0002 X 
10~6 unit).

Discussion of the Problem of Dimerization
With regard to the formation of either a para­

magnetic free semiquinone radical or a dimeric, 
valence-saturated, non-paramagnetic molecular 
species on the oxidation level of a quinhydrone, 
the following statements may serve as actual ma­
terial for the discussion.

(1) For the benzoquinone system, no state­
ment can be made for alkaline solution because of 
the instability of benzoquinone in alkali. In acid 
solution, on mixing benzoquinone and hydro- 
quinone, the solid crystals of quinhydrone are 
precipitated, and the remaining mother liquor 
contains practically nothing but a mixture of 
quinone and hydroquinone. The crystals of
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quinhydrone are diamagnetic8 and so are repre­
sentatives of a dimeric form, which may be con­
sidered as a compound of quinone and hydroqui- 
none with the same justification as a dimerized 
radical.

(2) For duroquinone in alkaline solution the 
free paramagnetic semiquinone radical is the only 
form in which the quinhydrone arises. In acid 
solution, no quinhydrone can be detected at all 
on mixing duroquinone and durohydroquinone in 
solution. It is extremely difficult also to obtain 
a solid quinhydrone. When a mixture of duro­
quinone and durohydroquinone, say in metha­
nol, is evaporated even to dryness, no quinhy­
drone is formed. On heating the dry residue to 
about 200°, a dark brown mass is formed which 
on cooling again becomes yellow. If it is cooled 
very rapidly, dark brown crystalline specks may 
survive, which disappear either spontaneously 
or on gently warming. If the hot brown mass is 
cooled down sufficiently slowly, all the brown color 
may disappear. It is formed over again on 
heating strongly. Obviously the formation of 
duroquinhydrone is a strongly endothermic reac­
tion. The substance is not capable of existence at 
room temperature except in a metastable or tran­
sient state.

(3) Phenanthrenequinone-3-sulfonate, an or- 
thoquinone, forms a paramagnetic radical in al­
kaline solution, which, when present in not too 
low a concentration, is in equilibrium with its 
non-paramagnetic dimeric compound. In acid 
solution, the free radical cannot be detected in 
any safely measurable concentration at all, 
whereas the dimeric compound is easily formed to 
a great extent in solutions of sufficiently high con­
centration of the parent substances.

These facts may be interpreted as follows:
Let (I) be the symbol for any quinone. Then

(II) is the semiquinone radical in a sufficiently 
alkaline solution, and (III) the same in a suffi­
ciently acid solution. In (II) there is a strong 
symmetrical resonance, one electron oscillating 
from the one O atom to the other. This is not the 
case in (III) where the fixed proton fixes the elec­
tron, too. So (II) should be more stable than
(III) . This greater stability may find its ex­
pression in two ways: (a) the tendency of dis­

cs) Some tim e ago Dr. C. D. Coryell in Professor L. Pauling’s
laboratory, at our request, measured the susceptibility of crystalline 
benzoquinhydrone and found it to be diamagnetic, in confirmation 
of unpublished experiments of several physicists about which we 
had personal information.

CO /CO“ /COH

CO 'CO ' c o
(I) (II) (III)

mutation is smaller in (II) than in (III). This 
accounts for the fact that the semiquinone radical 
is more stable in alkaline than in acid solution, 
indicated by the fact that the semiquinone for­
mation constant increases with increasing pH for 
all quinones that have been amenable to measure­
ment yet. (b) The tendency toward dimeriza­
tion is smaller in (II) than in (III). This ex­
plains why the dimerization constant should be 
greater in acid than in alkaline solution.2

As regards the structure of the dimeric com­
pound, one suggestion is the peroxide structure
(IV).

COH HOC\
) (IV)

C—O—O—C '
The peroxide of Goldschmidt and Steigerwald9 
derived from chlorophenanthrol is colorless; 
the color appears only when the radical is formed 
by dissociation of the peroxide. So, one has to 
resort to the meriquinone structure proposed long 
ago by Willstatter and Piccard.10 Expressing 
their idea in modern terms, one may assume two 
hydrogen bonds as in (V) for the dimeric form in 
the solid state. This hydrogen bond involves a

/CO—H—OCx
( ) <V>V co—H—OC/

resonance between two fictitious structures, in 
which alternately the one and the other half of 
the molecule is in the quinoid or in the benzenoid 
state, in the same way as is the case for any 
quinoid dyestuff, say of the indophenol type. 
This accounts for the deep color much more 
plausibly than does a peroxide structure.

The same structure will hold for the soluble 
dimeric quinhydrone of phenanthrenequinonesul- 
fonate, which represents the quinhydrone prac­
tically as it exists in acid solution, and as it exists 
in equilibrium with the free radical in alkaline 
solution. This dimeric molecule (V) is such a 
weak acid that it can exist, to a certain extent, 
even in rather strongly alkaline solution, provided 
it can exist in an acid solution.

So we have to discuss on what the existence of 
this dimeric form depends. The answer is that 
there must be no steric hindrance for a sufficiently 
close approach of each pair of atoms which are to 
be bridged by the hydrogen bond. If the quinone

(9) St. Goldschmidt and Ch. Steigerwald, A nn ., 438, 202 (1924).
(10) R. W illstatter and J. Piccard, Ber., 41, 1458 (1908).
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is an orthoquinone, there is no steric restriction on 
forming these bonds. In a paraquinone, however, 
the two bonds can be formed only by putting the 
planes of the two six-carbon rings flatly one upon 
the other. This will be easily possible in benzo­
quinone, but in duroquinone the voluminous side 
chains prevent a sufficiently close approach. It 
may be briefly and preliminarily mentioned that 
the ease with which a solid quinhydrone is formed 
by mixing a quinone with the corresponding hy- 
droquinone, decreases with the number of CH3 
groups which substitute the H atoms. In the 
tetramethyl compound, duroquinone, no quinhy­
drone is formed at all at room temperature.

The authors are deeply indebted to Columbia 
University for the use of their facilities.

Summary
Duroquinone in a strongly alkaline solution

forms a free paramagnetic semiquinone radical of 
brown color as intermediate step of the reduction. 
There is no dimeric form of this radical; in other 
words, no compound corresponding to the ordi­
nary crystalline benzoquinhydrone, which is a 
dimeric diamagnetic molecule, is formed from 
duroquinone and durohydroquinone either from 
alkaline or acid solutions. Solid benzoquinhy­
drone is a compound formed from quinone and 
hydroquinone by two hydrogen bonds. These 
bonds cannot be formed in duroquinone due to 
steric hindrance.

The maximum percentage of the duro-semi- 
quinone radical in equilibrium with its parent 
substances continuously increases with increasing 
pH. At pH 13 this maximum is about 50%, a 
result which is the same whether derived from 
potentiometric or magnetic observations.
N e w  Y o r k , N. Y. R e c e iv e d  M a y  2, 1938

[C o n t r ib u t io n  f r o m  t h e  M a l l in c k r o d t  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Influence of Surface Tension on the Measurement of Viscosity 
The Viscosity of Methanol

By Grinnell Jones and Holmes J. Fornwalt

Introduction
In recent years many measurements of viscosity 

of solutions of salts in water and in methanol have 
been carried out in this Laboratory by an im­
proved technique.1 The various sources of ex­
perimental error in determining the measurement 
of the viscosity of dilute solutions have been 
studied and discussed in an earlier paper. When 
measurements were extended to concentrated 
solutions and especially when the viscosity of 
methanol was compared with that of water it 
became apparent that the possibility of two 
additional sources of error which are negligible 
for relative measurements of dilute solutions 
should be considered, namely, errors due to un­
equal drainage and errors due to surface tension. 
The drainage error has recently been studied by 
Jones and Stauffer2 with results which show that 
this source of error may be disregarded safely in 
measurements on methanol.

(1) Grinnell Jones and co-workers, T h is  Journal , 51, 2950
(1929); 55, 624, 4124 (1933); 57, 2041 (1935); 58, 619, 2558
(1936) ; 59, 484 (1937); Physics, 4, 215 (1933).

(2) Grinnell Jones and R, E. Stauffer, T h is  J o urnal , 59, 1630
(1937) .

Surface tension can influence the measurement 
of viscosity by the Ostwald viscometer because 
the effective hydrostatic head which drives the 
liquid through the capillary is not solely de­
termined by the dimensions and mounting of the 
instrument and the volume of liquid contained 
therein but is influenced by the capillary rise of 
the liquid in the two arms of the viscometer. 
Since this capillary rise is a function of the surface 
tension divided by the density, it will be different 
for the solutions and for the pure solvent.3

In this paper is given a mathematical analysis 
of the problem that has led to the development of 
a method of estimating the magnitude of the cor­
rection which should be applied to the results ob­
tained with the Ostwald viscometer. This an­
alysis guided the design of another instrument in 
which the error due to surface tension was mini­
mized as much as other considerations of design 
permitted. The viscosity of methanol was then 
measured with reference to water in both the old 
and new instruments. The results are compared

(3) M. P. Applebey [ / .  Chem. Soc., 97, 2013 (1910)] has applied 
a correction for the effect of surface tension by a method which is a 
rough approximation,



1684 Grinnell J ones and Holmes J. P orn walt Vol. 60

before and after applying the computed cor­
rections for surface tension.

Experimental
The source of the methanol was the same as that previ­

ously described4 and the treatment similar except that it 
was more thorough. Lund and Bjerrum’s method5 of 
dehydration by distillation from magnesium methylate 
was carried out twice on each batch and in some cases 
there was an additional treatment with metallic sodium. 
The methanol was distilled through a good fractionating 
column 75 cm. long. The maximum range in the boiling 
point of the portions collected and used was only 0.04°. 
The four different batches which were used for the vis­
cosity measurements gave the following densities, respec­
tively: d2h, 0.786527, 0.786523, 0.786527, 0.786525. 
These results are slightly lower and more consistent than 
had been obtained with many batches which had been 
given a single treatment with magnesium methylate. The 
average density of these earlier batches was 0.786545. A 
comparison with the best results which have been found 
in the literature is given in Table I.

Table I
D ensity of Methanol at 25°

E. C. McKelvy and D. H. Simpson, This Jour- 0.78658
n a l , 44,110 (1922)

F. K. Ewart and H. R. Raikes, J. Chem. Soc., . 78641
1907 (1926)

H. Lund and J. Bjerrum, Ber., 64B, 213 (1931) . 78651
J. A. V. Butler, D. W. Thompson and W. H. .78643 

Maclennan, J. Chem. Soc., 675 (1933)
R. E. Cornish, R. C. Archibald, E. A. Murphy .78656 

and H. M. Evans, Ind. Eng. Chem., 26, 399 
(1934)

Grinnell Jones and H. J. Fornwalt, this paper .786525

The freezing point of this methanol was determined by Mr. 
Edwin E. Roper in this Laboratory by the use of a platinum 
resistance thermometer to be —97.68 =*= 0.02° (see the suc­
ceeding paper).

The first viscometer (designated herein as instrument T) 
was originally built for and used by S. K. Talley. The 
quartz-blower was instructed to make the surfaces con­
necting the constrictions and the cylindrical part of the 
upper bulb as nearly conical with a 60 ° angle as possible. 
Except for some necessary rounding at the line of contact 
with the cylinders above and below, he accomplished this 
objective approximately. In the calculations given be­
low, the conical form is assumed. The values used for the 
angles are based on measurements made on the finished 
instrument. The lower reservoir was a vertical cylinder of 
much larger radius than the upper bulb. This larger 
radius was chosen in order to minimize the error due to 
variations in the working volume.

In the new instrument (designated here as F) there 
were three changes in design for the purpose of minimizing 
the surface tension correction: (1) the lower reservoir was 
made a cylinder of the same radius as the cylindrical part of

(4) Grinnell Jones and H . J. Fornwalt, T h is  Jo urn al , 57, 2041 
(1935).

(5) H. Lund and J. Bjerrum, B e r ., 64B , 210 (1931).

the upper bulb; (2) the hydrostatic head was increased; 
(3) the quartz blower was instructed to make the upper 
dome and lower bowl as nearly hemispherical as he could. 
I t is easier to meet this specification than to make the sur­
faces conical. The essential dimensions in centimeters 
which were used in the calculations are given below. The 
significance of the symbols will be understood by reference 
to Fig. 1.

T a b l e  II
D im e n s io n s  o f  t h e  V is c o m e t e r s  in  C e n t im e t e r s

w r R J a b c e ƒ
0.05 0 .90 3 .5 8 2 4 .3 2 3 .8 22 .3 18.5 17. 5 16 .5

.05 .848 0.848 2 8 .5 27.43 26.59 21.95 21. 1 20 .7

Upper dome, tan d = - -0.567; e = —29 °30':: lower
bowl, tan \p = +0,85; t  = + 4 9 038'.

F: Radius of hemisphere, r — 0.848.

The first erratic results for the relative vis­
cosity of methanol obtained with the new instru­
ment were traced to the fact that variations in 
working volume have a greater effect on the hydro­
static head and, therefore, on the time of flow 
in the new instrument owing to the narrow lower 
reservoir. It was found by suitable independent 
experiments that in the old T viscometer a 
variation of 0.01 ml. in the working volume of 
methanol will cause an error of 0.007 second in 
the total time of 417 seconds; in the new F 
viscometer a variation of 0.01 ml. causes an error 
of 0.191 second in 682 seconds. The usual prac­
tice of delivering the working volume from a spec­
ial pipet and determining the weight delivered 
by the loss of weight of the pipet is adequate 
when using water even with the F viscometer. 
However, due to the greater volatility of methanol 
the results with the old technique were erratic. 
A technique of transferring by distillation in a 
vacuum was developed. The methanol was 
placed in a suitable flask provided with a stop­
cock and a ground joint beyond the stopcock, and 
weighed. The flask and the viscometer were then 
connected by means of their ground joints to 
the same wide tube, which was also connected to 
a vapor trap and a stopcock leading to a good 
mechanical vacuum pump. The ground joints 
were not greased but were made vacuum tight by 
an external mercury seal. The vapor trap was 
chilled with a mixture of solid carbon dioxide and 
ether, and then the entire system was evacuated 
through the trap without losing any methanol. 
After a good vacuum had been established the 
stopcock to the pump was closed, the viscometer 
chilled by solid carbon dioxide and ether, and the 
weighing flask and trap warmed gently, thus 
distilling the methanol completely into the vis-
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cometer. The empty flask was then weighed, 
which gave the amount of methanol transferred 
to the viscometer; This method of transfer by 
distillation in a vacuum gave more consistent re­
sults with methanol and was used in all of the 
experiments recorded in Table III. With water 
there was no significant difference between the 
results obtained by the old and new methods of 
transfer to the viscometer.

T a b l e  III
V is c o s it y  o f  M e t h a n o l  R e l a t iv e  to  t h a t  o f  W a t e r  

a t  25 ° U n c o r r e c t e d  f o r  S u r f a c e  T e n s io n  E f f e c t s

Batch d* h
Relative Viscosity 

T F

35 0.786527 0.60554 0.60831

m .786523
.60539
.60571 .60798

37 .786527
.60567
.60562

.60849

.60877

38 .786525
.60584
.60576 .60794

Average 0.786525
.60582

0.60567 0.60830
Probable error of mean *  .00004 .00010
Ratio F /T  = 1.0043

This table shows that the two instruments give 
results which differ in the ratio of 1.0043. This 
difference is substantially greater than the “prob­
able error” of the mean for each instrument, which 
proves that there is a systematic error in the 
results obtained with one or both instruments.

The next step is to attempt to compute the 
correction which must be applied for the error 
due to surface tension in order to determine 
whether or not it is large enough to account for 
the systematic difference.

Computation of the Error in Viscosity Meas­
urements with the Ostwald Viscometer Due to 
Surface Tension.—The effective hydrostatic 
head in the Ostwald viscometer will be the 
geometric head minus the capillary rise in the 
upper bulb plus the capillary rise in the lower 
bulb. The capillary rise will depend on the liquid 
used, and will also depend on the shape of the 
upper and lower bulbs. The effective hydrostatic 
head will vary continuously during the flow. It 
will, therefore, be necessary to derive a differen­
tial equation for the time of flow and integrate 
it over the total volume.

Poiseuille’s law of flow may be put in the form 
^  _  8lvdV  A nd V  BdV

Tts^gpH p H  H  W

where s is the radius and l the length of the capil­
lary, g the acceleration of gravity, rj the viscosity,

p the density, and H  the effective hydrostatic 
head (geometric head minus the capillary rise) 
and ÓV is the differential volume which flows 
in the time df; and for the sake of abbreviation 
we write A = Sl/irs^g; and B — A tj/ p, A will 
have a definite numerical value for any given in­
strument. B  will depend both on the instrument 
and on the viscosity and density of the liquid used, 
but will be independent of the surface tension. 
H  will depend on the dimensions of the instru­
ment and the ratio of surface tension to density 
cr/p, but will he independent of the viscosity.

n
¥

¥ = > /

The definite integral obtained from Equation (1) 
should express the time of flow as a function of 
the instrumental constants which determine A 
and influence II, and the viscosity, density and 
surface tension of the fluid. The total time is 
determined experimentally and the density is also 
determined independently as a routine part of the 
viscosity measurements. The surface tension can 
be measured independently and therefore in 
mathematical theory may be regarded as a known 
quantity. However, if it can be shown that with 
a suitable design of the viscometer the surface 
tension correction becomes negligible or can be 
estimated sufficiently well without a precise 
knowledge of the surface tension, then the precise 
measurement of viscosity will be greatly simpli­
fied.
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The absolute measurement of viscosity is an 
experimental problem of great difficulty. How­
ever, for the many theoretical purposes values of 
the viscosity of solutions relative to that of pure 
water are sufficient. By making measurements of 
the total time of flow of water in the same in­
strument, the instrumental constant A may be 
eliminated, thus making it unnecessary to meas­
ure the length and radius of the capillary.

The definite integral of Equation (1) may be 
expressed

for methanol or for the solution of concentration 
c, and

to — B°xv dv
Ho poXv dV

Ho
for water. Hence the relative viscosity is given 
by the expression

Vc
vo

r v é v
tcpc t J  o H o

kPo T v dV
Jo H e

(2)

It has been commonly assumed in this and
other laboratories that which
amounts to the assumption that the effect of sur­
face tension is negligible. The magnitude of the 
error caused by this assumption will be considered 
in the succeeding pages.

In order to integrate the equation dt — BdV/H  
it is necessary to know the shape and dimensions 
of both the upper and lower bulbs. To facilitate 
this integration it is practically necessary to 
assume that the geometric form is a compara­
tively simple one. I t is assumed that the working 
part of the lower reservoir, the upper and lower 
constrictions where the transits are timed at the 
beginning and end of the flow, and the central 
part of the upper bulb are all right circular 
cylinders having the internal radii R, w and r, 
respectively, and that the axes of these cylinders 
are vertical. The upper dome (from a to b) and 
the lower bowl (from c to e) of the upper bulb 
may be assumed to be either cones or hemi­
spheres. Although a good quartz blower can 
make these portions of the instrument approxi­
mately hemispherical or conical as desired, the 
actual geometrical form of the instrument will 
not correspond exactly to the assumed geometrical 
form, especially near the lines of contact with the 
cylindrical parts of the instrument, and, therefore,

these assumptions unavoidably introduce some 
error in the resulting calculations. Moreover, 
there will be some experimental error in the 
measurement of the essential dimensions after 
the instrument has been constructed. The cal­
culations are, therefore, at best only approxima­
tions and they are so laborious that they are en­
tirely impractical as a regular part of the routine 
of viscosity measurements.

In the integration of the fundamental equation 
dt = BdV /H  the geometrically distinct parts of 
the instrument must be treated separately and 
the definite integrals for the several parts added 
together.

In the operation of the viscometer a standard 
working volume of the liquid is added. The 
liquid is sucked above the mark in the upper con­
striction and then allowed to fall under the in­
fluence of gravity. The timing is started at the 
instant the meniscus passes the upper mark. 
The origin from which all vertical or horizontal 
distances are measured is in the axis of the upper 
bulb and at the level of the liquid in the lower 
reservoir when the instrument contains the stand­
ard volume and the upper meniscus is at the refer­
ence mark on the upper constriction assuming 
that there is no distortion of the surfaces by sur­
face tension effects. Let J  represent the height 
of the upper mark above this base level. J  as 
thus defined depends solely on the dimensions of 
the instrument and the standard working volume 
and is independent of the liquid used.

Now consider a particular instant of time when 
the meniscus has passed the upper mark and is 
flowing downward through the upper constriction 
at a height y above the base level. We may then 
write

d F  = — irw2dy (3)
and

H = + y - h + j - k  (4)
where

h — 2 a / g w p  (5)
is the capillary rise in the upper constriction; 
and

j  = 2 a /  g R p  (6)
is the capillary rise in the lower reservoir; and

(7)
is the increase in height of the liquid in the lower 
reservoir, because a volume of liquid equal to 
that in the constriction between the initial mark 
and the height y has entered the lower reservoir.
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When
y — a k 888 k  « ^  (.J ~ a) (7a)

The correction, j, must be applied even if the 
lower reservoir is so wide that it has a flat portion 
at its center because the instrument is filled with 
a standard volume of liquid and the withdrawal 
of a part of this volume into the meniscus lowers 
the effective hydrostatic level in the reservoir and 
thus increases the effective head.

Substituting these values in (1) gives

dt Bd V
H

— TrBw2dy
2<t 2cr

gwp gRp
w2 (8)

Now integrate between the initial limit of y 
J  and the final limit y = a, which gives

r _ ?
B ttw2 , g

G « l + wy r *In
( ~ - - V\w  R )  p

J  -
(9)

It is evident from this equation that in order to 
minimize the effects of variations in a j  p, J  should 
be made large, and (J — a) and w small. Since

~ 10 p *s sma^ comparison with J  and with 
J  — (1 +  w2/R 2)(J  — a), the error due to the 
neglect of the surface tension will be almost a 
linear function of <r/p.

The upper dome of the upper bulb may be con­
structed so that it may be treated either as a 
cone or as a hemisphere. We have not found an 
equation for the capillary rise in a conical tube in 
the literature. An exact solution of this problem 
would require an exact knowledge of the shape 
of the meniscus expressed as an equation for 
the surface. The problem of finding such an 
equation has not been fully solved even for cylin­
drical tubes, much less for conical tubes. How­
ever, we have succeeded in deriving an approxi­
mate equation for the capillary rise in conical 
tubes which is sufficiently good for the present 
purpose by a method which is similar to that 
commonly used to derive the equation for the rise 
in a cylindrical tube. The details of this deriva­
tion are omitted for the sake of brevity. Assume 
that a conical tube open at both ends is dipped 
with its axis vertical into a large surface of liquid 
(see Fig. 2) , then the rise of liquid inside the cone 
above the free surface will be approximately

h - c  2<K1 sin A) 
gx p cos 6 (10)

where x is the radius of the circle formed by the

intersection of the cone with the horizontal plane 
at the height h above the free surface, and 6 is the 
angle between the vertical axis of the cone and 
the sides. By substituting 6 = 0 this reduces to 
the correct form for a cylinder. If the narrow 
end of the cone is upward the angle 6 must be 
taken as negative and therefore will have a nega­
tive sine and a positive cosine, therefore

o° > e > -90°
i ^ 1 -  sin d ^ ,1 > ------ ---  > + 0°cos 6

The capillary rise in the cone with the tip upward 
is greater than in a cylinder of the same effective 
diameter.

If the narrow end of the cone is downward the 
equation has the same form but the angle which 
is called ^ in Fig. 2 is in the first quadrant and is 
taken as a positive angle; therefore if 

0° < t  <  90°
COS ^

Therefore the capillary rise in a cone with the 
narrow end downward is less than in a cylinder 
of the same effective diameter.

The differential equation for the time of flow 
of the meniscus from a to b in the upper conical 
dome may now be derived in a manner similar 
to that given above. The first step is to compute 
Ja, the geometrical head at the beginning of the 
conical part of the tube without allowance for 
surface tension effects. This will be the height, a, 
above the base level minus the increased level 
in the lower reservoir, &a, owing to the transfer of 
the liquid from the upper constriction to the lower 
reservoir.

T ___L ______ w \ J  — a)J  a, O' k& — O ( l l )

Now consider the particular instant of time 
when the meniscus is in the cone at a distance y 
above the base level and let x be the radius of 
the circle formed by the intersection of the cone 
with a horizontal plane at the height y.
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U  ~ y — h F- j  k — k& 
(x — iv)/(y — a) == tan 0

here a > y  and d is negative
y — a +  (# — w) cot 0 

cty = cot 0 dx
dV  = — irx2dy — — 7rx2cot 0 d#

irm -TT cot 0
- f d r ■

(x3 — w3) cot 6

#2d#

When y  == b, then #

kb

3R2 

r, and
(rz — wz) cot 0 

~3^

(12)
(13)

(14)
(15)
(16)

(17)

(18)

(18a)

tb = Birr2 Jb
In •

2/i _ i y
g \ r  R ) p

1 + R 2 A A r R) (b e)v  + è )
(23)

where J h is the geometrie head at the beginning 
of the flow through the cylinder;

ofli2
A  = b -  h  -  kb ** b ~  ^  ( /  r a )  +

(rz — wz) cot 0
' W 2 (24)

h is given by Equation (10) and j  by Equation 
(6) as before, therefore

B dV  —Bwx2 cot 0 d#dt =*
A  +  (x — w) cot 0 2<r(l — sing) %AL _i_ 

pgx cos 0 ' gRp "r

then an algebraic rearrangement gives
dt _ — &3dx

3R2B t x4 +  3R 2x2 +  (3i?2/ a tan 0 — 3R 2w — w3)x F

This equation must now be integrated between 
the lower limit x — w and the upper limit x = r. 
It has not been found possible to integrate this 
equation in general terms, but if numerical values 
are assigned to w, r, R and 6 for any particular 
instrument, and to <r/p for any particular liquid, 
the integration is then possible, although labo­
rious. By a purely algebraic device this equation 
can be transformed into an equation of the form

dt __ Mdx , Ndx  , P(2x +  p)dx 4- Qdx , *
3R2Bir x —m x —n x2 +  P% F* 2

with known numerical values for all of the quan­
tities except B. The integral of this equation has 
the form

Here it should be pointed out that if the in­
strument is so designed that r = R, then the term 
involving the surface tension drops out entirely 
so that the time of flow through this part of the 
apparatus is not influenced by the surface tension 

regardless of the magnitude 
(xs -  w3) cot 0 (19) of b — c. This is because

SR2 the capillary rise in the upper
bulb is exactly compensated by the capillary rise

in the lower bulb.
___  ^   ̂ __ 6i?V sin 0 (20) The lower bowl,
ip gp(i F- sin 0) like the upper

dome, may be assumed to be either a cone or a 
hemisphere. If it is assumed to be a cone, the 
derivation is similar to that given for the dome, 
except that the half angle, \[/f is to be taken as a 
positive angle, and of course the initial geometric 
head Jc is different.

dRaX

Jo C k s ,  k b  k c  ~  C ( J  ' j C t)  F *

(rz — w3) cot 0

£
3 R 2Bw - t M  In (x — m) +  N  In (x n) F

3R2
H = y — h + j — k — k& 
y = e +  (x — w) cot \p
^ _  2â  (1 — sin ip) 

gxp cos p 
( r8 — x 3) cot \p

kb
R2

-  k<

(b -> c)

k =s
SR*

(25)

(20)

(27)

(28) 

(29)

P  In (x2 +  px +  q) +
2Q

V 4  q — p‘
tan -i 2x + P 

V 4 q
h P l x  = 
-  p2Jx = (22)

Making these substitutions followed by a purely 
algebraic transformation gives the equation

3R*Btt
xzdx

F  BRW  F  (3W e  tan p -  3rR2 -  rz) x + 6R<rx tan P 
gp

QR2cr sin P (30)
gp (1 + sin P)

From this equation (22) a numerical value of 
t^/B can be computed for each special case.

The calculation of A for the cylindrical part 
of the bulb between b and c is so similar to that 
for the cylindrical upper constriction that it is only 
necessary to write down the equation similar to 
Equation (0),

This equation must be integrated between the 
initial limit of x == r and the final limit oi x ~  
w. To accomplish this numerical values are sub­
stituted and the procedure described above for 
Equation (20) is carried out.

The equation for the lower constriction is 
similar to that for the upper constriction. If the
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dome and bowl are conical

JB —  ̂ ’ kfj, — k\) ~ kc l~’ ke =s &
______ (c

SR2

b BttW2

R 2 (J  - a )

( r 3 ~  w s) (cot $  -  cot 6) __ r* ^  ^  ^

t° « In _____ g \w  R /P
■ . w 2 T __ 2 /  1 _  1V  , ^, /1 , w2\
+  i?2 /e ivw r ) p (e - T  + R*)

(32)

If the upper dome and lower bowl are blown 
so as to make them as nearly as possible hemi­
spheres instead of cones, the calculation is similar 
to that for a cone but different in detail. The 
time of flow through the upper constriction, /j, 
is computed by Equation (9) just as before. The 
upper dome is considered to be a hemisphere of 
radius, r, whose center has the coordinates y = b 
and x = 0 cut by a vertical cylinder of radius 
w. It is convenient to introduce an abbrevia­
tion z — y — b. Then x2 +  z2 = r2 and tan 6 = 
~z/x; sin0 = —s/r; and cos 0 = x/r. The minus 
signs are due to the fact that 0 must be taken as 
a negative angle but z is a positive quantity.

d F  = — irx2dy — —7r (r2 — z2)dz (16') 
H  «  y -  h +  j  -  k -  ks. (12)

7 2 a  ( 1  — s m  6) 2 o- / , nh = —   -------- -— - -—- (r +  z)
pgx  cos 6 pgx2

2 a
( 10')

icR2k

pg (r ~  z)

J d F  = -  J Z ^ir(j-2 -  z2)dz (17') 

k = L  [ r 2(a -  b) -  F z i i ! -  r2z +  J ]  (18')

When y = b, z — 0 and
r 2(a  — b) (a  — b ) ‘sk = &b = i?2

A

dt —

— b R 2

SR2

(J  -  a)

B dV
H

r% (. h\ i (a — by 
R2 (a ^  +  3R* ...

B tt (r2 — 2 2)d s

(18'a)

(24')

Jh z 2 a  2 a _  3r 2z  -  s3 (19')
pg(r — z) pgR 3 i?2

Then a purely algebraic transformation gives

s = 0. This cannot be done except by introduc­
ing numerical values. A numerical value of 
i?JB can then be computed by introducing the 
appropriate numerical values for R} r, J h and 
integrating between the initial limit of z — b — a 
and the final limit of z = 0.6

The equation for the time of flow in the cylin­
drical part of the upper bulb, t£, is the same as 
Equation (23) above except that Jb is given by 
Equation (24') above instead of by Equation 
(24).

The differential equation for the time of flow 
in the lower bowl considered as a hemisphere has 
the same form as Equation (20') above except 
that in place of J h we must insert

w2
J c — £  ka. ~~ k h  k 0 —■ C ^ 2  ( I  f l )

T 2 ( CL —  h V  Y 2
&  (* ~  b) +  - R 2 ( b -  C )  (25')

The integration must be carried out between the 
initial limit of z = 0 and the final limit of z = 
e — c.

The equation for the time of flow through the 
lower constriction has the same form as Equation 
(32) above except that J e is given by

W 2 Y 2

-  * -  ghV -  *) -  £■,(« - «) +
(a — b y  4- (c  ~  e ) 3 

3R2 (31')

Table IV gives the results of the numerical 
calculations carried out by the use of these equa­
tions for the instrument T using the dimensions

(6 ) There is one disturbing subtlety in these calculations which 
deserves a footnote: the assumption that the shape of the upper
dome is a hemisphere of radius r = 0.848 cm., intersected by a 
vertical cylinder of radius w =? 0.05 cm., and that the equation (10) 
holds for values of 0  which are near —90° gives a value of h > 
which makes H  <  0 and the time of outflow infinite. But as a 
matter of fact the actual instrument does empty itself, which shows 
that the conditions mentioned above do not prevail, This means 
that as a matter of practical quartz blowing the vertical cylinder is 
somewhat flared before it meets the hemisphere, so that there is in 
effect a short conical tube inserted between the cylinder and the 
hemisphere so that values of 0  which are nearly —90° do not occur 
in the actual instrument. At the level where the hemisphere starts 
x is large enough and 0 sufficiently different from —90° so that 
h <  Ja and H > 0. The calculations of the results shown in Table 
V are based on the assumption that there is a truncated cone with 
0  =  —45° and a height of 0.07 cm. between the vertical cylinder of 
radius, w =  0.05 cm., and the hemisphere of radius, r = Ó.848 cm. 
This makes the initial lim it for the integration of Equation 20', 
z = VO.8482 — (0.05 +  0 .07 ,2 = 0.8394665, which avoids the 
mathematical paradox described above. Essentially the same

d t
3 R 2B t

________ — (r2 — z 2) ( r  — z ) d z _________

2« -  rz3 — 3(i?2 +  r2)z2 +  (3R*r +  3r3 -  3R2Jb)z -  -  6R<̂R  ~  <r/p +  3R2rJb
gp g

(20 ')

This equation must be integrated between the result may be obtained in a much less laborious manner by arbi- 
. . , . 1 -,. . .  r / 7 \   ̂ 1 1 . r trarily taking as the initial lim it for 2  a value which is slightly smallerinitial limit of z (b and the final limit of than the value which would make h *= o, and t — 09,
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Table IV
Errors in Viscosity Measurements Due to Surface Tension 

Values of the definite integral J 'd V /H  for parts of the viscometer T for water, methanol and solutions having values
of a/p equal to 0.9, and 0.8 of that of water, respectively.

<r/p.................
Water 

............. 72.18
Solution
64.962

Solution
57.744

Methanol
28.19

<T cpO 0 .8 0.3906

Upper constriction
cropc
tj/B 0.000186 0.000183 0.000181 0.000171

Upper cone t \ /B .060399 .060295 .060195 .059784
Upper cylinder ‘i /B .482138 .481843 .481548 .480345
Lower cone tl/B .050238 .050218 .050197 .050119
Lower constriction i / B .000569 .000558 .000546 .000505

.Total tj/B 0.593530 0.593097 0.592667 0.590924
f d V / H a

f d V / H c
1.00073 1.00146 1.00441

given in Table II. These calculations have been 
carried out for water, assuming that a = 71.97 
dynes per centimeter at 25° and p = 0.99707, 
giving cr/p = 72.18; and for two hypothetical 
aqueous solutions for which a/p is taken as 0.9 
and as 0.8 of that of water, or 64.962 and 57.744, 
respectively; and for methanol7 assuming that 
<t = 22.17 dynes per centimeter, and p = 0.78652, 
giving <r/p = 28.19.

The experimental data recorded in Table III 
for methanol with viscometer T give /cpc//oPo =
0.60567 and therefore, according to Equation 
(3), we have rjJrjo = 0.60567 X 1.0044] =
0.60834 as the value for the relative viscosity 
of methanol corrected for the surface tension as 
determined with the old T viscometer.

Similar calculations have been carried out with 
the new F viscometer and the results are recorded 
in Table V. The dimensions used in the calcula­
tions are given in Table II.

Table V
Errors in Viscosity M easurements Due to Surface

Tension
Values of the definite integral J 'd V /H  for parts of the vis­
cometer F for water and for methanol.

a/p...............
Water Methanol

28.19
Upper constriction tS/B 0.000377 0.000356
Upper dome &/B .048368 .048125
Upper cylinder t l /B .498199 .498199
Lower bowl tl/B .078955 .079115
Lower constriction U/B .000254 .000224

Total t‘, /B
f d V / H o  
f  AV/He

0.626153

1.00021

0.626019

A comparison of Tables IV and V shows clearly 
the effectiveness of the new design in reducing 
the error due to surface tension. One important

(7) “International Critical Tables,” Vol, IV, pp. 447-448.

result of making the radius of the lower reservoir 
equal tö that of the cylindrical part of the upper 
bulb is that for this part of the apparatus J'dV/H^ 
— ƒ dV/H ci thus completely eliminating the cor­
rection for a large fraction of the total time. 
Moreover, another result is that the effect in the 
lower bowl partly compensates the effect in the 
upper dome. For the upper dome f  dV/H^ — 
J*dV/Hc = +0.000243, whereas for the lower 
bowl J'dV/Ho -  fd V /H c = -0.000160.

The experimental data recorded in Table III 
for methanol with viscometer F give /cPcAopo =
0.60830, and, therefore, according to Equation
(2), we have rjJrjo = 0.60830 X 1.0002i =
0.60843.

The values obtained with the two different 
instruments agree much better after applying the 
surface tension correction (0.60834 with viscome­
ter T, and 0.60843 with viscometer F) than they 
did before the correction was applied (0.60567 
and 0.60830). Averaging the results, giving 
greater weight to the F instrument because the 
correction is so much smaller, gives vjc/vo =
0.6084. If the absolute viscosity8 of pure water 
at 25° is taken as 0.008949 poise, then the ab­
solute viscosity of methanol is 0.005445 poise.

At least sixteen different determinations of the 
viscosity of methanol at 25° are recorded in the 
literature, but the references and results are not 
given in detail. In most cases the results are 
quite discordant because the measurements were 
incidental to some other purpose and the tech­
nique was crude, or the density of the methanol 
was so high that it is evident that the sample con­
tained water. The best of the previous results are 
given below.

The data given in Table IV show that the cor-
(8) “L C. T . ” Vol. V, p. 10.
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T a b l e  VI
A b s o l u t e  V is c o s it y  o f  M e t h a n o l

Dunstan, Thole and Benson,
d*h
?

Poises
0.00546

J. Chem. Soc., 105, 784 (1914)
H. Goldschmidt and R. Aarflot, 0.7869 .00544

Z . Physik. Chem., 122, 374 (1926) 
F. K. Ewart and H. R. Raikes, .78641 .00545

J. Chem. Soc., 1907 (1926)
Grinnell Jones and H. J. Fornwalt, .78652 .005445

this paper

recting factor for viscometer T is very nearly a
linear function of a /p  so that
f d V  j  f d V  =
J Ho/ J Hc

1 +  0.0074 ~
a  o/ Po

1.0074 0.0074 acpo
PcO~0

However, no systematic attempt will be made at 
this time to estimate the corrections which should 
be applied to the viscosity data which have been 
published from this Laboratory, because the sur­
face tension data are not available in most cases. 
An improved method of measuring surface tension 
has been developed9 and data on a few salts ob­
tained, but it is necessary to postpone a general 
revision of the data for the viscosity of concen­
trated solutions until the surface tensions of these 
solutions have been measured. One illustrative 
example, in which the correction is exceptionally 
high, must suffice for the present. Jones and 
Talley,10 who used our instrument T, report that 
the relative viscosity of a 2.962 normal potassium 
chloride solution at 25° is 1.03211. From the 
data of Jones and Ray the value of <rcpo/pc<ro may 
be found by a slight interpolation to be 0.9445. 
This gives a correcting factor of 1.00041 or a 
relative viscosity corrected for the effect of surface 
tension of 1.03253.

The Design of the Ostwald Viscometer
With an Ostwald viscometer, where the liquid 

depends on its own hydrostatic head for driving 
pressure, an approximate value for the viscosity 
relative to that of water is computed by the simple 
equation 77 = 7jc/rj0 = tcpc/toPo, but to obtain the 
maximum precision it may be necessary to apply 
one or more of the following corrections unless the 
instrument can be designed so as to make the 
corrections negligible. The four corrections are
(1 ) the drainage correction; (2) the working 
volume correction; (3) the kinetic energy cor­
rection; (4) the surface tension correction.

(9) Grinnell Jones and W. A. Ray, T his J o urnal , 59, 187 (1937).
(10) Grinnell Jones and S. K . Talley, ibid., 55, 624, 4124 (1933).

It is obvious that the first requirement for 
precise viscometry is accuracy in the timing and 
in the determination of the densities. However, 
the technique of making these measurements has 
been developed so that the real precision depends 
on the reliability of the corrections.

The instrument should be designed so as to 
make the corrections negligible if possible, or at 
least to minimize them as much as other con­
siderations of design, such as convenience and 
speed of operation, permit. Unfortunately, details 
of design which may be helpful in minimizing one 
of the corrections may increase some other cor­
rection or cause trouble in operation or other 
errors so that the best design is a matter of com­
promise.

It has been shown in a recent paper from this 
Laboratory2 that if the design is suitable in other 
respects the drainage correction is negligible ex­
cept for extremely viscous liquids or for viscome­
ters of a very short time of efflux.

The correction for variations in working volume 
can be applied with most confidence because its 
theoretical basis is beyond criticism, and the 
experimental determination of the magnitude 
with sufficient precision is easy in the case of 
aqueous solutions if the lower reservoir is not 
too narrow.

In the case of the kinetic energy correction there 
is some doubt, or at least a difference of opinion 
among the authorities, as to the proper way to 
compute the correction. Some authorities even 
deny that the correction should be applied at all. 
Although we believe that the correction should 
be applied, we also believe it wise to use every 
feasible artifice of design to reduce the magnitude 
of the correction, and thereby reduce the error 
due to inaccuracy in its computation. In de­
signing the viscometer it is possible to control 
within practical limits the length and radius of 
the capillary, the hydrostatic head, the volume 
and shape of the measuring bulb, and the radius 
of the lower reservoir. The kinetic energy cor­
rection is diminished by any change in design 
which increases the time of outflow, except 
increasing the volume of the measuring bulb. 
The correction in principle always can be made 
negligible by using an instrument with a suffi­
ciently long time of outflow, but this may cause 
serious inconvenience and delay in making meas­
urements. Reducing the radius of the capillary 
and reducing the hydrostatic head both increase
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the time of flow and hence reduce the kinetic 
energy correction proportionally to the increase 
in time of flow. However, reducing the radius of 
the capillary has the disadvantage that it may 
increase the number of erratic results due to dust 
particles. Reducing the hydrostatic head will 
increase the error due to surface tension and make 
the reproducibility of the mounting more critical. 
The most useful and unobjectionable way to 
reduce the kinetic energy correction is to increase 
the length of the capillary. The time of flow in­
creases proportionally with the length but the cor­
rection varies inversely as the square of the length. 
Variations in volume and shape of the upper bulb 
and variations in the radius of the lower reservoir 
have no direct influence on the kinetic energy 
correction.

Similarly, it is desirable to make the surface 
tension correction negligible by suitable design 
of the instrument if feasible. Although the theory 
of the correction as developed above seems to be 
mathematically logical and the correction clearly 
should be applied, nevertheless, it has the weakness 
that (1) the actual instrument does not have the 
exact shape and dimensions assumed in the calcu­
lations; (2) the equation for the capillary rise in 
conical or hemispherical tubes used in the calcula­
tions is an approximation; (3) the surface tension 
of the solution may not be known with sufficient 
accuracy; (4) the calculations are so laborious 
that they can never become popular.

As has been pointed out above the effective 
way to minimize the surface tension correction 
is to design the upper bulb so that as large a part 
of its volume as is feasible is in the cylindrical 
portion, and to make the radius of the lower reser­
voir the same as the radius of the cylindrical part 
of the upper bulb. If this common radius is too 
small, the correction for the variation of working 
volume will be troublesome, especially when deal­
ing with volatile liquids, which may make it 
difficult to determine the actual volume added 
with sufficient precision. On the other hand, if, 
in order to avoid this difficulty, the common 
radius is made larger, the time of outflow may 
be made inconveniently long. If the attempt is 
made to remedy this difficulty by increasing the 
radius of the capillary there will be an increase 
in the kinetic energy correction. The best radius 
will, therefore, be a compromise.

For use with dilute aqueous solutions having 
a viscosity and surface tension and density

nearly the same as water, the compromise can 
favor the working volume correction by choosing 
a larger radius for the lower reservoir than for the 
upper bulb. If the liquids to be studied differ 
substantially from water, then it will be advisable 
to make the radius of the lower reservoir the 
same as that of the upper bulb, to minimize the 
surface tension correction; and if this common 
radius is made large in an effort to minimize the 
working volume correction, then either the kinetic 
energy correction will be large or the time of out­
flow inconveniently long.

Similarly, increasing the hydrostatic head will 
lower the surface tension correction and the work­
ing volume correction, but increase the kinetic 
energy correction by lowering the time of outflow. 
However, the latter effect can be compensated 
by a decrease in the radius of the capillary with­
out introducing any other unfavorable result 
except more trouble from dust particles. There­
fore the hydrostatic head should be made as great 
as mechanical considerations permit without un­
due inconvenience.

Viscometer T, which was originally designed 
for dilute aqueous solutions, has proved in the 
light of our experience to be well designed for this 
purpose, except that the original specification 
that ends of the bulb should be made as nearly 
conical as possible has been found to be unneces­
sary. Hemispherical ends would be slightly 
better. Viscometer F, which was designed for 
methanol, a volatile liquid differing substantially 
from water in viscosity, surface tension and 
density, is satisfactory for such liquids and for 
concentrated aqueous solutions, except that it 
would have been better to have made the areas 
of the cross section of the lower reservoir and 
upper bulb 1.5 or 2 times as great as they actually 
are.

Summary

1. It is demonstrated by mathematical analy­
sis and by experiments on methanol and water 
that surface tension effects may influence the 
measurement of viscosity with the Ostwald 
viscometer.

2. A method of computing the error due to 
surface tension for an instrument of known di­
mensions is given.

3. The viscosity of methanol at 25° relative 
to that of water is 0.6084.

4. The principles of design of the Ostwald
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[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  H a r v a r d  U n i v e r s i t y ]

The Freezing Point Of Methanol; A Simple Type of Cryostat Applicable to Freezing
Point Determinations

B y  E d w in  E , R o fb r

A very pure sample of methanol had been pre­
pared by Jones and Fornwalt1 for their work on 
the relative viscosity and on the density. It 
appeared desirable to determine some physical 
constants aS accurately as possible. Since a 
cryostat had been constructed by the author and 
a standardized resistance thermometer was avail­
able, Professor Jones requested a determination of 
the freezing point of their best samples of carefully 
purified methyl alcohol. The reported physical 
constants in the literature for methanol appear 
to be somewhat erratic and, in view of the dif­
ficulty involved in thoroughly freeing this ma­
terial from water, in all probability the main 
cause of the discrepancies may be assigned to the 
presence of this impurity.

Experimental Procedure
temperature Measurement and Standardization.—The

temperature of the alcohol Sample was measured by means 
of a four-lead coiled-filament 25-r>hm platinum resistance 
thermometer»2 The thermometer resistance was meas­
ured by a standardized Mueller type Wheatstone bridge, 
which was thermostated (25.0 =*= 0.1°) in an oil-bath. 
The reproducibility of the measurements was ca. 0.0001 
ohm, corresponding to 0.001°. The thermometer was 
standardized by accepted methods3 a t the sulfur boiling 
point, the steam point, the ice point and compared against 
the vapor pressure thermometers of carbon dioxide and 
of oxygen. The temperatures of the fixed points above 
0 ° were taken as recommended by the International Tem­
perature Seale specifications5 and below 0° as given by 
Heuse and Otto.4 The temperature of the ice point on the 
thermodynamic temperature scale was taken as 273.16 °K.5 
The thermometer constants fulfilled all specifications3 
for pure platinum. The absolute accuracy at —1000 
is probably =±=0.02° and the precision =*=0.001 °. A single 
junction copper-const antan thermel Was used as an aid 
in adjusting the cryostat. This thermel was standardized

(1) Jones and Fornwalt, T a ïè  J o u r n a l , 60, 1683 (1938).
(2) (a) Meyers, Bur. Stds. J .  Res,, 9, 807 (1932). (b) This ther­

mometer and bridge are the same as were used for the ice point in­
vestigation, Toper T h is  J o u r n a l , 6 0 , 866 (1938).

(3) Burgess, Bur. Stds. J .  Res., 1, 635 (1928).
(4) (a) Heuse and Otto, A nn . P hysik, 9, 486 (1931); (b) ibid., 

14, 181, 185 (1932).
(5) (a) Heuse and Otto, ibid,, 2, 1012 (1929); (b) Roebuck,

Phys. Rev., 50, 370 (1936).

at the Same fixed points as was the resistance thermometer, 
with the exception that the freezing point of a National 
Bureau of Standards sample of tin replaced the sulfur 
boiling point. The e. m. f. of the thermel was determined 
with a special type K  potentiometer to one microvolt. The
e. m. f. was converted into temperature by the accepted 
method, of constructing a deviation curve6 in conjunction 
with the reference tables of Southard and Andrews.7 
The accuracy is about =*=0.1)5 °.

Fig. 1.—Freezing point apparatus showing details of 
cryostat. A is the environment thermel, B the heater 
leads, C the outer Dewar containing the refrigerant, D is 
the inner Dewar, E is the refrigerant, F is the freezing point 
tube, G the resistance thermometer, H a protective tube 
of Dehydrite, J is the copper tube, K is the header wound 
on the surface of J, L is a glass jacket about the freezing 
point tube. Not drawn to scale.

Temperature Control.—The cryostat, somewhat similar 
to the one of Southard and Andrews,7 is shown diagram- 
matically in Fig. 1. The copper shell J  was 4 mm. wall 
thickness, 52 mm. outside diameter and 200 mm. long. 
The outer surface was so machined that after the heater 
winding was in place, the assembly fitted quite closely

(6; "Inter. Crft. Tables,” V61. I.
(7) Southard and Andrews, J . ’Frm iklin Inst., 207, 323 (1929).
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into the Dewar tube D. The heater winding K consisted 
of 14.1 meters (136 ohms) of number 30 D. S. C. constantan 
wire wound non-inductively on the tube J, a good thermal 
contact being ensured by coating the completed winding 
with Bakelite lacquer, which was subsequently baked. 
Two slide resistances and an 0-150 milliammeter in series 
with the heater served to control the energy input. A 
lag of but a few seconds was found between the heater and 
the thermel. A glass test tube L about F served to damp 
out sudden temperature changes in J; this baffle intro­
duced a thermal lag of sixty to eighty seconds between J 
and F. The outer Dewar tube C was 13 X 52 cm., while 
the smaller Dewar was 5.4 X 21 cm., both inside dimen­
sions. Liquid air was placed in the outer Dewar to serve as 
a cold reservoir; the rate of cooling could be controlled 
within limits by varying the liquid air level. Approxi­
mately 100 milliamperes (1.36 watts) d. c. in the heater 
was sufficient to maintain the assemply at —100°. A 
given temperature setting could be held constant for several 
hours, but during this time the decrease in the liquid air 
level had to be compensated by a manual decrease in the 
energy input to the cryostat. However, this type of 
cryostat is particularly suited to freezing point deter­
minations below 0°, where a slow but steady decrease in 
the environment temperature is required.

70 80 90 100 110 120
Time in minutes.

Fig. 2.—Typical freezing point data obtained. The up­
per curve shows the temperature of the sample of methanol 
as measured by the resistance thermometer while the lower 
curve is the course of the environment temperature meas­
ured by means of the thermel.

Methanol Samples.—The freezing point of two different 
portions was investigated. The data on the original 
samples as determined by Jones and Fornwalt are pre­

sented in Table I. The sample no. 31 contained some 
water as shown by means of the relative viscosity and the 
density. The sample no. 37 was classed as anhydrous by 
these investigators. The alcohol was distilled directly 
into the freezing point tube through the ground joint at

T a b l e  I
Sample Relative viscosity Density, d2h4, g ./m l.

31 0.6094 0.786 65
37 .6084 .786 53

the top and then the protective tube of Dehydrite ini 
mediately placed in position. Fifty cc. of alcohol was 
used in the freezing point tube F; this covered the ther­
mometer with 5 cm. of alcohol, which should be sufficient 
to eliminate heat conduction down the thermometer 
leads.

Procedure.—The alcohol was precooled to ca. —90° 
and the freezing point tube placed in position in the cryo­
stat, which was at about the same temperature. The 
energy input to the heater was then decreased so that an 
approximately constant rate of cooling ensued. The tem­
perature of the environment as indicated by the thermel 
was closely followed. Upon nearing the freezing point, 
readings of both the thermel and the resistance thermome­
ter were taken a t suitable intervals of time. If the en­
vironment temperature is not known and carefully con­
trolled, there is no means of predetermining (if no super­
cooling takes place) whether the freezing point “flat” 
has been reached or whether the sample is merely approach­
ing the temperature of the environment.

Results Obtained
Figure 2 gives a typical set of data obtained for 

one particular determination of the freezing point. 
It can be seen that the temperature of the alcohol 
sample is constant to 0.01° for twenty-four min­
utes, while during the same interval the environ­
ment temperature dropped 1.1°. The tempera­
ture of the alcohol sample does not fall off as 
abruptly as would be expected, and this might in­
dicate slight traces of water. However, this 
falling off is a function of the thermal head and 
conductivity between J and F. Mair8 takes as the 
principal criterion of purity the slope of the ap­
proximately horizontal portion of the freezing 
point curve. Table II gives the freezing points 
found for the two samples and also rough cal­
culations of the amount of water present in sam­
ple no. 31 on the assumption that sample no. 37 is 
anhydrous. The value based on the relative vis­
cosities was calculated on the basis of an estimate 
made by Jones and Fornwalt9 on the effect of 
water upon the viscosity of methanol. The value 
obtained from the difference in densities was cal­
culated on the basis of a linear relationship be-

(8) Mair, Bur. Stds. J . Res., 9, 459 (1932).
(9) Jones and Fornwalt, T h is  J o u rn al , 57, 2041 (1935),
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tween density and composition, while the value 
calculated from the observed freezing point de­
pression was obtained by the application of the 
approximate thermodynamic equation connecting 
the mole fraction of impurity, the true freezing 
point, the freezing point depression and the heat 
of fusion, the latter value being taken from the 
calorimetric work of Kelley.10

T a b l e  II
Percentage of water in sample 

from:
Sample Freezing point, °C. rel. vis. density f. p. dep.

31 -9 7 .7 5  ±0 .02  0.04 0.06 0.05
37 -9 7 .6 8  ±  .02 ( .00) ( .00) ( .00)

Discussion
It is very probable that the value —97.68° rep­

resents the true freezing point of anhydrous 
methanol to within the thermometric accuracy in 
relation to the thermodynamic temperature 
scale, namely, ±=0.02°. An attempt has been 
made to correlate the freezing point with the den­
sity of methanol. Table III gives data taken 
from three other precision researches and Fig. 3 
shows the data plotted, a rough estimate of the 
estimated accuracy being shown by the diameters 
of the plotted points. It can be seen that the 
results of Parks and of Timmermans ancl Hen- 
naut-Roland are not in agreement with the data 
of Kelley and of this research. The latter two 
appear to be the more precise measurements and 
the density-freezing point curve has been passed 
through the data as shown.

0.7863 0.7865 0.7867 0.7869
Density, d2h  in g./ml.

Fig. 3.—Data of different investigators 
plotted in order to attem pt to determine the 
course of the freezing point-density of the liquid 
curve: K, Kelley; P, Parks; R, Roper; T, 
Timmermans.
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Summary
T a b l e  III

Freezing point, °C. d254, g ./m l. Author
-9 7 .8  ± 0 .1  0.7864* Parks11
-9 7 .8 8  ±  .05 .786 75 Kelley10
—97.0 .786 75 Timmermans & Hennaut-

Roland12
-9 7 .6 8  ±  .02 .786 52 This research
-9 7 .7 5  ±  .02 .786 65 This research

a Calculated value from that given for 22 °.

(10; K elley, T h is  J o u r n a l , 51, 180 (1929).
(11) Parks, ibid., 47, 338 (1925).
(12) Timmermans and Hennaut-Roland, J . chim. phys., 27, 401 

(1930).

A simple cryostat is described which is appli­
cable to the determination of freezing points 
below 0° and data are appended describing the 
operation of the cryostat during the freezing point 
determination of a methyl alcohol sample. The 
freezing point of a particularly pure sample of 
methanol prepared by Jones and Fornwalt was 
determined to be —97.68 ± 0.02°. A short dis­
cussion is given of the freezing point-density re­
lationship.
C a m b r id g e , M a s s . R e c e iv e d  D e c e m b e r  24, 1937
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The Solubility Curves of the Systems Carböü Tétïachlóridé-Branched Chain Alkyl
Acids-Water at 25°

B y H ilto n  A. Sm ith  and  H arold  T aylor

In an earlier paper1 the effect of the length of 
the carbon chain of norfrial organic acids on the 
solubility curves of the systems carbon tetra- 
chloride-n-alkyl acids-water was demonstrated. 
The present paper gives the results of investiga­
tions concerning the effect of branched chain acids 
on the solubility curves of similar systems.

Experimental
All acids used were the best grade of Eastman 

chemicals. C. p . carbon tetrachloride was used 
without further purification since thé solubility 
of water in pure carbon tetrachloride is not great 
enough to affect the results within the limit of 
experimental error.

As in the earlier investigation, the limits of 
mutual solubility of the three components were 
determined by titration of mixtures of two of the 
components with the third until two phases 
merged into a single phase or, when the two 
starting components were miscible, until a second 
phase separated. In the case of acids which 
were only partially miscible with water, the mu­
tual solubility of each in the other was also de­
termined by titration methods.

RCOOH

Fig. 1.—Solubility curves of the systems 
CCI4-C3H7COOH-H2O at 25°: A, w-butyric
acid; B, isobutyric acid.

Results and Discussion
The results of the determinations are given

(1) Smith and Berman, T h is  J o urn al , 59, 2390 (1937).

RCOOH

Fig. 2.—Solubility curves of the systems 
CCI4-C4H9COOH-H2O at 25°: C, w-valerie
acid; D, isovaleric acid; E, methylethyl- 
acetic acid; F, trimethy]acetic acid.

in Table I. The values represent the maximum 
mole per cent, of carbon tetrachloride which may 
be dissolved in the indicated mixtures of acid and 
water. As in the earlier paper, the solubility of 
Water in carbon tetrachloride and that of carbon

T a b l e  I
Mole % 

CCL
Mole % 

acid
Mole % 

H2O
Mole % 

CCh
Mole % 

acid
Mole % 

H2O
Isobutyric Acid Isovaleric Acid

0 .0 1 0 9 9 .9 9 0 .0 1 0 9 9 .9 9
1 .3 39 60 0 0 .9 5 9 9 .0 5
1 .8 43 55 0 6 0 .6 0 3 9 .4 0
5 .0 5 1 .5 4 3 .5 10 65 25

10 59 31 22 66 12
22 62 16 52 44 4 .0
23 65 12 79 20 1.0
25 65 10 9 9 .9 0 0 .1
40 59 0 .8
49 51 .5
9 9 .9 0 .1

Methylethylacetic Acid Trimethylacetic Acid
0 .0 1 0 9 9 .9 9 0 .0 1 0 9 9 .9 9
0 0 .5 6 9 9 .4 4 0 0 .5 5 9 9 .4 5
0 7 4 .0 2 6 .0 0 8 6 .4 1 3 .6
4 .3 7 6 .5 19 7 .9 85 7 .5
8 .7 77 14 17 79 4 .4

17 73 10 28 68 3 .8
35 62 3 .0 48 50 1 .7
46 52 1 .9 9 9 .9 0 0.1
9 9 .9 0 0.1
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tetrachloride in water were calculated from the 
data of Clifford,2 Rosenbaum and Walton3 and 
Gross and Saylor.4

Figure 1 shows the solubility curves of the 
systems carbon tetrachloride-acid-water at 25° 
for butyric and isobutyric acids. The curve for 
^-butyric acid was taken from the data of Smith 
and Berman.1 Figure 2 shows the diagrams for 
similar systems using valeric acid, isovaleric 
acid, methylethylacetic acid, and trimethylacetic 
acid. Again the curve for ̂ -valeric acid was taken 
from the data of Smith and Berman.1

An examination of these curves shows that in 
all cases the mutual solubility area is decreased

(2) Clifford, Ind . Eng. Chem., 13, 631 (1921).
(3) Rosenbaum and Walton, T h is  J o ur n a l , 52, 3568 (1930).
(4) Gross and Saylor, ibid., 53, 1744 (1931).

July, 1938 Action of Aluminum Chloride

by substitution of a branched chain acid for a 
normal acid. The curves for isovaleric acid and 
methylethylacetic acid indicate that a methyl 
group substituted in the alpha position is more 
effective in decreasing the mutual solubility area 
than a methyl group substituted in the beta 
position.

Summary

The solubility curves at 25° of the systems 
CCI4-RCOOH-H2O have been studied for the 
following acids: isobutyric, isovaleric, methyl­
ethylacetic, and trimethylacetic. The curves 
show that the mutual solubility area decreases 
with increased chain branching.
B e t h l e h e m . P e n n a . R e c e iv e d  M a y  13, 1938

on Fluorinated Compounds

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a i  T h e  O h io  S t a t e  U n i v e r s it y ]

The Action of Aluminum Chloride on Fluorinated Compounds
B y A lb er t  L. H e n n e  and M e l v in  S. N ew m a n

In an effort to establish the orientation effect 
of a CF3 group by the synthesis of CF3C6H4- 
COCH3, benzotrifluoride was allowed to react 
with acetyl chloride and aluminum chloride. 
Instead of the expected products, the reaction 
gave benzotrichloride and aluminum fluoride in 
excellent yield and purity. In the absence of 
acetyl chloride, the reaction was not clean-cut and 
produced a large amount of tar; only a small 
quantity of benzotrichloride was isolated. In 
neither reaction was there a copious evolution of 
hydrogen halide; in the first case only hydrogen 
chloride came off, while in the second case a small 
amount of hydrogen fluoride was present in the 
hydrogen chloride.

From these results, it is concluded that the 
principal reaction is an exchange of halogen atoms 
between the organic fluoride and the inorganic 
chloride. In the presence of acetyl chloride, a 
complex presumably is formed between this 
compound and the aluminum chloride, and the 
exchange of halogen atoms is smooth because it 
occurs between the complex and the organic fluo­
ride. In the absence of acetyl chloride, the ex­
change occurs directly and the benzotrichloride 
produced is subjected to the action of free alu­
minum chloride. This is known to cause tar for­
mation.1

(1) Wohl and Wertyporoch, A nn ., 481, 30 (1930).

The fact that some hydrogen fluoride comes off 
indicates that either benzotrifluoride or the inter­
mediate benzofluorochloride is also involved in 
the condensation.

The replacement of organically bound fluorine 
by chlorine in the presence of aluminum chloride 
suggests a reason for the repeated failures2 to 
effect Friedel-Crafts condensations between or­
ganic fluorides and chlorinated ethylenes or 
benzene.3 The reactions involving only aliphatic 
compounds always gave tarry materials, which 
were abandoned. The reactions involving ben­
zene were tried with the following fluorides: 
CC12FCC12F, CC12FCC1F2, CCIF2CCIF2, CHC1F2 
and CC12F2. In the last two cases, the fluori­
nated compound was passed as a gas through 
benzene containing aluminum chloride. In the 
other cases, aluminum chloride was dropped in 
small portions into a cooled solution of the fluoride 
in an excess of benzene. In general, a vigorous 
but controllable reaction started at once but soon 
stopped; it was started again every time a portion 
of aluminum chloride was added. The gas 
evolved was mostly hydrogen chloride which 
contained only a very small amount of hydrogen 
fluoride. After completion of the reaction, and 
decomposition with water in the usual way, the

(2) Henne and Leicester, T h is  J o u rn al , 60, 864 (1938).
(3) The use of metalloid fluorides instead of aluminum chloride is 

now under investigation.
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products were tarry, somewhat elastic masses 
which were either fluorine-free, or almost so. 
From these masses, only fluorine-free substances 
were isolated by extraction with benzene, chloro­
form or dioxane, followed by precipitation with 
alcohol, ether or acetic acid. These substances 
had molecular magnitudes of about one thousand. 
The aluminum salt separated from the aqueous 
portion invariably tested very strongly for fluorine.

Even in the absence of benzene, the effect of 
aluminum chloride on stable aliphatic fluorides is 
apparent after a relatively short period of heating. 
After forty-eight hours of refluxing over aluminum 
chloride, CC12FCC1F2 generated a small quantity 
of CC13CG1F2, which was isolated, and some higher 
boiling material which no longer contained any 
fluorine. In a similar experiment with CHC12- 
CC1F2 the fluorine was more easily removed, 
hydrogen fluoride was evolved slowly and steadily 
and tar formation was more pronounced. In both 
cases, the aluminum salt tested positively for 
fluorine.

It is fitting to recall an old experiment4 which 
was performed in order to establish the structure 
of CHC12CHF2. This derivative was exposed to 
the action of chlorine in sunlight, in the presence 
of aluminum chloride, and from 60 g. of product 
only 4 g. of impure CC13CC1F2 was isolated, while 
the remainder was predominantly hexachloro- 
ethane. More recent work5 has established that 
chlorination in sunlight follows a perfectly normal 
course if the aluminum salt is omitted, and pure 
CC13CC1F2 is obtained quantitatively from CH- 
C12CHF2. In the older experiment, the mecha­
nism of the reaction was not well understood. It 
is probable that an exchange of halogens between 
the organic fluoride and the aluminum salt took 
place first, and that the small amount of CC13- 
CF2C1 obtained owed its formation to the fortui­
tous fact that an insufficient quantity of alumi­
num chloride was present to take care of all the 
organic fluorine.

(4) Swarts, Mémoire couronne, Acad. roy. soc. Belg., 61, 68-70 
(1901).

(5) Henne and others, T h is  J o ur n a l , 58, 402, 404, 888 (1936); 
59, 1201, 2434 (1937).

From this series of experiments it is concluded 
that it would be futile to use aluminum chloride 
to effect condensations between a fluorinated 
derivative and either an aliphatic or an aromatic 
compound.

Experimental
Benzotrichloride from Benzotrifluoride.—To a solution 

of 78 g. (1 mole) of acetyl chloride in 540 g. (450 cc.) of 
benzotrifluoride was added 140 g. (1.05 mole) of powdered 
anhydrous aluminum chloride over a period of one-half 
hour, the reaction flask being cooled to prevent the tem­
perature from rising above 40°. A greenish solid seemed 
to form on the surface of the aluminum chloride a t first. 
After the mixture had been stirred at 30-40 0 for one hour 
and then slowly heated to 70° during another hour, the 
solid gradually dissolved to give a deep red solution. 
During this latter period a slow steady stream of hydro­
gen chloride was evolved. A test for hydrogen fluoride 
was negative and the glass apparatus was not etched dur­
ing the reaction. After stirring for two hours more at 
65-70° the mixture was cooled, poured on ice (very little 
heat evolved) and steam distilled. By observing the dis­
tillate a crude separation of benzotrifluoride and benzo­
trichloride was effected. Upon fractional distillation there 
was obtained 135 g. (0.69 mole) of pure benzotrichloride,
f. p. -4 .4 ° , b. p. (10 mm.) 89.0-89.5°, d2\  1.3741, w20d  
1.55789, M R  calcd. 45.54, found 45.67. Anal. Calcd. 
for C7H5CI3: C. 43.01; H, 2.58; Cl, 54.41. Found: 
C, 43.02; H, 2.62; Cl, 53.02, 53.07. In addition, about 
20 g. (0.165 mole) of benzoic acid was isolated, which re­
sulted from hydrolysis of the benzotrichloride during steam 
distillation (benzotrifluoride is not hydrolyzed2 under simi­
lar conditions). Thus the total yield based on the alumi­
num chloride amounted to 86%. The analysis of the 
aluminum salt proved it to be aluminum fluoride slightly 
contaminated by chloride.

Summary
The condensation of fluorinated substances 

with aliphatic or aromatic compounds cannot be 
obtained with aluminum chloride, because an 
exchange of halogen atoms takes place between 
the organic fluoride and the aluminum salt. A 
particularly clean-cut exchange was observed 
when benzotrifluoride reacted with a mixture of 
aluminum chloride and acetyl chloride. Benzo­
trichloride of unusual purity was thus obtained in 
good yield.
C o l u m b u s , O h io  R e c e iv e d  M a y  7,1938
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NOTES

The Catalyst in the Gattermann Reaction
B y  R ic h a r d  T . A r n o l d  a n d  J o s e p h  S p r u n g

The modification of Gattermann’s synthesis 
for aromatic aldehydes has greatly increased the 
popularity of this reaction as a synthetic method.1 
It is noteworthy, however, that the zinc cyanide 
usually prepared in the laboratory is not pure, but 
it is stated that the material “contains no impurity 
that interferes with the Gattermann synthesis/' 
We have reason to believe that these impurities 
are essential to the successful use of this method. 
An attempt to use pure zinc cyanide (prepared by 
Eimer and Amend, New York) for the prepara­
tion of 4-hydroxy-a-naphthaldehyde resulted in 
complete failure and after five hours the only 
product which we could isolate was the starting 
substance a-naphthol. We have shown repeat­
edly, however, that the addition of potassium 
chloride (0.33 mole) to this zinc cyanide will cause 
the reaction to take place as described when the 
zinc cyanide was prepared just before using. If 
the potassium chloride is added at the beginning of 
the reaction, the mixture may be decomposed 
after seventy minutes to give the reported yield. 
It also has been shown that the zinc cyanide 
usually employed for this reaction will not func­
tion if it is thoroughly washed with water before 
being dried. We have found one sample of com­
mercial zinc cyanide (Eimer and Amend) which 
did not require an additional salt and gave good 
yields in seventy minutes. This material was 
partially leached with water and filtered. The 
filtrate gave a strong test for chloride ion. The 
residue after drying underwent the Gattermann 
reaction in one hundred minutes. The addition 
of sodium chloride cut this reaction time to sev­
enty minutes.

(1) Adams and Levine, T h is J o u r n a l , 45, 2373 (1923).

D e p a r t m e n t  o f  C h e m is t r y  R e c e iv e d  M a y  16, 1938 
U n iv e r s it y  o f  M in n e s o t a  
M in n e a p o l is , M in n e s o t a

The Stability of Chlorine-Water Vapor Mixtures 
in Light

B y  J a m e s  E. C l in e  a n d  G e o r g e  S. F o r b e s

The photochemical reaction involving chlorine 
and liquid water has been the subject of many

papers since its discovery by Berthollet in 1785. 
The most definite results are those of Allmand, 
Cunliffe and Madison.1,2 They found that solu­
tions of hypochlorous acid as well as those of 
chlorine yield hydrochloric acid, oxygen and 
chloric acid in the same relative amounts. For 
each quantum absorbed, two molecules of chlo­
rine or of hypochlorous acid are decomposed.

A search of the literature failed to disclose 
any investigation of the photochemical behavior 
of mixtures of chlorine and water vapor. All­
mand, Cunliffe and Madison1 concluded merely 
that the reaction, if any, in 3 cc. of vapor phase 
was negligible in comparison with that in 220 
cc. of liquid phase.

The apparatus and method used by us to detect 
and measure a minimal amount of oxygen photo- 
chemically evolved from mixtures of chlorine and 
water vapor was a modification of that previously 
used for investigation of the photolysis of hydro­
gen sulfide.3 Purified chlorine and water were 
distilled separately into the quartz reaction cell. 
The pressure of water vapor was read on a mercury 
manometer and the pressure of chlorine estimated 
from its volume as a liquid in a calibrated tube. 
Capillary seals which could be broken by magnetic 
hammers were used consistently instead of stop­
cocks. Several distillations under high vacuum 
served effectively to remove gases not condensable 
at liquid air temperature. After long exposure 
of the cell to radiation the extremely small amount 
of non-condensable gases was determined by 
use of a McLeod gage as previously described.3

Each value of <£ in the last column was calcu­
lated upon the assumption that the radiation 
considered was the sole effective one. The small 
amounts of non-condensable gases found might 
have escaped from the walls of the cell, so that 
the values of 4> may be considered as upper limits.

Schwab* found that oxygen does not react 
perceptibly with chlorine atoms, so that oxygen 
once formed in our reaction mixture could scarcely 
have been eliminated. The experiments described 
above therefore indicate the absence of any photo-

(1) Allmand, Cunliffe and Madison, J . Chem. Soc., 127, 822 
(1925).

(2) Allmand, Cunliffe and Madison, ibid., 131, 655 (1927).
(3) Forbes, Cline and Bradshaw, T h is  Jo urnal , 60, 1431 (1938).
(4) Schwab, Z. physik. Chem., 178A, 123 (1937).
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D a t a

Source
X

considered
-Peis
mm.

P h2o
mm.

Estimated 
quanta absorbed

Pot
mm.

Molecules
o2 <A ° 2 quanta

Mazda Visible 2000 7 .2 <7 X 10“4
f 365 mp > 0.8  X 1020 <1 X 10“4

Hg arc {
{ 313 mM

77 13
>1 X 1020

<3 X 10“4 <8 X 1015
< 0 .8  X lO"4

“Fluorolight” 254 mp 2000 7 .2 >1 X 1020 <5 X 10~4 < 1 .3  X 1016 < 1 .3  X 10~4

ch em ica l r e a c t io n  b e tw e e n  ch lo r in e  a n d  w a te r  a b le  at l iq u id  a ir  temperature.
v a p o r, u n le ss  th e  im p ro b a b le  h y p o th e s is  is M a l l in c k r o d t  C h e m ic a l  L a b o r a t o r y

, H a r v a r d  U n iv e r s it y
m a d e  t h a t  a ll p ro d u c ts  a re  c o m p le te ly  con d en s- C a m b r id g e , M a s s . R e c e iv e d  M a y  13, 1938

COMMUNICATIONS TO T H E  EDITOR
w

SYNTHESIS OF A RADIOACTIVE ORGANIC
COMPOUND: a-GLYCEROPHOSPHORIC ACID

Sir:
The use of radioactive elements as labels in the 

study of metabolic processes, as initiated by 
G. Hevesy, already has given highly significant 
results in a number of cases. Most of the bio­
chemical work accomplished so far has made use 
of the unstable phosphorus isotope ?gP. The 
usual experimental procedure involves the ad­
ministration to animals of a sodium phosphate 
solution containing a minute amount of radio­
active sodium phosphate and the study of the dis­
tribution of the radioactive phosphorus in vari­
ous organs or chemical fractions isolated from 
them. While valuable results may be obtained 
in this manner, it is obvious that the application 
of organic derivatives of radioactive phosphorus 
offers even greater possibilities. The develop­
ment of methods for the synthesis in vitro of 
such compounds is therefore of interest. Bio­
chemical synthesis, while theoretically possible, 
would be expected to yield products of lower ac­
tivity and less definitely controllable composition.

For these reasons the synthesis of radioactive 
phosphorus oxychloride, *POCl3,1 was carried out, 
which, as is well known, is an excellent reagent 
for the introduction of phosphoric acid into or­
ganic compounds. The radioactive phosphorus 
was obtained by the action of fast neutrons lib-

(1) In writing formulas, analytical figures, etc., for compounds 
containing an unstable isotope it is proposed to express this fact by 
using an asterisk before the letter symbol for the particular element, 
e, g , , *P, *S,

erated by a radon-beryllium source on carbon 
disulfide. For this material we are indebted to 
Dr. J. R. Dunning of the Department of Physics 
of Columbia University. To the reddish residue 
remaining after the evaporation of the carbon di­
sulfide [cf. O. Chievitz and G. Hevesy, Kgl. 
Danske Videnskab. Selskab., Biol. Medd., 13, 9 
(1937) ] a small amount of dry red phosphorus was 
added and the mixture converted into the chlo­
rides which were sublimed at a pressure of 10-5 
mm. The sublimate was converted into *PC13, 
diluted with ordinary PCI3 and rectified by dis­
tillation. The radioactive PC13 obtained was 
oxidized to *POCl3 by means of potassium chlorate 
[F. Ullmann and A. Fornaro, Ber., 34, 2172 
(1901)], and the radioactive phosphorus oxychloride 
was purified by fractionation.

With this material the synthesis of radioactive 
a-glycerophosphoric acid was carried out according 
to E. Fischer and E. Pfahler [Ber., 53, 1606 
(1920)]. The synthesis involved the following 
steps:
CH2—CHCH2OH CH2—CHCH20*PO(OH)2

C(CH3)2 C(CH3)2
Isopropylidene Radioactive isopropylidene

glycerol a-glycerophosphoric acid
CH2 (OH) CH (OH) CH20  *PO (OH)2 

Radioactive a-glycerophosphoric acid

The barium salts of the radioactive a-glycero­
phosphoric acid and of its acetone derivative were 
both obtained in crystalline form, the former
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crystallizing from hot water as clusters of fine 
needles (calcd. for C3H706PBa:P, 10.1; Ba, 44.7; 
found: P, 9.8; Ba, 44.3).

The radioactivity of the various samples was 
measured by means of a sensitive Geiger-Müller 
counter; the substances, in aqueous solution, 
being contained in a standardized glass cell. This 
technique, in contrast to the usual method of 
ignition and measurement of the activity of the 
ash, makes it possible subsequently to manipulate 
the radioactive substances unchanged. It leads, 
however, to considerably lower activity counts 
than those obtained with the ashed residues. 
Representative solutions of sodium glycerophos­
phate and of phosphoric acid (from the phos­
phorus oxychloride originally employed), con­
taining 84.8 and 70.9 mg. of phosphorus, respec­
tively, yielded respective counts of 0.797 and
0.815 impulses per minute per mg. of phosphorus 
when examined under strictly comparable con­
ditions. As was to be expected, the ratio 15P: 
15P was constant in all compounds prepared, 
after allowance had been made for the natural de­
cay of the unstable isotope.

This work has been made possible by a grant 
from the John and Mary R. Markle Foundation.
D epartment of Biological Chemistry
Columbia University Erwin Chargaff
N ew Y ork, N. Y.

Received June 4, 1938

THE TRANSIENT INHIBITION OF THE THERMAL 
DECOMPOSITION OF BUTANE BY NITRIC OXIDE
Sir:

It has been shown by the writers [Echols and 
Pease, T h is  J o u r n a l , 59, 766 (1937)] that the 
decomposition of butane is inhibited by nitric 
oxide. Subsequent study of the reaction has 
clearly indicated that the inhibition by nitric 
oxide is a transient effect. Careful analysis of the 
reacted gases has shown that this is not the result 
of removal of the nitric oxide by reaction.

For example, with 200 mm. of butane and 20 
mm. of nitric oxide at 520° it is found that the 
initial slope of the reaction curve is nearly zero, 
but that the slope slowly rises with time until at 
20% reaction it is very nearly that of the unin­
hibited reaction at the same percentage decom­
position. Under these conditions less than 10% 
of the nitric oxide has reacted.

It has been found that these facts, together 
with all of the data so far obtained on the phe­

nomenon, may be very nearly quantitatively ex­
plained by the assumption that the nitric oxide 
forms an unstable compound with chain carriers 
leading to an equilibrium of the form:

R +  NO NOR

where R is the chain carrier, presumably a free 
radical.

This equilibrium is slowly established in the ini­
tial stages of the reaction and as the equilibrium 
is approached the “feed-back” of radicals neu­
tralizes the inhibition, producing a normal rate 
of the butane decomposition. A detailed discus­
sion of the facts will be presented shortly.
Frick Chemical Laboratory L. 3. Echols
Princeton University R. N. Pease
Princeton, N. J.

Received June 20, 1938

THE POSITION OF THE CARBOXYL GROUP IN 
LYSERGIC ACID

Sir:
We have reported previously [J. Biol. Chem.y 

113, 760 (1936)] that dihydrolysergic acid, con­
trary to lysergic acid which loses carbon dioxide 
and methylamine somewhat above 200°, can be 
sublimed at 25 mm. from a bath heated at 300°. 
Anal. Calcd. for C16H18O2N2: C, 71.06; H, 6.72. 
Found: C, 71.3; H, 6.61.] However, more re­
cent investigation of the sublimation of a-dihy- 
drolysergic acid has shown that a chemical change 
accompanies such sublimation which is accentu­
ated by raising the temperature to 350°. A neu­
tral substance was isolated from the chloroform 
solution of the sublimate after extraction of di­
hydrolysergic acid with dilute potash. After 
recrystallization from methyl alcohol, the sub­
stance was obtained in a yield of 33% (m. p. 305- 
307° with decomposition) [ a ] 25D — 219° (c, 0.48 
in pyridine). Analysis showed that its formation 
involved loss of water. [Anal. Calcd. for Ci6- 
H16ON2: C, 76.15; H, 6.40; N, 11.11; (N)CH3, 
5.96. Found: C, 76.10; H, 6.58; N, 11.02; 
CH3, 5.04.] Contrary to dihydrolysergic acid, it 
no longer dissolved in dilute acid or alkali, but it 
still gave the characteristic Keller color reaction 
unimpaired. Also contrary to the dihydro acid, 
it was found to be unsaturated since on catalytic 
hydrogenation it absorbed 1 mole of hydrogen 
with the formation of a neutral dihydro deriva­
tive which melted with decomposition at 336°. 
[Anal. Calcd. for Ci6H18ON2: C, 75.54; H, 7.14. 
Found: C, 75.50; H, 7.12.]
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In a communication by L. C. Craig, T. Shedlov- 
sky, R. G. Gould, Jr., and W. A. Jacobs which is 
now in press, an investigation of the dissociation 
constants of lysergic acid and its derivatives has 
been reported, which has made it necesssary to re­
vise our previous tentative conclusion that the 
COOH group of lysergic acid is in position 7, i. e., 
on the carbon atom adjoining the N atom of Ring 
D. Such an arrangement would place it in the 
category of a substituted a-amino acid like proline. 
Instead, the evidence indicates a /5-amino acid 
derivative and that the point of attachment of the 
COOH group is the carbon atom /5 to the N atom 
or position 8 as shown in formula I.

The formation of the above neutral pyrolysis 
product from dihydrolysergic acid fits in well with 
such /5-substitution of the COOH group and must 
be interpreted as an unsaturated cyclic amide 
possessing either formula II or III.

COOH
8 | 7
CH-CH,

c h 2 CH3

C— CO
|

C— CO
/  \ /  \  : \

c h 2 d  n c h 3 c h 2 n c h 3 CH NCH3
\  / \  / \  /

c = c CH-CH CH-CH

X + h 2 /

o

+ h 2
1 II

\ A /
NH NH NH

I n III
It is well known that /5-amino acids, in contra­

distinction to the a-acids, decompose readily into 
unsaturated acids and ammonia. For instance, 
/5-alanine gives readily ammonia and acrylic acid. 
In accordance with this property, dihydrolysergic 
acid should cleave between the N atom and car­
bon atom 7 to give an unsaturated complex sec­
ondary amino acid which would at once lactamize. 
Model experiments with the various piperidine 
carboxylic acids are now in progress to verify the 
nature and formation of this pyrolysis product of 
dihydrolysergic acid.
T h e  L a b o r a t o r ie s  o f  W a l t e r  A . J a c o b s
T h e  R o c k e f e l l e r  I n s t it u t e  L y m a n  C . C r a ig
f o r  M e d ic a l  R e s e a r c h  
N e w  Y o r k , N .  Y .

R e c e iv e d  J u n e  21, 1938

ENOL ETHERS OF STEROID KETONES
Sir:

The following is a report of the synthesis of 
enolic ethers of unsaturated ketonic sterols. 
For the preparation of these compounds the 
modification of Arbuzov and Mikhailova [/. Gen,

Chem. (U. S. S . R.), 6, 390 (1936)] of the 
classical Claisen method was used. Instead of 
obtaining the expected ketal, the reaction yielded 
directly the enol ether, one molecule of alcohol 
having been split out.

As a class, these compounds are stable in a solid 
state, but quite unstable in solution. From 
Table I it may be seen that in chloroform solution 
at room temperature the rotation changes rapidly 
from a negative to a positive one, the final rotation 
in each case being that of the free ketone. Very 
probably the traces of hydrochloric acid in the 
chloroform are the cause of the rapid splitting of 
the ethoxyl group, since in pyridine solution the 
rotation remained practically unchanged. By 
hydrolyzing the testosterone enol ether propionate 
with alcoholic potash it was possible to remove the 
propionic acid group without splitting the ethoxyl 
out of the molecule.

T a b l e  I
-Specific rotation of enol ethyl ethers—

Time, Testosterone T estosterone
hours Cholestenone® benzoatefe propionate0

0 -1 0 2 .3 -  42 .5 -1 4 0
0.5 -  33.8 + 130 -1 1 4
1 +  18.2 +  142
2 +  67.6 +  143 + 60

24 +  87.7 + 8 8  (48 hours)
a 1.1% in chloroform. 6 1.01% in chloroform. c 1.2%

in chloroform.

In pyridine solution the specific rotations were
— 96.0° for cholestenone enol ethyl ether, and
— 67.5° for testosterone benzoate enol ethyl 
ether. These values changed only slightly after 
standing for several hours.

The fact that all the new substances show ini­
tially a negative rotation would indicate that one 
of the double bonds is in ring A, the other in ring 
B [Ulrich Westphal, Ber., 70, 2128 (1937)].

These substances are prepared by dissolving 5 g. 
of the ketone in 10 cc. of ethyl orthoformate and 
1 cc. of formic acid. The solution is cooled to 
20° and one drop of concentrated sulfuric acid 
added. The mixture is warmed on the water- 
bath to 50° with constant stirring, held at this 
temperature for ten minutes. After standing 
overnight at room temperature, ether is added 
and the solution washed with water, soda and 
finally with water until neutral. After drying, 
the ether is evaporated and the residue recrystal­
lized from acetone or ligroin.

Table II gives the physical constants of these 
compounds as well as the substances isolated from
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the solutions on which the rotations were de­
termined. Table III summarizes the analytical 
results.

T a b l e  II
Testosterone Testosterone

Enol ethyl ethers Cholestenone propionate benzoate
Freshly prepd. material 83 .5 -85 , 143-150 Soften 175,

Ü clear 95 181-192
° „ Mixed with free ketone 69-70 103-133 Soften 130,
d 156-168
^ Reel. CHCb from rotn. 79-81 185-189

Mixed with free ketone 80-81 186-190
0  Initial - 1 0 2 .3 - 1 4 0 -  42 .5
 ̂ Final + 87.7 + 88 + 143

0 Free initial ketone + 87 + 88 +  148

T a b l e  III
F o r m u l a s  a n d  A n a l y s e s

Testosterone Testosterone
Enol ethyl ethers Cholesterone propionate benzoate
Formulas C29H 48O C24H36O3 C28H36O3

_ , ƒ Calcd. Carbon, % { _  , ' ( Found
84 .46
8 4 .2

77.42
76.89

80.00

tt j rrf /  Calcd. 11.65 9 .67 8.57Hydrogen, % |  Found 11.53 10.12
rtTT/, rr, ƒ Calcd. 10.92 12.09 10.71C2HsO, %  |  Found 9.77 10.25

S c h e r in g  C o r p o r a t io n E. SCHWENK
B l o o m f ie l d , N. J. G. F l e is c h e r

B . W h it m a n

R e c e iv e d  J u n e  15, 1938

THE QUANTITATIVE DETERMINATION OF AMINO 
ACIDS

Sir:
One of the methods frequently employed for 

the estimation of individual amino acids in protein 
hydrolysates involves the selective precipitation 
of the respective amino acids in the form of salts. 
It is the object of such methods to precipitate as 
much of the salt as possible, 100% isolation being 
the ultimate goal. Unfortunately, most of the 
salts that are precipitated selectively are not pre­
cipitated quantitatively. Such an incomplete pre­
cipitation may be used to advantage, however, in 
a newly developed analytical principle which per­
mits a rather precise determination of individual 
amino acids. It depends upon the fact that the 
amount of an amino acid salt precipitated at equi­
librium is a function of the concentration of its 
ions in solution.

In order to demonstrate this, let us assume that 
an acidic reagent, RH, forms, with an amino 
acid, A, the binary salt, AHR. In many cases 
the so-called solubility product of the participating 
ions was found to be approximately a constant.

[AH+] X |R~] = const. (1)

Figure 1 illustrates an experiment in which in­

creasing amounts r't r", r '"  of the reagent are 
added to several equal portions of a solution, 
each containing Y  moles of amino acid. In each 
sample a precipitate is formed. Were it com­
pletely insoluble, the course of precipitation would 
follow the straight line OB. In reality, however, 
the precipitation follows a hyperbolic curve pass­
ing through the points C', C", C'", C"".

Reagent added, moles.
Fig. 1.—Determination of amino acids 

by means of the solubility product.

The precipitate obtained with an amount of 
reagent r' contains equivalent amounts Xi of the 
reagent, and y± of the amino acid; the amounts 
x' of the reagent and y f of the amino acid remain 
in solution. Similarly, in a precipitation with an 
amount of reagent r" the amounts x n and y n re­
main in solution. From equation (1) it follows 
that

X /  = V ' X yn = x f"  X / "  (2)

Experimentally we have found the require­
ments of equation (2) to be fulfilled satisfac­
torily for the precipitation of proline by rhodanilic 
acid [M. Bergmann, J. Biol. Chem., 110, 471 
(1935)], of glycine, alanine and leucine by diox- 
pyridic acid [M. Bergmann, ibid., 122, 569 (1938) 1, 
and of tyrosine by dioxanilic acid. In all cases 
where equation (2) is valid, the amount Y of an 
amino acid can be determined in a solution of 
unknown content. For this purpose equation (2) 
may be written in the following manner:

x '(Y  -  yi) = x " ( Y  -  yi) = x " ' ( Y  -  yi) (3)

In equation (3) all values, with the exception of 
F, may be determined experimentally.

In order to demonstrate the precision of such 
determinations, we report the following analyses:



1704 New Books Vol. 60

Glycine
/-Alanine
/-Leucine
/-Proline

Present, mole

0.0100 
.00297 
.00255 
.00420

Found, mole

0.0103
.00300
.00269
.00435

The results obtained by the application of this

type of analysis to protein hydrolysates will be 
reported elsewhere.
T h e  L a b o r a t o r ie s  o f  W il l ia m  H . S t e in
T h e  R o c k e f e l l e r  I n s t it u t e  C a r l  N ie m a n n
f o r  M e d ic a l  R e s e a r c h  M a x  B e r g m a n n
N e w  Y o r k , N .  Y .

R e c e iv e d  J u n e  6, 1938

NEW BOOKS

Fortschritte der Photographie. (Progress in Photography.) 
Edited by E. S t e n g e r , Berlin-Charlottenburg, assisted 
by H. S t a u d e , Berlin-Tempelhof. Vol. V. of "Ergeb- 
nisse der angewandten physikalischen Chemie.” Aka- 
demische Verlagsgesellschaft m. b. H., Sternwarten- 
strasse 8, Leipzig, Germany, 1938. xiv +  415 pp. 
78 figs. 16.5 X 24 cm. Price, RM. 33; bound, RM. 
35.
Modern photography dates back to the introduction of 

the silver bromide-gelatin emulsion in the eighth decade of 
the last century. Since that time, there has been no basic 
change in the photosensitive material of the plate, film 
and paper—silver halides dispersed in gelatin. During 
the sixty years that the silver bromide-gelatin emulsion 
has been known, no substitute has been found which in 
any way approaches it in sensitivity to light, adaptability 
to varied purposes, and ability to reproduce tones satis­
factorily.

The study of the photographic process by the methods of 
scientific research received its first important impetus in 
England in the hands of Hurter and Driffield in 1890, and 
Sheppard and Mees in the first decade of the present cen­
tury. These investigators laid the foundations for the 
quantitative interpretation of the action of light on the 
plate and film. At the same time, the pioneer work on 
spectral sensitization was done in Germany, and extensive 
study of the development process was made in Germany 
and France. I t was not until the years following 1918, 
however, that systematic research in Europe and the 
United States produced information which permitted 
clarification of the basic principles governing the action 
of light on the emulsion. These studies were made largely 
in the research laboratories of the photographic manufac­
turing concerns, particularly the Eastman Kodak Com­
pany in this country, the Agfa Company in Germany, and 
the British Photographic Research Association in Eng­
land.

In Germany alone has the photographic process been 
the object of much research in the Universities. In reading 
the book under review, one is struck by the opportunities 
offered by photography as a subject for research in the 
Universities of this country. Even in those fields where 
the plate or film is used as an instrument for research on 
other subjects, many of the results are open to doubt be­
cause the investigator displayed lack of knowledge of the

capabilities and limitations of his tools. With the in­
creasing use of photography as an instrument, there is 
growing need for courses of study in its principles. If 
these were associated with research on some of the in­
finity of unsolved problems, much of the misuse of photog­
raphy in its applications to science and industry would 
eventually be avoided, and the results could not fail to be 
applied to an improvement of the product.

The photographic literature is singularly diluted by a 
large proportion of perfectly useless papers, written by 
people having no broad appreciation of the field, or no 
scientific training to guide their practical approach. I t 
is very difficult for those not closely associated with scien­
tific research in the subject to select the valuable material 
from that of doubtful basis. The book under review 
should provide a reliable guide for them. It is edited by 
Dr. Erich Stenger, head of the photographic and photo­
chemical department of the Berlin Technische Hochschule, 
with particular assistance from Dr. H. Staude, who was 
trained at Dresden under Dr. Robert Luther, dean of 
German photographic research, and aided by a number of 
other competent co-workers. The book aims at survey­
ing recent progress in the important fields of photographic 
research, and has succeeded singularly well. I t  is the most 
useful of the photographic textbooks which have appeared 
in recent years, considered from the point of view of those 
interested in the scientific aspects. I t presupposes a mod­
erate chemical and physical knowledge on the part of the 
reader. Its perusal will provide an excellent understand­
ing of the state of knowledge of the subject up to the sum­
mer of 1937, for it covers not only the scientific and photo­
graphic publications, but the patent literature as well.

The first Chapter, compiled by W. Meidinger, treats of 
the photolysis of crystals of the alkali and silver halides, 
and of the latter in the presence of gelatin, as in the photo­
graphic emulsion, and closes with a survey of theories of 
the latent image. Progress in the technique of making 
photographic emulsions is handled by H. Socher, while H. 
Staude deals with the nature of developers and the theories 
of their action, and the problems of hyper sensitizing, de­
sensitizing, fixing, washing and drying. There is a very 
comprehensive survey by K. Meyer of recent research in 
photographic sensitizing dyes, in which field so much prog­
ress has been made in the past ten years, and which has 
been largely responsible for the recent outstanding ad­
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vances in photographic plates and films, and particularly 
in color photography. W. Falta writes of the manufac­
ture, properties and handling of photographic papers, W. 
Petzold of exposure meters, and M. P. Schmidt of diazo­
type papers and films. The important subject of color 
photography is treated in two chapters by F. Lührig 
and K. Rantsch. The chemical and optical aspects 
are considered, although not so fully as the remaining sub­
jects in the book. This is deliberate on the part of the 
editor, for the fundamental principles are not new, where­
as the practical development of the art is undergoing such 
rapid changes at the moment, that a useful evaluation of 
it is not yet possible. There is adequate material pro­
vided, however, for a fair basis for understanding develop­
ments likely to occur in the near future. In any case, 
the chapters give the fullest general survey of current 
trends in color photography which has yet been published.

The book is an indispensable reference source for those 
concerned with a knowledge of the present state of the 
theory and practice of photography. The material is 
critically selected, and its study will give an excellent idea 
of the ramifications of photography in the fields of physics, 
and physical and organic chemistry, and of its suitability 
as a subject for research.

The work is most appropriately dedicated to Professor 
Robert Luther, outstanding son of the Ostwald school, and 
leader of German photographic research, who attained his 
seventieth birthday on January 2nd of this year.

W a l t e r  C l a r k

Piezoelektrizitat des Quarzes. (Piezoelectricity of Quartz.) 
By Dr . A d o l f  S c h e ib e , Physikalisch-technische 
Reichsanstalt. Verlag von Theodor Steinkopff, Resi- 
denzstrasse 32, Dresden-Blasewitz, Germany, 1938. 
xii +  233 pp'. 175 figs. 15.5 X 22.5 cm. Price, RM. 
20; bound, RM. 21.
This book is volume 45 of the “ Wissenschaftliche For- 

schungsberichte, Naturwissenschaftliche Reihe,” edited 
by Liesegang. The author, a member of the Physikalisch- 
technische Reichsanstalt, was associated with Dr. E. 
Giebe in a number of important investigations on piezo­
electric crystals. In recent years in collaboration with U. 
Adelsberger he has designed the extraordinarily precise 
quartz clocks at the Reichsanstalt, which exceed in con­
stancy the best astronomical clocks. As is to be expected, 
his own contributions are described in considerable detail. 
That the book is not for this reason one-sided is attested 
by the fact that the bibliography a t the end contains three 
hundred and eleven references from foreign as well as 
German journals, all of which are at least mentioned in the 
text, while many are fully discussed.

In the main, the book deals exclusively with the piezo­
electric properties of quartz and their applications in high- 
frequency circuits. I t  is only to a slight extent mathe­
matical, but is considerably broader in scope than Vigour- 
eux’s “Quartz Resonators and Oscillators,” which is now 
the only book on this subject in the English language.

Part A, on the static piezoelectricity of quartz, contains 
an excellent account of the various methods of measuring 
the piezoelectric constants, which should provide future 
investigators in this field with sufficient guidance without

recourse to the original sources. Ten pages are also 
devoted to a very complete classified list of all known 
piezoelectric crystals. The relation of piezoelectric to 
elastic properties and their dependence on temperature 
also receives fairly full consideration, although the general 
vibration equations are not derived.

Part B, on the quartz crystal as resonator, occupies the 
greater part of the book. The treatment includes full dis­
cussions of quartz resonators in the form of bars, plates 
and rings, their modes of vibration, overtone frequencies, 
temperature coefficients of frequency, construction of 
thermostats, methods of mounting, and devices for the de­
tection and measurement of resonance. The luminous 
resonators developed by Giebe and Scheibe are minutely 
described and well illustrated. The space given to the 
equivalent electric constants of the resonator and to the 
analysis of the resonator as a circuit element, while ade­
quate for a general survey, is hardly complete enough to be 
of much value to the research worker. The same remark 
may be made with respect to the brief treatment of the 
quartz filter. This part closes with an account of various 
optical methods for the investigation of vibrating crystals. 
I t is to be regretted in this connection that nothing is said 
in regard to the use of polarized light for the detection of 
twinned regions in quartz crystals.

Part C deals with the construction and performance of 
the quartz piezo-oscillator, including various forms of the 
quartz clock.

Part D, on miscellaneous piezoelectric effects, contains a 
very brief account of the use of quartz as a source of ultra­
sonic waves and for a few other special purposes, and of the 
effect of vibration upon the Laue X-ray patterns of quartz 
crystals. It is to be regretted that this portion of the book 
is not sufficiently complete to be as useful as it might for 
purposes of reference.

Presswork and diagrams are uniformly excellent. 
Among the few errors noted may be mentioned the state­
ment on page 35 that of the 32 crystal classes 21 are piezo­
electric (instead of 20); the assertion on page 50 tha t (3- 
quartz is not piezoelectric; wrong numbering of an equa­
tion on page 57; reference (279) on page 71 should appar­
ently be (284); on page 129 the words “ausseren” and 
“inneren” should be interchanged. At a few points 
such matters as notation, the orientation of crystals 
shown in illustrations, and directions of vibration are 
either not specified or are ambiguous.

These are minor criticisms. As a whole this book is 
probably the most complete and authoritative treatment 
of the piezoelectric properties and applications of quartz 
that has yet appeared.

W a l t e r  G. C a d y

Principles of Organic Chemistry. By H. P. S t a r c k , M.A., 
The Technical College, Kingston-on-Thames, England. 
Chemical Publishing Company of New York, Inc., 148 
Lafayette Street, New York, N. Y., 1938. viii +  664 
pp. 14 X 20.5 cm. Price, $5.00.
This new textbook of organic chemistry offers enough 

new and significant features to justify its intrusion into a 
field-that may, at first thought, seem to be supplied ade­
quately with good texts. The author’s approach has been
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largely experimental and a much larger amount of theo­
retical and practical information is included than is usually 
found in such volumes.

“The present work originated,” according to the 
author, “ in connection with the author’s teaching of 
organic chemistry to students reading for Pre-medical, 
First M. B., National Certificate, Pharmaceutical and 
General examinations in Chemistry. The theoretical 
sections cover the syllabuses of the Higher School Cer­
tificate courses of the Universities of Oxford, Cambridge, 
and London, and of various professional bodies.” The 
introduction of complex compounds at an early stage in 
the text, before their methods of preparation and charac­
teristic properties have been described, has been avoided. 
The treatment does not claim to be exhaustive. The 
author has sought to present the underlying principles as 
clearly as possible, in the hope of giving the student a 
sound foundation which will enable him to take full ad­
vantage of his further studies, whether in Chemistry, Bio­
chemistry, Pharmacy, or Medicine. The first 486 pages 
are devoted to theoretical items, and the remaining 150 
pages to practical work including tests for the elements, 
qualitative and quantitative analysis, and laboratory 
preparations. The appendix includes numerous tables, 
logarithms, first aid directions, a description of the Sved- 
berg Ultracentrifuge, and answers to numerical questions.

The reviewer regrets that certain portions of this book, 
which otherwise might have been a valuable and unique 
addition to the list of organic textbooks, have not been 
somewhat modernized. The formulas frequently used for 
glucose, fructose, and other carbohydrates do not conform 
to the best modern usage, and the author on page 373 ad­
mits as much and yet seeks to justify this discrepancy on 
the basis of simplicity for the student. The references to 
the Grignard reagents and to the acetoacetic ester synthe­
sis are again of the traditional, orthodox type, even though 
these explanations have now been proved to be either in­
adequate or incorrect. The directions for carbon and 
hydrogen determinations, as outlined beginning on page 
497, might be improved by the use of “Ascarite” and “De- 
hydrite” and more modern absorption tubes. The naming 
of compounds might profitably be made to coincide more 
nearly with the Geneva system.

The valences of carbon, as shown on pages 53 and 62, 
may be confusing to beginning students. The index might 
logically and profitably be extended. The portions of the 
text devoted to organic qualitative analysis are not organ­
ized so as to permit of any systematic identification of un­
known compounds. The preparation of 3,5-dinitroben- 
zoates might be superior to that of ^-nitrobenzoates as 
derivatives for alcohols. Some twenty-six laboratory 
preparations and experiments are scattered throughout the 
first 486 pages or theoretical portion of the text. While 
they seem to be well organized, they are not of a suitable 
type, length, or number to constitute a complete laboratory 
program. Neither are they listed at any point in the index 
or table of contents. This number of experiments is, 
however, greatly supplemented by numerous additional 
exercises in Part II or the practical portion of the text. 
The reviewer also questions the wisdom of the preparation 
of hydrocyanic acid by students as outlined on page 331.

Flo wever, in spite of these adverse criticisms, the desir­

able features of this book far outweigh any objections that 
might be cited. The amounts and arrangement of theo­
retical and practical material is unique and far greater 
than usually found in elementary organic texts. Every 
chapter is concluded with a long list of splendid review and 
study questions. Important and related facts and proper­
ties are frequently summarized in convenient tables. 
There is a greater intermingling of the aliphatic and aro­
matic compounds than is usually found in such texts, 
thereby making the transition from one series to the other 
much easier and more logical. Important facts and con­
clusions are emphasized with large bold-faced type. The 
book is neatly and attractively printed and well bound. 
It is remarkably free from typographical errors.

The volume can be recommended to instructors who de­
sire a new type of organic textbook that develops the sub­
ject largely from an experimental and theoretical stand­
point, and then points out numerous organic applications 
to industrial and home activity.

R a l p h  E . D u n b a r

The Biological Standardisation of the Vitamins. By
K a t h a r in e  H. C o w a r d , D.Sc., Reader in Biochemistry, 
University of London. William Wood and Company, 
Mt. Royal and Guilford Avenues, Baltimore, Maryland, 
1938. viii +  227 pp. 44 figs. 15 X 22.5 cm. Price, 
$4.50.
The author, who is Head of the Nutrition Department 

of the Pharmaceutical Society of Great Britain, is a recog­
nized authority on methods of vitamin assay. I t is fit­
ting, therefore, that the first book to be published in 
English covering all essential details of biological determi­
nations of vitamins, should come from the pen of one who 
has contributed so much to the establishment of our pres­
ent international standards of vitamin unitage.

As the title suggests, the book is devoted exclusively to 
questions involving the quantitative accuracy of vitamin 
assays. She has confined her discussion to those vitamins 
(A, Bi, C and D) the methods for which have been stand­
ardized and which have received the approval of the 
International Vitamin Standards Committee of the League 
of Nations.

The book is divided into two parts. Part I is devoted to 
practical phases of vitamin work and may be used without 
reference to Part II. The latter has to do with the bio­
metrical phases of vitamin work and emphasizes the value 
of statistical treatment of assay data.

Part I contains seven chapters dealing with such topics 
as “General Principles which Govern the Biological 
Methods for the Determination of the Vitamins,” “Ani­
mals Suitable for the Determination of Vitamins by 
Biological Methods,” “The Determination of Vitamin A, 
Bi, C and D” (one chapter devoted to each vitamin) and 
‘‘The Interdependence of the Vitamins.’’

Each chapter which deals with the determination of a 
vitamin is preceded by an outline of the material which is 
to be discussed. The following outline of Chapter III, 
“The Determination of Vitamin A,” is typical of the plan 
and treatment followed m discussing vitamin assay prob­
lems;
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1. The International Standard of Reference and Unit of
Vitamin A Activity.

A. The dilution of the standard of reference for dos­
ing.

B. The need for a simultaneous test of the Standard 
whenever a determination of vitamin A is made.

C. The general arrangement of the test for a deter­
mination of the vitamin A potency of a substance 
in terms of the International Standard.

2. The Preparation of Rats for Vitamin A Determina­
tions.

A. Animals suitable for the test.
B. Housing of the animals.
C. Vitamin A-free diet.

3. Criteria for the Measurement of the Response of Rats
to Doses of Vitamin A.

A. Increase in weight.
B. Occurrence of xerophthalmia.
C. Changes in the vaginal contents.
D. Comparison between prophylactic and curative 

methods.
E. Comparison between (a) the "increase in weight” 

method, (b) the "xerophthalmia” method and (c) 
the "vaginal contents” method.

4. Physical Properties of Vitamin A by means of which it
may be Measured.

5. References.
Part II consists of five chapters dealing with "The 

Standard Deviation” and "The Accuracy Obtainable in 
Determinations of Vitamin A, Bi, C and D. ” An appendix 
consisting of ten pages contains a report of the Second 
International Conference on Biological Standardisation 
and a table of Vitamin Content of Some Common Foods, 
expressed in International Units.

The author shows remarkable familiarity with the 
various methods and laboratory practices prevailing in the 
best European and American laboratories. Even the ex­
perienced worker will find Part I (practical) of great value 
and it is the reviewer’s opinion that every vitamin assay 
laboratory should have the book available, since Dr. 
Coward has brought together material which is widely 
scattered in the literature.

Part II, however, contains information that is even less 
readily available than that referred to in Part I. Further­
more, most workers are not familiar with the use of sta­
tistical methods. Dr. Coward has the happy faculty of 
making statistical methods usable and understandable for 
the average worker.

The author has shown excellent judgment in her choice 
of photographs, tables and charts which illustrate the 
points emphasized in the text. No worker in vitamin re­
search can afford to be without this very useful book

R. A d a m s  D u t c h e r

The Economics of the Sulfuric Acid Industry. By
T h e o d o r e  J. K r e p s , Stanford University Press, Stan­
ford University, California, 1938. xiü -p 284 pp, 20 
figs. 16 X 23 cm. Price, $5.00.
Announced as the first of a series of four volumes in the 

field of chemical economics, this work deals preeminently 
with the sulfuric acid industry in the United States. The

author has collated and arranged, in this volume, a vast 
array of statistics and other data relating to the sulfuric 
acid industry. With unstinted labor he has delved into 
the archives of Government bureaus and into the files of 
technical periodicals, and has made conveniently accessible 
a mass of figures which might otherwise have been lost in 
oblivion.

The sulfuric acid industry is here displayed in an unusual 
light, interesting to both the economist and the technician. 
After the Introduction and two chapters tracing historical 
developments, the current status of the industry, including 
the dominance therein of the United States, is presented in 
Chapter IV. Then ensue eight chapters on different 
phases of competition, concluding with a chapter on Inter­
commodity Competition, and the "Outlook for Sulfuric 
Acid.” The presentations of all these different aspects are 
interesting, and one must admire the painstaking care with 
which the author has handled his data, and the consci­
entious manner in which he has drawn his inferences. 
However, the experienced technician will be unable to 
agree that the premises are always adequate, or the conclu­
sions always right.

The chapter on Interprocess Competition might well 
have been expanded to include some subdivisions of this 
title, such as Intercatalyst Competition and Competition 
between Tower- and Chamber-Processes. The "idealized” 
table of comparative operating costs of chamber and con­
tact plants (p. 72) may be objected to as established on 
incorrect data and forced into balance. Chapter VI 
contains an interesting account of the struggle between 
brimstone and pyrite, but why do the statistical tables 
stop with the year 1934? The discussion of the minor and 
potential sources of sulfur in Chapter X II seems to belong 
in Chapter VI.

Quite inadvertently, no doubt, some elements of unfair­
ness seem to have crept into the text here and there. A 
good deal of publicity is given to one firm of contact-plant 
contractors to the exclusion of its competitors. In fact the 
influence of the intense pressure for business on the part of 
competing vanadium-mass contact-plant builders on (1) 
the displacement of platinum catalysts; (2) the relative 
decline in the production of chamber-plant acid; and (3) 
the creation of an over-supply of acid-plant capacity in 
the United States, has been omitted altogether. In the 
last chapter, the tendencies toward curtailment in sulfuric 
acid demand in certain industries are detailed without any 
mention of offsettnig new uses and expanding consumption 
in certain other industries.

The author, Associate Professor of Business Economics 
at Stanford University, shows a remarkable grasp of many 
of the technicalities of sulfuric acid manufacture. I t  is 
true, however, that some inaccuracies and debatable state­
ments have been included. The solution of the ‘ Vanadium 
mass problem” is ascribed to the wrong man (p. 54); the 
chamber process is erroneously said, to have completely lost 
the market for oil of vitriol (p. 65); copper ores are said to 
enter the United States free of duty (p. 79), whereas a duty 
has been imposed since 1932; it is incorrectly implied (pp. 
110 and 264) that vanadium mass can use pyrite gas with­
out gas-purification; for the recent progress of America m 
contact-process technique, too much credit is given to 
vanadium mass, and too little to other developments (p.
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55); and on p. 187 it is stated that many manufacturers of 
joint-cost products “do not even attempt to find particular 
costs for particular products, but are quite happy when the 
receipts from the totality of their operations show a profit 
over the totality of their outlays,” which is in direct con­
flict with the practice of all manufacturers of joint-cost 
products with whose accounting methods the reviewer is 
familiar.

Several misprints (such as “turbo-dispenser” for turbo- 
disperser, pp. 60 and 264; “niter coke” for niter cake, p. 
61; “carts” for cars, p. 90; and “767 caustic soda” for 76% 
caustic soda, p. 261), besides faulty English on p. 192 (line 
14) and at the top of p. 215, escaped the proofreaders. It 
seems probable that a pre-publication critical review by a 
competent sulfuric acid engineer would have served to 
avoid most of these errors, as well as to guide the author to 
better sources of information and to bring the data more 
nearly up to date.

On the whole, this book, the first of its kind, is a valuable 
contribution to the literature of sulfuric acid, and will be 
welcomed in the libraries of the economist, the business 
executive and the technologist.

Andrew M. Fairlie

Annual Tables of Constants and Numerical Data. N. 
Thon, Editor-in-Chief. Vol. XI. Published for the 
International Union of Chemistry by Hermann et Cie.: 
McGraw-Hill Book Company, Inc., 330 West 42d Street, 
New York, N. Y., 1937. 17 X 25.5 cm.
This volume, No. XI, Part 1, is the first to be issued by 

the Managing Board appointed at the Twelfth Conference 
of the International Union of Chemistry at Lucerne in 
1936. I t contains numerical data which have been pub­
lished during the years 1931-1934 classified in twenty-five 
sections and in addition a list of forty-four sections in 
which the other numerical data to be included in subse­
quent volumes will be classified. I t is printed in a smaller 
and therefore more convenient size than the previous 
volumes of these Tables. Two other sections, namely, 
No. 26, Raman Effect, and No. 27, Rotatory Power, 
printed in the older, larger format, are available as sepa­
rate monographs.

The Editors state that in this new series of Annual 
Tables emphasis will be placed on the selection and critical 
examination of the numerical data without abandoning the 
ideal of complete presentation to which Annual Tables 
have adhered in the past. Quantitative data are often 
divergent because of the different methods employed in, 
or the different conditions prevailing during, their deter­
mination; also because of the different methods of com­
putation or different standard values which have been 
employed. I t  is very difficult to assign proper weights to 
these various factors and it would be unwise to select one 
single determination and discard the rest. The Editors 
believe that the best results will be obtained if, after elimi­
nation of data which are clearly inaccurate or are dependent 
upon uncertain factors, the remaining data are simultane­
ously tabulated and adequate information as to the a t­
tendant conditions and the methods or hypotheses in­
volved in their determination is added.

The Editors consider it impossible to include all the

data relative to industrial materials, so that in this field a 
few typical examples will have to suffice.

Data for the years 1935-1936 belonging in the above 
twenty-seven sections will be included in the forthcoming 
Volume XII, Part 1; data for the years 1931-1936 belong­
ing in the remaining forty-four sections will appear in Parts 
2 and 3 of the forthcoming combined Volumes X I-X II. 
The Managing Board states that the preparation and 
printing of these three volumes are progressing rapidly. 
Prior to their publication the separate sections will be 
issued in the form of monographs containing one to three 
sections.

Finally, the Managing Board points out that the pub­
lication of these volumes has been possible only because of 
a substantial grant received from the French Government.

Workers in the physical sciences everywhere will be 
gratified not only at this continuation of Annual Tables but 
particularly at the prospect of prompt publication of future 
volumes.

Arthur B. Lamb

The Chemistry of Plant Constituents. By Ole Gisvold
and Charles H. R ogers. Burgess Publishing Com­
pany, Minneapolis, Minn., 1938. 309 pp. $3.50.
The authors state in the preface to the first (present) 

edition that the subject matter deals with the chemistry 
of plant constituents, with various possible reactions in­
volved in their formation, and that “a rather complete 
bibliography is presented.” When a book covers a vast 
field, the reviewer's critical competency must be limited to 
the topics with which he is intimately acquainted. His 
approval or disapproval of the book as a whole depends 
upon the thoroughness of his sampling of these topics.

The synthesis of hexoses in vitro by Baly (p. 6) is com­
plete to 1928. No mention is made of the work of Ram- 
sperger and Porter, nor of the work of Dhar and associates. 
The criticisms of Barton Wright (1930), the detailed dis­
cussion by Spoehr (1933), the Cold Spring Harbor Sym­
posium (1934) are all ignored. Credit is given (p. 30) to 
Ehrlich for our “quite complete knowledge about the pec­
tin molecule.” Yet Norris and Resch (1937) point out 
the difficulty of distinguishing the essential structure from 
incidental adjunct. The authors make no reference to the 
work of Nanji, Paton and Ling, Carré, nor to the review 
by Bonner (1936). The work of Myers and Baker (1931, 
1934), of Stoep (1928) and the important contributions of 
Link are all ignored. They suggest (p. 32) that the name 
pectin should be retained for substances now known as 
“urpectin” and “protopectin.” This is contrary to the 
A. C. S. committee nomenclature (1927) . The suggestion 
is made (p. 33) that the “definite ratio of calcium and mag­
nesium in the pectin molecule might well explain the 
necessity of a balanced calcium and magnesium supply for 
normal plant development.” A perusal of Norman 
(“Biochemistry of Cellulose, the Polyuronides and Lig­
nin,” 1937) shows how grossly inadequate is the present 
treatment.

The carotenoids (chapter X) were next examined. Re­
views of this topic tend to conform to a set pattern but, 
in the reviewer’s opinion, this chapter does not compare 
with the extremely readable account contributed by
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Bogert to Gilman’s “Organic Chemistry’’ (1938). Loose 
statements are frequent. Although Bogert uses xantho- 
phyll synonymously with lutein (to the reviewer’s regret, 
as it has for long been associated with the non-hydrocarbon 
carotenoids of the leaf), the present authors (p. 178) devote 
brief paragraphs to (1) xanthophyll and (2) lutein or leaf 
xanthophyll. This they state has been isolated from Dotter 
(sic) pigments. {Egg-yolk, Eidotter, or Dodder?) Strain 
has shown that leaf xanthophyll is not synonymous with 
lutein. They point out (p. 178) that rhodoxanthin does 
not have a double bond in the center of the molecule and 
therefore has a different type of symmetry. Application 
of Pauling’s discussion on resonance (Gilman) to a con­
jugated system of double bonds indicates this to be illusory. 
On p. 184 they offer a confused discussion of water-soluble 
yellow pigments, carotenoids, and the autumnal coloring 
of leaves. “Some of the red colors are developed by the 
oxidation of the yellow ones. In the tomato, the yellow 
pigments are masked by the predominating red pigment, 
lycopin.” The sentences, in juxtaposition, entirely un­
related, illustrate the confusion. The contribution of the 
late K. W. Hausser (1934) to color and bond conjugation 
might well have been mentioned. The improved method 
for isolating carotene by Homes (Holmes) and Leicester is 
hardly their most important contribution, and it has not 
found wide application because of the re-introduction of 
the Tswett column, of which but brief mention is made.

Russell’s spectrographic evidence in favor of flavpinacol 
formation in phlobatannins might well have been stressed, 
and his lucid review (1934) should have settled the unde­
sirability of including caffetannins and chlorogenic acid 
with the true tannins. The term leucocyanin has been 
substituted (p. 166) for leuco-n^ocyanin. The develop­
ment of color was first noted by Willstatter, explained by 
Rosenheim (1920), but this is not mentioned.

A discussion of chlorophyll is wedged (p. 272) into the 
chapter on enzymes. The sole reference to chlorophyll 
chemistry is Hans Fischer’s review (1937). Willstatter 
and Conant are to be remembered, not for their positive 
chemical contributions, but by less valuable suggestions as 
to the photosynthetic mechanism. The theory of Muller 
(p. 272) is put forward, though it has no widespread ac­
ceptance, while the views of van Niel on assimilation, and 
of Emerson and Arnold, Gaffron, on a possible photo­
synthetic unit are ignored.

Let us set to one side the irritations caused by numerous 
typographical errors, the indifference to accepted spelling, 
(carotinoid, lycopin interchangeably with carotenoid, 
lycopene), the innovations on nomenclature. Limitations 
of space necessitate compression and even omission. 
Instead of a highly incomplete bibliography, a critically 
selective one is required. A further ground for uneasiness 
lies in the general framework into which the facts are set. 
Let us examine pp. 1-4 in some detail. “In general, the 
greater the water supply, the smaller the root system. 
Too much water will result in the death of most plants.” 
Solution culture technique is overlooked, and no hint is 
given that oxygen supply is an essential factor. “ (Leaves) 
are the laboratories in which ‘nuclear’ or simple materials 
are synthesized.” When did chemist or biologist use 
nuclear in this sense? “F ru its .. .have the lowest percent­
age of ash, and leaves have the highest. The latter is prob­

ably due to the fact that the water leaves the ash behind 
as it evaporates from them in transpiration.” There is no 
differentiation of constituents immobilized to  a  great extent, 
notably iron and calcium, and those of great mobility, par­
ticularly phosphorus and potassium, and we are told the 
ash is left behind as the water evaporates.

The book shows evidence of uncritical compilation, typo­
graphical errors are inexcusably numerous, the style is in 
places too staccato, and many expressions are both irritat­
ing and unscientific, (e. g., p. 1 “a myriad number,” p. 5 
“a myriad of organic reactions,” p. 14 “a myriad of plant 
products”). I t  is fair to add that these remarks apply to 
five of the fifteen chapters, and to slightly less than one- 
third of the book. The residue is certainly much more free 
from irritating or obvious defects, and appears to be more 
carefully reasoned. Unfortunately the reviewer has al­
ready limited his field of critical competency, bu t drastic 
changes must be made if this book is to survive.

G. M a c k i n n e y

Handbuch der Lebensmittelchemie. A. B ö m e r , A.
J u c k e n a c k  and J. T il l m a n s . Dritter Band. Tie-
rische Lebensmittel. (Handbook of Food Chemistry.
Vol. III. Animal Foodstuffs). Edited by A. Bomer.
Verlag von Julius Springer, Linkstrasse 22-24, Berlin
W 9, Germany, 1936. xvi -f- 1049 pp. 174 figs.
17.5 X 26 cm. Price, RM 129; bound, RM  132.60.
The first two volumes of this series are devoted to those 

constituents of the plant and animal world which consti­
tute, or are a part of, man’s food. Reviewed and de­
scribed, also, are the relevant analytical procedures. In 
the third volume, and so to continue in the others which 
are contemplated, individual foods are treated. Unlike 
the practice followed by others, for example König, volume 
I and supplements of his “Chemie der Menschlichen Nahr- 
ungs- und Genussmittel,” no attem pt has been made a t 
compiling the voluminous data on the proximate composi­
tion of foods which have appeared within the past century. 
Claimed as a novel feature which has been introduced to 
extend the serviceability of the work for the (German) food 
chemist in official or private practice is the inclusion of a 
digest, written by members of the profession (Holthöfer 
and Barnes), of the legal aspects, both domestic and 
foreign, of the regulations under which the various sub­
stances are sold.

An excellent monograph of some 540 pages on milk and 
milk products, the work of A. Gronover and R. Strohecker 
who had the assistance of several others on certain special 
topics; similarly one on meats and meat products (359 p.) 
by A. Beythien and others; and a 74-page section by J. 
Grossfeld on the subject of eggs represent the major points 
of emphasis in this volume. Of lesser interest, although 
not without value, are the following topics: proprietary 
foods (23 p.) and sampling and preparation of material for 
analysis (17 p.) by A. Beythien; a brief discourse on foods 
and nutritive values (4 p.) by A. Bömer; and German food 
and food label laws (18 p.) by H. Holthöfer (18 p.).

References to the German literature on all of the topics 
are rather complete. That apparent ignoration of the 
world literature against which criticism was directed in 
respect to an earlier volume (This J o u r n a l , 57, 2017
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(1935)) appears to have been avoided by the present 
authors, who have gone beyond their own frontiers in their 
attem pts to bring into the picture the work of other scien­
tists. Keeping pace with the advances in a field as large 
as tha t defined by the term food chemistry is, indeed, a 
large task. The authors have simplified this task for the 
many by bringing together in condensed form the vast 
amount of information now extant on this subject. The 
fact that methods of analysis have not been presented 
critically may perhaps disappoint some. Inasmuch as the 
reviewer does not understand that this work was to be 
primarily a treatise of this kind, he is of the opinion that 
the project has not missed its mark; rather that it should 
prove to be an invaluable aid to the worker in these fields.

H. A. S c h u e t t e
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Halogenation of 1-Hexyne in Methanol1
B y J .  J . Verbang and G. F. Hennion

CHsOH

Cl2
R—C=

R—C =C H

Cl2
R -

Introduction
Relatively little attention has been directed 

toward the halogenation of alkylacetylenes. It 
is generally accepted that di- and tetrahalogen 
addition products result from such reactions 
when conducted in inert 
solvents. However, there 
are numerous synthetic 
possibilities if a third re­
agent is present, e. g., a 
reactive solvent such as 
methanol.

Goldschmidt, Endres and 
Dirsch2 treated phenyl- 
acetylene with ethyl hypo­
chlorite in carbon tetrachlo­
ride solution. They ob­
tained dichloroacetophenone and not the antici­
pated diethoxydichloro addition product. Jack- 
son3 chlorinated phenylacetylene in methanol and 
obtained 1 -phenyl-1 , l-dimethoxy-2 ,2-dichloroeth- 
ane. Similar studies with aliphatic acetylenes 
have not been reported. In the present investiga­
tion 1 -hexyne has been chlorinated under a variety 
of conditions using both methanol and carbon 
tetrachloride as solvents. All likely addition 
products have been isolated or prepared by inde­
pendent methods.

Chlorination of 1 -hexyne in methanol at 0-5° 
yielded a mixture of 1 ,2-dichloro-1 -hexene (I) and

(1) Paper X X V I on the chemistry of the alkylacetylenes and their 
addition products; previous paper, T h is  J o urn al , 60, 1159 (1938).

(2) Goldschmidt, Endres and Dirsch, Ber., 58, 572 (1925).
(3) Jackson, T h is  J o ur n a l , 56, 977 (1934).

l,l-dichloro-2,2-dimethoxyhexane (V). At 25- 
30°, 1,1-dichloro-2-hexanone (IV) was obtained 
in addition to the above products. The forma­
tion of these compounds may be represented by 
the following scheme of reactions (R is J7-C4H9) .

OCH3

=CHC1 -Cl2
R-

(II) c h 3o h
Cl2

o c h 3
I-c----
ICl

o
CHC12

(III)

-C H 3C1
R—C—CHC12

(IV)

->R -
/OCHs 

-C -----CHC12
\ c h 3

Cl
I

C=CHC1
(I)

(V)

Compounds (II) and (III) were not isolated. 
The reactivity of (II) precludes the possibility of 
isolation from the chlorinated mixture. Com­
pounds of type (III) spontaneously decompose, 
as has been shown previously.4 During these 
experiments the formation of methyl chloride 
was observed, confirming the mechanism of di- 
haloketone (IV) formation.

The absence of (II) and the monochloro analogs 
of (IV) and (V) prompted us to synthesize these 
in another manner. The following reactions were 
employed, starting with 1 -hexyne.

The l-chloro-2-methoxy-l-hexene (II) thus 
obtained was dissolved in methanol and treated 
with chlorine at 25°. Compound (V) was ob-

(4) Baum and Hennion, ibid., 60, 568 (1938).
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R—Ce==CH •
NaNH2

R - -C=CNa
H20

Cla
->  R—C ^C C l

R-

O
II h 20

-C—CHaCl -<-----

OCH3

R—C= =CHC1
~C H 3OH

R-

(VI) (II)

OCH;
I-c---
I

OCH3

(5) Picon, Compt. rend., 158, 1346 (1914); 169, 32 (1919).
(6) Vaughn, Hennion, et. al., J . Org. Chem., 2, 1 (1937).
(7) McCusker and Vogt, T h is  J o urn al , 59, 1307 (1937).

CH2CI

(VII)

tained in 60% yield, thereby confirming, in part, 
the mechanism proposed above.

Chlorination of 1-hexyne in carbon tetra­
chloride yielded only the anticipated 1,2-di­
chloride.

Bromination of 1-hexyne yielded the 1,2-di­
bromide, irrespective of whether the reaction 
was conducted in carbon tetrachloride or metha­
nol. Neither methoxy bromides nor bromo 
ketones could be prepared under the conditions 
employed.

Experimental
Reagents.—1-Hexyne56 and 1-chloro-l-hexyne7 were 

prepared as previously described. All other materials 
were c. p . stock reagents.-

Reaction of Chlorine with 1-Hexyne in Methanol.—
Into a two-liter three-necked flask with a reflux condenser, 
mechanical stirrer and a gas inlet tube, was placed 400 cc. 
of anhydrous methanol and 82 g. of 1-hexyne. A moder­
ately rapid stream of chlorine, measured by a flowmeter, 
was introduced over the surface of the rapidly agitated 
mixture. The absorption of chlorine was quite rapid and 
the reaction was accompanied by a moderate rise in tem­
perature. The initial temperature, 25-30°, was main­
tained by moderate cooling. After the theoretical amount 
of chlorine had been added the mixture was allowed to 
stir for an additional hour after which it was washed with 
water, dilute carbonate solution and again with water. 
The organic layer was dried over calcium chloride and 
fractionated. Distillation through an efficient column 
yielded the following compounds listed in order of increas­
ing boiling point.

1,2-Dichloro-l-hexene (I).—Obtained 29 g. (18% 
yield); b. p. 60-61 ° at 34 mm.; d 28 1.0511; n 28D 1.4535; 
MR  (calcd.), 39.17; MR  (obsd.), 39.10.

Anal. Calcd. for CeHioCh: Cl, 46.4; mol. wt., 153.0. 
Found: Cl, 46.1; mol. wt., cryoscopic in benzene, 151.3.

1.1- Dichloro-2-hexanone (IV).—Obtained 60.3 g. (37% 
yield); b. p. 64-66° at 10 mm.; d26 1.1344; «26d 1.4533; 
MR (calcd.), 39.65; MR  (obsd.), 40.0.

Anal. Calcd. for C6H10Cl2O: Cl, 42.0; mol. wt., 169.0. 
Found: Cl, 42.2; mol. wt., cryoscopic in benzene, 167.7.

1.1- Dichloro-2,2-dimethoxyhexane (V).—Obtained 75 g. 
(35% yield); b. p. 76-78° at 2 mm.; d29 1.120; w29d 
1.4530; MR  (calcd.), 52.1; MR  (obsd.), 51.8.

Anal. Calcd. for C8H i6C120 2: Cl,
32.81; mol. wt., 216. Found: Cl, 32.7, 
32.55, 32.50; mol. wt., cryoscopic in 

2CH3OH benzene, 215, 218.
A similar experiment was carried out 

employing a reaction temperature of 
0-5°. This reaction resulted in a 20% 
yield of 1,2-dichloro-l-hexene and a 
30% yield of l,l-dichloro-2,2-dimeth- 
oxyhexane. Approximately 24% of 

1-hexyne was recovered.
Bromination of 1-Hexyne in Methanol.—Into a two- 

liter three-necked flask with a reflux condenser, mechanical 
stirrer, and a gas inlet tube, was placed 500 cc. of anhy­
drous methanol, and 82 g. of 1-hexyne. Two hundred and 
forty grams of bromine was placed in a 250-cc. wide­
mouthed bottle equipped with an inlet and outlet tube. 
The bromine bottle was connected by means of rubber 
tubing to the reaction flask and to a nitrogen tank. A 
slow stream of nitrogen was bubbled through the liquid 
bromine for four hours, sufficient to transfer all the bro­
mine. The reaction flask was cooled in an ice-bath dur­
ing the addition. The mixture was stirred for an addi­
tional hour, after which it was washed with water, dilute 
carbonate solution and again with water. The organic 
layer was dried over calcium chloride and distilled through 
an efficient column. The yield of 1,2-dibromo-l-hexene 
was 223 g. (92.5% yield). The compound had the follow­
ing characteristics: b. p. 89-91° at 30 mm.; d22 1.608; 
n22d 1.5080; MR  (calcd.), 44.97; M R  (obsd.), 44.80.

Anal. Calcd. for CeHioBr2: Br, 66.1; mol. wt., 242. 
Found: Br, 65.9; mol. wt., cryoscopic in benzene, 239.

Chlorination of 1-Hexyne in Carbon Tetrachloride.— 
Into a one-liter three-necked flask with a reflux condenser, 
motor driven stirrer, and a gas inlet tube, was placed 82 g. 
of 1-hexyne and 500 cc. of carbon tetrachloride. An 
additional 100 cc. of solvent to which had been added 3 
cc. of antimony pentachloride was added slowly to the 
agitated mixture. A moderate stream of chlorine was 
passed over the surface until the theoretical amount 
had been added. The reaction mixture was stirred for an 
additional hour after which it was washed with water, 
dilute carbonate solution and again with water. The 
organic layer was dried over calcium chloride and dis­
tilled. The yield of product was 38 g. (25% of the theo­
retical). Considerable polymer (tar) was also obtained. 
The 1,2-dichloro-l-hexene had the following characteris­
tics: b. p. 62-65° at 36 mm.; d27 1.0525; n27d 1.4540; 
MR  (calcd.), 39.17; MR  (obsd.), 39.10.

Proof of Structure of l,l-Dichloro-2-hexanone.—Ten 
grams of l,l-dichloro-2-hexanone and 20 g. of calcium 
hypochlorite were mixed with 100 cc. of distilled water. 
The mixture was refluxed for thirty minutes after which it 
was subjected to distillation. The following compounds 
were obtained: 3.5 g. of chloroform, b. p., 57-58° at 
746 mm.; d2h 1.481; « 25d  1.4438, and 1.5 g. of «-valeric 
acid, identified by its characteristic odor and p-bromo- 
phenacyl ester, m. p. 63°.

Identification of Methyl Chloride.—A solution of 82 g. 
of 1-hexyne in 500 cc. of methanol was chlorinated at 
40-50° as described above. The exit gas was passed 
through two wash bottles containing 25% sodium hy-
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droxide solution, then through a calcium chloride drying 
tube, and finally into a 500-cc. flask cooled to —75° with 
carbice and acetone. About 20 cc. óf condensate was ob­
tained, identified as methyl chloride by conversion to 
methylmagnesium chloride, then to acetic acid (b. p. 
118-119°), in turn converted to acetanilide (m. p. 114°). 
The chlorinated methanol solution yielded 39 g. of 1,2- 
dichloro-l-hexene and 38 g. of l,l-dichloro-2-hexanone.

Addition of Methanol to 1 -Chloro-1 -hexyne.—This 
reaction was carried out using the method previously re­
ported.8 From 116.5 g. of 1-chloro-1-hexyne there was 
obtained 150 g. (83% yield) of l-chloro-2,2-dimethoxy- 
hexane: b. p . 77-80° at 14 mm.; d2h 0.9873; w25d  1.4305; 
MR  (calcd.), 47.30; MR  (obsd.), 47.20.

ketone had the following properties: b. p. 73-74° at 20 
mm.; d24 1.007; n24d 1.4370; M R  (calcd.), 34.79; MR 
(obsd.), 34.80.

Anal. Calcd. for C6HnC1 0 : Cl, 26.38. Found: Cl, 
26.3.

Discussion
It is extremely unlikely that methoxychloro 

addition products of 1-hexyne result through di­
rect addition of methyl hypochlorite. In accord 
with modern electronic concepts, we prefer to 
consider a series of repeated fragmentary ad­
ditions as shown below with electronic formulas.

R : C : : :  C : H +  : C l: C l:

~ R : C : : C :  H"]H

L J
I CHS: O : H 
i-------- -— >•

CH3: o  : H
1

+  [ :C 1 :]  (1)

: C l:
[ : C 1 : ] ~  R : C : : C : H  

----- ------> : Cl :
(2)

R : C : : C : H  
: C l:.

_ H+ : O : CH8
------ >. R : C :: C : H (3)

: C l:

Anal. Calcd. for C8H i,0 2C1: Cl, 19.65; 
mol. wt., 180.5. Found: Cl, 19.40; mol. 
wt., cryoscopic in benzene, 179.8.

Preparation of 1-Chloro-2-methoxy-1- 
hexene.—Employing the general proced­
ure already reported,9 90.3 g. of 1-chloro- 
2,2-dimethoxy hexane was desaturated 
using ^-toluenesulfonic acid as a catalyst.
The yield of l-chloro-2-methoxy-l-hexene 
was 68.5 g. (92.5% yield). The following 
characteristics were determined for this 
compound: b. p. 90-91° at 65 mm.; d2S 
0.9725; n2Sd 1.4460; MR  (calcd.), 40.57;
M R  (obsd.), 40.65.

Anal. Calcd. for C7H13OCI: Cl, 24.9; mol. wt., 148.5. 
Found: Cl, 24.8; mol. wt., cryoscopic in benzene, 147.1.

Chlorination of l-Chloro-2-methoxy-l-hexene.—Forty 
grams of l-chloro-2-methoxy-l-hexene was added drop wise 
(below the surface) to 200 cc. of methanol, while chlorine 
was passed over the surface. The temperature was main­
tained at 25-30°. At the completion of the reaction the 
excess chlorine and hydrogen chloride formed were exactly 
neutralized with sodium methylate-methanol solution, 
using phenolphthalein as an indicator. The sodium 
chloride was filtered off and the filtrate distilled. There 
was obtained 35 g. (60% yield) of l,l-dichloro-2,2-di- 
methoxyhexane.

Hydrolysis of l-Chloro-2-methoxy-l-hexene.—Fifteen 
grams of l-chloro-2-methoxy-1-hexene was added to a 
mixture of 15 cc. of water and 50 cc. of methanol to which 
had been added 0.2 g. of ^-toluenesulfonic acid. The solu­
tion was placed in a 250-cc. flask equipped with a reflux 
condenser and heated for a period of two hours. The 
excess water was removed by addition of anhydrous so­
dium sulfate and the clear supernatant liquid fractionated. 
The yield of 1-chloro-2 hexanone was 11 g. (82%). The

(8) Hennion, Killian, et. al., T h is  J o u r n a l , 56, 1130 (1934).
(9) Killian, Hennion and Nieuwland, ibid., 57, 544 (1935).

Equations (1) and (2) represent the normal 
course of halogenation in inert solvents. Equa­
tion (3) shows how a reactive solvent may co­
ordinate with the “positive fragment'* from 
(1), the complex then stabilizing by rejection of a 
hydrogen ion.

While direct proof of such mechanisms cannot 
be offered, these electronic concepts have proved 
extremely useful in predicting a number of other 
mixed addition reactions now under investigation.

Summary
1-Hexyne has been chlorinated in methanol 

and in carbon tetrachloride. Chlorination in 
methanol yielded 1,2-dichloro-l-hexene, 1,1-di- 
chloro-2,2-dimethoxyhexane, and l,l-dichloro-2- 
hexanone. In carbon tetrachloride 1,2-dichloro- 
l-hexene was formed. Bromination in methanol 
gave exclusively the 1,2-dibromide.
N otre D a m e , I n d ia n a  R ec eiv ed  A pr il  14, 1938
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Reactions of Dialkoxyalkanes with Alkynylmagnesium Bromides1

B y  A .  L .  Kranzfelder and R .  R .  V o g t

Introduction
It has been shown by Spaeth2 and by Tschit- 

schibabin and Jelgasin3 that several common 
acetals react with certain alkyl- and arylmag- 
nesium halides to yield various amounts of ethers 
through replacement of one alkoxyl group by the 
hydrocarbon radical. This reaction has been ap­
plied in the present research by utilizing the 
acetylenic magnesium bromides and acetal-type 
compounds for the synthesis of alkyl ethers of 
alkynyl carbinols and glycols, according to the 
following type equations, in which (R') and (R") 
represent alkyl groups and (R) may be an alkyl 
radical or hydrogen atom 

OR'

R—C—R +  R"—C = C —MgBr —

OR'
R

R "—C =C —C—OR' +  Mg(OR')Br
I

R
OR'
I

2R—C—R +  BrM gC^CM gBr —

OR'
R R

R 'O— —C = C —C—OR' +  2Mg(OR')Br
I I

R R

Several ethers of acetylenic glycols as well as 
certain methoxybutynes have been prepared pre­
viously by the action pf halomagnesium or sodium 
compounds of acetylenes on various haloethers, as 
shown below4-7
CH3OCH2CI +  B rM gC=C—CH3 — >

CH3OCH2—C =C — CH3 +  MgBrCl
CH3OCH2CH2Br +  N aC = C H ---->

CH3OCH2CH2—C =C H  +  NaBr 
2R0CH2C1 +  BrM gC=CM gBr — >

ROCH2C=CCH 2OR +  2MgClBr

By treating propargylic acetal, obtained from 
acrolein, with methyl-, ethyl- and phenylmagne-

(1) Paper X X V II on the chemistry of the alkylacetylenes and their 
derivatives; previous paper, T h is  J o u rn al , 60, 1711 (1938).

(2) Spaeth, M onatsh., 35, 330, 463 (1914).
(3) Tschitschibabin and Jelgasin, Ber., 47, 48, 1843 (1914).
(4) Yvon, Compt. rend., 180, 748 (1925).
(5) Lespieau, ibid., 144, 1161 (1907); 194, 287 (1932).
(6) Kroeger and McCusker, T h is  J o urnal , 59, 213 (1937).
(7) Gauthier, A n n . chim. phys., [8] 16, 334 (1909).

sium bromides, Grard8 prepared the corre­
sponding 3-ethoxy-l-alkynes. The methyl ethers 
of some acetylenic carbinols also have been syn­
thesized from methyl sulfate and the sodium 
alcoholates.9

The object of this investigation was to study 
the reactivity of different types of dialkoxyalkanes 
toward acetylenic Grignard reagents, and to de­
termine the practicability of the reaction as a 
general method for the synthesis of various 
classes of acetylenic ethers. The method lends 
itself particularly well since the intermediate 
acetals and ketals are readily prepared directly 
from acetylene and the alkylacetylenes 

+2ROH
H C = C H ---------------------------------^  CH3—CH(OR)2

Na +  RBr
4 +2ROH

R O = C H ----------------------------  >  R—C(OR)2CH3

The reactions carried out are listed in Table I, 
along with the physical constants of the acetylenic 
ethers obtained. Table II shows the analysis 
of the ethers not reported in the literature. All 
compounds distilled as water-white liquids having 
very pleasant odors.

Experimental
Reagents.-—1-Hexyne and 1-heptyne were prepared by 

a modification of the Picon synthesis.10 Ethyl ortho- 
formate was synthesized according to the method de­
scribed in the literature.11 Ethylal and w-propylal 
were Eastman Kodak Company products, and were puri­
fied by distillation before use.

Preparation of 1,1- and 2,2-Dialkoxyalkanes.—1,1-Di- 
ethoxyethane and 2,2-dimethoxyhexane were obtained by 
the addition of ethanol and methanol to acetylene12 and 
to 1-hexyne,13 respectively, by means of a mercuric oxide^ 
boron trifluoride catalyst.

The preparation of 1,1-diethoxypropane was effected 
by the addition of an ether solution of 1.0 mole ethylmag- 
nesium bromide to a solution of 222 g. (1.50 moles) of 
ethyl orthoformate in dry ether. The method employed 
was similar to the general procedure described below. 
Special precautions were taken, however, to use an excess 
of ester to ensure reaction of only one alkoxyl group. Hy-

(8) Grard, A nn . chim., 13, 336-383 (1930).
(9) Gredy, Compt. rend., 198, 2254 (1934).
(10) Vaughn, Hennion, et al., J .  Org. Chem., 2, 1 (1937).
(11) “Organic Syntheses,” Coll. Vol. I, John Wiley and Sons, 

Inc., New York, N . Y ., 1932, p. 253.
(12) Hinton and Nieuwland, T h i s  J o u r n a l , 52, 2892 (1930).
(13) Killian, Hennion and Nieuwland, ibid., 56, 1384 (1934).
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Table I
D ialkoxyalkanes with Alkynylmagnesium Bromides

<•--------------------------------------------------- Ether----------------------------------------------
RMgBr B. p., M R

No. Dialkoxyalkane R— Formula ° c . Mm. d*h W25D Calcd. Obsd.
1 H2C(OC2H 5)2 C4H9C = C — C4H9C=CCH2(OC2H 6) 90 24 0.8530 1.4391 43.41 43.12
2 H 2C(OC3H 7)2 C4H9CEEEC— C4H9CeeeCCH2(OC3H 7) 61 4 .8315 1.4340 48.03 48.20
3 CH3CH(OC2H 6)2 CsHuCeeC— C5HiiG =C C H C H 3(OC2H5) 108 40 .8144 1.4302 52.65 53.38
4 C2H5CH(OC2H 5)2 C4H9Ce=C— C4H9C =C C H C 2H 6(OC2H5) 105 25 .8290 1.4335 52.65 52.70
5 C6HsCH(OC2H5)2 C4H9C— c — C4H9C =C C H C 6H 5(OC2H5) 115 4 .9406 1.5033 67.51 67.97
6 C4H 9C==CCH—  C2H5(OC2H ë) C4H9Ce=C— (C4H9C = C )2CH(OC2H6) 121 4 .8550 1.4505 69.12 69.24
7 C4H 9C==C— CH(OC2H6)2 C4H 9CEEEC— C4H 9C=CC(C4H9) CH3(OCH3) 83 4 .8191 1.4412 63.25 63.13
8 CH3 0 C2H 4 0 CH3 C4H9CEEEC— C4H9C ~ C C 2H40CH3 ' 91 30 .8285 1.4317 43.41 43.68
9 CH3CH(OC2H 5)2 HC-eeC— HCeeeC— CH (OC2H 5) CHs 88 750 .7986 1.4009 29.01 29.71

10 C6H6CH(OC2H6)2 H C = C — H C = C — CH(OC2H6) CeHe 103 15 1.0425 1.5328 47.96 47.58
11 CH3CH(OC2H 6)2 — c = c — CH3CH(OC2H6) c = c c h -

(OC2Hs)C H j 179 730 0.8929 1.4328 49.67 49.53
12 H 2C(OC3H 7)2 — c = c — C3H 7OCH2C = C C H 2(OCsH 7) 150 20 .8892 1.4322 49.67 49.60

Table II
Analyses of N ew Acetylenic Ethers

No.
Empirical

formula
-----Mol. w t.“-— v
Calcd. Obsd.

-— % Alkoxyl &----n
Calcd. Obsd.

1 CgHiöO 140 142 32.11 31.24
2 CioHisO 154 153 c

3 C11H20O 168 167 26.76 25.85
4 ChH20O 168 165 26.76 25.79
5 C15H20O 216 219 20.83 20.04
6 C15H240 220 221 20.45 19.42
7 C13H240 196 198 15.81 16.36
8 CgHlöO 140 138 22.13 21.54
a Cryoscopic in benzene. b Zeisel method. c Anal.

Calcd. for CioHisO: C, 77.92. Found: C, 77.17. (By 
wet combustion method.)

drolysis was carried out by the careful addition of dilute 
acetic acid, and the product was neutralized immediately 
to minimize conversion to the aldehyde. The yield 
amounted to 100 g. (75% of the theoretical), b. p. 122-123 °.

Ethyl orthoformate, treated in a similar manner with 
phenylmagnesium bromide, gave a 55% yield of benzyl- 
idene acetal, b. p. 92-93° at 10 mm.

l,l-Diethoxy-2-heptyne (not previously reported) was 
obtained analogously, utilizing hexynylmagnesium bro­
mide. The yield was 69%, b. p. 97-98° at 10 mm.; 
n 27d 1.4320; d 2h  0.8668.

Preparation of 1,2-Dimethoxyethane.—A modification 
of the reported method14 was employed, which resulted in 
increased yields and a purer product.

Seventeen grams (0.75 mole) of metallic sodium was added 
in small portions to 228 g. (3.0 moles) of ethylene glycol 
monomethyl ether (Methyl Cellosolve) after which 94.5
g. (0.75 mole) of methyl sulfate was added dr op wise, with 
stirring, during thirty minutes. After heating for an 
additional fifteen minutes at 85-90 ° on an oil-bath, the 
product was distilled through a short Vigreux column. 
All material boiling below 100° was collected and this 
fraction redistilled. The amount of product boiling at 
82-83° was 54.5 g. (81% yield).

Reaction of Dialkoxyalkanes with Hexynylmagnesium 
Bromide.—The following represents the general procedure 
employed for all reactions.

Ethylmagnesium bromide was prepared in the usual 
manner, using 12 g. (0.50 mole) of magnesium turnings in 
anhydrous ether, and sufficient ethyl bromide to react

(14) Clarke, J . Chem. Soc., 101, 1802 (1912).

with all the metal. To this solution was added dropwise 
and with stirring 41 g. (0.50 mole) of 1-hexyne, diluted 
with an equal volume of dry ether. The reaction mixture 
was allowed to stand for twelve hours, and was then stirred 
and refluxed vigorously for two hours longer. After al­
lowing to cool, this solution was transferred to a dropping 
funnel and added slowly to 0.55 mole of the dialkoxyalkane 
dissolved in 100 cc. of anhydrous ether. The 1-liter, 3- 
necked flask used for preparation of the Grignard reagent 
was employed and constant agitation was effected by 
means of a sealed mechanical stirrer. Throughout the 
addition the reaction mixture was kept at a temperature 
sufficiently high, by heating on a water-bath, to distil off 
the ether at a constant rate. I t was found advantageous 
to add the Grignard reagent through a short, upright water- 
cooled condenser to prevent evaporation of the ether and 
solidification in the funnel stem. Stirring was continued 
for one hour with the water-bath at 95°, after which the 
semi-solid mixture was hydrolyzed in the cold with dilute 
hydrochloric acid. The organic layer was dried and dis­
tilled under reduced pressure. It was found that merely 
refluxing the reactants in dry ether with stirring for two 
to three hours gave lower yields of acetylenic ether than 
those obtained by removing the ether continuously and 
heating as described above.

In the reaction involving 1,2-dimethoxyethane, the re­
action mixture was heated on a near-boiling water-bath 
for three hours after the ether had been removed. The 
remainder of the procedure was the same as that given.

Reaction of Dialkoxyalkanes with Ethynylmagnesium 
Bromides.—Acetylene dimagnesium bromide was obtained 
by bubbling acetylene gas, purified by passing through 
concentrated sulfuric acid and a calcium chloride tower, 
through a solution of ethylmagnesium bromide in an­
hydrous ether during the course of eight to ten hours with 
constant stirring. After refluxing to remove ethane and 
excess acetylene, the Grignard reagent was added to twice 
its molal quantity of dialkoxyalkane in the usual manner. 
In addition to the ethers shown in Table I, 0.50 mole of 
the reagent, when treated with ethyl orthoformate, gave 
69 g. of the diacetal, l,l,4,4-tetraethoxy-2-butyne, b. p. 
107° at 4 mm.; n 30D 1.4315; d 2\  0.9525.

By adding bromobenzene to magnesium turnings in dry 
ether and simultaneously passing acetylene gas into the 
solution, as above, with vigorous refluxing, a Grignard re­
agent was obtained which, by its reactions with acetals 
proved to be mainly ethynylmonomagnesium bromide.
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With orthoformic ester, 0.50 mole of the reagent gave 24 
g. of the monoacetal, 3,3-diethoxy-l-propyne, b. p. 35° 
at 10 mm.; n22d  1.4139; d2\  0.8942.

Reaction of 1,1-Diethoxyethane with Sodium Acetyl- 
ides.—Ninety-six grams (1.0 mole) of 1-heptyne was 
added slowly to a solution of approximately 1.0 mole of 
sodamide in liquid ammonia. When most of the ammonia 
had evaporated, the solid acetylide was suspended in 600 
cc. of anhydrous ether. To this solution was added 147 
g. (1.25 moles) of ethyl acetal and the mixture refluxed 
with stirring for two hours. After hydrolysis the organic 
layer was purified, and distillation yielded 7 g. of 2-ethoxy-
3-nonyne, b. p. 108° at 40 mm.

Since liquid ammonia was found to be an excellent sol­
vent for ethyl acetal, the reaction with sodium amyl acetyl­
ide was carried out in this medium as well as in m-xylene 
at 120°. In one case the solid acetylide was treated with 
excess acetal and heated for three hours. In each in­
stance some 2-ethoxy-3-nonyne was obtained, but the 
yields were quite low. No acetylenic ether could be iden­
tified among the reaction products when sodium acetylide 
was employed in the above media.

Discussion of Results
That the reaction studied in this investigation 

proceeds through replacement of one alkoxyl group 
of the acetal or ketal by the acetylenic radical was 
clearly demonstrated by synthesizing 1-phenyl-1- 
ethoxy-2-heptyne and 2-ethoxy-3-nonyne by two 
independent methods, involving the use of differ­
ent intermediates. Such a mechanism accounts 
for the formation of identical products when the 
following reactions were carried out

Each reaction of dialkoxyalkane with hexynyl­
magnesium bromide was carried out under iden­
tical conditions of time, temperature and concen­

tration of reactants, and a very marked variation 
in the reactivity of the different types of alkoxy 
compounds was noted. 1,2-Dimethoxyethane, 
given a longer reaction period, produced only 15% 
of acetylenic ether. Under the standard condi­
tions, the acetals of formaldehyde yielded 31 to 
35% of ether, acetaldehyde and propionaldehyde, 
46 to 49%, 2-hexanone, 57%, ^-butylpropiolalde- 
hyde, 62% and benzaldehyde, 66%.

This method of acetylenic ether synthesis is a 
very general one, in so far as alkyl ethers of pri­
mary, secondary or tertiary acetylenic carbinols 
may be obtained, depending on whether acetals of 
formaldehyde, higher aldehydes or ketones are 
used as starting materials. In addition, the inter­
mediates needed for the secondary and tertiary 
acetylenic ethers are obtainable directly from 
acetylene and the alkylacetylenes, thus obviating 
the use of haloethers or acetylenic carbinols as such.

Summary
Various acetals and ketals have been found to 

react with alkynylmagnesium bromides to yield 
ethers of primary, secondary and tertiary acety­
lenic carbinols and glycols. The latter two types 
of acetylenic ethers were synthesized from in­
termediates obtained from acetylene and alkyl­
acetylenes.

Acetals of formaldehyde, higher alkyl aldehydes, 
ketones and benzaldehyde exhibited a definite 

increase in reactivity, in the 
order named, which is ex­
plainable electronically.

Sodium acetylides have 
been shown to react only to 
a slight extent with acetals 
in various solvents.

Several new acetylenic 
ethers have been reported. 

A convenient method for 
the synthesis of 1,2-dimethoxyethane in good 
yields has been described.
N o t r e  D a m e , I n d i a n a

+ C 2H0MgBr + C 4H9C=CMgBr
-----------------^ C2H5CH(OC2H5 ) 2 ------------------------^ C4H9C==C— CH—C2H5

+CiHgC=CMgBr + C 2H5MgBr
HC(OC2H5)3------------------------ >  C4H8Cr=CCH(OC2H5)a.

OCïHü
A

+ C 6H5MgBr
+  CeHsMgBr +  C4H9C=CMgBr

- >  C6H5CH(OC2H5)2-------------------^  c 4h *c ^ c—c h —c 6h 5

o c 2h *

R e c e iv e d  M a y  2, 1938
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Some Reactions of Dialkylacetylenes1
By Edward A. Bried 

Introduction
A previous communication2 in this series re­

ported a rapid preparation of dialkylacetylenes 
involving the simultaneous interaction of sodium 
acetylide, sodamide and alkyl halides in liquid 
ammonia. This work has been extended with 
three objectives in mind: (1) to study the be­
havior of higher alkyl halides in the dialkylacety- 
lene synthesis; (2) to study reactions of di­
alkylacetylenes; and (3) to prepare dialkylacety- 
lene derivatives suitable for rapid identification. 
Definite results have been obtained only with re­
gard to the first two objectives. A number of 
noncatalytic addition reactions have been investi­
gated, but in no case have solid derivatives been 
found suitable for ready identification.

The rapid dialkylacetylene synthesis2 is limited 
definitely to the usage of alkyl halides of moderate 
molecular weight and appreciable solubility in 
liquid ammonia. Whereas 77-butyl bromide gave 
a 70% yield of dibutylacetylene, ?z-amyl bromide 
gave a 30% yield of diamylacetylene2 and n- 
hexyl bromide a 38% yield of dihexylacetylene. 
w-Octyl bromide, when treated with sodium acety­
lide and sodamide in liquid ammonia at atmos­
pheric pressure, gave a 57% yield of octylacety- 
lene and a 15% yield of dioctylacetylene. At 120 
lb. per sq. in. (8 atm.) the yield of dioctylacetylene 
increased to 27%, while the yield of octylacetylene 
amounted to 15%. Decyl bromide gave decyla- 
cetylene and decylamine.

Oxidation of dibutylacetylene with 68% nitric 
acid in the presence of mercuric nitrate resulted 
in good yields of ̂ -valeric acid. Dibutylacetylene 
rapidly absorbed hydrogen quantitatively at 55 lb. 
per sq. in. (3.7 atm.) in the presence of Raney 
nickel to give 77-deeane. In this connection it 
seems the hydrogenation of dialkylacetylenes may 
well serve as a source of pure long chain paraffin 
hydrocarbons. Addition of bromine to dibutyl­
acetylene yielded a dibromide boiling over a 20° 
range and therefore likely a mixture of cis and 
trans isomers. Hydration of dibutylacetylene, 
using the method recently reported,3 gave 5-

(1) Paper X X V III on the chemistry of the alkylacetylenes and 
their addition compounds; previous paper, T h is  J o urn al , 60, 1714 
(1938).

(2) Bried and Hennion, ibid., 59, 1310 (1937).
(3) Thomas, Campbell and Hennion, ibid., 60, 718 (1938).

and G. F. Hennion

decanone in excellent yield. Catalytic addition4 
of methanol, ethylene glycol and acetic acid to 
dibutylacetylene proceeded readily.

Addition of thiocyanogen to diphenylacetylene 
yielded a crystalline addition compound pre­
viously reported by Söderback.5 Treatment of 
dibutylacetylene under identical conditions failed 
to give a derivative. Addition of iodine mono­
bromide to dioctylacetylene in ether yielded a 
brownish-black solid which decomposed upon 
heating.

Experimental
Reagents.—Octyl alcohol and decyl bromide were 

kindly supplied for this work by the du Pont Company.
Reaction of Hexyl Bromide *with Sodium Acetylide 

and Sodamide.—-Hexyl bromide (124 g., 0.75 mole) was 
added dropwise to a mixture of 0.69 mole of sodium acety­
lide and 0.78 mole of sodamide2 in three liters of liquid 
ammonia during the course of forty-five minutes. The 
mixture was evaporated to dryness. Ether (200 ml.) and 
one liter of crushed ice were added, the organic layer sepa­
rated and treated in the usual manner. Fractionation in 
vacuo through a 30-cm. Vigreux column yielded 27.5 g. 
(38% yield) of dihexylacetylene boiling at 132-134° at 21 
mm. Redistillation gave a product with the following 
physical constants: b. p. 124° (15 mm.), 140° (25 mm.), 
144° (30 mm.); n25D 1.4330; d25 0.7991; M R  (calcd.), 
64.85; M R  (obsd.), 64.5.

Anal. Calcd. for ChH26: C, 86.51; H, 13.49. Found: 
C, 85.66; H, 13.46.

Reaction of Octyl Bromide with Sodium Acetylide and 
Sodamide.—The same procedure was employed as de­
scribed above. The yield of dioctylacetylene was 14.2 g. 
(15% yield). There was a recovery of 59.5 g. (57% yield) 
of octylacetylene and 5.6 g. of octyl bromide. The addi­
tion of 100 ml. of dry ether, when half of the octyl bromide 
had been introduced, did not increase the yield of dioctyl­
acetylene. Octylacetylene (61.6 g., 59% yield) and di­
octylacetylene (7 g., 7% yield) were recovered. Prepara­
tion of dioctylacetylene in the autoclave at 120 lb. per sq. 
in. (8 atm.), using the general method previously de­
scribed,2 yielded 25 g. (27% yield) of dioctylacetylene and 
15 g. (15% yield) of octylacetylene. Distillation gave 
dioctylacetylene with the following physical constants: b. 
p. 163-164° (7 mm.); n25d 1.4488; d25 0.8022; M R  
(calcd.), 83.32; M R  (obsd.), 83.71.

Anal. Calcd. for C18H34: C, 86.31; H, 13.69. Found: 
C, 85.76; H, 13.15.

Reaction of Decyl Bromide with Sodium Acetylide and 
Sodamide.—Two experiments were performed, using 27.6

(4) Hennion, Nieuwland, et a l., ibid., 56, 1130, 1384, 1802 (1934); 
57, 2006 (1935).

(5) Söderback, A n n ., 443, 142 (1925).
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g. (0.125 mole) of decyl bromide with 0.075 mole of sodium 
acetylide and 0.082 mole of sodamide in each case.

An experiment at atmospheric pressure gave 15 g. 
of a decyl bromide-decylacetylene mixture, b. p. 72° 
(3 mm.).

An experiment conducted in the autoclave at 120 lb. per 
sq. in. (8 atm.) gave 12 g. of decylacetylene and 6 g. of 
decylamine, weighed as the hydrochloride, m.p.  193°, con­
firming that reported by Komppa.6

Oxidation of Dibutylacetylene.—Seventy-nine grams of 
68% nitric acid was placed in a 500-ml. three-necked flask 
equipped with a dropping funnel, mercury-sealed motor- 
driven stirrer and water condenser. One gram of mercuric 
nitrate was dissolved in the nitric acid and 34.5 g. (0.25 
mole) of dibutylacetylene added dropwise. The reaction 
was highly exothermic and it was found possible to main­
tain a temperature of 80° by controlling the rate of addi­
tion of the dialkylacetylene. Stirring was continued for 
one hour. Benzene (100 ml.) was added, the organic 
layer separated, washed with water, and fractionated 
through a 50-cm. Vigreux column. The yield of n-valeric 
acid, after the first distillation, was 34.5 g. (68%). Re­
distillation gave 30 g. (60% yield) of product boiling at 90- 
91° (19 mm.). The neutralization equivalent was 100 
(molecular weight, calcd., 102).

Hydrogenation of Dibutylacetylene.7—A catalytic re­
duction machine similar to the apparatus described by 
Adams and Voorhees8 was used. A solution of dibutyl­
acetylene (24.2 g., 0.175 mole) in 100 ml. of methanol with 
3 g. of Raney nickel catalyst, prepared according to the 
method of Covert and Adkins,9 was shaken in an atmos­
phere of hydrogen for a period of ninety minutes. The 
pressure rapidly fell from 55 to 20 lb. per sq. in. (3.7 to 1.3 
atm.), corresponding to the absorption of approximately 
0.4 mole of hydrogen. The product was washed with 100
ml. of water, the organic layer separated and dried over 
powdered anhydrous potassium carbonate. Fractionation 
through a 30-cm. column gave 15.3 g. of product boiling 
at 62-63° (15 mm.). Successive treatments with con­
centrated sulfuric acid, water, dilute sodium carbonate and 
finally with distilled water, followed by distillation, yielded 
«-decane, b. p. 66-67° (17 mm.); n2Sd 1.4093; d25 0.7269; 
M R  (calcd.), 48.39; M R  (obsd.), 48.4.

Bromination of Dibutylacetylene.—Bromine (40 g., 0.25 
mole) was added dropwise at reflux temperature to a solu­
tion of 34.5 g. of dibutylacetylene (0.25 mole) in 200 ml. of 
dry chloroform. After stirring for one hour, the product 
was washed successively with water, dilute sodium carbon­
ate, finally with distilled water and dried over calcium 
chloride. Distillation through a 30-cm. Vigreux column 
gave a product (50.2 g.) boiling a t 113-132° (17 mm.). 
Repeated fractionation in vacuo gave two fractions: (a) 
b. p. 123-124° (17 mm) ;  n25d 1.4975; d25 1.3473; MR  
(calcd.), 63.45; MR  (obsd.), 64.8; (b) b. p. 127-128° (17
mm. ); «25d 1.5005; d2* 1.3749; M R  (calcd.), 63.45; MR  
(obsd.), 63.8.

(6) Komppa, J . ■prakt. Chem., 135, 193 (1932).
(7) The authors are indebted to Mr. M. J. O’Connor, who is now 

studying the hydrogenation of acetylenes in this Laboratory, for the 
use of the hydrogenation equipment.

(8) “Organic Syntheses,” Coll. Vol. I, John Wiley and Sons, Inc., 
New York, N. Y., 1932, p. 53.

(9) Covert and Adkins, T h is  J o u rn al , 54, 4116 (1932).

Anal. Calcd. for CioHi8Br2: Br, 53.67. Found: for 
fraction (a), Br, 53.91; for fraction (b), Br, 53.94.

Hydration of Dibutylacetylene.—Using the general 
procedure previously described,3 dibutylacetylene (69 g., 
0.5 mole) was added dropwise to 225 g. of 70% isopropyl 
alcohol, in the presence of mercury catalyst, a t 80°. 
Distillation through a 30-cm. column gave 62.4 g. (80% 
yield) of 5-decanone: b. p. 106-108° (27 mm.); n2id 
1.4225; d2i 0.8115; M R  (calcd.), 48.92; M R  (obsd.), 
48.6.

Anal. Calcd. for C10H2oO: C, 76.84; H, 12.91. Found: 
C, 76.48; H, 12.77.

I t  was found impossible to prepare any of the common 
ketone derivatives from 5-decanone.

Addition of Methanol to Dibutylacetylene.—Dibutyl­
acetylene (34.5 g., 0.25 mole) was added dropwise to 32 g. 
(1 mole) of anhydrous methanol, containing the usual 
catalytic mixture of mercuric oxide, boron fluoride, and 
trichloroacetic acid.4 The product was isolated in the 
usual manner. The 5,5-dimethoxydecane was found to 
decompose slowly on distillation. After one distillation 
the following constants were obtained: b. p. 98-99° (10 
mm.); tz25d 1.4245; d25 0.8549; M R  (calcd.), 60.91; M R  
(obsd.), 60.4.

The decomposition of the dimethoxy compound was 
accelerated by distillation with a trace of ^-toluenesulfonic 
acid.10 In this manner 32 g. of 5,5-dimethoxydecane gave 
27 g. of 5-methoxy-5-decene: b. p. 94-95° (20 mm.); n 25D 
1.4310; d25 0.8212; M R  (calcd.), 54.18; M R  (obsd.), 53.6. 
Analysis indicated that the product was impure.

Anal. Calcd. for CUH220: C, 77.57; H; 13.03; CH30,
18.2. Found: C, 75.0; H, 11.8; CH30, 12.0.

Addition of Acetic Acid to Dibutylacetylene.—Using the
general procedure and catalyst described above, 69 g. 
(0.5 mole) of dibutylacetylene was added dropwise to 36 g. 
(0.6 mole) of glacial acetic acid containing 5 g. of acetic 
anhydride. The product was extracted with 150 ml. of 
ether and the extract washed successively with water, 
dilute sodium carbonate, finally with distilled water and 
dried over calcium chloride. Fractionation gave 59 g. 
(60% yield) of 5-acetoxy-5-decene boiling a t 95-97° (10 
mm.). The following physical constants were obtained: 
n25D 1.4320; d25 0.8663; M R  (calcd.), 58.81; M R  (obsd.),
59.3.

Anal. Calcd. for Ci2H220 2: C, 72.66; H, 11.19. 
Found: C, 72.04; H, 11.08.

This ester was very resistant both to saponification with 
alcoholic potassium hydroxide and to hydrolysis with dilute 
sulfuric acid.

Addition of Ethylene Glycol to Dibutylacetylene.—
Dibutylacetylene (69 g., 0.5 mole) was added dropwise to
37.2 g. of ethylene glycol (0.6 mole) according to the 
general method previously described.4 The two liquid 
phases, which originally prevailed, gradually became 
homogeneous as the reaction progressed. After distilla­
tion the fraction boiling a t 105-106° (10 mm.) was re­
tained. Redistillation gave 86.5 g. (86% yield) of 2- 
butyl-2-amyl-l,3-dioxolane: b. p. 103-105° (10 mm.); 
n25D 1.4339; d™ 0.8862; M R  (calcd.), 58.71; M R  (obsd.), 
58.8.

(10) Killian, Hennion and Nieuwland, ibid., 57, 544 (1935).
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Anal. Calcd. for C12H24O2: C, 71,93; H, 12.08. 
Found: C, 71.98; H, 12.04.

Hydrolysis with a small quantity of sulfuric acid gave 
5-decanone, b. p. 106-107° (27 mm.); n25D 1.4225.

Reaction of Thiocyanogen and Iodine Monobromide 
with Dialkylacetylenes.—A benzene solution of thio­
cyanogen was prepared according to the method of Söder­
back.5 To one-half of this solution was added 1.3 g. of 
diphenylacetylene in 25 ml. of dry benzene, while to the 
other was added a comparable quantity of dibutylacetylene. 
The two solutions were placed in the dark for twenty hours. 
The diphenylacetylene deposited a crystalline product 
melting at 192-193°, as previously reported by Söderback.5 
Dibutylacetylene failed to give a derivative.

Dioctylacetylene (2 g.) was added to an ether solution 
of iodine monobromide (4 g.). After twenty-four hours at 
room temperature a brownish-black solid was obtained 
which decomposed upon heating.

Acknowledgment.—The authors acknowl­
edge the kind assistance of Messrs. H. I. Lipsie 
and C. J. Kelley in a number of experiments.

Summary
1. The action of hexyl bromide, octyl bromide 

and decyl bromide on mixtures of sodium acety­
lide, and sodamide in liquid ammonia is described.

2. Oxidation, hydrogenation, bromination, hy­
dration and the addition of methanol, acetic acid 
and glycol to dibutylacetylene are described.

3. No solid addition compound of dialkyl­
acetylenes, suitable for identification purposes, 
has been found to date.
N otre Dame, Indiana Received May 4, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , U n iv e r s it y  o f  K w a n g s i , C h i n a ]

Pyrimidine Research: The Molecular Rearrangement of 4-Methyl-5-?z-butyl-2,6-
dimethoxypyrimidine1

B y Y u o h  F ong C h i , C h i W e i  and  N aw  Sh au ng  P an

It has long been known that lactim ethers of 
configuration I will undergo rearrangement to 
their isomeric and stable lactam form II. These 
transformations are irreversible and can be 
brought about by the application of heat with 
or without the presence of special catalytic agents, 
and have been observed to take place in both 
acyclic and cyclic compounds.

I I  I I
N = C —OCH3 CH3N—C = 0

I II

This interesting rearrangement recently has 
been illustrated by Hilbert and Johnson2 in the 
pyrimidine series. They showed that 2,6-dialk- 
oxypyrimidines and 2-oxy-3-alkyl-6-alkoxypy- 
rimidines easily undergo rearrangement on heat­
ing without catalytic reagents, at an elevated 
temperature to form the corresponding 1,3-di- 
alkyl-uracils. Nevertheless, 2,6-dialkoxypyrimi- 
dine, containing two lactim configurations within 
the same pyrimidine molecule, will only undergo 
partial rearrangement by treatment with methyl 
iodide at a much lower temperature to form 2- 
oxy-3-alkyl-6-alkoxypyrimidines.

(1) This paper was constructed from a dissertation presented by 
C. Wei and N. S. Pan to the Faculty of Chemistry at the University 
of Kwangsi in partial fulfilment of the requirements for the degree 
of B. Sci. in June, 1937. The authors especially desire to acknowl­
edge the personal assistance of Professor Treat B. Johnson of Yale 
University in the preparation of the paper for publication.

(2) Hilbert and Johnson, T h is  J o ur n a l , 52, 2001 (1930).

In this paper, the authors have extended this 
study and describe the conditions under which
4- methyl-5-n-butyl-2,6-dimethoxypyrimidine III, 
rearranges to (a) l,3,4-trimethyl-5-^-butyl- 
uracil IV, and (b) 2-oxy-3,4-dimethyl-5-n-butyl- 
6-methoxypyrimidine V. Thus far, it has been 
found that the 2,6-dimethoxypyrimidine III 
easily undergoes transformation into its isomeric 
and stable lactam configuration, 1,3,4-trimethyl-
5- n-butyl-uracil IV, by merely heating at 250- 
270° for three hours. On the other hand, it was 
only transformed into 2-oxy-3,4-dimethyl-5-n- 
butyl-6-methoxypyrimidine V, under the cataly­
tic influence of methyl iodide at 50 or at 100°. 
Such partially rearranged pyrimidines like 2- 
oxy-3,4-dimethyl-5-^-butyl- 6 -methoxypyrimidine 
V, were only stable, however, at this lower tem­
perature, and undergo further transformation 
into the isomeric and completely rearranged modi­
fication IV by heating. These respective changes 
are expressed by the formulas.

1,3,4-Trimethyl-5-^-butyl-uracil, IV, was iden­
tical with the pyrimidine prepared by methyla­
tion of 4-methyl-5-n-butyluracil. 2-Oxy-3,4-di- 
methyl-5-7z-butyl-6-methoxypyrimidine very easily 
underwent hydrolysis by treatment with dilute 
hydrochloric acid yielding 3,4-dimethyl-5-n-butyl- 
uracil. The dimethoxypyrimidine III required 
for this research was synthesized by the action of
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N=COCH3 heating at CHsN—C= 0  
I I (a) 260-270° I I

CHaOC OC4H9 ------------ >- OC CC4H9

N—CCH3 
III

CH3I(50 or 100°) 
N=COCHs

CH3OC CC4H9 -------------
II II

CH3N—CCH3
I

I

c h 3n —c c h 3
IV

300-330°
n = c o c h 3 
I I

OC CC4H9 +  c h 3i

CHsN— ècH 3 
V

(a) C4H9 =  w-butyl

sodium methylate upon 4-methyl-5-^-butyl-2,6- 
dichloropyrimidine, which was obtained by treat­
ing its corresponding uracil precursor previously 
described by Chi,3 with a mixture of phosphorus 
oxychloride and phosphorus pentachloride.

Experimental Part
4-Methyl-5-«-butyl-2,6-dichloropyrimidine.—One hun­

dred and ten grams of 4-methyl-5-«-butyluracil was dis­
solved in a cold mixture of 500 cc. phosphorus oxychloride 
and 50 g. of phosphorus pentachloride. This was then 
heated in an oil-bath at 120° until hydrogen chloride gas 
ceased to be evolved. This required about ten hours. 
The excess of phosphorus oxychloride was distilled off 
under diminished pressure at water-bath temperature, 
when there was left behind a dark brown, resinous residue. 
In order to decompose any phosphorus compounds, this 
product was cooled by an ice-salt mixture, and then 
treated with cracked ice. Care must be taken to add a 
very small piece of ice at each time and to observe that the 
temperature does not rise above 20°. This precaution 
must be observed in order to avoid hydrolysis of the di­
chloro compound to the corresponding uracil derivative. 
After this treatment, the mixture was extracted with ether, 
the ethereal solution washed with water and dried over 
calcium chloride. After distilling off the solvent there was 
left an oil which was distilled under diminished pressure 
whereupon we obtained the pure dichloropyrimidine boil­
ing at 171° at 23 mm. pressure. The yield was 106 g. or 
80% of the theoretical.

Anal. Calcd. for C9H12N2C12: N, 12.79. Found: N, 
12.87, 12.84.

4 -Methyl-5 -n - butyl - 2,6-dimethoxypyrimidine.—Four 
and six-tenths grams of sodium was dissolved in 50 cc. of 
absolute methyl alcohol. To this cold alcoholic solution of 
sodium methylate 21.9 g. of 4-methy 1-5-n -butyl-2,6-di- 
chloropyrimidine dissolved in 50 cc. of absolute methyl 
alcohol was added slowly. There separated immediately 
solid sodium chloride. After allowing to stand for one hour 
to complete the reaction, the sodium chloride was filtered 
off and washed thoroughly with methyl alcohol. The excess 
of alcohol was then removed by heating when we obtained 
an oil. This was shaken with 30 cc. of 30% sodium hy­
droxide solution, in which the required pyrimidine-2,6- 
dimethyl ether is insoluble and separated as the upper

layer of the solution and was extracted with ether. 4- 
Methyl-5-w-butyl-2,6-dimethoxypyrimidine distilled as a 
colorless oil, boiling at 159 0 a t 29 mm. The yield was 20 g. 
or 95% of the theoretical.

Anal. Calcd. for CiiHi802N2: N, 13.33. Found: N, 
13.28, 13.21.

Further alkoxypyrimidines of this type that we prepared 
according to this procedure are recorded in Table I.

T a b l e  I
D ia l k o x y p y r im id in e s

4-Methyl-5-
v -

Yield, Analyses, % N
w-butyl-2,6- % Formula Calcd. Found

Diethoxy- 174 at 87 .6 C13H22O2N 2 11.76 11.80 11.82
pyrimidine 27 mm.

Di-n-propoxy- 193-4 at 9 8 .8 Cl5H2602N2 10.52 10.56 10.74
pyrimidine 23 mm.

Di-w-butoxy- 219 at 86 .5 C17H 30O2N 2 9.52 9.71 9 .60
pyrimidine 29 mm.

Dialloxy- 192-3 at 96 .0 C1SH22O2N 2 10.68 10.74 10.53
pyrimidine 31 mm.

The Molecular Rearrangement of 4-Methyl-5-w-butyl-
2,6-dimethoxypyrimidine, III. A. Rearrangement to 
l,3,4-Trimethyl-5-«-butyluracil, IV.—Five grams of the 
pyrimidine III  was heated in an oil-bath at 250-270° for 
three hours. At first there was a vigorous ebullition which 
gradually subsided and finally ceased as the proportion of 
the rearranged compound increased. On cooling, the pale 
brown reaction product completely solidified. This was 
purified by dissolving in hot benzene, to which petroleum 
ether was gradually added to turbidity. After cooling a 
solid amorphous mass separated. After filtering, this re­
action product was dissolved in dry benzene, and then 
petroleum ether added just to turbidity. On cooling, more 
amorphous material separated. The clear combined fil­
trates were then heated at 100° to expel the solvents when 
an oil was obtained which solidified on cooling. I t was 
purified by recrystallization from a benzene-petroleum 
ether mixture (1:40), whereupon a compound melting at 
54-55° separated in colorless needles.

Anal. Calcd. for CnHi80 2N2: N, 13.33. Found: N, 
13.8.

This compound, melting a t 54-55°, proved to be identi­
cal with l,3,4-trimethyl-5-w-butyluracil, IV, which has not 
been described previously in the literature. I t was pre­
pared as follows.

Synthesis of l,3,4-Trimethyl-5-?z-butyluracil, IV.—
Five grams of 4-methyl-5-w-butyluracil was dissolved in 
150 cc. of a sodium hydroxide solution containing 2.6 g. of 
sodium hydroxide. To this cold solution, 6.9 g. of di­
methyl sulfate was then added slowly from a dropping fun­
nel, and during its addition the fluid was stirred vigor­
ously. I t was then heated to boiling for one hour. After 
cooling, the product was extracted with benzene and the 
solution dried over calcium chloride. After distilling off 
the benzene we obtained an oil which solidified on cooling. 
I t was purified by crystallization from a mixture of benzene 
and petroleum ether, from which pure l,3,4-trimethyl-5-«- 
butyluracil separated. I t  melted at 54-55° and its melt­
ing point was not depressed on mixing with 1,3,4-trimethyl-
5-w-butyluracil described in the preceding experiment.

Anal. Calcd. for CuH180 2N2: N, 13.33. Found: N, 
12.86, 13.17.(3) Chi, T h is  J o urn al , 58, 1151 (1936).
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Rearrangement of 4-Methyl-5-«-butyl-2,6-dimethoxy- 
pyrimidine, III, to 2-Oxy-3,4-dimethyl-5-w-butyl-6-meth- 
oxypyrimidine, V. Method A.—Five grams of 4-methyl- 
5-w-butyl-2,6-dimethoxypyrimidine, III, was mixed with
14.2 g. of freshly distilled methyl iodide and the solution 
was heated in a sealed tube at 100 ° for six hours. The ex­
cess of methyl iodide was removed by a blast of air and the 
residue distilled under a vacuum. Pure 2-oxy-3,4-di- 
methyl-5-n-butyl-6-methoxypyrimidine boiled at 235-236 ° 
at 31 mm. pressure with slight decomposition and at 183- 
184° at 1 mm. pressure without decomposition. This 
compound is a light yellow and very viscous oil which 
showed no signs of solidifying.

Anal. Calcd. for C11H 18O2N2*. N, 13.33. Found: N, 
13.48.

Method B.—Five grams of 4-methyl-5-w-butyl-2,6- 
dimethoxypyrimidine was heated with 14.2 g. of freshly 
distilled methyl iodide in a sealed tube at 50° for ten hours; 
from which the partially rearranged pyrimidine 2-oxy-3,4- 
dimethyl-5-w-butyl-6-methoxypyrimidine was isolated as 
described above. I t boiled at 183-184° at 1 mm. pressure.

Anal. Calcd. for C11H 18O2N2: N, 13.33. Found: N, 
13.22.

The structure of this compound was established by its 
behavior on hydrolysis.

Hydrolysis to 3,4-Dimethyl-5-w-butyluracil.—2-Oxy-3,4- 
dimethyl-5-w-butyl-6-methoxypyrimidine was heated with 
dilute hydrochloric acid for one hour. The solution was 
then evaporated to dryness on a water-bath. The residue 
dissolved in hot water, whereupon 3,4-dimethyl-5-w- 
butyluracil crystallized on cooling in long needles melting 
at 151-152°.

Anal. Calcd. for CioHi602N2: N, 14.28. Found: N, 
14.21, 14.75:

In another experiment, 4-methyl-5-w-butyl-2,6-dimeth- 
oxypyrimidine was exposed to freshly distilled methyl 
iodide in the presence of methyl alcohol at room tempera­
ture for two weeks, from which a trace of 3,4-diinethyl-5-w- 
butyluracil was isolated. Probably it was produced due

to the secondary hydrolytic effect of methyl alcohol upon 
the partially rearranged product, 2-oxy-3,4-dimethyl-5-n- 
butyl-6-methoxypyrimidine, first formed in the reaction.

Method C. Rearrangement of the Pyrimidine V into 
the Uracil Compound IV.—2-Oxy-3,4-dimethyl-5-«-butyl-
6-methoxypyrimidine, V, was heated at 300-360° for three 
to four hours. The above reaction mixture was dissolved 
in benzene, to which a large volume of petroleum ether 
was then added. After cooling, the benzene-petroleum 
ether solution was decanted from the insoluble portion. 
The solvent being removed from the benzene-petroleum 
ether solution, there remained an oil which solidified on 
cooling. I t was recrystallized from benzene-petroleum 
ether and melted at 54-55 °. This proved to be identical 
with l,3,4-trimethyl-5-tt-butyluracil, IV, obtained by 
heating 4-methyl-5-w-butyl-2,6-dimethoxypyrimidine, III.

Summary
1. 4-Methyl-5-w-butyl-2,6 - dichloropyrimidine 

has been prepared by the action of phosphorus 
oxychloride and phosphorus pentachloride upon 
its corresponding uracil compound.

2. 4-Methyl-5-n-butyl-2,6-dialkoxypyrimidines 
are formed smoothly by interaction of 4-methyl-
5-?z~butyl-2,6-dichloropyrimidine with sodium al- 
coholates.

3. 4-Methyl-5-n -butyl -2,6 -dimethoxypyrimi- 
dine and 2-oxy-3,4-dimethyl-5-w-butyl-6-meth- 
oxypyrimidine are found to undergo a transforma­
tion into their isomeric and stable lactam modifica­
tion, l,3,4-trimethyl-5-w-butyluracil, on heating 
at an elevated temperature. On the other hand,
4-methyl-5-n-butyl-2,6-dimethoxypyrimidine will 
rearrange only partially on heating with methyl 
iodide at 50 or 100° giving 2-oxy-3,4-dimethyl-5- 
n-butyl-6-methoxypyrimidine.
K w a n g s i , C h in a  R e c e iv e d  A p r il  7, 1938

[C o n t r ib u t io n  f r o m  N a t io n a l  R e s e a r c h  I n s t it u t e  o f  C h e m is t r y , A c a d e m ia  S in ic a , C h i n a ]

Pyrimidine Research. Synthesis of é-Methyl^S-Tz-propylcytosine1
B y  Y uoh  F ong  C h i and K ou -J e n  C h an g

In this short paper is described a method for 
synthesizing 4-methyl-5-#-propylcytosine III. 
Starting with 2-thio-4-methyl-5-n-propyl-6-oxy- 
pyrimidine, which is prepared by condensing ethyl 
n-propylacetoacetate with thiourea, the corre­
sponding 2-ethylmercapto compound I is ob­
tained by alkylation in the usual manner, and the

(1) The authors wish to express their thanks to Mr. Yao-Tseng 
Huang for his assistance in making micro-analyses of the compounds 
described in this paper. They are also indebted to Professor Treat 
B. Johnson of Yale University for his personal help in the prepara­
tion of this report for publication.

resulting mercapto derivative is then treated with 
phosphorus oxychloride to give 2-ethylmercapto- 
4 - methyl -5-n- propyl - 6 - chloropyrimidine. This 
new chloropyrimidine derivative reacts with 
alcoholic ammonia in a normal manner giving the 
corresponding 6-amino compound II. On di­
gesting the latter with concentrated hydrobromic 
acid 4-methyl-5-n-propylcytosine hydrobromide 
is formed. The free cytosine base III is liberated 
by treatment with a slight excess of ammonia.
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NH—CO
I I

C2H5SC c c 3h 7

n = c n h 2 
I I

C2H5SC CC3H7

N— CCH3 
I

N—CCH3 
II

n = c n h 5

CO c c 3h 7

NH—è c H 3 
III

Experimental Part
2 - Thio - 4 - methyl -5  - n -  propyl - 6 - oxypyrimidine.—

Twenty-three grams of metallic sodium was dissolved in 
400 cc. of absolute alcohol. One hundred and seventy- 
two grams of ethyl n -propylacetoacetate and 84 g. of thio­
urea were then added to the solution. The mixture was 
heated on a water-bath for four hours. After distilling off 
the solvent the residue remaining behind was dissolved in 
cold water. This was acidified with dilute acetic acid, 
when the desired thiopyrimidine separated. After being 
recrystallized from boiling water, it separated in needles 
and melted at 209-209.5°. The yield was 103 g. For 
analysis, the compound was dried over phosphorus pent­
oxide in a vacuum at 80 °.

Anal. Calcd. for C8H12ON2S: N, 15.21. Found: N,
15.5, 15.5.

2-Me thylmercapto - 4 - methyl- 5 -n - propyl-6-oxypyrimi- 
dine.—Twenty-three hundredths gram of sodium was dis­
solved in 20 cc. of absolute alcohol. To this solution, 1.84 
g. of the above thiopyrimidine and 1.55 g. of methyl iodide 
were added and the mixture heated on a water-bath for 
four hours. On cooling, the methylmercapto compound 
separated in needles. I t  was recrystallized from absolute 
alcohol and melted at 180-1810 to a clear oil. The yield 
was 1.2 g. The substance was dried over phosphorus 
pentoxide in a vacuum at 80 °.

Anal. Calcd. for C9H i4ON2S: N, 14.14. Found: N,
14.5, 14.1.

2 - Ethylmercapto-4-methyl-5-^-propyl-6-oxypryrimidine
I.—One hundred and fifteen grams of sodium was dis­
solved in 1 liter of absolute alcohol and 92 g. of the thio­
pyrimidine and 60 g. of ethyl bromide were added to the 
solution. The mixture was heated on a water-bath for four 
hours and the solution then filtered from the insoluble 
sodium chloride. After distilling off the excess of alcohol 
the residue was triturated with cold water and filtered. 
The pyrimidine was recrystallized from dilute alcohol, and 
melted at 92-93 °. The yield was 87.5 g. The substance 
was dried for analysis over phosphorus pentoxide in a 
vacuum at 80°.

Anal. Calcd, for Ci0H 16ON2S: C, 56.55; H, 7.60. 
Found: C, 56.55; H, 7,68.

2 - w-Propylmercapto-4-methyl-5-w-propyl-6-oxypyrimi- 
dine.—Twenty-three hundredths gram of sodium was dis­
solved in 20 cc. of absolute alcohol, to which 1.84 g. of thio­
pyrimidine and 1.55 g. of w-propyl bromide were then 
added. The experiment was carried out as described 
above, whereby the w-propylmercaptopyrimidine was 
obtained melting at 89-90°. I t was recrystallized from 
dilute alcohol and separated in needles. The substance 
was dried over phosphorus pentoxide in a vacuum at 80 °.

Anal. Calcd. for CnH]8ON2S: N, 12.39. Found: N>
12.6 , 12.2 .

NHCONHC(CH3)=C (C 3H7)CO, 4-Methyl-5-w-propyl- 
uracil.—This pyrimidine is formed quantitatively by di­
gesting any one of the preceding mercaptopyrimidines 
with hydrobromic or hydrochloric acid. I t  is also easily 
prepared by digesting the corresponding 2-thiopyrimidine 
described above with chloroacetic acid in aqueous solution. 
The uracil derivative crystallizes from hot water in the 
form of needles melting at 247-248 °.

Anal. Calcd. for C8H i20 2N2: C, 57.10; H, 7.20. 
Found: C, 57.36, 57.04; H, 7.17, 7.26.

Ethyl 4-Methyl-5-w-propyl-6-oxypyrimidine-2-thiogly- 
colate was obtained easily by alkylation of the above 2- 
thiouracil derivative in alcohol solution with ethyl chloro- 
acetate. I t  was purified by crystallization from dilute 
alcohol and melted at 100-101 °.

Anal. Calcd. for Ci2H180 3N2S: C, 53.29; H, 6.71. 
Found: C, 53.40; H, 7.04.

4 - Methyl- 5 - n - propyl - 6 - oxypyrimidine - 2 - thioglycolic 
Acid was prepared by saponification of the above ethyl 
ester with alcoholic potash solution. The acid crystallized 
from hot water as plates melting at 105-106°. The com­
pound contained water of crystallization.

Anal. Calcd. for Ci0H14O3N2S: N, 11.57; H 20, 6.92. 
Found: N, 11.4, 11.45; H20, 6.74.

2-Ethylmercapto -4-methyl-5- n -propyl - 6 - chloropyrimi­
dine.—Twenty-one and two-tenths grams of 2-ethylmer- 
capto-4-methyl-5-w-propyl-6-oxypyrimidine was dissolved 
in cold phosphorus oxychloride. The solution was heated 
for twelve hours at 120-130 °. After the excess of phos­
phorus oxychloride was removed, the residue was then 
treated with cracked ice, the solution extracted with 
ether and the ether solution dried over calcium chloride. 
After distilling off the ether the pyrimidine chloride dis­
tilled at 165-166° at 11 mm. pressure.

Anal. Calcd. for Ci0H i5N2SC1: C, 52.02; H, 6.56. 
Found: C, 52.26; H, 6.47.

2 - Ethylmercapto-4-methyl -5 -n -  propyl-6-aminopyrimi- 
dine II.—Six grams of the above 6-chloropyrimidine was 
heated with alcoholic ammonia at 160-170° for three 
hours. The solution was evaporated to dryness and the 
residue triturated with cold water. The crude pyrimidine 
dissolved in petroleum ether, from which the 6-amino 
compound separated in needles, melting at 86-87°.

Anal. Calcd. for Ci0H]7N3S: N, 19.90. Found: N, 
20.01, 19.9.

4-Me thy 1-5 -w-propylcytosine, III.—The above 6-amino- 
pyrimidine was digested with concentrated hydrobromic 
acid for sixteen hours, and the solution then evaporated to 
dryness. After dissolving the residue in boiling water and 
cooling, the hydrobromide of 4-methyl-5-w-propylcytosine 
separated in prisms. I t  melted at 253-254°. The salt 
was dried over phosphorus pentoxide in a vacuum at 80°.

Anal. Calcd. for C8Hi3ON3-HBr: C, 38.70; H, 5.69. 
Found: C, 38.90; H, 5.79.

The free base was obtained by treating the aqueous solu­
tion of the above hydrobromide with ammonia. I t was 
recrystallized from water and melted at 317-318° with
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decomposition. The substance was dried over phosphorus 
pentoxide in a vacuum at 80 °.

Anal. Calcd. for CgE^ON*: C, 57.44; H, 7.84.
Found: C, 57.81; H, 7.92.

Hydrochloride.—The above cytosine derivative dis­
solved in dilute hydrochloric acid, and on cooling the 
hydrochloride separated in prisms, melting at 235°.

Anal. Calcd. for CsHjsONj-HCI: ' C, 47.15; H, 6.93. 
Found: C, 46.78; H, 6.65.

Summary
1. Ethyl ^-propylacetoacetate condenses with 

thiourea in alcohol solution in the presence of so­
dium ethylate to give 2 -thio -4-methyl-5 -w-propyl-
6-oxypyrimidine.

2. 2-Thio-4-methyl -5-n - propyl - 6 - oxypyrimi­
dine is alkylated on sulfur by treatment with 
methyl iodide, ethyl bromide, w-propyl bromide

and ethyl monochloroacetate to form the corre­
sponding 2-mercaptopyrimidine derivatives, re­
spectively.

3. 2 - Ethy lmercapto - 4 - methyl -5-n- propyl-6- 
chloropyrimidine is obtained from its correspond­
ing 6-oxypyrimidine compound by heating the 
latter with phosphorus oxychloride.

4. This chloropyrimidine interacts with alco­
holic ammonia to form 2-ethylmercapto-4-methyl-
5-^-propyl-6-aminopyrimidine.

5. Treatment with concentrated hydrobromic 
acid converts 2 - ethy lmercapto -4-methyl - 5 -n-pr o - 
pyl-6-aminopyrimidine into 4-methyl-5-w-propyl- 
cytosine hydrobromide, from which the free base 
is obtained by neutralization with ammonia.
K wangsi, China Received April 7, 1938

[C o n t r ib u t io n  f r o m  t h e  N a t io n a l  R e s e a r c h  I n s t it u t e  o f  C h e m is t r y , A c a d e m ia  S in ic a ]

The Alkaloids of Chinese Gelsemium, Kou W en1

B y  Y u o h  F ong  Ch i , Y e e -Sh en g  K ao and  Y ao-T sen g  H uang  

Chou2 3 has isolated the following alkaloids from colated with cold 95% alcohol. The alcoholic extract
the plant Kou Wen: (A) koumine C20H22N2O, 
m. p. 170°, (B) kouminine, (C) kouminicine and 
(D) kouminidine. Of these four alkaloids, kou­
mine only was obtained in a good crystalline 
state and kouminidine was probably not very 
pure on account of small traces of impurity pres­
ent, while kouminine and kouminicine were only 
obtained in an amorphous condition. Recently, 
Chou3 isolated the following alkaloids from Ta- 
Cha-Yeh: (Z) koumine C20H22N2O, m. p. 170°;:
(B) kouminine in the form of its hydrochloride;;
(C) gelsemine, C20H22N2O2, m. p. 178°; and kou- 
nidine C21H24N2O5. In this short paper the au­
thors give a report of their investigation of the 
alkaloids of Kou Wen. Besides koumine, m. p. 
168°, they succeeded in separating Chou’s kou­
minine into gelsemine and other impure bases. 
From the kouminidine fraction, they isolated a 
base, m. p. 299° (instead of 200°), to which the 
original name, kouminidine, was assigned.

Experimental Part
Twenty-two and seven-tenths kilograms of Kou Wen in 

the form of stems, roots and leaves was powdered and per-

(1) The authors desire to express their thanks to Professor 
Treat B. Johnson of Yale University for his personal help in arrang­
ing this report for publication in T h is  J o ur n a l .

(2) Chou, Chinese J .  Physiol., 5, 345-352 (1931).
(3) Chou, ibid., 10, 79-84 (1936).

was evaporated under diminished pressure, and the resin 
left over was taken up with a sufficient quantity of 2% 
hydrochloric acid. When the insoluble resinous matter 
was filtered off the acid extract was allowed to stand for 
about two weeks, when there deposited a further quantity 
of neutral resinous material. The clear solution, obtained 
after removing the insoluble non-basic resinous matter, 
was finally neutralized with sodium carbonate and extracted 
thoroughly, first with ether several times (A), and then 
with chloroform (B).

Isolation of Koumine.—-After removing the solvent from 
the ethereal solution (A), the crude basic residue weighed 
38 g. This was dissolved in a small quantity of acetone, 
and the solution allowed to stand in an ice-box for several 
days; whereupon koumine deposited in the form of color­
less prisms. This was recrystallized from acetone several 
times or until the melting point became constant a t 
168°. I t was readily soluble in alcohol, chloroform and 
benzene and slightly soluble in hot water.

Anal. Calcd. for C20H22N2O: C, 78.38, H, 7.24; N, 
'9.15. Found: C, 78.52, 78.37; H, 7.31, 7.39; N, 9.37, 
9.35.

Acetylation of Koumine.—When Koumine was treated 
with acetic anhydride, the original alkaloid melting at 
168° was recovered.

Isolation of Gelsemine.—The acetone mother liquid, 
from which the base, koumine, had been separated, was 
evaporated to dryness. The residue was dissolved in 
ethyl alcohol and acidified with the desired amount of 
alcoholic hydrochloric acid. The solution was then al­
lowed to stand for several days, whereupon the mixed 
hydrochlorides separated in the form of a crystalline pow-
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T a b l e  I
P r o p e r t ie s  o f  K o u m in e  D e r iv a t iv e s

Crystal Carbon, % Hydrogen, % Nitrogen, %
Compound Cryst. from form M. p., °c. Formula Calcd. Found Calcd. Found Calcd. Found

Hydrochloride Alc.-ether Cubes 258 C2oH22N20-HCl 70.04 69.40 69.43 6 .77 7 .20 6 .97
Hydrobromide Alc.-ether Cubes 268-269 C2oH22N2OHBr 62.00 62.56 62.22 5 .99 6.29 6 .03
Sulfate 261-262
Nitrate Alcohol 249-250 CMH22N2OHNO3 65.00 65.56 6 .2 8 6 .19 11.38 10.62
Platinichloride Dil. HC1 Brown ppt. >310

G20H22N 20- CH3I 56.23 5 .62
Methiodide Dil. acetone Needles, 230 dec.

C2oH22N20- CH3I • H2O 54.06
54.21 54.24

5 .84
5.79 5.92

der. They were repeatedly purified by recrystallization 
from ethyl alcohol, and melted at 303°.

The free base was liberated from an aqueous solution of 
the crystallized mixed hydrochlorides by adding sodium 
carbonate just to neutrality. The resulting amorphous 
base was then filtered off and dried in a vacuum desiccator. 
I t was soluble in most of the common organic solvents 
with the exception of petroleum ether and water, and re­
fused to crystallize from any of the common solvents tried. 
This amorphous base, melting approximately at 108°, 
was extracted with hot benzine (b. p. 80-90°), and after 
filtering off the insoluble part and cooling, the benzine 
solution deposited a colorless amorphous solid. This 
amorphous base was then digested with petroleum ether 
(b. p. 40-60°) for twenty-four hours, whereupon the base 
gradually changed into a crystalline condition. I t  was 
then filtered and the base purified further by recrystalliza­
tion from acetone. I t  separated in the form of long shining 
needles, melting at 176-178 °. I t contained acetone of crys­
tallization. When 0.0735 g. of the substance was dried in 
a vacuum over phosphorus pentoxide at 117 °, it was found 
that the weight lost was equal to 0.0111 g., where from the 
percentage of acetone of crystallization was 15.1, the cal­
culated value for C2oH2202N2‘CH3COCH3 being 15.27. A 
sample dried at room temperature was used for analysis.

Anal. Calcd. for C20H22O2NCH 3COCH3 : C, 72.58;
H, 7.42; N, 7.37. Found: C, 73.41, 73.10; H, 7.52, 
7.67; N, 7.56.

Color Test.—A few crystals of the base were dissolved 
in a small quantity of concentrated sulfuric acid, to which 
a few crystals of potassium dichromate were then added. 
The solution first became violet, and then turned to a red 
color. On standing it changed to green.

Nitrate.—The pure base was dissolved in dilute nitric 
acid, and the solution evaporated to dryness in a vacuum 
desiccator. The residue was then recrystallized from ethyl 
alcohol and melted at 288°.

Anal. Calcd. for C2oH2202N2-HN0 3: C, 62.31; H,
6.02; N, 10.91. Found: C, 62.17, 62.70; H, 6.28, 6.17; 
N, 10.42.

Methiodide.—The pure base dissolved in warm acetone, 
to which an excess of methyl iodide was then added and

the mixture heated for about one to two hours. The 
methiodide separated on cooling in colorless shining 
scales and melted at 284 °.

Anal. Calcd. for C20H22O2N2-CH3I: C, 54.29; H, 5.43. 
Found: C, 54.17, 53.91; H, 5.46, 5.59.

The alcoholic mother liquid, from which the crude 
gelsemine hydrochloride had been separated, was evapo­
rated to dryness, and the residue dissolved in 1 % hydro­
chloric acid. This acid solution was repeatedly washed 
with chloroform, and then made alkaline with sodium 
carbonate. The resulting solution was first extracted 
with ether to remove koumine and gelsemine, and then 
extracted with chloroform. When the solvent was dis­
tilled off an amorphous basic product was obtained and 
nothing crystalline could be isolated.

Isolation of Kouminidine.—The chloroform extract (B) 
was evaporated to dryness, and the crude base left over 
weighed 22 g. I t dissolved in warm acetone, from which 
a small quantity of a neutral substance, melting a t 62- 
64°, separated. The mother liquid was concentrated and 
allowed to stand for several days, whereupon a small quan­
tity of a basic substance separated. This was then puri­
fied by recrystallization from a methyl alcohol-ethyl ether 
mixture and separated in colorless prisms, melting at 299 ° 
with decomposition. I t  was soluble in water and most 
organic solvents.

Anal. Calcd, for Ci9H25N20 4: C, 66.04; H, 7.30;
N, 8.12. Found: C, 66.88, 66.42; H, 7.18, 7.29; N,
8 .20.

Summary
1. The authors have repeated the work of Chou 

and have isolated from Kou Wen the alkaloid kou­
mine, C20H22N2O.

2. The alkaloid kouminine obtained from Kou 
Wen by Chou has been separated by the authors 
into gelsemine, C20H22N2O2, and other impure bases.

3. Gelsemin e is also found in the plant Ta-Cha- 
Yeh.
W u c h o w , K w a n g s i , C h in a R e c e iv e d  A pr il  7, 1938
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Sterols. XL. The Origin and Interrelationships of the Steroidal Hormones
By R u ssell  E. M a r k e r
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In the thirty-nine papers which have been re­
ported from this Laboratory, we have described 
the progress made in our investigations of the 
steroid content of urines. Heretofore, our results 
have not been discussed from the broader stand­
point of the origin and interrelationships of the 
steroidal hormones, but now sufficient information 
is at hand to make such a correlation desirable.

The isolation and synthesis of sex hormones, 
and more recent work on the isolation of steroids 
from the adrenal cortex, have led biochemists to 
the increasing realization of the important role 
played by steroids in the animal. It appears to 
be generally assumed that these various steroids 
arise from cholesterol.1 This hypothesis has many 
more or less obvious difficulties. It is hard to 
understand how oxygen atoms such as occur at 
C-ll in cortical derivatives, or at C-12 in bile 
acids, could be introduced into the cholesterol 
molecule. Attempts to show that cholesterol 
may be converted by biochemical methods into 
sex hormones have been inconclusive.2 Moreover, 
the assumption that sex hormones are derived 
from cholesterol through the intermediate forma­
tion of A5-pregnenol-3d-one-20 and dehydroisoan- 
drosterone leads to contradictions when the rela­
tive physiological activities of the hormones are 
considered. Thus it is not apparent, if progester­
one is derived from A5-pregnenol-3j8-oner20, 
why the latter should show no progestational ac­
tivity. The inactivity of this unsaturated hy­
droxy ketone suggests that it is a product of the 
utilization of progesterone and not a precursor. 
Moreover, the drastic conditions which must be 
employed in the laboratory to oxidize the choles­
terol side chain to yield carbonyl and acetyl 
groups at C-17, and the fact that phytosterols 
are not utilized in the animal organism,1 throw 
grave doubt on the possibility of a biochemical 
oxidation of the cholesterol side chain. Although 
Shimizu3 has suggested that the isolation of tri- 
hydroxybufosterocholenic acid indicates a genetic

(1) Fieser, “ Chemistry of Natural Products Related to Phenan- 
threne,” 2nd ed., Reinhold Publishing Corp., New York, N . Y ., 
pp. 251 ff., 1937.

(2) Rondooi, Carminati and Corbellini, Z. physiol. Chem., 241, 
71 (1936); Rondoni, ibid., 245, 78 (1936); Voss and Rabald, ibid., 
245, 76 (1936).

(3) Shimizu, “ Chemie und Physiologie der Gallensaure.”

relationship between sterols and bile acids, ex­
periments by Schoenheimer and co-workers4 on 
the deuterium content of bile acids of dogs in­
jected with an emulsion of coprostanone-4,5d2 
show that the conversion of cholesterol to bile 
acids is extremely unlikely.

In the course of comprehensive studies in this 
Laboratory of the numerous steroids present in 
urine from various animals, a number of sub­
stances have been isolated which, we believe, can­
not be accounted for satisfactorily on the assump­
tion of an oxidative degradation of cholesterol in 
the animal. It now appears that sex hormones 
and the cortical substances may be derived from 
another precursor.

Before considering the nature of this precursor 
it seems desirable to attempt a correlation be­
tween the various urinary steroids that have been 
isolated. The isolation from urines of numerous 
reduction products of progesterone such as preg­
nanediol-3a, 2 0 5,6 alio - pregnanediol - 3a,20a,6,7 
a//o-pregnanol-3a-one-20,8 pregnanol-3a-one-20,9 
alio - pregnanedione.10 pregnenediol - 3/3,20 - a,11 
pregnanetriol-3a,4-j8,20a,12 pregnanedione,10 allo- 
pregnanol-3/3-one-20,10 and a//0-pregnanediol-3/3- 
20 a,11 suggests that these are all formed by the 
biochemical reduction of progesterone, possibly 
according to the scheme of Fig. 1.

According to this hypothesis, most of the sub­
stances isolated are formed from progesterone 
either by initial reduction of the A4,5-double bond 
(Type I reduction), or by reduction of the car­
bonyl group at C-3 to a 3-/3-OH with simultane­
ous migration of the double bond to the 5,6-posi­
tion (Type II reduction). It is supposed that in 
the initial biochemical reduction of the double 
bond of progesterone according to Type I, both 
regular and alio series compounds are formed, in 
complete agreement with the course of reduction

(4) Schoenheimer, Rittenberg, Berg and Rousselot, J . Biol. 
Chem., 115, 635 (1936).

(5) Marrian, Biochem. J ., 23, 1090 (1929); Butenandt, Ber., 63, 
659 (1930).

(6) Marker, K am m , Crooks, Oakwood, Lawson and Wittle, T h is  
Jo ur n a l , 59, 2297 (1937).

(7) Hartmann and Locher, Helv. Chim. Acta, 18, 160 (1935).
(8) Marker, Kamm and McGrew, T h is  J o urnal , 59, 616 (1937).
(9) Marker and Kamm, ibid., 59, 1373 (1937).
(10) Marker, Lawson, Wittle and Crooks, ibid., 60, 1559 (1938).
(11) Marker and Rohrmann, ibid., 60, 1565 (1938).
(12) Haslewood, Marrian and Smith, Biochem. J ., 28, 1316 (1934).
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of A4,5-double bonds in vitro. It is interesting, in 
this connection, to note that Ercoli and Mamoli13 
have obtained aetiocholanedione-3,17, XVI, in 
65% yield from A4-androstenedione-3,17 by bio­
chemical hydrogenation with an enzyme obtained

(13) Ercoli and Mamoli, Ber., 71, 156 (1938).

from stallions’ testes. The pregnanedione and 
a/fo-pregnanedione thus formed then probably 
suffer further reduction, first at the 3-carbonyl 
group, and then at the 20-carbonyl group. While 
the order of attack of these ketonic groups paral­
lels the corresponding reactions under laboratory
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conditions,14 the stereochemical relationships in­
volved are entirely different in vivo from those in 
vitro. The steric arrangement of the 3-OH 
formed by in vitro reduction of steroids is deter­
mined by the Skita rule,15 so that under like con­
ditions of acidity or alkalinity pregnanedione and 
aZZö-pregnanedione yield 3-OH groups which have 
opposite configurations. The configuration of 
20-OH groups formed on in vitro catalytic hydro­
genation of 20-carbonyl groups under the most 
varied conditions is always found to be of the 
/3-type.16 In contrast to these rules, in vivo reduc­
tion of 3- and 20-keto-steroids appears always to 
give a-OH groups.

In the Type II reduction of progesterone ster­
oids of the cholesterol type (3-/30H, A5,6) are 
assumed to be first formed. This reaction has not 
yet been performed, in the laboratory. The sug­
gestion that the reduction of cholestenone to 
cholesterol is unlikely since it has not yet been 
achieved in the laboratory, loses its force because, 
as Schoenheimer, Rittenberg and Graff17 have 
suggested, cholestenone and cholesterol probably 
constitute a reversible biochemical oxidation- 
reduction system. These workers showed that 
the nature of the intestinal flora, which can be 
controlled by a suitable choice of diet, determines 
the nature of the sterols excreted in the feces of 
test dogs. When cholestenone was fed to a dog 
the sterol output in its feces was increased, and 
depending on whether the dog’s basal diet was 
meat or dog biscuit, the major constituent of the 
excreted sterols was coprostanol or cholesterol, 
respectively. These results strongly suggest that 
cholestenone may be reduced biochemically to 
cholesterol.

The second stage of the Type II reduction may 
result in the formation of either VIII or IX. 
Judging from the products isolated, reduction of 
the double bond in the 5,6-position to form IX 
yields only substances of the alio series, in com­
plete agreement with the results of the correspond­
ing reaction in the laboratory; for example, the 
hydrogenation of cholesterol yields only /3-choles- 
tanol. (A careful search for carbinols of the 3- 
/30H type of the regular series from mares’ preg­
nancy urine has revealed the presence of only

(14) Marker, Kamm and W ittle, T h is  J o urnal , 59, 1841 (1937).
(15) Ruzicka, Brungger, Eichenberger and J. Meyer, Helv. Chim. 

Acta, 17, 1407 (1934),
(16) Marker, Kamm, W ittle, Oakwood, Lawson and Laucius, 

T h is J o urn al , 59, 2291 (1937).
(17) Schoenheimer, Rittenberg and Graff, J . Biol. Chem., I l l ,  

183 (1935).

uranediol-3/3,11-/3.S6) Finally, the further reduc­
tion of either VIII or IX gives XII, aZZö-pregnane- 
diol-3/3,20a.

At least two other modes of reduction of prog­
esterone seem possible. Pregnanetriol-3a,4/3,20a
(II), which was first isolated by Marrian,12 and 
later studied by Marker,18 may arise either by hy­
dration of the double bond of progesterone fol­
lowed by subsequent reduction of the pregnane- 
dione-3,20-ol-4 thus formed, or by the hydration 
of the 3-enol form of pregnanedione. The latter 
mechanism, which is analogous to the mechanism 
by which oestriol is supposed to arise from oes- 
trone, would suggest that aZZo-pregnanetriol-
2,3,20 might also be found in mares’ pregnancy 
urine. No other compounds which might throw 
light on this type of reduction have yet been 
found. By analogy with the formation of testo­
sterone from androstenedione in the testes, we 
may expect the formation of XIII, A4,5-pregnenol- 
20a-one-3 from progesterone in the corpus luteum. 
This substance, however, probably can be found 
only in corpus luteum extracts, just as testoster­
one is found only in testicular extracts. The pro­
longed alkaline treatment which is necessary to 
hydrolyze urines probably destroys all a,/3-un- 
saturated ketones so that, even if present origi­
nally, substances of this type cannot be isolated 
from urines. Further reduction of A4,5-preg- 
nenol-20a-one-3, which has been prepared by 
Butenandt and Schmidt,19 can proceed according 
to Type I or II, giving rise to pregnanediol-3a,- 
20a(X), aZZtf-pregnanediol-3a,20a (XI), A5,6-preg- 
nanediol-3/3,20a, (VIII), and aZZo-pregnanediol- 
3/3,20a (XII),

In contrast to the large number of reduction 
products of progesterone found in human and 
mares’ pregnancy urine, relatively few reduction 
products of the corresponding parent male hor­
mone, androstenedione (XIV), have been found, 
probably because of the very low steroid content 
of male urines. As would be expected, stallions’ 
urine apparently contains no reduction products 
of progesterone,20 and it is likely that none are 
present in human male urine. According to the 
present hypothesis the course of reduction of an­
drostenedione (Fig. 2) is supposed to be similar 
to that of progesterone, so that most of the ex-

(18) Marker, Kamm, Wittle, Oakwood and Lawson, T h is  J our­
n a l , 60, 1067 (1938).

(19) Butenandt and Schmidt, Ber., 67, 2092 (1934).
(20) Marker, Law son, Rohrmann and W ittle, T h is J o urn al , 

60, 1555 (1938).
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XIV. A4>5-Androstenedione-3,17 
(not isolated)

XV. Testosterone

Type II
Type I

XVI. Aetiocholanedione-3,17 XVII. Androstanedione- XVIII. Dehydroisoandrosterone 
(not isolated) 3,17 (not isolated)

I i I \
XIX. Aetiocholanol- XX. Androsterone XXI. A5-6-Androstenediol- XXII. Androstanol-3/3,

3o:-one-17 (not isolated) (not 4S°la ê(l) one-17 (not isolated)

XXIII. Aetiocholanediol-3 a ,17 a XXIV. Androstanediol-Sc^Ha XXV. Androstanediol-
(not isolated) 3j8,17a (not isolated)

F ig . 2.— T h e  P o s s ib l e  C o u r s e  o f  R e d u c t io n  o f  A n d r o s t e n e d io n e

pected products would arise by Type I or Type II 
reduction, following the scheme indicated in Fig.
2. We have used the conventions of Ruzicka in 
regard to the stereochemistry of the 17-OH 
groups, except that we designate the configura­
tion of the 17-OH group found naturally as a 
rather than trans. This is in agreement with the 
customary usage in regard to the configuration 
of hydroxyl groups at C-3 or C-20. Of the prod­
ucts listed in Fig. 2, only a few have been isolated. 
However, it should be noted that no Ci9 com­
pounds have been isolated which are not predicted 
by the theory under discussion. The compounds 
isolated are androsterone,21 dehydroisoandroster­
one,22 and aetiocholanediol-3a,17a23 from human 
male urine, and testosterone24 from testicular ex­
tracts.

In the foregoing discussion of the course of the 
reduction of progesterone and androstenedione to 
yield various steroids, most of the steroids men­
tioned have been found only in urines, although a 
few have been found only in the extracts from 
glands. Although our studies of the steroid con­
tent of various urines have not yet been com­
pleted, the large number of the possible reduction 
products of progesterone which have already been 
isolated suggests to us that all the reduction prod­
ucts possible according to the mechanism dis­
cussed in this paper occur in urine or glandular 
extracts.

At this point it may be profitable to compare 
briefly the types of compound which one may ex­
pect to isolate from urines and glandular extracts. 
It may be assumed that the parent hormones such

(21) Butenandt and Tscherning, Z. angew. Chem., 44, 905 (1931); 
Z. physiol. Chem., 229, 167 (1934).

(22) Butenandt and Dannenbaum, ibid., 229, 192 (1934).
(23) Butenandt, Tscherning and Dannenberg, ibid., 248, 206 

(1937).
(24) David, Dingemanse, Freud and Laqueur, ibid., 233, 218 

(1935).

as androstenedione and progesterone will exist 
as such in glandular extracts, but perhaps not in 
urines. However, it should be borne in mind that 
these parent substances are a,d-unsaturated ke­
tones, and, even if present, lyiay not survive the 
rigorous hydrolytic treatment to which the urines 
must be subjected, a treatment which is usually 
unnecessary to apply to glandular extracts. Be­
sides the parent hormone such as androstenedione, 
progesterone, or cortin, the glandular extracts con­
tain compounds which appear to be of only two 
types, corresponding in Rings A and B to choles­
tenone and 0-cholestanol. Thus a//o-pregnanol- 
3/3-one-20 accompanies progesterone in corpus 
luteum extracts25 and testastalone (allo-preg- 
nanol-3/3-one-20-al-21) accompanies testosterone 
in testicular extracts,26 while numerous substances 
all of either the /Tcholestanol or cholestenone 
type27 have been found to accompany cortin in 
cortical extracts. The fact that only compounds 
of these two kinds are found in glandular extracts 
may indicate that glandular reduction occurs ex­
clusively according to Type II. Although ster­
oids of the cholesterol type have not yet been 
found in glandular extracts, they may be present; 
on the other hand, it may be that glandular re­
duction is so complete that no unsaturated sterols 
of the cholesterol type survive. The generaliza­
tion that only substances of the cholestenone, 0- 
cholestanol, and possibly of the cholesterol type, 
appear in glandular extracts, although it seems to 
be sound in view of the information now available, 
should of course be verified by a deliberate search

(25) Butenandt, Westphal and Hohlweg, ibid., 227, 84 (1934); 
Slotta, Ruschig and Fels, Ber., 67, 1270 (1934); Allen and Winter­
steiner, J . Biol. Chem., 107, 321 (1934).

(26) Hirano, J . Pharm. Soc. Japan, 56, 717 (1936).
(27) See Reichstein, “ Chemie des Cortin und seiner Begleitstoffe 

(pp. 347ff.) (in Ruzicka and Stepp, “ Ergebnisse der Vitamin und 
Hormonforschung,” Akademische Verlagsgesellschaft, Leipzig, 
1938) for a review of the isolation and properties of the cortical 
steroids.



Aug., 1938 1729Origin and Interrelationships of the Steroidal Hormones

for compounds of other types. It is perhaps to 
be expected that glandular extracts will contain 
few types of steroids, for primarily the glands are 
the sources of the hormones, which are then passed 
to other localities for utilization, with the forma­
tion of reduction products. These reduction 
products of varied types all will be excreted ulti­
mately in the urine so that the latter must be ex­
pected to be a source of a much wider variety of 
steroid types than can be found in glandular ex­
tracts. Thus the reduction products of proges­
terone, androstenedione, and cortin which may 
be expected to occur in urine will conform, in the 
structure of rings A and B, to all of the types in­
dicated in Fig. 1.

From these considerations it was suspected that 
cortical derivatives which we regard as reduction 
products of the as yet unknown cortical hormone, 
would be found to occur in urines, and, further­
more, it was anticipated that these reduced cortin 
derivatives would be found present in both male 
and female urines. During the last year the iso­
lation from urines of a number of steroids con­
taining oxygen atoms at C -ll has been reported 
from this Laboratory, and the presence of other 
such substances has been indicated.. These new 
steroids proved to be derived not from pregnane 
or allo-pregnane, but from a new hydrocarbon, 
urane (9/Tpregnane). While the inversion of the 
asymmétric center at C-9 might be expected to 
occur in the isolation of a pregnanone-1 1  deriva­
tive, no such inversion could be expected to have 
occurred with a pregnanol-11 derivative. There­
fore the uranetriol-3,11,20 isolated from mares’ 
pregnancy urine28 must have been present origi­
nally as such in the urine. This occurrence of ster­
oids inverted at C-9 (3-type), of which numerous 
other examples have been found since, would lead 
one to suspect that the cortical compounds isolated 
in the laboratories of Reichstein, Kendall, and 
Wintersteiner and Pfiffner may not possess the 
skeleton of allo-pregnane, as they assumed, but 
the skeleton of the corresponding hydrocarbon 
alio-urane, in which the hydrogen at C-9 is in­
verted (j3-type).28a

The assignment of a cholestane configuration 
to the cortical steroids is due mainly to the splen­
did work of Reichstein, who obtained androstane

(28) Marker, Kamm, Crooks, Oakwood, W ittle and Lawson, 
T h is  J o urn al , 60, 210 (1938).

(28a) Since submitting this paper for publication, Steiger and 
Reichstein, Helv. Chim. Acta, 21, 164 (1938), have called attention 
to the possibility of an inverted configuration at C-9 in the cortical 
hormone series.

and allo-pregnane by the reduction of cortical de­
rivatives. Since experimental details of his con­
version of corticosterone to a//t?-pregnane are not 
yet available,28a it is not possible to comment on 
this work, but it appears that his conversion of the 
saturated triketone, C19H26O3, obtained from his 
compounds A, C, and D, to androstane may not 
give conclusive information in regard to the con­
figuration at C-9 in the cortical steroids. When 
this triketone was reduced by the Clemmensen 
method, the hydrocarbon fraction obtained was 
highly unsaturated. Since the unsaturation 
would probably be at C -ll, his subsequent hy­
drogenation may have yielded androstane even 
though the original triketone had a 93-configura­
tion. Such a conversion from a -93 to a 9 «-con­
figuration has been observed by Tschesche and 
Bohle29 in the course of their investigations of 
the structure of sarmentogenin and digoxigenin 
(Fig. 3).

HO CH, CH„

Sarmentogenin Unsaturated lactone
HO CH,

CHS
/ \ |

H O

xo / \ (o
H OH

H
Digoxigenin

F ig . 3 .— T he  Correlation  op Sa rm entogenin  an d  
D ig o x ig e n in

Recent work in this Laboratory seems to sup­
port the idea that cortical steroids may be alio- 
urane derivatives. When uranetrione was re­
duced by the Clemmensen method in acetic acid 
and hydrochloric acid, the saturated hydrocarbon 
produced was urane. Yet when uranetrione was 
reduced by other means30 with elimination of the 
carbonyl group at C -ll or C-20, pregnandione 
and uranedione were obtained. In the former 
case there was an inversion at C-9.

Another indication that cortical steroids may 
be of the a//ö-urane rather than of the alio-preg­
nane type is the apparently anomalous course of

(29) Tschesche and Bohle, Ber., 68, 423 (1935); 69, 793 (1936).
(30) Marker, Kamm, Wittle, Oakwood and Lawson, T h is  J our­

n a l , 60, 1061 (1938).
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hydrogenation of compounds like corticosterone. 
While steroids having the cholestenone structure 
in Ring A usually give coprostane derivatives on 
catalytic hydrogenation,31 the hydrogenation of 
the A4-3-keto-cortical steroids yields only 3-0- 
hydroxy-a//tf-steroids. The presence of a 90- 
configuration in Ring B may well account for the 
reduction of the A4-double bond to give com­
pounds of the alio-series rather than of the co­
prostane series, which are formed when choleste­
none derivatives having a 9 «-configuration are re­
duced.

While the suggestion that the cortical steroids 
may have a 9 ̂ -configuration cannot be proved 
definitely until diffraction and film measurements 
are made on cortical and urane derivatives, in this 
paper it will be assumed for consistency that the 
cortical steroids are alio-uranes. It is to be under­
stood that the arguments for the theory of bio­
genesis of sex hormones presented in this paper 
are unaffected and remain valid? regardless of the 
C-9 configuration of the cortical steroids.

In order to account for the inverted configura­
tion at C-9 in urane and possibly in cortin deriva­
tives, we assume that both types of substances are 
derived from the same hypothetical precursor, 
pregnadiene - 4, 8 - diol -17, 21 - trione - 3, 11, 20, 
(XXVI), or its hydrate at C-9, which may he the 
as yet unisolated cortical hormone. This substance 
would be expected to show the characteristic in­
stability that cortin possesses, and upon reduction 
it could give rise to both C-9 a and C-90-com- 
pounds. This suggested precursor of the cortical 
and sex hormones can yield the compounds iso­
lated from cortical extracts by an orderly scheme 
involving the application of definite rules in re­
gard to the modes of reduction. Most of the 
compounds isolated from cortical extracts may 
be classified by the following statements: the 
structure of Ring A corresponds either to choles­
tenone or 0-cholestanol; the asymmetric center 
C9 probably has the ^-configuration; the com­
pounds possess carbonyl or 0-OH groups at C-ll, 
and have various oxygen-containing substituents 
at C-17 (as shown in Fig. 4). Figure 4 shows 
how these substances from cortical extracts may 
be formed in the course of the reduction of the hy­
pothetical substance XXVI.

The first reduction product of the hypothetical 
parent hormone (XXVI) is assumed to be XXVIII

(31) Grasshof, Z. physiol. Chem., 223, 249 (1934); 225, 197
(1934).

a substance isolated by Wintersteiner and Pfiff­
ner,32 Kendall,33 and Reichstein,34 and designated 
respectively by them as compound F, E, and Fa. 
As has been mentioned previously, it is assumed 
that the asymmetric centers generated at C-8 and 
C-9 are of the normal (a) and uro (0) type, re­
spectively.

The isolation of XXVII,33’35 XXXI,33’34 and 
XXXII33 shows that further reduction of XXVIII 
to yield the other substances found in cortical 
extracts may follow at least three independent 
courses. According to the first mode of reduc­
tion a substance of the cholestenone type is re­
duced, in conformity with the rule of glandular 
reduction, to give the substances of the 0-choles- 
tanol type, while according to the second mode of 
reduction a C-ll carbonyl group is reduced to a 
ll-0OH-group. While this latter reaction pro­
ceeds with some difficulty in the laboratory, the 
large number of cortical derivatives with 11-OH 
groups indicate that in vivo the reaction proceeds 
readily. Alternatively, it is possible that the for­
mation of 11-OH compounds occurs by a direct 
reduction of the hypothetical precursor XXVI, a 
reaction which might be expected to occur readily. 
According to the third mode of reduction the car­
bonyl group at C-20 is first reduced to a hydroxyl 
group. Although it is not possible yet to specify 
the configuration of the C-20-OH groups in corti­
cal substances, it seems likely by analogy with the 
case of the reduction of progesterone that they 
will prove to be of the a-type. The substances 
of the glycerol type, XXXIII,32’33’35 XXXIV,34’35 
and XXIX, are then assumed to be susceptible 
to ready biochemical dehydration, a reaction 
which may also be accomplished in the laboratory 
under not too vigorous conditions. The u-ketols 
XXXVI, XXXVII,34’33 XXXII,33 and XXXV33 
thus formed may be reduced further to the as yet 
unisolated a-glycols XXXVIII and XXXIX, 
which may suffer dehydration34a to yield the as yet 
unisolated ketone XLI, or the ketone XL which 
may be identical with Wintersteiner and Pfiffner’s 
G.32 Further reduction of the carbonyl group at 
C-20 will give rise to a 20-OH probably of the a- 
type.

(32) Wintersteiner and Pfiffner, J . Biol. Chem., I l l ,  599 (1935); 
116, 291 (1935).

(33) Mason, Myers and Kendall, ibid., 114, 613 (1936); 116,267
(1936) .

(34) Reichstein, Helv. Chim. Acta, 19, 1107 (1936); 20, 953, 978
(1937) .

(34a) Steiger and Reichstein, ibid, 21, 546 (1938),
(35) Reichstein, ibid., 19, 29 (1936).
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The reduction of XXVI apparently proceeds 
further, for from urines there have been isolated a 
number of carbinols which appear to be derived 
from the cortical hormone, and evidence has been 
submitted of the occurrence of all other such 
compounds. Thus, from mares' pregnancy urine 
uranetriol-3a,110,20a,28 uranediol,36 and urano- 
lone10 have been isolated and indications have 
been obtained of the occurrence of uranediol-3a,- 
H,3o A5,6_ureneirj0i_3^n 20 and of a/Zö-urane-

(36) Marker, Rohrmann and Wittle, T h is  J o urn al , 60,1561 (1938).

triol-30,11,20.37 Furthermore, it has been found 
that the carbinol fraction from mares’ pregnancy 
urine yields ketones and acids on oxidation with 
periodic acid,38 indicating the presence of the same 
characteristic glycol or glycerol residues that oc­
cur in the steroids from cortical extracts. Evi­
dence has been obtained for the occurrence in 
stallions’ urine of uranetriol-3a, 11,20,20 and allo- 
triol,20 and an alio-tetrol.20 These findings all

(37) Marker and Rohrmann, in press.
(38) Unpublished work of This Laboratory.
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agree with the scheme given in Fig. 4. This seems 
to indicate that the cortical hormone, which may 
be identical with the hypothetical precursor 
XXVI, suffers the same type of biochemical reduc­
tion as progesterone and androstenedione. The 
formation of these urane and alio-urane deriva­
tives from the hypothetical precursor XXVI may 
occur in the animal by several alternative or si­
multaneous processes. Thus the reduction of the 
conjugated system at 8, 9, 11 may yield either 
11-keto-urane derivatives or 11-hydroxyurane 
derivatives, while at the same time the dihydroxy­
acetone residue may pass through the several 
stages of reduction and dehydration indicated in 
Fig. 4. The conjugated system at 3, 4, 5 at the 
same time may suffer reductions of Type I or 
Type II (Figs. 1 and 2).

In Fig. 5 a scheme is presented showing how all 
of the urane derivatives isolated to date may be 
formed by the reduction of the as yet unknown 
11-hydroxy-9-/3-progesterone XLL It is to be 
understood, however, that several other interme­
diates, such as ll-keto-9/3~progesterone, may, in 
accordance with the theory developed in this 
paper, also give rise to the urane derivatives found 
in urines. The reduction of ll/3-hydroxy-9/3- 
progesterone (XLI), if it proceeds according to 
Type I, will give rise, through the as yet unisolated 
compounds XLIV, XLV, XLVII and XLVIII, to 
uranetriol-3a, 11 (3,20a (LI) and alio-uranetriol- 
3a,lid,20a: (LII). The first of these compounds 
(LI) has been isolated from mares’ pregnancy 
urine,28 and its reactions and structure investi­
gated.30 Its presence in stallions’ urine20 has been 
demonstrated by the isolation of uranetrione-3,-
11,20 from the oxidation of an e^Lcarbinol frac­
tion. &//0-Uranetriol-3a, 11/3,20a (LII) may be 
identical with a triol whose presence has been 
demonstrated in stallions’ urine.20 If the reduc­
tion of ll/3-hydroxy-9/3-progesterone (XLI) pro­
ceeds according to Type II, it may give rise to 
either XL or XLIX. The first of these has not 
been isolated or demonstrated to exist in urines, 
but it may be identical with Wintersteiner and 
Pfiffner’s compound G. Urenetriol-3/3,11/3,20a 
has not been isolated as such but its presence in 
mares’ pregnancy urine has been demonstrated.37 
The digitonin precipitable carbinols from mares’ 
pregnancy urine yielded an unsaturated fraction 
which on addition of bromine, oxidation, and de- 
bromination, yielded A4,5-urenetrione-3,11,20 (L), 
a substance which had been prepared previously

from uranetrione.30 The further biochemical re­
duction of either XL or XLIX would give allo- 
uranetriol-30,11/3,20a (XLII). The latter, which 
may be identical with the 3/3-OH-a//0-triol which 
was prepared as described above from stallions’ 
urine, has been demonstrated to occur in mares’ 
pregnancy urine.

From cortical extracts there is obtained,35 be­
sides the C2i compounds, a substance, adrenoster- 
one (LIX) which has been shown to be andro- 
stenetrione-3,11,17. This compound shows an­
drogenic activity, and may therefore be consid­
ered to be a connecting link between the cortical 
substances and the Ci9 and Ci8 sex hormones. It 
should be mentioned, however, that adrenosterone 
may have a uro-(t3-type) configuration at C-9. 
The idea, suggested here, that cortical and sex 
hormones may be interrelated, is supported by 
numerous facts. The structures of the C2i corti­
cal steroids and progesterone, on the one hand, 
and of adrenosterone and androstenedione on the 
other hand, indicate their close relationship. The 
influence of cortical disturbances on sexual char­
acteristics is well known, and several instances 
can be cited where abnormal products related to 
sex hormones have been isolated from the urines 
of patients suffering from some disorder of the 
suprarenal gland. For example, Marrian and 
Butler39 isolated pregnanetriol-3,17,20 from the 
urine of female patients with adrenal tumors, while 
Burrows, Cook and Warren40 isolated A3,5-andro- 
stadienone-17, originating presumably from epi- 
dehydroandrosterone, from the urine of a man 
with an adrenal tumor.

This connection between cortical and sex hor­
mones may be accounted for by the assumption 
that both types of hormones have a common pre­
cursor. We propose to show now how the hy­
pothetical precursor (XXVI) of the adrenal ster­
oids may be also the precursor of the sex hormones 
of the androgenic (Ci9), progestational (C2i), and 
oestrogenic (Ci8) types. In order to make the 
course of the conversions clear, it is necessary first 
to recount some recent work on the reduction of 
uranetrione in this Laboratory.41

When uranetrione (LIV) is reduced catalyti- 
cally, there is formed (Fig. 6) in addition to urane- 
triol-3,11,20 (LV), uranediol-3,11 (LVI) and a

(39) Marrian and Butler, J. Biol. Chem., 119, lxvi (1937).
(40) Burrows, Cook and Warren, J. Soc. Chem. Ind., 55, 1031 

(1936),
(41) Marker, Wittle and Oakwood, T h is  Journal , 60, 1561

(1938).
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mixture of pregnanediols (LVII). This implies 
that the carbonyl groups at C-ll and C-20, which 
are adjacent to tertiary hydrogens, are to some 
extent completely reduced to methylene groups, 
and, furthermore, that when the C-11-carbonyl 
is completely reduced, the molecular skeleton 
suffers inversion from the uro- (6) to the normal
(a) form, although, as would be expected in view 
of the much greater stability of the normal (a), 
as compared to the iso- (3) type at C-17,42 no in­
version occurs when the C-20 carbonyl group is 
completely reduced. While at first sight this re­
duction may appear anomalous, it is by no means 
without parallel. Thus, when 7-keto-cholesteryl 
chloride is hydrogenated catalytically, a-cholestyl 
chloride is the major product.43 It is evident, in 
view of the isolation from mares' pregnancy urine 
of uranediol, uranolone, and uranediol-3a,lld 
(the latter as uranedione from an epi-carbinol 
fraction), that this reduction of a C-20 carbonyl 
group to a methylene group occurs in the animal. 
Therefore, it is also likely that the reduction of a 
9j3- 11-CO-system to a 9ce-l l-CH2-system may 
occur in the animal as well as in the laboratory.

We are now able to understand how sex hor­
mones may be formed from the hypothetical sub­
stance XXVI. This substance and a number of 
its possible reduction products contain dihydroxy-

(42) Butenandt and Mamoli, Ber., 68 , 1854 (1935); Butenandt 
and Fischer, ibid., 70, 96 (1937).

(43) Marker, Kamm, Fleming, Popkin and Wittle, T h is J our­
na l , 69, 619 (1937).

acetone residues which are readily susceptible 
to oxidation to yield carbonyl groups at C-17. 
In the laboratory this oxidation may be accom­
plished by the use of lead tetraacetate, periodic 
acid, or almost any of the common oxidizing 
agents such as chromic acid or potassium per­
manganate; the fact that adrenosterone accom­
panies the C-21 steroids from cortical extracts 
shows that a similar type of oxidation occurs in 
the animal. Figure 7 illustrates how adrenoster­
one (LIX) or a precursor such as (LVIII) may 
give rise by biochemical reductions, to androstene­
dione (XIV) and therefore to the other male hor-

CH2OH
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o C H 3L0 H
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F ig . 7 .— P o s s ib l e  F o r m a t io n  o f  A d r e n o s t e r o n e  a n d  

A n d r o s t e n e d io n e

mones. I t will be evident, in view of the pre­
vious discussion, that the application of this 
theory will predict the possible existence in urines 
or glandular extracts of other related steroids, such 
as A4-androstenol-lli3-dione-3,17, which might 
arise by the various modes of reduction which

(43a) Since sending this paper to press H. L. Mason, Proc. S ta ff 
Meet. M ayo C lin., 13, 235(1938), has converted X X V III into 
adrenosterone (LIX) by treatment of the former with a solution of 
calcium hydroxide.
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have been proposed, and, conversely, it should be 
noted that this theory predicts the absence in 
urines or glandular extracts of such a steroid as 
aetiocholanediol-3 d, 11 j3, -one-17. It should be
emphasized that the reduction of the 11-carbonyl 
group to give an inversion from the 93 to the 9 a- 
type is supposed to occur in the animal as well as 
during the catalytic hydrogenation in vitro.

The same type öf simultaneous reduction and 
inversion of a ll-CO-9/3 system to a ll-CH2-9a 
system in conjunction with the degradation of 
a dihydroxyacetone residue will account for the 
formation of progesterone and related steroids 
from XXVI. In Fig. 8, which shows how this 
may be accomplished, a number of the steps al­
ready shown in Fig. 7 are omitted, and it is to 
be understood that several alternate reduction 
schemes, which already have been discussed in 
similar instances, are omitted here for the sake 
of brevity.

c h 2o h  CH2OH

c= o C=0

(XXVI)
c h 3
I0=0

(LX)

(XXVIII)
c h 3
I
0=0

( I)
F ig . 8 .— P o s s ib l e  F o r m a t io n  o f  P r o g e s t e r o n e  fro m  

(XXVI)

Not only is it possible to show how cortical 
steroids, male hormones, and progesterone deriva­
tives may arise by orderly processes from XXVI, 
but it is also possible to show that the female hor­
mones can be derived from the same parent com­
pound. It is necessary to show first how the 
most characteristic feature of the female hor­
mones, the occurrence of ring A, and sometimes B, 
in a benzenoid form, may arise. A number of 
examples are available to show that under drastic 
conditions, or because of the occurrence of an ex­
tended conjugated system, the methyl group at

C-10 in many steroids may be lost as methane with 
the formation of benzenoid rings. One may cite 
the following examples: when apocholic acid is 
heated, methane is lost;44 when ergopinacol is 
heated, neoergosterol is formed with the loss of 
methane;45 when dianhydrostrophanthidin is 
treated with concentrated hydrochloric acid tri- 
anhydrostrophanthidin is formed;46 when hepta- 
acetyldesoxydihydroouabain is treated with hy­
drochloric acid and acetic acid the acetoxy lactone 
C24H30O4, which contains a benzene ring, is ob­
tained ;47 and finally when the debromination prod­
ucts of dibromoandrostanedione are heated, meth­
ane is evolved and phenolic compounds are 
formed.48 These examples indicate that the elimi­
nation of methane with the formation of benzenoid 
rings is a type of reaction which may be expected to 
occur in the organism also if the parent molecule 
presents a sufficiently extended conjugated sys­
tem, or some other structural feature which may 
be expected to facilitate the reaction. The hypo­
thetical parent hormone (XXVI) has this type of 
molecular structure. In Fig. 9 a scheme is pre­
sented showing how the phenolic female hormones 
may be formed. It is not possible, of course, in

CH2OH CH3

0=0 
O CH3]_o h

CH;
/ \ / -

q/ X / V
(XXVI)

o

c=o 
CH3|_Öh

(LXIII) Oestrorie 
F ig . 9 .— P o s s ib l e  F o r m a t io n  o f  O e s t r o n e  f r o m  XXVI

view of the meager amount of data available, to 
state which of the several probably independent 
processes of dihydroxyacetone oxidation, loss of 
methane, and reduction of the 11-carbonyl group

(44) Wieland and Dane, Z. physiol. Chem., .212, 263 (1932).
(45) Windaus and Borgeaud, A nn., 460, 235 (1928).
(46) Jacobs and Collins, J . Biol. Chem., 63, 123 (1925); see 

Fieser, op. cit., p. 274 for a discussion of this transformation.
(47) For references and a critical discussion, see Fieser, op. cil. , 

pp. 292 ff.
(48) Inhoffen, Naturwissenschaften, 25, 125 (1937)-
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may be expected to occur first. It should be 
noted that the mechanism indicates how equilin, 
as well as oestrone, may be formed. The forma­
tion of equilin by a migration of the double bond 
from the 8,9- to the 7,8-positions may occur in the 
animal, or it may occur in the course of the pro­
longed alkaline treatment of the urine. This 
drift of a double bond near a benzene ring is a 
familiar process in the chemistry of allyl- and 
propenyl-benzene derivatives, although usually 
the tendency is toward the establishment of an 
equilibrium mixture containing predominantly 
the propenylbenzene derivative. The formation 
of equilenin by the loss of hydrogen is also readily 
understandable as a tendency of the second ring to 
become aromatic. In fact, so great is the ten­
dency for equilin to yield equilenin that when at­
tempts are made to hydrogenate the former 
catalytically, the latter is always formed instead.4 ) 
It is possible, furthermore, that a compound 
like LXII might suffer further loss of methane to 
yield, ultimately, ar-dihydroxycyclopentanophe- 
nanthrene derivatives, none of which have so far 
been found. In support of the hypothesis that 
oestrone and related female hormones are derived 
from a common precursor which is primarily not 
a sex hormone itself, we may note that oestrone is 
found in stallions’ urine50 as well as in mare and 
human female urines.

A discussion of the mode of biogenesis of the 
precursor XXVI is beyond the scope of this paper. 
It seems likely that the precursor may be formed 
from sugar units51 in the pituitary or some other 
master gland, and supplied to the suprarenals,

(49) Dirscherl and Hanusch, Z . physiol. Chem., 233, 13 (1935); 
236, 131 (1935).

(50) Zondek, Nature, 133, 209, 494 (1934); Cortland, Meyer, 
Miller and Rutz, J . Biol. Chem., 109, 213 (1935).

(51) Reichstein, op. cit., p. 368.

ovaries, corpus luteum, or testes for the produc­
tion of the specific hormones elaborated by these 
glands. The reactions by which these syntheses 
are effected may be enzymatic, or they may be a 
part of some intramolecular oxidation and reduc­
tion in the glands, but it is not the purpose of this 
paper to discuss their nature. Since ascorbic 
acid occurs in the suprarenal glands, it may be 
that its function is the reduction of a precursor 
like XXVI to give steroidal hormones.

The author wishes to thank Dr. Elmer J . Law- 
son for his suggestions and assistance in the prepa­
ration of this manuscript, and all the members of 
his sterol group, Drs. Eugene L. Wittle, Elmer J. 
Lawson, Thomas S. Oakwood, Ewald Rohrmann, 
Harry M. Crooks, Stephen B. Binkley and David
M. Jones for the use of their unpublished work.

Summary
1. Arguments are advanced to indicate that 

the steroidal hormones and bile acids do not origi­
nate from cholesterol.

2. It is suggested instead that the steroidal 
hormones, including the C-18, C-19, and C-21 
sex hormones and the cortical steroids, may come 
from another common precursor, pregnadiene-
4,8-diol-17,21-trione-3,11,20 (XXVI) or its hy­
drate at C-9.

3. Considerations of the interrelationships 
among the many steroids from urines and from 
gland extracts make it possible to propose a defi­
nite structure (XXVI) for the precursor of the 
steroidal hormones.

4. It is shown how the various steroids isolated 
may arise from this precursor by orderly proc­
esses following definite rules and having with few 
exceptions, their counterpart in the laboratory. 
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  M a r c h  22, 1938
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[C o n t r ib u t io n  f r o m  t h e  S t e r l in g  C h e m is t r y  L a b o r a t o r y , Y a l e  U n i v e r s i t y ]

The Polycondensation of a-Methylacrolein
B y E v er e t t  E . G il b e r t 1

It was shown by von Pechmann and Rohm2 that 
in the presence of sodium methylate, methyl 
acrylate polycondenses to give a 10% yield of a- 
methyleneglutaric ester together with an uninves­
tigated higher fraction. A similar dimerization 
also was observed3 in the case of methyl crotonate 
when an ether solution of this compound was ex­
posed to the action of sodium methylate. Michael4 
obtained the same dimer by the action of sodium 
upon an ether solution of the ester.

In a discussion of the probable mechanism of 
the reaction, von Pechmann suggests that a mole­
cule of sodium methylate first adds to the hetero­
conjugate system of a molecule of acrylic ester, 
thus producing the sodium enolate of a saturated 
molecule containing an active methylene group. 
In the presence of the strongly alkaline catalyst, a 
Michael reaction was thought to occur between this 
saturated molecule and an acrylic ester molecule. 
Loss of sodium methylate led to the formation of 
a-methyleneglutaric ester as the final product.

The purpose of this article is to record a similar 
type of poly condensation for a-methylacrolein. 
This investigation was conducted in connection 
with a study of the Michael poly condensation 
of various alpha, beta-unsaturated compounds 
being undertaken in this Laboratory. In this 
case the reaction occurred easily in the presence 
of dilute aqueous alkali. This extreme ease of 
reaction may be explained in part by the greater 
activation of the aldehyde group as compared to 
the ester grouping of ethyl acrylate. In addition, 
the final molecules produced from the methyl- 
acrolein contained no olefinic bonds, the adden­
dum (water) being incapable of removal except 
by ring formation when stage II has been reached. 
A parallel is found in the dimerization of methyl 
vinyl ketone in the presence of dilute aqueous al­
kalies to produce octanol-8-dione-2,6.5 A similar 
reaction, to be reported subsequently, has been 
observed in the case of acrolein.

(1) This communication describes work done by Everett E. Gilbert 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Chemistry.

(2) H. von Pechmann and O. Rohm, Ber., 34, 427 (1901).
(3) H. von Pechmann, ibid., 33, 3323 (1900).
(4) A. Michael, ibid., 33, 3766 (1900).
(5) Farbenfabriken vorm Freidr. Bayer and Co. in Elberfeld, 

German patent, 227,177 (1910).

and  J ohn  J .  D onleavy

Three polymers were isolated and identified—a 
trimer, a tetramer, and a pentamer. All three 
contained a molecule of water introduced during 
the polycondensation. They gave an immediate 
precipitate with Tollens' reagent, a delayed but 
positive test with SchifTs reagent, and an im­
mediate precipitate of manganese dioxide when 
treated at room temperature with neutral aqueous 
permanganate. All three fractions yielded yellow
2,4-dinitrophenylhydrazones. As may be seen 
from Table I, the increases in refractive index 
and density from the trimer through the pentamer 
are approximately linear. A similar gradation 
was observed in the colors—the lowest fraction 
being colorless, the middle slightly yellow, and the 
top fraction a deeper shade of yellow. The three 
fractions were viscous oils, the viscosity increasing 
through the pentamer. All fractions possessed a 
mild and slightly spicy odor.

T a b l e  I
Fraction Low Middle High

[ °C. ' 113-118 159-164 175-180
B. p. |  Mm. 12 12 9

[ Bath., °C. 135-140 195-210 200-210
d*>20 1.017 1.062 1.096
w20d 1.4441 1.4657 1.4867
, , ,  ƒ Calcd. MkD < „  , ( Found

59.41 . 78.01 96.61
59.61 77.73 96.60

MoL w t { Found
228 298 368
237 288 371

Carbon, % [  ^ 63.12 64.43 65.18
62.80 \  64.64 65.55

tt 1 ~  f Calcd. 8.77 8.73 8.70Hydrogen, % |  pound 8.94 8.86 9.00

The mechanism of the polycondensation is 
probably as follows. A molecule of water is 
first added to a molecule of a-methylacrolein, thus 
forming a /3-hydroxyaldehyde containing the 
necessary active hydrogen. A series of Michael 
reactions then occurs, leading to the formation 
of the products isolated. Both of these proc­
esses are of a type known to occur with remark­
able ease in the presence of alkalies. These re­
actions may be expressed as follows

CH3 c h 3
I +HOH I +1

c h 2= c c h o --------- ^  h o c h 2c h c h o  — ^
I
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CH3
I

HOCH2CCHO
I

c h 2c h c h o
I
CH3

II

+1
c h 3
I

HOCH2CCHO

c h 3

c h 2c c h o

c h 3
I

CH2CHCHO

etc.

Experimental
The a-methylacrolein was purchased from the Shell De­

velopment Co. I t was of about 98% purity and contained 
0.05% hydroquinone as an antioxidant. Since it was 
desired to avoid polymerization produced by peroxides, 
and since the hydroquinone did not appear to inhibit the 
polycondensation, it was used as received without further 
purification.

Thirty-three grams of methylacrolein was mixed with 
200 cc. of distilled water. About 50 cc. of ethyl alcohol was 
added to promote solution and ten cc. of 4% aqueous so­
dium hydroxide. A brown flash of color appeared which 
disappeared upon shaking. In about ten minutes tur­
bidity appeared and a yellow oil began to settle. Heat 
was evolved; the flask was cooled by bathing in cold run­
ning water. After allowing the flask to stand for one hour 
(during which time it was shaken frequently), the solution 
was extracted three times with ether, and the extract was 
dried over sodium sulfate. The ether was removed and 
the oil was fractionated under reduced pressure. In the 
preliminary distillation three fractions were collected as 
follows:

(1) Bath 165-170° (15 mm.) 141.1 g.
(2) Bath 195-210° (10 mm.) 3.6 g.
(3) Bath 225-250° (10 mm.) 7.6 g.

The total yield of crude oils was 71.3% of the theoretical 
Other experiments gave similar results.

Upon redistillation the above fractions were found to 
consist almost entirely of the pure polymers. The prop­
erties were determined from these purified fractions. The 
molecular weights were determined in freezing benzene. 
These and other data are listed in Table I.

Preparation of the Tri-2,4-dinitrophenylhydrazones of 
the Polymers.—The method employed was essentially 
that suggested by Shriner and Fuson.6 An equivalent 
of dinitrophenylhydrazine for each aldehyde group was 
employed. Yellow tridinitrophenylhydrazones were ob­
tained in each case. The derivative of the trimer sepa­
rated from the reaction mixture even when boiling. 
Cooling was resorted to in the other cases to obtain crys­
tallization of the derivatives. They were then recrystal­
lized from benzene. The tridinitrophenylhydrazone of the 
trimer decomposed to a red liquid at 173-174° (uncorr.), 
but the other two derivatives decomposed indefinitely 
as the temperature was raised above 100 °.

Anal. Trimer. Calcd. for C30H32N i2Oi3: N, 21.8.
Found: N (Dumas), 21.4. Tetramer. Calcd. for
C34H38Ni2Oi4: C, 48.65; H, 4.53; N, 20.0. Found: C, 
48.60; H, 4.82; N, 20.4. Pentamer. Calcd. for C38H44- 
N12O15: N, 18.5. Found: N, 18.5.

Summary
a-Methylacrolein polycondenses by the Michael 

reaction in the presence of dilute aqueous alkali. 
A trimer, a tetramer, and a pentamer were isolated 
and characterized.

(6) R. L. Shriner and R. C. Fuson, “The Systematic Identifica 
tion of Organic Compounds," John Wiley and Sons, Inc., New  
York, N . Y ., 1935, p. 148.

N e w  H a v e n , C o n n . R e c e iv e d  M a y  23, 1938

[C o n t r ib u t io n  fr o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m ic a l  E n g in e e r i n g  o f  t h e  U n iv e r s it y  o f
P e n n s y l v a n ia  ]

A Study of the Conversion of Para-substituted Methylene-bis-arylamines and 
Trimeric Methylene-arylamines to Substituted 2-Aminobenzylarylamines

B y T. R. M il l e r  and E. C. W a g n er

Aminobenzylarylamines of type I may be pre- 
Xr/ / \ —CH2NH^  ^>X pared from para-substi­

tuted amines through the
vNH2 reactions

as it requires mechanical stirring of a mixture of 
methylene-^-toluidine, ^-toluidine and ^-toluidine 
hydrochloride for forty-eight hours at 20°, in the 
presence of enough nitrobenzene to yield a mass

--- > ( X<̂  >̂N—CHj— )3
III

The only published procedure1 is cumbersome, which is finally liquid. The mild conditions
specified (which greatly prolong the reaction

(1) German Patent 105,797; Frtedl., 5, 84; v. Walther and . . . 1 i . . .
Bamberg, j . prakt, chem ., [2 ] 7 i, 153 U905). period) are clearly intended to exclude or minimize
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the further reaction by which I is converted to 
the diphenylmethane base. With diimines (II) 
and trimeric Schiff bases (III) obtained from 
amines with open para-position this reaction 
occurs readily on warming in the presence of 
amine salt (or free acid),2 and can be excluded only 
by operating at or below 20°, at which tem­
peratures aminobenzylarylamines of the type 

NHCHo<^>NH2 are obtainable.3 It is 
now known4 that aminobenzylarylamines of type I 
(from para-substituted amines) are less readily 
converted to diphenylmethane bases: at 100° the 
conversion of 0-amino-m-xylyl-^-toluidine (I) 
to 2,2 '-diaminó-5,5 '-dimethyldiphenylmethane is 
slight,5 and at 125° the conversion is only 50% 
complete.6 These facts suggested the possibility 
of converting II or III more rapidly to I by use 
of temperatures well above 20°. As is shown in 
the experimental part the reaction goes well at 
80-100°, and normal yields are obtained in a 
few hours, the nitrobenzene and (in small runs) 
mechanical stirring being dispensable.

The proportions of diimine (II) or Schiff base
(III), free amine and amine salt hitherto used in 
these reactions appear to be based upon no 
published experimental work. As a result of 
Simons' study7 of the reactions of diimines (II) 
with amines and amine salts it is established that 
II with amine salt yields as the normal end- 
product the corresponding dihydroquinazoline 
(e. g., 6-methyl-3-£-tolyl-3,4-dihydroquinazoline), 
with I formed as an intermediate, but that pres­
ence of free amine tends to exclude the later steps 
of the complete transformation and thus favors 
survival of I. With 25 molar equivalents of 
amine to one equivalent each of II and amine 
hydrochloride an 82.5% yield of I was obtained. 
This amount of free amine is inconveniently large, 
for the excess, together with amine taken as hy­
drochloride, must be removed subsequently by 
steam distillation or otherwise, in the isolation of
1. Experimental trials, reported below, showed 
that satisfactory practical molar ratios for prepa­
ration of I are diimine:amine:amine hydrochlo­
ride = 1:10-12:0.5. When the trimeric Schiff

(2) (a) German Patents 53,937, 58,072, 70,402, 107,718; Friedl.,
2, 53; 3, 79, 80; 5, 78; (b) Eberhardt and Welter, Ber., 27, 1804 
(1894); (c) Rivier and Farine, Helv. Chim. Acta, 12, 865 (1929).

(3) German Patents 87,934, 104,230; Friedl.,A, 66; 5, 83.
(4) Wagner, T his J o urn al , 56, 1944 (1934).
(5) Cf. Eberhardt and Welter, ref. 2b, p. 1812.
(6) At higher temperatures (200-220°) diphenylmethane bases 

of this type, in presence of amine and amine salt, split out ammonia 
and yield dihydroacridines [Ullmann, Ber., 36, 1017 (1903)].

(7) Simons, T h is  J o urn al , 59, 518 (1937).

base is used, three equivalents of amine are con­
sumed in the initial reaction213 requiring for the 

(ArNCH2—)3 +  3ArNH2 — > 3ArNHCH2NHAr

Schiff base the molar proportions trimer (III): 
amine : amine hydrochloride = 1 : 33-39 : 1.5. 
The proportions previously specified1 for the cold 
reaction are III: amine: amine hydrochloride = 
1 : 16.7 : 5.8, i. e., more than the necessary amine 
salt (shown by Simons7 to be 0.5-1.0 equivalent 
referred to the diimine), and an amount of amine 
less than adequate for the hot reaction. The most 
satisfactory combination of conditions includes 
the ratio of reactants stated, a temperature of 
80-90°, and, for 0.01-0.1 molar quantities, a 
reaction period of two hours. With larger 
quantities the time should be extended to three 
to five hours and the mixture should be stirred 
mechanically.

The applicability of the procedure for prepara­
tive purposes appears to be limited. Satisfactory 
results were obtained in the preparation of the 
aminobenzylarylamines from p-toluidine, p- 
chloroaniline and ^-bromoaniline. Attempts to 
prepare those from ^-anisidine and ^-phenetidine 
were unsuccessful, owing apparently to isolation 
difficulties, which it is safe to say would be greater 
with para-substituted amines not volatile with 
steam.

The conversion of II to I by substitutive ortho­
coupling (rather than by rearrangement) suggests 
the possibility of making 2-aminobenzylaryl- 
amines of mixed type by warming diimines or 
Schiff bases with different amines and their hy­
drochlorides. The analogous process has been 
used for preparation of diphenylmethane bases of 
mixed type from simple aminobenzylarylamines.8 
Preliminary trials9 yielded unpromising viscous 
liquids from which no well-defined product could 
be isolated.

Experimental
Chemicals.—Methylene-foV£-toluidine (m. p. 95°), 

methylene-foV^-chloroaniline (m. p. 59-60°) and methyl- 
ene foV^-bromoaniline10 (m. p. 92°) were made by the 
method of Eberhardt and Welter2b and Bischoff and Rein- 
feld.11 The trimeric Schiff bases (melting respectively 
at 127, 151 and 166 °12) were prepared by the procedure of 
J. G. Miller.13

(8) German Patent 108,064; Friedl., 5, 85; Cohn and Fischer, 
Ber., 33, 2586 (1900),

(9) These experiments were performed by J. R. Feldman.
(10) Wagner, J . Org. Chem., 2, 162 (1937).
(11) Bischoff and Reinfeld, Ber., 36, 41 (1903).
(12) Wagner and Eisner, T h is  J o urn al , 59, 881 (1937).
(13) Miller and Wagner, ibid., 54, 3698 (1932).
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Procedure.—The mixture of diimine or Schiff base 
(0.01 mole), amine and amine hydrochloride in a flask 
was heated in an oil-bath at the desired temperature 
(thermometer in the bath), and was then treated with 
enough sodium hydroxide solution to neutralize the acid 
taken as amine salt and was submitted to rapid steam dis­
tillation. When all steam-volatile material was removed 
the residual mixture was cooled to solidify the crude prod­
uct, which was separated by filtration, washed once with 
water and then without drying was crystallized as follows. 
The moist product, in a 200-cc. flask, was heated on a water- 
bath, and ligroin (70-90 °) was added gradually until a solu­
tion nearly saturated at the boiling point was obtained. 
Anhydrous potassium carbonate sufficient to “fix” the 
separated water was added, and the mixture was digested 
with about 0.5 g. of charcoal and then filtered rapidly 
using a heated filter. The liquid was chilled in ice, and 
the separated crystals were removed by filtration, washed 
with cold ligroin and dried in a vacuum desiccator. 
The yields stated represent nearly pure product but do not 
indicate quite the maximum yields obtainable, as the lig­
roin mother liquors were not worked up to recover the 
small amount of product still present though not readily 
isolable owing to presence of resinous impurities. In 
several experiments the mother liquors were found to con­
tain small amounts of the dihydroquinazolines, isolated 
and identified as their picrates.

In the first series of experiments reported below the 
product was isolated and weighed as the benzal deriva­
tive.7 This procedure indicated higher but less reproduc­
ible yields than the procedure described above.

Series T. Effect of Temperature.—Conditions: methyl- 
ene-foV/>-toluidine (II), 0.01 mole (2.26 g.), ^-toluidine, 
0.05 mole (5.5 g.), ^-toluidine hydrochloride, 0.005 mole 
(0.70 g.); time one hour. Product isolated as benzal 
derivative.

Temperature, °C. 50 60 70 80 90 100
Yield of I, % 63.7 65.3 64.7 66.0 66.9 66.6

Series 2: Effect of Variation in Proportions of Reactants 
(and Time).—In experiments using the diimine (II) the 
above ratio of II to />-toluidine hydrochloride was held 
constant (being within the optimum limits reported by 
Simons7), and the ratio of ^-toluidine to II was varied. 
In the experiments using the Schiff base trimer (III) the 
ratio of III  to ^-toluidine hydrochloride was 1:1.5, and 
the proportions of p-toluidine were varied. In the table the 
values for the ratio of ^-toluidine to Schiff base refer to 
moles of p-toluidine available as “regulator,” calculated in 
terms of equivalent moles of diimine, viz., (x — 3y)/3y, in 
which x = moles of £-toluidine and y = moles of Schiff 
base; temperature, 80°.

Starting
comp.

Ratio
^-toluidine: 

II or III«
Yield of I,

%
A, Time 0.5 hour

I l l 10 50.1 51.6
III 15 57.4
II 25 59.3

B, Time 1 hour
II 5 48.7

III 5 48.7

III 8 50.2
II 10 51.2

III 10 50.0
II 12 51.5 51.0*

III 12 52.0
III 15 56.0 59.1
II 20 58.5

III 20 60.4
II 25 61.2

III 25 62.0
a Calculated in terms of equivalent II, as explained 

above. b Temperature 100°.

Series 3: Effect of Time.—In experiments with diimine 
the proportions of reactants were as in Series 1, i. e., 1:10: 
0.5. In experiments using the Schiff base trimer the pro­
portions were 1:33:1.5 (or 1:10:0.5 calculated to equiva­
lent diimine); temperature 80°.

Starting compound III  II II  II
Time, hrs. 0 . 5 1  2 3
Yield, % 51.6 54.7 63.3 62.7

50.1 54.0 60.0

Preparative Trials
Cold Procedure.1—-The starting compound was in all 

cases III, the amounts ranging from 53 to 73.5 g. The 
molar proportions, in terms of equivalent diimine, were 
1:4.6:1.9, with nitrobenzene 1.7 cc. per gram of III. 
The reaction mixtures were stirred mechanically during 
forty-eight to fifty-three hours, a t temperatures which 
ranged from 15 to 24° and which were for the most part 
not above 20°. The best yields obtained were 61.4 and 
56.3%.

Hot Procedure.—The starting compound was II, the 
time two hours, and the temperature 80-90°. For ratio 
1:12:0.5 the yield was 61.5%; for ratio 1:21:1.6 the yield 
was 64.5%.

The foregoing results, and those of series 1, 2 and 3 show 
the conversion of II  or III  to I to be fairly rapid at 80-90 °, 
the yields increasing as the molar ratio of available free 
amine is increased. For preparative purposes a molar 
ratio of about 10:1 when the starting compound is II, or 
of 33:1 when the starting compound is III, is recom­
mended. The yields are then satisfactory and the amount 
of amine to be removed during the isolation is not exces­
sive. The diimine or the Schiff base may be used equally 
well as starting material,

Conversion of Diimines and Schiff Bases from ^-Chloro- 
aniline and ^-Bromoaniline to Corresponding 2-Amino- 
benzylarylamines. Conditions.—Molar ratio for diimine 
1:12:0,5, and equivalent ratio for Schiff base; tempera­
ture 80 °; time two hours.

Starting compound II I II
Yield of I, %

Cl compound 45.3 46.314
Br compound 50.2 47.314

Grateful acknowledgment is made to the 
Faculty Research Committee of the University of 
Pennsylvania for a grant to assist this study.

(14) Some results by a closely similar procedure were mentioned in 
an earlier paper (Ref. 12, p. 879).
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Summary
1. A study of the effects of variations in tem­

perature, time and molar ratios of reactants upon 
the conversion of methylene-6is-£-toluidine or 
trimeric methylene-^-toluidine to N-(5-methyl-2- 
aminobenzyl)-£-toluidine, in the presence of p- 
toluidine and ^-toluidine hydrochloride, showed:
(a) at 80-100° the reaction is rapid and does not 
proceed beyond the aminobenzylarylamine stage. 
The conditions previously specified, viz., a tempera­
ture of 20° and a reaction time of forty-eight hours, 
were based on a misconception, (b) The extent 
of the conversion increases with increase in the 
molar ratio of free amine to diimine or Schiff base. 
Highest yields require an inconveniently large ex­

cess of free amine. Satisfactory practical ratios, 
which give good yields and do not too greatly pro­
long the isolation procedure, are diimine : amine : 
amine hydrochloride = 1:10:0.5, or trimeric
Schiff base : amine : amine hydrochloride = 1:33:
1.5.

2. The procedure based upon the above con­
ditions has been used for the preparation of the 
aminobenzylarylamines obtainable from p-tohii- 
dine, ^-chloroaniline and -bromo aniline. I t 
failed in the cases of ^-anisidine and ^-phenetidine 
and its usefulness apparently is impaired by the 
limitations of the isolation method now available.
T h e  J o h n  H a r r is o n  L a b o r a t o r y  o f  C h e m is t r y  
P h il a d e l p h ia , P e n n a . R e c e iv e d  M a y  11, 1938

The Structure of Beta and Gamma Tocopherols
By Ol iv e r  H. E m erson

To date there have been described in the litera­
ture three tocopherols, which we designated pro­
visionally as alpha, beta and gamma.1,2 Alpha 
was obtained from wheat germ oil, cottonseed oil, 
palm oil, and lettuce leaves. Beta was first ob­
tained by us from wheat germ oil, and later 
by Todd, Bergel, Waldmann and Work, who 
obtained it in addition from rice bran oil.3,4 It 
was obtained subsequently from wheat germ oil 
by Drummond and Hoover,5 John,6 who suggested 
the name cumo-tocopherol for it, and Karrer, 
Salomon and Fritsche,7 who proposed the name 
neo-tocopherol. Dr. John8 kindly compared a 
sample of our /Ttocopherol allophanate with his 
cumo-tocopherol allophanate and found them 
identical. It is interesting that the European 
workers found that in their preparations of wheat 
germ oil, /3-tocopherol predominated to such an 
extent that the suggestion was put forward that 
alpha might be an artifact,9 whereas from the 
Californian wheat germ oil we have regularly

(1) H. M. Evans, O. H. Emerson and G. A. Emerson, J . Biol. 
Chem., 113, 319 (1936).

(2) O. H. Emerson, G. A. Emerson, A. Mohammad and H. M 
Evans, ibid., 122, 99 (1937).

(3) A. R. Todd, F. Bergel, H. Waldmann and T. S. Work, Nature, 
140, 361-2 (1937).

(4) A. R. Todd, F. Bergel and T. S. Work, Biochem. J .,  31, 2257 
(1937).

(5) J. C. Drummond and A. A. Hoover, ibid., 31, 1852 (1937).
(6) W. John, Z. physiol. Chem., 250, 11 (1937).
(7) P. Karrer, H. Salomon and H. Fritsche, Helv. Chim. Acta, 20, 

1422 (1937).
(8) W. John, Z. physiol. Chem., 252, 201 (1938).
(9) F. Bergel, A. R. Todd and T. S. Work, J . Chem. Soc., 253 (1938).

obtained at least twice as much alpha as beta.
7 -Tocopherol has been obtained from cottonseed 
oil and palm oil. In our experience at the Uni­
versity of California and in the Research Labora­
tories of Merck & Co., Inc., where several hundred 
pounds of cottonseed oil have been worked up, 
the ratio of alpha to gamma varies within wide 
limits. Sometimes there is as much gamma as 
alpha but usually much less. Other oils beside 
wheat germ and cotton seed, notably grape seed 
oil, are known to vary greatly in their chemical 
constituents, depending not only on the locality, 
but also on the year of the crop.

On pyrolysis Fernholz10 showed that «-toco­
pherol yields durohydroquinone. Under similar 
conditions, from /Ttocopherol John6 obtained tri- 
methylhydroquinone, and Bergel, Todd and 
Work9 reported a mixture of trimethylhydro- 
quinone and durohydroquinone.

Fernholz’s original view that «-tocopherol is a 
simple mono-ether of durohydroquinone was 
modified by the results of the chromic acid oxida­
tion, 11 whereby he obtained dimethylmaleic 
anhydride; a lactone C21H40O2, the hydroxy acid 
of which forms a characteristic benzylthiuronium 
salt; and an acid C16H32O2 which on vigorous 
oxidation yielded two moles of acetic acid. From 
this evidence Fernholz proposed formula I  for 
«-tocopherol

(10) E. Fernholz, T h is Jo ur n a l , 59, 1154 (1937).
(11) E. Fernholz, ibid., 60, 700 (1938).
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CH3 yOx I | I I
^C—(CH2)3CH(CH2)3CH(CH2)3CHCH3

HO
\ / \ ch0/  
c h 3

c h 2

We have oxidized (3- and 7 -tocopherol under 
the conditions described by Fernholz and have 
obtained from both the same lactone that had been 
obtained from ce-tocopherol. We failed to obtain 
dimethylmaleic anhydride, but the amount of 
material used by us was much smaller than that 
employed by Fernholz so that dimethylmaleic 
anhydride, if formed, might have escaped our 
attention.

We have also pyrolyzed 7 -tocopherol at 360°, 
and obtained trimethylhydroquinone. From 
these facts, it is evident that fi- and 7 -tocopherol 
differ from alpha only in the absence of one of the 
three methyl groups attached to the benzene ring. 
This had been suspected by John6 and Karrer, 
Salomon and Fritzsche.12

Oxidation of /3-Tocopherol.—Eight hundred and nine 
milligrams of /3-tocopherol was oxidized as described by 
Fernholz.11 A lactone was obtained which was purified 
by distillation in high vacuum (yield 351 mg.). This 
yielded a benzylthiuronium salt which, after several re­
crystallizations from acetone, melted at 116-117°. A 
sample of the corresponding benzylthiuronium salt, pre­
pared by Fernholz from a-tocopherol, melted at 116—

(12) P. Karrer, H. Salomon, and H. Fritzsche, Helv. Chim. Acta., 
21, 302 (1938).

117.5°; mixed m. p. 116-117°. Anal. Calcd. for C29H52- 
O3N2S : C, 68.45; H, 10.30; N, 5.50. Found: C, 68.22, 
68.51, 68.15; H, 10.23, 10.44, 10.23; N, 5,42, 5.54.

Oxidation of 7-Tocopherol.—Three hundred and seventy 
four milligrams of 7-tocopherol, oxidized as above, yielded 
90 mg. of lactone after purification by high vacuum dis­
tillation. This gave a benzylthiuronium salt melting at 
116-117° which showed no depression on admixture with a 
sample of the corresponding benzylthiuronium salt of the 
same melting point from a-tocopherol. Anal. Calcd. for 
C29H5203N2S: C, 68.45; H, 10.30; N, 5.50. Found: C, 
68.59, 68.65; H, 10.35, 10.26; N, 5.48.

Pyrolysis of 7-Tocopherol.—Five hundred milligrams of 
7-tocopherol was heated a t 360° in an atmosphere of car­
bon dioxide. This gave 30 mg. of a crystalline sublimate, 
which appeared to be a mixture of trimethylhydroquinone 
with a little durohydroquinone. By careful recrystalliza­
tion from benzene there was obtained a fraction melting a t 
167-170° which gave no depression with authentic tri­
methylhydroquinone. A benzoate was also obtained 
melting at 175-178° which gave no depression when mixed 
with an authentic sample of trimethylhydroquinone di­
benzoate melting at 178-180°.

The trimethylhydroquinone and its dibenzoate 
were supplied by Professor Lee Irvin Smith to 
whom we wish to express our thanks.

Summary
Oxidation of (3- and 7 -tocopherols yielded the 

same C21H40O2 lactone that had been obtained by 
Fernholz from a-tocopherol.
I n s t it u t e  o f  E x p e r im e n t a l  B io l o g y
U n iv e r s it y  o f  C a l if o r n ia  R e s e a r c h  L a b o r a t o r ie s
B e r k e l e y , C a l if o r n ia  M e r c k  & Co., I n c .

R a h w a y , N. J.
R e c e iv e d  M a y  11, 1938

[C o n t r ib u t io n  No. 180 f r o m  t h e  E x p e r im e n t a l  S t a t io n  o f  E. I .  d u  P o n t  d e  N e m o u r s  & C o m p a n y ]

Carbamic Esters from Urea
B y R a lph  A. J acobson

Esters of carbamic acid are usually prepared 
either by treating an alcohol with phosgene and 
adding ammonia to the chloroformic ester thus 
formed, or by treating the alcohol with cyanic 
acid. The reaction of urea with an alcohol has 
also been utilized1 but the method has not been 
applied widely, probably because the lower 
alcohols, e. g., methyl and ethyl, require pressure. 
Butanol, however, reacts with urea at atmos­
pheric pressure2 to give butyl carbamate in 75% 
yield. This suggests wider application of the

(1) Hoffmann, Ber., 4, 268 (1871); Bunte, A nn., 151, 181 (1869); 
Cahours, Chem. Zenir., 4, 482 (1873); Compt. rend., 76, 1387 (1873); 
Werner, J . Chem. Soc., 113, 626 (1918).

(2) Davis and Lane, Org. Syntheses, 9, 24 (1929).

method for the preparation of carbamic esters of 
alcohols having boiling points higher than that 
of butanol. In the present paper, we have 
adapted this method to the synthesis of octyl 
carbamate, 77-dodecyl carbamate, and several 
other esters of carbamic acid.

The optimum temperature range for carbamate 
formation appears to be 175-190°. At this tem­
perature, aliphatic monohydric alcohols react 
smoothly with urea with the evolution of ammonia 
and the formation of carbamates. While the 
reaction is usually over within a few hours at this 
temperature, a reaction period of twelve to 
twenty-four hours or longer is required for al-
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cohols having boiling points considerably lower 
than the optimum temperature. In such cases 
the reaction is usually very slow initially, but as 
the concentration of carbamate in the mixture 
increases and the boiling point of the mixture 
approaches the optimum temperature, the reac­
tion rate increases markedly. The products are 
isolated by filtering the mixture to remove the 
small amount of cyanuric acid usually formed, 
and distilling the filtrate. After removal of the 
alcohol, the less volatile carbamates are purified by 
distillation or by crystallization.

The formation of butyl carbamate from urea 
and ^-butanol is expressed by Davis and Lane as 
follows

NH2CONH2 — ^ NH3 +  HNCO (1)
HNCO H- C4H9OH — >  NH2COOC4H9 (2)

If these reactions correctly express the mecha­
nism, the formation of carbonates by the reaction 
of urea with two molecules of the alcohol as shown 
in equation (3) is unlikely.

NH 2 CONH2 +  2ROH----R2C03 +  2NH3 (3)
Since phosgene, however, reacts with two mole­
cules of an alcohol to yield the carbonate, it 
seems at least theoretically possible that urea—the 
diamide from phosgene—could react similarly. 
In other words, the reaction expressed by equation
(3) might take place in either direction depending 
upon the conditions. Indeed the reaction from 
right to left does go readily in the case of diphenyl 
carbonate which can be converted into urea and 
phenol in 70% yields by treatment with aqueous 
ammonia3

2 C6H6C0 3  +  2NH3 — >  NH2CONH2 +  2C6H5OH (4) 
Our attempts to force the reaction (3) from left 
to right, however, were unsuccessful since none 
of the experiments yielded carbonates. In one 
instance, sulfuric acid was added to a mixture of 
urea and w-dodecyl alcohol to remove the am­
monia immediately upon formation, but quan­
titative dehydration of the n-dodecyl alcohol to 
w-dodecyl ether resulted.

The reaction of urea with polyhydric alcohols 
also was examined briefly. Ethylene glycol, 
sorbitol, and triethylene glycol reacted readily 
with urea to give viscous water-soluble sirups. 
Upon standing, the sirup from triethylene glycol 
deposited crystals of the diurethan (m. p. 
108°), In general, however, the reaction of urea 
with polyhydric alcohols appears unpromising for

(3) Kirkhgof and Astrova, K him . Farm. Prom., 281 (1933); C. A ., 
28. 3718 (1934).

th e  p re p a ra t io n  of p u re  c a rb a m a te s  of p o ly h y d r ic  
a lcoho ls.

Experimental Part
«-Dodecyl Carbamate.—A mixture of 120 g. of urea, 

372 g. of «-dodecyl alcohol, and 12 g. of glycerol was 
heated at 170° for two hours and finally at 190° for three 
hours. The reaction mixture was distilled in a vacuum 
and 150 g. of n- dodecyl alcohol boiling at 135° under 
12 mm. was recovered. The liquid in the distilling flask 
solidified on cooling. The crystalline product was washed 
with petroleum ether and melted at 81-8204; yield 138 g. 
(60%). The product was soluble upon heating in toluene, 
alcohol, ethyl acetate, ether, carbon tetrachloride, and 
acetic acid.

Anal. Calcd. for Ci3H270 2N: C, 68.12; H, 11.79. 
Found: C, 67.68; H, 11.14.

«-Octyl Carbamate.—This compound was prepared as 
above except that purification was effected by distillation, 
followed by crystallization from benzene. The com­
pound boiled at 136° under 4 mm. pressure and melted 
at 67 °.5 The yield was 55% of the theoretical.

Isobutyl Carbamate.—A mixture of 270 g. of urea, and 
1813 g. of .isobutanol was refluxed for seventy-two hours. 
The excess isobutanol was distilled and the residue ex­
tracted three times with ligroin, b. p. 90-100°. Urea 
amounting to 101 g. was recovered. After removal of 
the ligroin the isobutyl carbamate was collected at 117° 
under 25 mm. pressure, the product m. p. 65-66 0 weighing 
225 g. (42.8% conversion or 65% based on the urea con­
sumed).

An attempt was made to reduce the time of reaction by 
utilizing isobutyl phthalate to increase the initial boiling 
point of the mixture. Under these conditions isobutyl allo­
phanate was obtained as a by-product.

A mixture of 120 g. of urea, 148 g. of isobutanol, 250 g. 
of isobutyl phthalate, and 12 g. of glycerol was heated 
on the hot-plate for nineteen hours. During the first 
twelve hours, the boiling point of the mixture increased 
from 123 to 137° and during the next seven hours from 
137 to 170°. The solution upon cooling deposited crys­
tals (15 g.) of isobutyl allophanate which on purification 
from acetone melted at 174°. The liquid portion was 
distilled and the fraction boiling a t 95-110° under 12 mm. 
was collected. Upon cooling, the liquid solidified to a 
white crystalline solid which, after being washed with pe­
troleum ether, melted at 65-66 °.6

Anal, of isobutyl allophanate m. p. 174°. Calcd. for 
C6H i20 3N2: C, 45.00; H, 7.50; N, 17.50. Found: C, 
44.92; H, 7.10; N, 17.32.

Anal, of isobutyl carbamate m. p. 65-66°. Calcd. for 
CsHnC^N: C, 51.28; H, 9.40. Found: C, 51.77; H, 
8.96.

Mixed Carbamates from the Higher Alcohol Mixture 
Obtained in the Synthetic Methanol Process.—A mixture 
of 90 g. of urea, 9 g. of glycerol, and 308 g. of the fraction

(4) Behai, Bull. soc. chim., 25, 480 (1919), prepared dodecyl car­
bamate by passing cyanic acid into the alcohol but gave 77° as the 
melting point.

(5) Behai4 reported 67° as the melting point.
(6) Behai4 gives 180.5° for the allophanate and 59.5° for the 

carbamate.
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of higher alcohols boiling at 135-150° obtained from the 
synthetic methanol process,7 was refluxed for twelve hours. 
The liquid was decanted from a small amount of solid 
material (4.5 g.) and distilled. After removal of the ex­
cess alcohols, the carbamate was obtained at 110-125° 
under 4 mm. pressure. The product was slightly yellow 
and remained liquid at room temperature. The yield was 
137 g. or about 60% of the theoretical.

Ethylene Glycol and Urea.—A mixture of 240 g. of 
urea, 124 g. of ethylene glycol, and 12 g. of glycerol 
yielded a transparent water-soluble sirup after a heating 
period of six hours at 160-165° and four hours at 170- 
175°.

Triethylene Glycol and Urea.—A mixture of 60 g. of
urea, 6 g. of glycerol, and 150 g. of triethylene glycol was 
heated at 140-150° for one and one-half hours and slowly 
increased during eight hours to 175°. The excess tri­
ethylene glycol was removed by distillation and 115 g. 
(57.8%) of a non-volatile water soluble sirup obtained. 
Upon standing for two weeks, a small amount of crystalline 
material separated which, upon crystallization from ace­
tone, melted at 108° and proved to be the diurethan.

(7) The following compounds have been identified in this frac­
tion by Graves, Ind . Eng. Chem., 23, 1381 (1931): 2-m ethyl-l-
pentanol, 2,4-dimethyl-3-pentanol and 2,4-dimethyl-1-pentanol.

Anal. Calcd. for C8H160 6N2: C, 40.67; H, 6.77; N, 
11.86. Found: C, 40.87; H, 6.65; N, 11.32.

Sorbitol and Urea.—Resins of varying viscosity were 
obtained depending upon the ratio of urea to sorbitol. 
Pure compounds could not be isolated.

Summary
n-Dodecyl carbamate, octyl carbamate, iso­

butyl carbamate, and the mixed carbamates from 
one fraction (b. p. 135 -150°) of the higher alcohols 
obtained in the methanol synthesis have been 
prepared by the reaction of urea with the corre­
sponding alcohols at atmospheric pressure. At­
tempts to obtain alkyl carbonates by the same 
procedure were unsuccessful.

Polyhydric alcohols reacted with urea under 
the same conditions to yield sirups from which 
pure compounds could not be isolated except in 
the case of triethylene glycol. The latter yielded 
a sirup from which a small amount of the di­
urethan of m. p. 108° was obtained.
W il m in g t o n , D e l a w a r e  R e c e iv e d  M a y  19, 1938

[C o n t r ib u t io n  fr o m  t h e  L a b o r a t o r y  o f  B io l o g ic a l  C h e m is t r y , S ch o o l  o f  M e d i c i n e , U n i v e r s it y  o f  B u f f a l o ]

A Critical Examination of the Reaction of Iodine Monobromide with Cholestenone
and /3-Cholestanone

B y J. 0. R alls

In a previous study, 1 it was shown that choles­
tenone was one of the products of the reaction of 
iodine monobromide with cholesterol. It was 
also shown that cholestenone behaved toward 
halogen in a manner that was then considered 
‘‘abnormal.’' In addition, Copping2 had stated 
that cholestenone did not yield analytically 
correct iodine numbers when Dam's3 suggested 
application of the Rosenmund and Kuhnhenn4 
method was used. We were interested, therefore, 
in attempting to ascertain the causes of this 
peculiarity.

Inasmuch as A4,5-cholestenone, commonly called 
cholestenone (suggestedname, coprostenone),6 con­
tains a double bond and a ketone group (in a 
conjugated system), the problem was one of 
attempting to evaluate the role of each in the 
reaction of cholestenone with iodine monobro-

(1) Ralls, T h i s  J o u r n a l , 55, 2083 (1933).
(2) Copping, Biochem. J ., 22, 1142 (1928).
(3) Dam, Biochem. Z ., 152, 101 (1924).
(4) K. W. Rosenmund and W. Kuhnhenn, Z. Untersuch. Nahr. u. 

Genussm., 46, 154-9 (1923).
(5) O. Rosenheim and H. King, A nn. Rev. Biochem., 3, 90 (1934).

mide. Cholestanone, which contains no double 
bond, and cholestanoxime, which contains neither 
the double bond nor the ketone group, served to 
evaluate the effect of the carbonyl group; while 
cholestenoxime, which does not contain the ketone 
group but still possesses the double bond, was 
used in attempting to evaluate the role of the 
latter group.

In the course of the experimentation, hydrogen 
bromide catalysis of halogenation was investi­
gated, as was, also, the effect of the oximino 
hydroxyl upon the halogenation of the ethylene 
group in cholestenoxime. In the latter work, the 
factors of solvent nature, of air (oxygen) inhibi­
tion, and of the configuration of the oxime were 
considered. In these studies, syn-styrylphenyl- 
ketoxime, 3 ,5-diphenylisoxazol, and 3,5-diphenyl- 
isoxazoline were also used.

Discussion and Results
The peculiarities of the reaction of cholestenone 

with iodine monobromide (Curves 1, Fig. 1) are 
especially evident in the graph of the organic
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halogen. There appears to be some autocatalysis, 
but it is not simple. Inasmuch as cholestenone 
contains both a double bond and a ketone group, 
the complexity might well have been due to the 
influence of these two groups. Because it con­
tained the ketone group only, /3-cholestanone was 
allowed to react with iodine monobromide. It 
was surprising to find that it consumed halogen 
more rapidly (Curves 2 , Fig. 1 ) than did choles- 
tenone. (Of course, it has long been known that 
it did react with halogen.6,7) Examination of the 
curves showed that, while the reaction of choles­
tanone lacked the aforementioned complexity, it 
did possess an autocatalytic nature. Doreé6 
has remarked on the initial lag followed by a rapid 
consumption of halogen accompanied by a marked 
evolution of halogen acid when cholestanone re­
acted with bromine. The above author suggested 
that substitution had occurred. In the work re­
ported here, the ratios between the total halogen 
consumed and the halogen organically bound were 
two to one, which fact is indicative of substitution. 
But /3-cholestanol, from which ^-cholestanone is 
derived, did not undergo substitution under simi­
lar conditions.1 Furthermore, substitution, in 
the common sense, would not be expected to dis­
play signs of autocatalysis. But a substitution 
preceded by an enolization or activation of a ke­
tone group could do so. It is generally conceded 
that enolization or activation of a saturated ke­
tone precedes its bromination.

The specific evidence that ^-cholestanone also 
undergoes enolization or activation in its reaction 
with iodine monobromide is the following. First: 
when cholestanoxime was allowed to react with 
iodine monobromide, no appreciable reaction 
occurred (broken Curve 2, Fig. 1 ). Of course, 
this is not absolute evidence that the bromination 
of cholestanone is via enolization, because the 
presence of the oximino group in cholestanoxime 
might have changed the activity of nearby hydro­
gen. Second: determinations of the order of the 
reaction of cholestanone with iodine monobromide 
disclosed that it was monomolecular. (Table I 
is presented as an example of the results—other 
initial concentrations were also used.) This 
finding paralleled those of Meyer,8 who studied 
the order of the bromination of malonic acid, and 
of Cohen,9 who studied the bromination of acetone

(6) Doreé, J . Chem. Soc., 95, 648 (1909).
(7) Butenandt and Wolff, Ber., 68, 2091-2094  (1935).
(8) Meyer, A nn ., 380, 212 (1911); Ber., 44, 218 (1911).
(9) Cohen, T h is  J o ur n a l , 52, 2827 -2835  (1930).

Fig. 1.—The reaction of iodine monobromide with 
cholestenone, cholestanone, and their oximes: 1,
cholestenone; 2, cholestanone; —• —, oximes; # , 
total halogen consumed; O, organic halogen.

in organic solvents. Third: the initial speed of 
the reaction of cholestanone with iodine mono­
bromide was increased when hydrogen bromide 
was added to the halogenating agent. These 
results were similar to those obtained in a like 
study of cholestenone (Figs. 2 and 3). On the 
basis of the work of Lap worth, 10 Meyer,8 Daw­
son, 11 Cohen,9 Hanson and Williams, 12 and of 
Kröhnke,13 it is generally conceded that mineral 
acids catalyze the enolization or activation which 
precedes the bromination of ketones. Further, 
it is evident that such workers as Butenandt and 
Wolff7 and Ruzicka, et al.,u tacitly assume that 
cholestanone enolizes during its bromination. 
Fourth: photographic records of the ultraviolet 
absorption spectra of cholestanone in chloroform, 
in chloroform-glacial acetic acid, and in chloro­
form-glacial acetic acid-hydrogen bromide (Plate
1 ) and of the enol ethyl ether of cholestanone 
(Plate 2) in chloroform were made. That of 
the cholestanone in the presence of hydrogen

(10) Lap worth, J . Chem. Soc., 85, 30 (1904).
(11) Dawson, ibid., 95, 1860 (1909); 101, 1503 (1912); 105, 532 

(1914).
* (12) Hanson and Williams, ibid., 1059-63 (1930).

(13) Kröhnke, Ber., 69B, 921-935 (1936).
(14) L. Ruzicka, Bosshard, Fischer and Wirz, Helv. Chim. Acta, 

19, 1147 (1936).
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3
Time in hours.

Fig. 2.—The influence of aqueous hydrogen bromide 
upon the consumption of halogen by cholestenone. 
Initial hydrogen bromide concentrations mn 6 cc.: 
1, 0.000; 2, 0.020; 3, 0.042; 4, 0.059; 5, 0.079; 6, 
0.099.

bromide was similar to that of the enol ethyl ether 
in chloroform.

T a b l e  I
T h e  O r d e r  o f  R e a c t io n  o f  C h o l e s t a n o n e  w it h  IBr

Cholestanone in CCb, IBr in CH3COOH 
C = 0.082 mM  C =  0.041 m M

Reaction
time,
min.

Mil li equivalents 
Con-

Residual sumed

Equiv.
per

mole

Milliequivalents
Con-

Residual sumed

Equiv.
per

mole
Blank 0.1648 0.0000 0.000 0.0824 0.0000 0.000

2 .1408 .0240 .300 .0704 .0120 .300
4 .1243 .0405 .493 .0624 .0200 .488

Order is apparently monomolecular, since h /h  — 1 =  2°1 =  2n_1.

Cholestanone in CCh, IBr in CC14
C  =  0.0764 mM C = 0.0382 m l

Reaction
time,
min.

Milliequivalents
Con-

Residual sumed

Equiv.
per

mole

Milliequi val ents 
Con-

Residual sumed

Equiv.
per

mole
Blank 0.1528 0 .0000 0.000 0.0764 0.0000 0.000

2 .1457 .0071 .093
4 .1075 .0453 .594 .0536 .0228 .597
8 .0960 .0568 .743 .0480 .0284 .743

16 .0440 .0324 .849
Order is apparently monomolecular.

An error of 0.010 cc. in titration produces a minimum 
error of 0.010 in equivalents per mole when C =  0.080 mM, 
and one of 0.020 when C — 0.040 m l .

While our experiments were being carried on, 
Inhoffen15 reported that cholestenone enolizes 
during its bromination and that hydrogen bro­
mide stimulates the enolization. We, also, had 
noted that hydrogen bromide catalyzed the re­
action of cholestenone with iodine monobromide

(15) Inhoffen, Ber., 69B, 2141-7 (1936).

3
Time in hours.

Fig. 3.—The influence of anhydrous hydrogen bro­
mide upon the consumption of halogen by choles­
tenone. Initial hydrogen bromide concentrations, m/x 
in 6 cc.: 1,0.000; 2,0.020; 3,0.042; 4,0.059; 5,0.079; 
6, 0.099.

(Figs. 2 and 3). Further, the reaction of choles­
tenone with iodine monobromide in carbon tetra­
chloride-glacial acetic acid, and in carbon tetra­
chloride alone, was found to be monomolecular. 
These results are similar to those obtained using 
cholestanone. Cholestenone reacted similarly to 
cholestanone in one other respect. Cholesten­
oxime, like cholestanoxime, resisted halogenation 
in the presence of glacial acetic acid (Fig. 1 and 
Table II). (Added hydrogen bromide did not

T a b l e  I I
E q u iv a l e n t s  o f  H a l o g e n  C o n s u m e d  p e r  M o l e  o f  
S u b s t a n c e  R e a c t in g  w it h  I o d in e  M o n o b r o m id e  f o r

N in e t y  M in u t e s  
In CCL +  CH3COOH In e c u

Substance In air In h 2 In air In H 2
Cholestanone 2.37 2.49 3.49 4.10
Cholestanoxime 0.11 0.13 0.57 0.63
Cholestenone .43 .45 0.60 0.80
Cholestenoxime . 15 .15 1.17 1.24
Cholestenoxime® 0.80
Cholestenoxime6 1.20
Benzalacetophenone . . . 1.70
syw-Styrylphenylketoxime 1.42 1.42
3,5-Diphenylisoxazol 1.35 1.37
3,5-Diphenylisoxazoline 0.11 0.11

a Cholestenoxime, recrystallized from glacial acetic 
acid. b Cholestenoxime, recrystallized from glacial acetic 
acid and then heated to 120°.
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Plate 1.—Ultraviolet absorption spectra of cholestanone in various solvents: A, chloroform control; B, 
0.02 M  cholestanone in chloroform; C, 0.01 M  cholestanone in chloroform; D, chloroform in 0.04 M  
glacial acetic acid; E, 0.02 M  cholestanone in chloroform—0.04 .M glacial acetic acid; F,0.01 M  cholestanone 
in chloroform—0.04 M  glacial acetic acid; G, chloroform—0.04 M glacial acetic acid—0,01 M anhydrous hy­
drogen bromide; H, 0.02 M  cholestanone in same solvent; J, 0.01 M  cholestanone in same solvent; K, 
like J but with 2 X exposure; M, chloroform control.

induce any greater reaction.) This fact was 
further circumstantial, but not absolute, evidence 
that cholestenone enolizes during halogenation.

The lack of appreciable reac­
tion between cholestenoxime 
and iodine monobromide in gla­
cial acetic acid-carbon tetra­
chloride indicated that, at least 
in that medium, the double 
bond of cholestenoxime was not 
“active.” Inhoffen15 has shown 
that the ethylene linkage of 
cholestenone resists bromination 
and exerts only a directive in­
fluence. It seemed to us that 
the simple statement, the double 
bond is not active} was not suffi­
cient in the case of cholesten­
oxime. Accordingly, other factors were investi­
gated. Our cholestenoxime was real, or normal, 
and was not the by-product described by Diels and 
Abderhalden, 16 for it melted at 151° and did not 
reduce Fehling’s reagent. Air (oxygen) inhibi­
tion17 was not involved (Table II). The nature of

(16) Diels and Abderhalden, Ber., 37, 3101 (1904).
(17) Bauer and Daniels, T h i s  J o u r n a l , 56, 2014 (1934).

the reaction medium was found to affect the extent 
of reaction (at the end of the arbitrarily selected 
ninety minutes) of cholestanone, of cholestanox­

ime, of cholestenone, and of cholestenoxime. The 
effect was most marked in the case of the last 
substance and was paralleled by the effect upon 
the reactions of styryl phenyl ketone and syn- 
styryl phenyl ketoxime with iodine monobromide 
(Table II). There were five (at least) possible 
explanations for this marked difference: first, 
only the rates of reaction in the two media dif-

Plate 2.—Ultraviolet absorption spectra of enol ethyl ether of cholestanone: 
A, chloroform control; B, 0.02 M  enol ethyl ether of cholestanone (based on 
the molecular weight of cholestanone) in chloroform; C, 0.01 M  enol ethyl 
ether of cholestanone in chloroform.
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Plate 3.—Ultraviolet absorption spectra of “cholestenoxime” (after crystallization from glacial acetic acid) and 
of cholestenoxime: solvent, absolute alcohol; tube length 1 cm.; concn., 0.002% or 5 X 1 0 molar. Upper 
half of each spectrograph is that of the controlled or measured light; lower half is that of experimental sub­
stance. “Cholestenoxime:” A, control at d = 0; B, d = 0.6; C, d — 1.0; D, d — 1.2; E, d = 1.40; F, 
d = 1.5. Cholestenoxime: G, d = 0.6; H, d = 1.0; I, d = 1.2; J, d = 1.4; K, d -  1.5.

fered;18 second, in the presence of glacial acetic 
acid, cholestenoxime might have rearranged to 
Diels and Abderhalden’s by-product,16 but this was 
not likely; third, glacial acetic acid might have 
added to the double bond—not at all probable; 
fourth, in glacial acetic-carbon tetrachloride, cho­
lestenoxime might have undergone cyclization to 
produce an isoxazoline,19,20 which cyclization would 
not occur in carbon tetrachloride alone; fifth, in 
glacial acetic-carbon tetrachloride, the stereoiso- 
meric cholestenoxime A might have existed, 
whereas in carbon tetrachloride, B might have ex­

i t  R
j j S j -j |

N/ C\ c/ C\ c/ C ho\ n/ c\ c/ c\ c/ c
XOH

A B

isted. In A, due to the proximity of the two 
groups, coordination between the oximino hy­
droxyl and the ethylene linkage might have re­
tarded halogenation. In B, the relations would 
not favor such action.

When cholestenoxime was dissolved in glacial 
acetic-carbon tetrachloride and recrystallized 
from that medium, crystals were obtained which 
differed in form from those of the original oxime 
and melted at 60°, resolidified around 90°, and 
remelted at 151.8° (m. p. of cholestenoxime).

(18) Böeseken and Gelber, Rec. trav. chim ., 46, 158 (1927).
(19) Blatt, T his J o u r n a l , 53, 1137 (1931).
(20) Auwers and Seyfried, A nn., 484, 201-2 (1930).

The new compound lost weight when it was 
heated to 90° or more, but this loss was too small 
for it to have been due to loss of solvent of crys­
tallization. Since the nitrogen content of the 
compound was the same as that of cholestenoxime, 
the substance was not an addition product of 
acetic acid and cholestenoxime. It did not reduce 
Fehling’s reagent, and so was not Diels and Abder- 
halden's16 by-product. Its ultraviolet absorption 
spectrum appeared to be the same as that of 
the original cholestenoxime (Plate 3). There­
fore, it was probably not an isoxazoline (the 
absorption spectrum of an isoxazoline should 
differ markedly from that of an a, /3-unsaturated 
ketoxime). The apparent identity of the ultra­
violet absorptions of the new compound and the 
cholestenoxime, together with the evident ease of 
converting the one into the other (after being 
heated to 120°, the new compound did not depress 
the melting point of cholestenoxime), indicated 
that the two were probably stereoisomeric ke- 
toximes. When the new compound was allowed 
to react with iodine monobromide in carbon tetra­
chloride, it did so more slowly than did either the 
heat transformed substance or the original choles­
tenoxime (Table II). Unfortunately, in the only 
case on record where two stereoisomeric ketoximes 
have been halogenated, no statement concerning 
the relative speeds of the halogenations was 
made.21 Moreover, the same product (syn-

(21) B latt and Stone, T h i s  J o u r n a l , 53, 4137 (1931).
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dibromostyryl p-bromophenyl ketoxixne) resulted 
from the action on both isomers.

Although increased initial concentrations of 
hydrogen bromide increased the initial rate of 
halogenation, these greater concentrations de­
pressed the total amount of halogen consumed 
by cholestenone and by cholestanone (Fig. 2). 
Such phenomena, at least in other reactions,22 
are usually due to not less than two opposing 
forces. In these studies, the increased rates were 
due to the usual catalyzation of enolization. The 
repression of the halogenation observed at the 
longer reaction times (four or more hours) was 
due to the action of the hydrogen bromide but 
not to that of water, although water did repress 
the halogenation over its entire course9 (Figs. 
2 and 3). There appeared to be no differences 
between the general nature of the reactions at 
low and that at high hydrogen bromide concentra­
tions: monomolecular at 2.5 and at 12.5 millimol. 
of hydrogen bromide per liter of reaction mixture. 
A clue as to the probable nature of the repressing 
action was seen in the fact that, at the lower 
hydrogen bromide concentration, only 45% of 
the reacted halogen was organically bound, 
whereas, at the higher concentration, 55% was so 
bound. According to Inhoffen, 15 the mechanism 
of the bromination of- cholestenone is: 1 , enoliza­
tion; 2, bromine addition; 3, cleavage of halogen 
acid; 4, allylation; 5, enolization; 6, bromine 
addition; 7, halogen acid cleavage; 8, etc. Up 
to step 3, the product is an unstable dibromide. 
A stable dibromide results from the whole process. 
If the hydrogen bromide had partially inhibited 
step 3, the result would have been a diminished 
consumption of halogen but a larger proportion 
of that consumed would have been organically 
bound. On the other hand, direct addition of 
hydrogen bromide to the cholestenone in stage 1 
could have produced the same observed relations. 
However, no halogenated steroid was obtained 
when, in the absence of iodine monobromide, 
cholestenone was treated with an extremely high 
concentration of hydrogen bromide.

It is well known that hydrogen bromide, iodine, 
and bromine interact to form complexes such as 
I2Br~~, IBr2“, IBr3, Br3- , and others. Of these 
I2Br“ forms the least readily.23,24 Transmission 
measurements (Fig. 4) showed that, in the medium 
we employed in our studies, a relatively low con-

(22) Nicholson and Holly, Jr., Ind . Eng. Chem., SO, 114 (1938).
(23) Forbes and Faull, Jr., T h i s  J o u r n a l , 55, 1820 (1933).
(24) Faull, Jr., ibid., 56, 522 (1934).

10 30 50 70
Transmission in %.

Fig. 4.—Light transmission through bromine, 
iodine, and iodine monobromide solutions with 
and without hydrogen bromide: solvent,
glacial acetic acid; 1, 0.04 N  bromine; 2, 0.03 
N  bromine; 3, 0.02 N  bromine; 4, 0.04 N  
bromine-0.0232 M  HBr; 5, 0.005 N  iodine;
6, 0.0025 N  iodine; 7, 0.0013 N  iodine; 8, 0.01 
N  iodine-0.0058 M  HBr; 9, 0.005 N  iodine- 
0.0029 M  HBr; 10, 0.005 N  iodine-0.0261 M  
HBr; 11, 0.04 M  iodine monobromide; 12,
0.02 M  iodine monobromide; 13, 0.01 M  iodine 
monobromide; 14, 0.04 M  iodine monobro­
mide-0.0232 M  HBr.

centration of hydrogen bromide produced evi­
dence of complex formation with iodine mono­
bromide and with bromine, but that there was 
little evidence of iodine-Br-" complexes unless 
the hydrogen bromide concentration was rela­
tively large. Furthermore, by other means, it 
was found that bromine was the active agent in 
iodine monobromide, a fact recently reported by 
Militzer also25 (Fig. 5). Thus it was evident 
that an increase in the initial concentration of 
hydrogen bromide, while stimulating enolization, 
was also decreasing the concentration of the 
active halogenating agent. This latter action 
could have caused the diminished consumption of 
halogen.

Reaction Products
We did not isolate any of the products of the 

reaction of iodine monobromide with choleste­
none, but, inasmuch as bromination resulted from 
the treatment with iodine monobromide, they, 
undoubtedly, would have been the same as those

(25) Militzer, ibid., 60, 256 (1938).
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described by Inhoffen15 and by Butenandt,
et at.26,27

Hours.
Fig. 5.—Residual total halogen, io­

dine, and bromine at certain periods 
in the reaction of iodine monobromide 
with cholestanone, with 2-bromocholes- 
tanone, and with cholestenone (solvent, 
carbon tetrachloride): O ,  cholestanone;
0 , 2-monobromocholestanone; * , choles­
tenone; ----------------- , io d in e ;----------,
bromine; --------- , total halogen.

From /Fcholestanone-iodine monobromide re­
action mixtures, three compounds were isolated: 
a monobromide, m. p. 171.5°; and two dibro­
mides, m. p. 147 and 194°, respectively. The 
monobromide proved to be 2 -monobromocholes­
tanone.7 Although the one dibromide (m. p. 
147°) has not, as yet, been identified, it must 
contain at least one bromine atom at position 2 of 
the steroid structure, for it was a product of the 
reaction of iodine monobromide with 2-mono­
bromocholestanone also.

The other dibromo compound (m. p. 194°) has 
been the subject of much debate. Ruzicka, 
et al.,u maintained that it was 2 ,2-dibromocholes- 
tanone, while Butenandt, et a l,2Q identified it as
2,4-dibromocholestanone. Lately, the latters' 
findings have been confirmed.28 Although we

(26) Butenandt, Schramm,. Wolff and Kudzus, Ber., 69B, 2779- 
2783 (1936).

(27) Butenandt, Schramm and Kudzus, A nn ., 531, 176-208 
(1937).

(28) Inhoffen, Ber., 70, 1695 (1937).

firmly believe that the compound is 2 ,4-dibro­
mocholestanone, we must admit that we were 
unable to get a diosphenol by treating it with 
potassium acetate.26 On the other hand, the 
compound did yield a derivative with 0-phenyl - 
enediamine, but this derivative was not the 
quinoxaline described by Ruzicka,14 although it 
did have the same melting point (184°). It still 
contained halogen. Inasmuch as one bromine 
in the dibromo compound is known to be at 
position 2 , and in view of the fact that the nitrogen 
and the halogen content of the o-phenylenedi- 
amine derivative were such as to indicate the 
presence of two atoms of each, it is believed that 
this 0-phenyl enediamine derivative was 3-0- 
aminoanilido-2,4-dibromocholestane, m. p. 184°, 
C3aH5oN2Br2, or

C19H 36

Cholestenone, A4*5, m. p. 81°, prepared according to 
Windaus29 and Schoenheimer.30

Cholestanone, m. p. 129.5°, according to Doreé.6
Cholestenoxime, m. p. 151°; and cholestanoxime, m. p. 

199°, according to Diels and Abderhalden.16
2-Monobromocholestanone, m. p. 171.5 °.7
Benzalacetophenone, m. p. 57-58°, a recrystallized East­

man Kodak Co. product.
yyw-Styryl phenyl ketoxime, m. p. 116°,19,21 prepared 

as described by Henrich.31
3.5- Diphenylisoxazol, 111. p. 140°,32,33 prepared according 

to Goldschmidt.34
3.5- Diphenylisoxazoline, 111. p. 75ofi9.20,33 prepared as 

described by Henrich.31

Experimental
The Reaction of Iodine Monobromide with Choleste­

none, with Cholestanone, with Cholestenoxime, and with 
Cholestanoxime.—Twenty cc. of 0.0167 M  steroid in 
carbon tetrachloride was pipetted into one arm of a T-tube 
(turned on its side), while 40 cc. of approximately 0.08 N  
iodine monobromide in glacial acetic acid was measured 
accurately into the foot of the T-tube. After the two 
solutions had come to temperature (25°), they were mixed 
quickly. At the end of definite intervals of time, 6-cc. 
aliquot portions were removed for analysis. Residual or 29 30 31 32 33 34

(29) Windaus, ibid., 39, 518 (1906).
(30) Schoenheimer, J . Biol. Chem., 110, 461 (1935).
(31) Henrich, Ann., 351, 172 (1907).
(32) Fleck, Dissertation, Leipzig, 1903.
(33) Auwers and Muller, J . p r a k t .  Chem., 137, 57, 81 (1933).
(34) Goldschmidt, Ber., 28f 986 (1895),
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unreacted halogen, halogen acid, and organic halogen were 
determined as previously described.1 The total halogen 
consumed and the organically bound halogen are plotted 
in Fig. 1, as equivalents of halogen per mole of sterol, 
against reaction time in hours.

The Order of the Reaction of Cholestenone, of Choles­
tanone, and of 2-Monobromocholestanone with Iodine 
Monobromide.—In determining the order of reaction, we 
employed the method described by Lewis35 in which the 
time required for any fraction of the initial concentration 
(the initial concentrations of all reacting components are 
made equal) of a substance to react is compared with the 
time required for the same fraction to react when the initial 
concentration is different from the first. By this method,

n = 1 +  r °^ k/!~ where n is the order of the reaction, k log ai/(i2
and h are the respective reaction times, and a\ and a2 are 
the respective initial concentrations. If a\ is made equal

to 2a2, then n = 1 +  o r2TO~ 1 = t2/k.log 2
In actually making the determinations, the steroid solu­

tion was measured into a 200 X 25 mm. test-tube and the 
iodine monobromide was measured from a microburet into 
a thin-walled glass bulb. The bulb was carefully slid 
into the tube and then quickly broken by means of a glass 
rod passed through the stopper used to close the tube. At 
the expiration of one or two or four or eight, etc., minutes, 
3 cc. of 0.05 M  potassium iodide was added and the unre­
acted halogen was titrated with standard sodium thio­
sulfate. As an example of the results, a sample of those 
for cholestanone are given in Table I. (The notation C = 
0.082 mM  means that there were that many milliequiva­
lents of each reactant in the mixture.) The reaction was 
first order for each of the substances tested.

The Effect of Hydrogen Bromide upon the Reaction of 
Iodine Monobromide with Cholestenone, with Choles­
tanone, and with 2-Monobromocholestanone.—These re­
actions were run and the results obtained in a manner 
similar to that used for the study of the reaction of iodine 
monobromide with cholestenone and cholestanone, except 
that varying initial concentrations of hydrogen bromide 
were secured by adding definite quantities of aqueous 48% 
hydrogen bromide, or anhydrous hydrogen bromide in 
glacial acetic acid, to the iodine monobromide solutions. 
The results of the studies on cholestenone are plotted as 
equivalents of halogen consumed per mole of steroid 
(Figs. 2 and 3). The effect upon the reactions with 
cholestanone and 2-monobromocholestanone was the same 
except for slight differences in degree.

The Ultraviolet Absorption Spectrum of Cholestanone 
as Affected by Hydrogen Bromide.—Two hundredths 
molar (0.02 M) solutions of cholestanone in chloroform, 
in 0.04 M  glacial acetic acid in chloroform, and in 0.04 M  
glacial acetic acid and 0.01 M  anhydrous hydrogen bro­
mide in chloroform were prepared. Diluting solutions 
like those above, but not containing the steroid, were also 
prepared. Using a 25-mm. absorption cell, photographs 
were made of the spectra of each solvent and of 0.02 
and of 0.01 M  cholestanone (Plate 1). Photographs were 
made of the spectra of chloroform and of 0.02 and 0.01 M

(35) Lewis, “ A System of Physical Chemistry,” Vol. I, Long­
mans, Green and Company, New Vork, N . Y., 1918, pp. 397-8, B.

enol ethyl ether of cholestanone in chloroform36 * (Plate 
2). Unfortunately, the instrument used in the first part 
was not available for this second work.

The Reaction of Iodine Monobromide with Certain 
Substances as Affected by: (a) Nature of Solvent, (b) 
Air (Oxygen) and Hydrogen.—Cholestenone, cholesten­
oxime, cholestanone, cholestanoxime, benzalacetophenone, 
yyw-styryl phenyl ketoxime, 3,5-diphenylisoxazol, 3,5- 
diphenylisoxazoline, and a product derived from choles­
tenoxime, by treatment with glacial acetic acid, were the 
materials used in these experiments. In each case, 0.033 
mmol, of the substance was weighed accurately and trans­
ferred to a 200 X 32 mm. test-tube. Two cc. of carbon 
tetrachloride was added. The tube was closed with a two- 
holed rubber stopper carrying a glass stopcock and a glass 
tube closed by means of pinch-clamp on a rubber tube. 
The test-tube was evacuated and filled with hydrogen three 
times. Then 4 cc. of 0.04 M  iodine monobromide in 
glacial acetic acid or in carbon tetrachloride was admitted. 
After ninety minutes, the unreacted halogen was titrated 
with standard thiosulfate. These experiments, but with 
the omission of the evacuation and filling with hydrogen, 
were repeated (see Table II).

The Effect of Glacial Acetic Acid upon Cholestenoxime. 
—Two hundred milligrams of cholestenoxime was dis­
solved in 12 cc. of carbon tetrachloride and 24 cc. of glacial 
acetic acid. After one hour, the solution was concentrated 
in vacuo at a low temperature. Upon chilling the concen­
trate, crystals separated which were filtered, washed with 
cold alcohol and cold water, and dried by suction. These 
crystals melted at 60°, resolidified at 90°, and then re­
melted at 151.8° (the latter is the melting point of choles­
tenoxime). When weighed samples were heated to 120 ° 
and then reweighed, they were found to have lost 1.85% of 
their weight. The calculated loss of weight for solvent of 
crystallization would have been: for 1 CH3COOH, 13.0%; 
for 1 C2H5OH, 10.3%; for 1 H20, 4.2%; and for y2 H20,
2.2%.

Anal. Calcd. for C27H45ON (oxime or isoxazoline): N, 
3.5. Found: N, 3.5, 3.52.

The absorption spectrographs of 0.002% solutions of 
cholestenoxime and of the above product from glacial 
acetic acid displayed the same maximum at 238 mix (log e = 
4.4) (Plate 3).

Two samples of crystals, described above (the one 
sample was heated to 120 0 and cooled, while the other was 
not so treated), were allowed to react with iodine mono­
bromide. The untreated material consumed less halogen 
than did the other (Table II).

The Effect of Small and of Large Initial Hydrogen 
Bromide Concentrations upon the Order of the Reaction 
of Iodine Monobromide with Cholestenone.—These experi­
ments were carried out in the same way as the others pre­
ceding these, except two different iodine monobromide solu­
tions were used. The one was made 0.005 M  and the other 
0.025 M, with respect to hydrogen bromide. The reaction 
was first order in both solutions.

The Relation between the Halogen Combined with and 
the Total Consumed by Cholestenone Reacting with Iodine

(36) The author wishes to thank Dr. G. H. Cartledge, of the 
University of Buffalo, Chemistry Department, for his aid and sug­
gestions in the spectrophotometric work.
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Monobromide Solutions Containing Small and Large 
Initial Amounts of Hydrogen Bromide.—The solutions of 
cholestenone and iodine monobromide were 0.035 M. The 
iodine monobromide solutions were made 0.005 and 0.025 
M, with respect to hydrogen bromide. At the end of seven 
hours, total halogen consumed and organically bound 
halogen were determined as in the first “experimental” 
section. At seven hours, in the lower concentration of 
hydrogen bromide, cholestenone had reacted with 0.9 
equivalent of halogen per mole of steroid. Of this 0.4 
equivalent, or 45%, was organically bound. At the higher 
concentration of hydrogen bromide, the results were: 0.8 
reacted and 0.46, or 55%, bound.

Attempt to Find Products of the Addition of Hydrogen 
Bromide to Cholestenone and to Cholestanone.—Solutions 
of 0.2 g. of cholestenone and of 0.2 g. of cholestanone in 20 
cc. of carbon tetrachloride were prepared. Each solution 
was “loaded” with 2.5 cc. of 4.27 N  anhydrous hydrogen 
bromide in glacial acetic acid. After four hours, the solu­
tions were brought to dryness in vacuo. The residues 
from each were recrystallized from alcohol. No halogen 
containing products were found.

The Effect of Added Hydrogen Bromide upon Bromine, 
upon Iodine, and upon Iodine Monobromide in Glacial 
Acetic Acid.—Solutions of bromine, of iodine, and of 
iodine monobromide in glacial acetic acid were prepared. 
To portions of each, definite quantities of 4.27 N  hydrogen 
bromide in glacial acetic acid were added. (For concen­
trations, please see the key to Fig. 4.) The transmission 
of light of various wave lengths was measured through 
1 dm. of each solution. The results are shown as a baro- 
gram in Fig. 4. Only a few wave lengths are shown in order 
to avoid complexity.

Evidence that the Bromine of Iodine Monobromide, 
and Not the Iodine, nor Iodine Monobromide, Reacts with 
the Steroid in the Reactions under Investigation.—Into
each of several large test-tubes were pipetted 2 cc. of 0.0167 
molar solutions of steroid (cholestanone and 2-monobromo­
cholestanone) in carbon tetrachloride and 2 cc. of 0.0373 M  
iodine monobromide in carbon tetrachloride. In the case 
of cholestenone, double the indicated volumes were used. 
At the end of definite intervals of time, total residual halo­
gen was determined in the usual way, while the residual 
iodine was determined by means of a modification of a 
procedure for the determination of iodine and bromine in 
the presence of one another as described by Spitzer.37 
Our procedure was: to the reaction mixture, at the expira­
tion of the reaction period selected, 3 cc. of 3% potassium 
bromide in water and 0.75 cc. of 5% sodium formate (made 
from redistilled formic acid) were added and the mixture 
was shaken moderately for three minutes. This treatment 
reduced the residual bromine but left the iodine untouched 
(glacial acetic acid must be absent). Then 3-5 cc. of 
0.05 M  potassium iodide was added and the iodine was 
titrated in the usual manner. Residual bromine was taken 
as the difference between the total residual halogen and the 
residual iodine. The results are plotted as milliequiva­
lents of residual halogen against the time of reaction 
(Fig. 5). Iodine did not react.

The Isolation of the Products of the Reaction of Iodine 
Monobromide wiith Cholestanone.—A solution of 4.95 g.

of cholestanone in 660 cc. of carbon tetrachloride was 
mixed with 1320 cc. of 0.04 M  iodine monobromide in 
glacial acetic acid. A 6-cc. aliquot of this mixture re­
quired 4.37 cc. of 0.0737 N  thiosulfate for the complete 
reduction of the halogen. When the titer had fallen to 
and remained constant at 2.95 cc. (2.7 equivalents of con­
sumed halogen per mole of steroid), water, potassium 
iodide, and thiosulfate were added to remove the excess 
halogen. The carbon tetrachloride layer was washed free 
of acid with plenty of water and sodium bicarbonate. I t 
was then dried and distilled in vacuo. The residue was 
leached with warm alcohol, from which, upon being cooled, 
crystals separated. Fractionation of these, with methyl 
alcohol-acetone, yielded three products: A, 3.60 g., m. p. 
171.5°; B, 0.08 g., m .p. 147°; and C, 0.15 g., m. p. 194°.

Determination of the halogen content of each of these 
products was effected by means of the Willard-Thompson 
method.38

Anal. Subst. A. Calcd. for C^rHtfOBr: Br, 17.2. 
Found: Br, 17.9. Subst. B. Calcd. for C27H440Br2: Br, 
29.4. Found: Br, 30.1. Subst. C. Calcd. for C27H44O- 
Br2: Br, 29.4. Found: Br, 30.4.

A is, therefore, monobromo, and B and C are dibromo 
compounds. I t is noteworthy tha t a small amount of B 
and a larger amount of C were obtained when A reacted 
with iodine monobromide under the same conditions that 
produced A, B, and C from cholestanone.

The Action of Potassium Acetate upon Compound A 
(m. p. 171.5°).—Two-tenths gram of A and 19 cc. of 21% 
fused potassium acetate were mixed and heated at 200 ° for 
five hours. The mixture was then diluted with water and 
extracted several times with small portions of ether. The 
combined extracts were washed free of acid, dried, and 
distilled in vacuo. The residue, recrystallized from dilute 
alcohol, yielded a small amount of fine plates which melted 
at 111 °. This melting point corresponds to that given for 
A1>2-cholestenone which is obtainable by the action of 
potassium acetate upon 2-monobromocholestanone.7

The Action of Dry Pyridine upon Compound A (m. p. 
171.5°).—Two-tenths gram of A was dissolved in 8 cc. of 
dry pyridine and refluxed Tor fifteen hours. When the 
solution had cooled, 30 cc. of ether was added. The pyri­
dine was washed out with water. The ether was dried and 
then distilled in vacuo. The residue,, when recrystallized, 
proved to be the original starting material. The bromine 
of A was, therefore, not in position 4 or 5, but rather in 
position 1 or 2. This is further evidence that A is 2- 
monobromocholestanone.

The Action of Fused Potassium Acetate upon Compound
B (m. p. 147 °).—One-tenth gram of compound B was 
dissolved in 3 cc. of benzene and 7 cc. of absolute alcohol. 
Powdered fused potassium acetate was added and the mix­
ture was allowed to stand at room temperature for forty- 
eight hours. Ether and water were then added. The 
ether layer was washed, dried, and distilled in vacuo. The 
residue crystallized from acetone as fine needles (m. p. 
119°). The crystals contained no halogen. For want of 
material, no further work was done on compound B.

The Action of Fused Potassium Acetate and of Dry 
Pyridine upon Compound C (m. p. 194°).—Although 
compound C was treated with fused potassium acetate and

(37) Spitzer, Ind . Eng. Chem., Anal. Ed., 8, 465 (1936). (38) Willard and Thompson, T h i s  J o u r n a l , 52, 1893 (1930).
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with dry pyridine exactly as was A, no definitely crystal­
line product was obtained. Nor was a definitely pure 
crystalline product obtained when 650 mg. of compound C 
was refluxed with 60 cc. of butyl alcohol containing 3 g. of 
potassium acetate. The impure products, in each case, 
did not give a typical positive diosphenol reaction with 
ferric chloride. I t did give a dirty brownish-red color, 
which, possibly, could be called positive.26

The Action of o-Phenylenediamine upon Compound C 
(m. p. 194°).—A solution of 0.5 g. of C and 0.2 g. of o- 
phenylenediamine in 170 cc. absolute alcohol was refluxed 
for five hours. The alcohol was then carefully distilled at 
low temperature in vacuo. The residue was dissolved in 
ether and the excess phenylenediamine was extracted with 
dilute hydrochloric acid. The ether, after being washed 
thoroughly, was dried and distilled in vacuo. The residue, 
dissolved in alcohol, yielded crystals which melted at 184°. 
This was the same as the melting point given for the com­
pound said to. be the quinoxaline derived from the pur­
ported 2,2-dibromocholestanone.14 But our derivative 
still contained halogen.

Anal. Calcd. for C33H 5oN2Br2: N, 4.41; Br, 25.2. 
Found: N, 4.34; Br, 25.6.

Summary
1. The reactions of cholestenone and of 

cholestanone with iodine monobromide possess 
autocatalytic characteristics.

2. The reaction of iodine monobromide with 
cholestenone, with cholestanone, and with 2- 
monobromocholestanone is first order.

3. The oximes of cholestenone and choles­
tanone do not react readily with iodine mono­
bromide in glacial acetic acid.

4. As in the case of the action of bromine upon 
cholestenone, evidence indicates that enolization 
is the first step in the reaction of cholestenone 
with iodine monobromide.

5. Hydrogen bromide speeds the action of 
iodine monobromide upon cholestenone, choles­
tanone, and 2-monobromocholestanone, but it 
has no detectable influence on the reaction with 
the oxime of either cholestenone or cholestanone.

6. The double bond in cholestenoxime is 
resistant to halogenation in a glacial acetic acid 
containing medium.

7. There is some evidence that cholesten­
oxime undergoes a rearrangement in glacial acetic 
acid.

8. In concentrations of hydrogen bromide 
greater than a small amount, the total halogen 
consumed by cholestenone, by cholestanone, and 
by 2-monobromocholestanone is decreased, but 
the proportion of organically bound halogen is 
increased.

9. The inhibiting influence of the larger con­
centrations of hydrogen bromide may be due to its 
effect on intermediate steps in the reactions, or to 
its formation of complexes with bromine or with 
iodine monobromide.

10. Bromine is the active ingredient of iodine 
monobromide.

11. 2-Monobromocholestanone, m. p. 171.5°, 
is a product of the reaction of cholestanone with 
iodine momobromide.

12. An unidentified dibromo derivative of 
cholestanone was isolated (m. p. 147°).

13. Further evidence that the dibromochol- 
estanone, melting at 194°, is 2,4-dibromochol- 
estanone, and not 2 ,2-dibromocholestanone, is 
given.
B u f f a l o , N. Y. R e c e iv e d  M a r c h  30, 1938

[C o n t r ib u t io n  fr o m  t h e  B e l l  T e l e p h o n e  L a b o r a t o r ie s ]

An Electron Diffraction Examination of Some Linear High Polymers

B y K . H . Sto rk s

Because of the general structural similarities 
between synthetic linear polyesters and many 
natural fibers, fundamental studies of the simpler 
compounds are of obvious importance. Several 
members of a series of these esters have been made 
the subject of X-ray study by Fuller and Erick­
son.1 It is possible to prepare many of these in 
the form of films suitable for examination by 
electron diffraction. The experiments to be

(1) C. S. Fuller and C. L. Erickson, T h i s  J o u r n a l , 59, 344 
(1937).

described here have two purposes: to demonstrate 
the utility of the electron diffraction method for 
studies of the structure of highly polymerized 
materials, and to discover the behavior of macro­
molecules in extremely thin layers. The methods 
are shown to be equally applicable to the natural 
polymer gutta-percha.

The fact that these materials can be cold 
drawn to a considerable extension without break­
age is well known,2 a high degree of orientation

(2) W. H. Carothers and J. W. Hill, ibid., 54, 1579 (1932).
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being produced in the samples by this ‘ ‘stretch­
ing.” Electron diffraction data for stretched 
polymers are directly comparable with many of 
the available X-ray data, and such a comparison 
will serve to demonstrate the utility of the 
method. In order to make this comparison 
polyethylene succinate, polyethylene adipate, 
polyethylene sebacate and two specimens of 
unvulcanized gutta-percha3 (containing a small 
amount of antioxidant) have been examined in 
the stretched condition.

The second aim of this paper is accomplished 
by examinations of the conditions existing in 
unstretched films. Unstretched films of poly­
ethylene sebacate and the two grades of gutta­
percha have been studied.

Experimental
The transmission method is used exclusively in the ex­

periments to be described here, the materials to be ex­
amined being prepared in the form of films 10~5 cm. or less 
in thickness. A film to be examined is placed in the path 
of a well-defined beam of electrons of homogeneous ve­
locity and the resulting diffraction pattern recorded on a 
photographic plate. The camera employed has been 
described by Germer.4

Preparation of Stretched Films.—Specimens for ex­
amination in the stretched condition are prepared from 
relatively thick preliminary films. Such a preliminary 
film, approximately 10 ~4 cm. thick, is deposited on a 
conditioned microscope slide5 by evaporation of a solution 
(approximately 2%) of the polymer in chloroform. If the 
slide is held at an angle of approximately 30 ° to the hori­
zontal a long narrow strip of film with one end relatively 
thick is deposited when a drop of this solution is allowed to 
flow freely along the length of the slide.

The preliminary film prepared in this way on a glass 
slide may be stretched by one or both of two different 
methods, the choice of method being determined by ability 
of the film to resist change on contact with water. Films 
of polyethylene adipate and polyethylene sebacate are 
transferred from the slide to a water surface6 and thence to 
a pair of jaws that can be separated by a screw. When all 
trapped water has evaporated the film is stretched by turning 
the screw. The stretched film is refloated and transferred to

(3) These specimens were the “Br-4” and the “Pure White” 
grades of gutta-percha from “The Netherlands East Indies Govern­
ment Rubber and Gutta-Percha Plantations, Buitenzorg, Java.”

(4) L. H. Germer, Rev. Sci. Instruments, 6, 138 (1935).
(5) A conditioned microscope slide is a slide coated with a mono­

molecular layer of grease. This layer is of considerable importance 
if thin films are to be easily separated from glass. The monolayer 
can be deposited from clean dry cheesecloth if a freshly cleaned 
slide is vigorously rubbed with this material.

(6) The transfer, microscope slide to water surface, is easily
accomplished if the slide is held, film side up, at an angle of approxi­
mately 15° to the horizontal and lowered slowly through a clean
water surface. The film is separated from the glass by this pro­
cedure and is left floating. The floating film is transferred to a 
holder by raising the holder under the film. The film is mounted 
more smoothly if the holder is uniformly wet by water.

a slit type foil holder.7 The orientation of the stretching 
direction is carefully noted. After all water has evaporated 
the film is found to be mounted firmly but without tension.

Films of stretched polymers also can be prepared and 
mounted without contact with liquid water. After the pre­
liminary film is deposited, the thick end is loosened from 
the glass with a razor blade and the free end wound up on a 
round jeweler’s file. The film can now be separated from 
the glass and stretched in the same operation. Best results 
are accomplished if the film leaves the slide at an angle of 
approximately 30 ° and if the stretching is continuous and 
rather rapid. If the stretched film is held under tension 
and laid across the foil holder the natural tackiness of the 
material will hold it in place and maintain the tension. 
This technique is found to be necessary when preparing 
polyethylene succinate films, and to be the simplest method 
of preparing stretched specimens of gutta-percha.

A double purpose is accomplished by each method of 
stretching; the films are thinned sufficiently for examina­
tion, and a high degree of fibrous orientation is produced.

Preparation of Unstretched Films.—If the pattern of 
an unstretched specimen is to be obtained, the proper 
thickness for examination must be deposited upon the 
glass slide. The thinner film is deposited from a more 
dilute solution (approximately 0.4%). These chloroform 
solutions do not spread well on monolayers of grease and 
mechanical spreading is found to be necessary. An effi­
cient mechanical spreader has been made by clamping a 
new and freshly cleaned razor blade, edge down, above and 
parallel to a smooth level surface. A microscope slide, 
beneath which lies a thin sheet of paper, is placed under the 
blade which is lowered to a position of uniform and light 
contact. After removal of the paper spacer and after 
conditioning the slide, the latter is replaced and a drop of 
solution, in position near one end, is uniformly distributed 
over the conditioned surface by a single translation of the 
slide under the blade. After evaporation of the solvent the 
film is transferred to a water surface and finally to a foil 
holder. No indications have been found that a film is 
stretched by this manipulation.

Film Thickness Measurements.—Since knowledge of 
film thickness is of importance in interpretation of some of 
the following results, the method of obtaining this value 
will be indicated. A film of the polymer is prepared and 
mounted, from water, on a clean polished chromium sur­
face. A known number of layers of barium stearate are 
now added to the polymer film by the Blodgett tech­
nique.8 The interference color of the composite film is 
compared with colors of known numbers of barium stearate 
layers on a reference slide, and the barium stearate equiva­
lent thickness is easily and accurately determined.

Extra Precautions.—All films are prepared a t room 
temperature and, in most cases, under normal illumination 
from tungsten filament lamps. The early experiments 
upon the “Br-4” grade of gutta-percha have been repeated 
with the “Pure White” product9 under low intensity

(7) See Fig. 4, L. H. Germer and K. H. Storks, Proc. N at. Acad. 
Sci., 23, 390 (1937).

(8) K. B. Blodgett, T h i s  J o u r n a l , 56, 495 (1934).
(9) This material had been removed from the sealed shipping 

container and stored in a refrigerator away from light for about 
six months. The stock solution was made up from material from 
the inside of a massive block.
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illumination from a 10-watt Mazda red lamp. Rate of 
oxidation should be decreased considerably by this pre­
caution. In addition, the stretching properties of a pre­
liminary film have always been tested immediately prior 
to preparation of a film for examination in the unstretched 
condition; satisfactory stretching characteristics are taken 
as sufficient evidence that oxidation in solution has not 
been serious.

Experimental Results
Data from Stretched Polymers.—Figures 1-510 

are electron diffraction patterns from stretched 
samples of polyethylene succinate, polyethylene 
adipate, polyethylene sebacate, gutta-percha “Br- 
4” and gutta-percha “Pure White.” The vertical 
axis of each of these patterns is parallel to the 
direction along which the material was stretched. 
In each case the primary beam was normal to the 
foil surface. No additional reflections are found 
when a foil is rotated around the stretching di­
rection.

Table I contains representative data from pat­
terns of this sort. Columns headed (D) contain 
the diametral separation of symmetrical spots in 
mm.; estimated intensities of these reflections 
are given in the columns headed (Int.), the higher 
numbers being assigned to the stronger reflections; 
the small letter (d) indicates interplanar spacings, 
in one column X-ray values, and in the other, 
values calculated in these experiments from meas­
ured separations (.D) by means of the formula 

d =  2LX/D (1)

(In Eq. (1) X is the electron wave length and L 
the plate specimen separation; the constant LX 
is determined by calibration against a foil of 
metallic silver.) The X-ray values of (d) are 
those given by Fuller and Erickson1 and the 
customary designation of reflections, which they 
use, are given in the first columns.

Ref.

T a b l e  I
d, A. d, A.

D, mm. Int. (These expts.) (X-rays)
Polyethylene succinate

LX = 2.00(o) X 10 “ 6 mm.2
Ai 7.45 0.5 5.37 5.37
A2 8.95 10 4.47 4.41
a 3 10.5 12 3.81 3.85
a 4 12.9 . 2 3.10 3.12
Ag 14.9 2 2.68 2.70
a 6 17.2 1 2.33 2.29
a 7 21.0 2 1.90 1.92
A 30.0 0.5 1.33
L 8 .0 1 5.00 5.02
Is 10.4 10 3.85 3.91

(10) The extra expense for the illustration insert was borne by the 
Bell Telephone Laboratories.

I* 12.1 4 3.31 3.31
I 13.0 3 3.08
I5 13.5 3 2.96 2.94
II2 13.0 4 3.08 3.04
IT 15.55 1 2.57 2.52
II5 17.45 2 2.29 2.26
II6 18.4 1 2.17 2.18
II 20.4 2 1.96
II 21.4 1 1.87
II 23.3 1 1.72
II 24.0 1 1.67
III? 15.0 3 2.67
III? 16.0 1 2.50
IIIi 17.9 4 2.23 2.20
III2 18.9 4 2.12 2.09
I Vo 19.0 20 2.11
IVi 20.0 1 2.00 1.98
IV 21.0 1 1.90
IV 21.7 2 1.84
V 24.5 1 1.63
V 25.4 2 1.57
VI 29.6 1 1.35
VI 32.3 3 1.24
VI 33.6 1 1.19
VII 34.2 1 1.17
VIIIo 38.1 2 1.05

Polyethylene adipate
LA = 2.01(5) X 10 6 mm.2

A2 9.6 14 4.20 4.15
As 11.3 13 3.57 3.63
As 13.8 4 2.92 2.95
A6 16.0 5 2.52 2.52
As 18.4 5 2.19 2.17
a 9 19.5 5 2.07 2.08
A 20.9 1 1.93
A 22.3 1 1.81
A 24.6 2 1.64
Hi 7.4 1 5.45 5.46
II2 14.1 3 2.86 2.88
IVi 14.9 3 2.70 2.72
IV2 17.0 1 2.37 2.37
Vx 18.1 2 2.23 2.23
v2 19.1 8 2.11 2.12
V 20.4 1 1.98
V 22.8 1 1.77.
V 24.3- 2 1.66
VI 21.6 1 1.87
IXo 30.5 2 l-32(i)
Xo 33.9 5 1.18(9)
XIo 37.1 1 1.08(e)

Polyethylene sebacate
LA = 2.01(8) X 10-"6 mm.2

a 2 9.6 15 4.20 4.17
A3 11.2 14 3.60 3.67
As 13.6 4 2.97 2.96
Ag 16.0 8 2.52 2.51
As 18.2 5 2.22 2.18
Ag 19.3 7 2.09 2.08
A 20.7 2 1.95
A 21.8 2 1.85
A 23.0 2 1.75
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Table I (Concluded)

Ref. D, mm. Int.
d, A.

(These expts.)
d, A.

(X-rays)

A 24.5 3 1.65
A 28.8 1 1.40
A 31.6 1 1.28
I I I i 7.8 1 5.17 5.14
Ilia 13.95 .1 2.89 2.88
V? 13.0 5 3.10
V2 15.9 2 2.54 2.54
Vil 15.8 5 2.56 2.56
VI2 17.05 3 2.37 2.35,
VII2 18.6 12 2.17 2.16
Vila 19.8 3 2.04 2.01
VII4 21.5 4 1.88 1.89
VII 23.6 3 1.71
VII 25.6 2 1.58
VII 28.5 2 1.42
VII 29.5 2 1.37
VII 31.5 1 1.28
VII 32.7 1 1.23
VII 36.6 1 1.10
VIIIi 20.5 4 1.97 1.97
IX 22.6 2 1.79
X 24.5 1 1.65
XI 26.4 2 1.53
XIIIo 31.0 5 1.30(2)
X III 32.0 3 1.26
XI Vo 33.4 6 1 . 20(8)
XIV 34.5 3 1.17
XVo 35.8 3 1.12(8)
XV 36.7 2 1.10
XVI o 38.15 2 1.05(8)

“Pure White” Gutta~perchaa 
L \  — 2.70(9) X 10~6 mm.2

A4 9.2 0.5 5.89 5.95
A7 11.5 10 4.71 4.73
A8 14.0 10 3.87 3.91
An 18.4 3 2.94 2.98
A12 19.7 4 2.75 2.78
A13 23.0 8 2.36 2.37
Ai6 28.0 1 1.94 1.95
A 28.5 3 1.90
A 31.1 1 1.74
A 34.5 1 1.57
II, 12.25 2 4.42 4.45
II2 14.1 1 3.84 3.87
II4 17.9 1 3.03 3.08
II5 18.55 2 2.92 2.93
He 22.8 1 2.38 2.42
II7 24.2 1 2.24 2.25
II .30.5 1 1.78
II 43.3 1 1.25
I Vo 22.9 8 2 .36(e) 2.36
IVi 26.5 4 2.04 2.02
VI 35.8 3 1.51
VIIIo 45.9 5 1.18(o)
XIIo 68.8 1 0.788

® The plates for the two grades of gutta-percha are
identical and only data from the ‘‘Pure White” grade are 
listed.

Values of the fiber periods obtained from the 
data of Table I are written down in the second 
column of Table II, together with the X-ray 
values of Fuller and Erickson in the third column.

Table II
Fiber periods. A.

(Storks)
(Fuller and 
Erickson)

Polyethylene succinate 8.42 8.32
Polyethylene adipate 11.91 11.7,1
Polyethylene sebacate 16.92 16.67
Gutta-percha (/5 modification) 9.46 9.54

Data from Unstretched Polyethylene Seba­
cate.—Electron diffraction patterns from an un­
stretched specimen of polyethylene sebacate are 
reproduced in Figs. 6 and 7. Tlie former was 
obtained with the electron beam incident nor­
mally upon the film, and the latter at 45° incidence, 
the film having been rotated about a horizontal 
axis as the pattern is reproduced here. The 
film which produced these patterns had a thick­
ness of 200 =*= 25 A.

In order to describe data obtained from Fig. 7, 
Cartesian coordinates have been chosen on the 
photographic plate, with their origin at the pri­
mary beam position and the x-axis parallel to the 
axis about which the film was rotated when Fig. 7 
was produced. These coordinates, and other use­
ful quantities, are designated on Fig. 10. In this 
figure P represents the photographic plate and S 
the specimen film. O'O is the primary beam di­
rection, O'X' the axis of rotation in the specimen 
(parallel to OX), and O'N the normal to the 
film surface. The angle a defines the rotation of 
the specimen from the position normal to the beam, 
and the angles <j>i and fa the angular limits meas­
ured from the x-axis of a particular diffraction arc 
AB recorded on the photographic plate.

Numerical data obtained from the patterns of 
Figs. 6 and 7 are given in Table III. Except for 
the angles fa and fa which refer to arcs in Fig. 7, 
the quantities described in this table are the same 
as those of Table I. (X-Ray values of d have 
not been tabulated again.) For those arcs in 
Fig. 7 which are continuous across the x-axis 
no values of fa can be recorded, and for arcs 
across the y-axis no values of fa.

Data from Unstretched Gutta-percha.—Pat­
terns from unstretched gutta-percha, at normal 
and at 45° incidence, are reproduced in Figs. 8 and 
9; data obtained from these patterns are given 
in Table IV. The angles <ƒ> referring to the pat­
tern of Fig. 9 are values of (fa +  fa)/2.



Fig. 1.—Electron diffraction pattern from stretched poly­
ethylene succinate.

(LX = 2.00(o) X 10“6mm.2.)

Fig. 2.—Electron diffraction pattern from stretched poly­
ethylene adipate,

(LX = 2.01(5) X 10"6 mm.2.)

.  • .

Fig. 3.—Electron diffraction pattern from stretched poly­
ethylene sebacate.

(LX = 2.74(4) X 10~6 mm.2.)

Fig. 4.—Electron diffraction pattern from stretched Fig. 5.—Electron diffraction pattern from stretched 
“Br-4” grade gutta-percha. “white” gutta-percha.
(LX =  2.73(o) X 10~6 mm.2.) (LX -  2.70(9) X 10“6mm.2.)



Fig. 6.—Electron diffraction pattern from unstretched 
polyethylene sebacate at normal incidence.

(LX =  2.74(4; X 10~6 mm.2.)

Fig. 7.—Electron diffraction pattern from unstretched 
polyethylene sebacate a t 45° incidence.

(LX = 2.74(4) X 10“6 mm.2.)

Fig. 8.—Electron diffraction pattern from unstretched 
“white” gutta-percha a t normal incidence.

(LX = 2.70(g) X 1 O '6 mm.2.)

Fig. 9.—Electron diffraction pattern from unstretched 
“ white” gutta-percha a t 45° incidence.

(LX =  2.70(g) X 10~6 mm.2.)
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T a b l e  III
U n s t r e t c h e d  P o l y e t h y l e n e  S e b a c a t e

£X =  2.74(4) X 10-« mm.2
Fig. 6

Normal incidence 
Ref. D, mm. Int. d , L

A2 13.0 5 4.22
a 3 14.9 15 3.68
Vi, As 18.05 1 3.04

a 20.45 7 2.68
a 8, v i i 2 24.7 7 2.22
a 9, v i i 3 26.45 0.5 2.07
A, VII4 29.65 7 1.85
VII, A, IX 31.55 1 1.74
X, A 33.05 0.5 1.66

0 35.3 12 1.55
VII, A 38.8 1 1.41

a 40.8 3 1.35
XIIIo, VII, A 42.45 1 1.29
XIVo, XIV 46.0 0.5 1.19
XVo, VII, XV 49.8 4 1.10

a 54.0 4 1.02
61.2 4 0.897
70.9 2 .774
73.9 1 .743

Ref.
45°

D ,  mm.
Fig. 7
Incidence
Int. d,  A.

* 1 *2

a 2 13.0 15 4.22 13° 52°
a 3 15.0 13 3.66 19
Vi 18.0 3 3.05 12 52
a 20.4 6 2.69 39
Aö 21.5 6 2.55 18 49
VI2 23.2 - 1 2.37 32 58
A s 24.8 6 2.21 2 38
VII2 24.8 8 2.21 41
a 9 26.5 5 2.07 17 46
A 27.5 1 2.00 71
A 29.2 4 1.88 37 72
A, VII4 29.8 4 1.84 17
A 31.2 2 1.76 14 38
VII 32.5 3 1.69 18 45
A 33.5 2 1.64 30 52
a 35.4 10 1.55 45
? 37.2 0.5 1.48 36
a 40.8 2 1.35 16
XIIIo, VII, A 42.4 1 1.29 16
XIV0, XIV 45.0 0.5 1.22 10
XVo, VII, XV 49.6 2 1.11 23
a 53.6 2 1.02 29

61.0 2 0.90 30
a These reflections arise from an impurity that is occa-

sionally found associated with organic films. Reflections 
which are designated without subscripts are assigned to 
layer lines only. Two designations are given to the same 
reflection if the spacing is too close for resolution.

These diffraction patterns were obtained from a 
film of ' ‘Pure White” gutta-percha about 200° A. 
thick. Patterns also have been obtained from 
the “Br-4” grade of gutta-percha. These are 
found to be similar to those of Figs. 8 and 9 ex­

cept for greater ‘‘spottiness” of diffraction fea­
tures, indicating that the crystallites are con­
siderably larger in films made from the “Br-4” 
grade than in films made from the “Pure White” 
grade.

T a b l e  IV
G u t t a -P e r c h a  U n s t r e t c h e d  

L \  = 2.70(9) X 10“6 mm.2

Ref.

~----—Fig. 8------------.
Normal incidence 

D ,  * 
mm. Int. d ,  A.

D,
mm.

45°

Int.

-Fig. 9------ ----------
incidence

a <f> 4>
d ,  A. (obsd.) (calcd.

A7 11.5 10 4.71 11.3 10 4.79 0 0
a8 14.0 10 3.87 13.8 9 3.93 0 0
a 16.3 3 3 32 16 2 2 3 34 0 0
An 18 3 4 2.96 18.2 4 2.98 0 0
A12 19.7 5 2.75 19.5 8 2.78 0 0
A13 22.8 8 2.38 22.5 7 2.41 0 0
A14 25.0 0.3 2.17 0
A15 26.5 0.3 2.04 0
Aie 27.5 3 1.97 27.5 3 1.97 0 0
A 28.4 4 1.91 28.0 6 1.94 0 0
A 30.8 1 1.76 30.5 1 1.78 0 0
A 34.0 1 1.59 0 0
A 35.5 0.3 1.53 0 0
A 45.5 2 1.18 45.5 1 1.18 0 0
II4 17.5 2 3.10
lb 18.5 7 2.93
He 22.5 2 2.41 51 46
II7 24.0 4 2.26 47 42
II 30.2 0.3 1.79
II 34.6 0.3 1.57
II 36.3 1 1.49 29 26
II 42.9 1 1.26 22 22

a Reflection from the alpha modification.

Discussion of Results
Stretched Polymers.—In the introduction it 

was stated that the experiments to be described in 
this paper have two purposes, to demonstrate the 
utility of the electron diffraction method in the 
field of polymeric compounds, and to obtain new 
information regarding the structure of macro- 
molecules in extremely thin layers—which cannot 
be studied by X-rays. The first of these purposes 
has been accomplished by the direct comparisons 
of X-ray and electron diffraction results upon 
stretched polymers. These comparisons are given 
in Table I and Table II. A few additional re­
marks regarding these data seem to be necessary, 
before passing on to the second part of the paper, 
which is concerned with the data of Table III 
and Table IV.

It has been pointed out that no additional 
reflections are found when a stretched foil is 
rotated around the stretching direction. This 
fact proves that individual crystallites are
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oriented with all degrees of rotation around this 
direction. Crystallites of small cross sectional 
areas in the planes normal to their fiber directions 
seem to be required to account for random rota­
tion in foils as thin as those of these experiments, 
(400-1000 A.).

Fiber period reflections have not been observed 
in X-ray experiments upon polyethylene adipate 
or polyethylene sebacate, values of the fiber 
period spacings having been determined indi­
rectly.1 Such reflections are, however, shown 
clearly in Figs. 2 and 311 and are tabulated in 
Table I. The orders which appear are the 9th, 
10th and 11th for the former and the 13th, 14th, 
15th and 16th for the latter polymer. The occur­
rence of these particular high orders only seems 
rather curious. An approximate calculation of 
relative intensities has been carried out in order 
to understand why only these high orders are 
found. Assuming a macromolecular type of 
lattice12,13 and macromolecules that are straight 
for distances greater than the length of a single 
chemical repeating unit, it is not difficult to show 
that, on account of the comparable sizes of the 
C-C and the C-0 spacings, the geometrical 
structure factor for fiber period reflections has 
appreciable magnitude at a few orders only. 
These orders are multiples of the nth, and one or 
two successive orders above and below, where n 
represents the number of chain atoms in a chemi­
cal repeating unit. To obtain this result one 
assumes that any lengthwise displacement of 
neighboring chains is an integral multiple of the 
fundamental atomic spacing along the axis of 
the chain. Since there are 10 chain atoms in the 
repeating unit of polyethylene adipate and 14 in 
that of polyethylene sebacate, the observation of 
only the 9th, 10th and 11th orders of the fiber 
period reflection from the former and only the

(11) See reflections lying across the vertical axes.
(12) W. II. Carothers, Chem. Rev., 8, 416 (1931).
(13) . H. Staudinger and R. Signer, Z. Krist., 70, 193, 202 

(1929).

13th, 14th, 15th and 16th orders from the latter 
seems to be adequately accounted for.

Unstretched Gutta-percha.—-From the con­
tinuous but spotty rings of Fig. 8 one concludes 
that the individual crystals in a thin un­
stretched film of gutta-percha are relatively large 
and randomly oriented about the normal to the 
film surface. Inspection of Figs. 8 and 9 reveals 
at once, however, that these crystals are highly 
oriented. The nature of the orientation is im­
mediately clear from the fact that the first four 
columns of Table IV (obtained from Fig. 8) con­
tain only equatorial reflections (hk0); with the 
exception of five described by Fuller13a as very 
weak (VW), all equatorial reflections observed by 
him are obtained in the present studies and 
written down in the first four columns of Table
IV. Thus in the unstretched film of gutta­
percha the crystallites are oriented with their 
fiber axes approximately normal to the film sur­
face. Furthermore, it seems possible to conclude 
that no appreciable number of crystallites have 
fiber axis directions that deviate by more than 15° 
from parallelism with this normal. Greater de­
viation would allow the occurrence of the layer 
line reflection for which d = 1.25 A.

Figure 9 and the data of the last five columns of 
Table IV confirm these conclusions and enable 
one to calculate the precision of orientation of the 
fiber axis directions of the crystallites. From the 
orientation just described it is evident that for 
a 0 the equatorial reflections must occur as 
arcs across the x-axis of the plate, and some layer 
line reflections will in general appear as arcs on 
displaced layer lines. The first twelve reflections 
indicated on the right-hand side of Table IV, 
which are equatorial reflections occurring along 
the horizontal center line in Fig. 9, are in excellent 
agreement with the reflections observed at normal 
incidence.

The extreme half angle width of equatorial reflec­
tions in Fig. 9 is measured to be about 4>A = 8°. 
This is related to the largest angle (5') between the 
normal to the specimen surface and an appreciable 
number of fiber axis directions by the equation 

sin S' =  sin a sin 3>a (2)
For a = 45° (Fig. 9) this yields 5' = 6° as a quan­
titative measure of the precision of orientation 
in the unstretched “Pure White--gutta-percha foil. 
Corresponding diffraction patterns and measure­
ments upon an unstretched film of “Br-4”

(13a) C. S. Fuller, 7nd. Eng. Chem., 28, 907 (1936).
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grade gutta-percha have yielded 5' = 4° for this 
particular foil. It is clear that in general the 
orientation in thin unstretched films of gutta­
percha is nearly perfect.

As a further check it is interesting to compare 
calculated with observed angular positions of the 
layer line reflections which appear in Fig. 9; 
this comparison is given in the last two columns of 
Table IV. The quantity 0 represents here the 
mean value of <fo.and.02 (see Fig. 10). Measured 
values of 0 are taken directly from Fig. 9, and 
calculated values are obtained from the relation 

sin (f> «  cos 0 /sin  a t- " (3)
in which 0 is the inclination of the crystallo­
graphic plane giving rise to the particular layer 
line reflection to the plane normal to the fiber 
axis. Values of 0 , necessary to calculate <fo 
have been obtained by direct angular measure­
ment upon a diffraction pattern from a stretched 
film, Fig. 5. It is obvious that only those fiber 
period reflections can occur for which (0 +  5') > 
a, and that reflections for which a lies between 
(0 +  <5') and (0 — 5') will lie across the vertical 
axis in Fig. 9.

In Table IV is listed a single reflection attrib­
uted to the alpha crystallographic modification, 
suggesting that the foil is a mixture of two poly­
morphic forms of gutta-percha. One concludes 
that the film is a mixture of the beta modification 
and a very small quantity of the alpha modifica­
tion. No reflections attributable to the alpha 
modification have been observed in experiments on 
stretched specimens.

It is surprising that most of the crystallites are 
oriented with their fiber axis directions normal to 
the plane of a film the thickness of which is much 
less than the total length of a macromolecule. 
There is considerable evidence that the material 
has not oxidized sufficiently to cause serious 
depolymerization for some time after all but pos­
sible traces of “absorbed” solvent have evaporated. 
The possibility of crystallite rearrangement in the 
solid film after subsequent oxidation has shortened 
the chains appears to be doubtful. It therefore 
seems necessary that the maeromolecular con­
figuration of gutta-percha is not generally linear 
in these thin films. The gutta-percha macro­
molecule may possibly fold by a mechanism of 
rotation around single bonds. The chemical 
repeating unit of this polymer is short and rela­
tively few folds per macromolecule are required in 
a film 200° A. thick. It is conceivable that such

infrequent folding would not affect the crystal 
structure.

Unstretched Polyethylene Sebacate.—From 
the continuous rings of Fig. 6 one concludes that 
the individual crystals in a thin unstretched film 
of polyethylene sebacate are relatively small and, 
as in the case of unstretched gutta-percha films, 
are randomly oriented about the normal to the 
film surface. The marked difference between 
Figs. 7 and 9 suggests at once that the type 
of orientation in the unstretched polyethylene 
sebacate film is, however, entirely different from 
that in gutta-percha. The nature of the orienta­
tion in thin unstretched films of polyethylene 
sebacate is not established so readily as is that in 
gutta-percha films. The difficulty arises from the 
low intensity of many of the reflections, and from 
the fact that in many instances layer line and 
equatorial reflections are found to correspond to 
nearly equal interplanar spacings.

The absence of the A6 reflection in the data of 
Table III rules out the possibility of an orientation 
like that in gutta-percha. An indication of a 
possible orientation is found in the weak reflec­
tions corresponding to the spacings 1.29 and 
1 .19 A. From the polyethylene sebacate data of 
Table d we find that the first of these could be a 
weak equatorial reflection, a weak seventh layer 
line reflection or the strong fiber period reflection 
(XIIIo); the second must be one or both of the 
strong reflections (XIV0) or (XIV). The stronger 
reflection for which d = 1.10  could possibly be a 
weak seventh layer line reflection or the medium 
reflections (XV0) and/or (XV). The occurrence 
of these reflections can be explained if the fiber 
axis directions lie approximately in the plane of 
the foil. If this is the case, the evidence of miss­
ing and abnormally weak reflections does not 
allow the crystallites of the foil to have all degrees 
of rotation around the fiber axis directions.

It is possible that confirmation of these ideas can 
be found in. the pattern from the same foil with 
the primary beam incident at 45° from the sur­
face normal. (A pattern at near grazing inci­
dence could be interpreted more easily, but it is 
not possible to obtain such patterns from foils 
mounted for study by the transmission method.) 
The 45° incidence pattern is shown in Fig. 7, 
and numerical data obtained from it are recorded 
in the last six columns of Table III. Several 
facts are immediately apparent. All reflections 
which are observed with normal intensity in the
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normal incidence pattern occur as continuous 
arcs across the x-axis of the plate while those of 
abnormally low intensity have strengthened, on 
the average, to normal with extremely low 
intensity across x. Many reflections not ob­
served in Fig. 6 are found as arcs lying in a single 
quadrant of the pattern. These observations 
confirm the existence of crystallite orientation 
and give assurance that the foil is actually scat­
tering as a three dimensional grating. It is still 
impossible to identify positively all reflections 
and hence to establish the orientation unequivo­
cally; but, with the designations assigned in 
column five of Table III, the results are in good 
agreement if the fiber axes of the crystallites lie 
approximately in the plane of the foil with a small 
degree of rotational freedom around the directions 
of these axes. Such orientation is probably due 
in part to the presence of carbonyl groups along 
the chain. The minimum value for the angle 
between chain axis directions and foil surface 
normal is estimated, from the angular positions 
of the arcs listed in Table III, to be of the order of 
79°. The freedom of crystallite rotation around 
the fiber axis directions is estimated to be ± 10°.

The angular limits of the arc positions are given 
by the equations

sin 9 cos 8 cos A — cos 9 sin 8 .,.sin <£i == ---------------------------------------- (4)sin a
sin 9 cos 8 cos B +  cos 9 sin 5

sin <h = ---------------— r--------------------  (5)sin a

In these, (90 — 8) = the minimum angle between 
fiber axis directions and the specimen surface 
normal, A = (^ +  yi)f B = — yi) or vice
versa, while 0  and a have their former signifi­
cance. The angle 8 can be determined from the 
half angle width (3>F) of fiber period reflections 
and the equation

sin 8 =  sin a sin 4>f (6)
The angle \j/ is most clearly visualized by considera­
tion of an average crystallite having the average 
rotation around the fiber axis and lying with this 
axis in the plane determined by the specimen 
surface normal and the rotation axis. is the 
angle between this plane and the plane containing 
the fiber axis direction and the reciprocal lattice 
point corresponding to any reflection. 71 is 
the limit of crystallite rotation around the fiber 
axis directions, and is measured from the mean 
position.

A value of sin 02 > 1 indicates that the rotation 
of the foil around the surface normal cannot

bring all planes of the particular set under con­
sideration into diffracting positions. This con­
dition produces an arc across the y-axis of the 
plate. Such an arc shows a relative intensity 
somewhat below normal.

A weakness of this interpretation lies in the low 
relative intensity of the several high order re­
flections previously mentioned as well as in the 
uncertainty of identification of a number of 
general reflections. Dr. Fuller has suggested 
that the perfection of chain arrangement may be 
greatly increased by the stretching process; if 
this is the case, a difference in intensity of fiber 
period reflections in patterns of stretched and 
unstretched material is understandable.

The electron diffraction method should supply 
an easy means of studying conditions in films of 
this and similar materials from the oriented un­
stretched state through a series of controlled 
degrees of stretching. Diffraction patterns ob­
tained from the same film after varying amounts 
of stretching should not only definitely establish 
the orientation in the unstretched condition, but 
should supply considerable information concern­
ing the mechanism of stretching. It is proposed 
to conduct such experiments in the near future.

It seems of further interest to consider briefly 
an estimate of the angle 5 made by assuming thin 
rod-like crystallites of a length comparable to the 
average length of the polyester chain. The sam­
ple of polyethylene sebacate used in these ex­
periments has an average chain length of approxi­
mately 1400 A. If rod-like crystallites of this 
length are arranged at random between two sur­
faces 200 A. apart, (90 — 8) is found to be of the 
order of 82°. The agreement of this value with 
the value of 79° previously estimated from the 
experiments suggests that the polyethylene seba­
cate chain configuration is generally linear.

Additional experiments with films of various 
thicknesses indicate that both 8 and 71 increase 
as the film thickness increases. Combining this 
observation with the observation of Fuller and 
Erickson1 that thick unstretched polyethylene 
sebacate specimens give complete Debye-Scher- 
rer ring patterns, it seems likely that films of such 
esters will show a preferred orientation until the 
film thickness exceeds the average chain length. 
It is proposed that a systematic study of orien­
tation, film thickness, and molecular weight 
distribution may provide interesting and useful 
information concerning the molecular structure
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and film behavior of various polymeric type com­
pounds.
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Summary
1. Electron diffraction experiments have been 

carried out upon very thin films of several syn­
thetic polyesters and natural gutta-percha.

2 . Stretched films show diffraction patterns 
characteristic of sharply oriented crystals. Meas­

urements upon these patterns are in excellent 
agreement with existing X-ray data upon the same 
materials. The utility of the electron diffraction 
method for structural studies of polymerized 
substances is thus demonstrated.

3 . Unstretched films of gutta-percha are found 
to be composed of relatively large crystallites 
which are precisely oriented with their fiber axis 
directions normal to the film surface. I t is 
presumed that the macromolecules are folded 
back and forth upon themselves in such a way 
that adjacent sections remain parallel.

4. Unstretched films of polyethylene sebacate con­
sist of relatively small crystals which are believed 
to be oriented with their fiber axis directions ap­
proximately in the plane of the film, but with 
limited rotation around the fiber axis directions. 
N e w  Y o r k , N. Y. R e c e iv e d  M a y  4, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  P h y s ic a l  C h e m is t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f
T e c h n o l o g y , No. 392]

Note on a Corresponding-States Equation of Practical Interest for General P h ysico ­
chemical Computations

B y F r ed er ic k  G. K ey es

During the last few years the desire to compute 
equilibrium physicochemical quantities under 
conditions removed from the range of validity of 
the ideal gas laws has led to a renewed interest in 
the search for an empirical relation of the corre­
sponding-states character.

One form of this effort has been to test the re­
lation of the fugacity-pressure ratio, 7 , to the 
pressure-critical pressure ratio, 7r, using the ex­
isting p-v-T  data for gases, to form a graph of 
constant temperature-critical temperature, 0, 
lines. The iso-reduced temperature lines of ne­
cessity start from 7  = 1 on the vertical axis1 and 
are approximately linear in ir for 0 large, but be­
come increasingly convex relative to the horizon­
tal, or 7T, axis for 0 small. A chart of this sort for 
hydrocarbons was prepared and its uses discussed 
by J. D. Cope, W. K. Lewis and H. C. Weber;
W. K. Lewis and C. D. Luke and others.2 Re­

el) See G. Tunnel’s article, J . Phys. Chem., 35, 2885 (1931), for a 
comprehensive discussion of the definition and evaluation of the 
fugacity [G. N . Lewis, Proc. A m . Acad. A rts Sci., 37, 95 (1901)]. 
Also, L. H. Adams, Chem. Rev., 19, 1 (1936).

(2) J. D. Cope, W. K. Lewis and H. C. Weber, Ind. Eng. Chem., 23, 
887 (1931); W. K. Lewis and C. D. Luke, Trans. Am . Soc. Mech. 
Eng., 54, 55 (1932); and Ind. Èng. Chem., 25, 725 (1933); C. W. 
Selheimer, M. Souders, Jr., R. L. Smith and G. G. Brown, ibid.,

cently3 R. H. Newton brought together the data 
for twenty-four substances and found that within 
a range of 4%, with some exceptions, the data for 
the substances in the form (7)0 versus ir fell to­
gether. A ficticious critical temperature and 
pressure, however, had to be selected for H2 and 
He to bring the data for these substances into line 
with other substances.

The existence of an exact, universal correspond­
ence in terms of a relation between 0, ir, and <p 
has, however, good reason to be doubted. The 
cases of H2 and He at higher temperatures are 
well-known examples of how badly the concept 
works out at ordinary temperatures when the 
form of the equation of state is based on the van 
der Waals concept of the molecular field.4 There 
does exist, however, a range of temperature for 
all substances, perhaps, where the van der Waals 
concept leads to a fair approximation in repre­
senting the behavior of individual gases.
24, 515 (1932); Q. G. Brown, W. K. Lewis and H. C. W eber, ibid., 
26, 325 (1936); W. K. Lewis and W. C. Kay, Oil Gas J . ,  32, 40, 45 
(1934).

(3) R. H. Newton, Ind. Eng. Chem., 27, 1 (1935). See also, R. H. 
Newton and B. F. Dodge, T h i s  J o u r n a l , 56, 1 (1934).

(4) F. G. Keyes, Chem. Rev., 6, 175 (1929).
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The van der Waals concept is equivalent to the 
assumption that molecules may be represented 
in their physical interaction by the existence of a 
positive potential which becomes infinite on con­
tact of the supposedly rigid spherical molecules 
of invariable diameter <r, but zero for all distances 
of separation of molecular centers greater than 
a when a spherically symmetrical negative po­
tential appears. The latter may be represented 
in the simplest cases by the expression cr~m where 
m is an integer not smaller than 4. If w repre­
sents the potential we may write for the van der 
Waals field the following relation

w (+
oo ; f
0; r >

The equation of state for low pressures may then 
be shown to be, for pure gases

where

Bo = p - A / R T F F  (m -  3Y+1 /  A Y
^ o d  +  ”) ! ' 3” 1(1 +  ") m -  3] \R T p )

(1 )

For mixtures of gases we may write quite gener­
ally (p small)

 ̂ RTSni
p ~ V —  [Bo]

(1A)

[Bo]
1

2toi [SBo ii. wf T  2 2 5  o i2 n \  w A (IB)

In the van der Waals form for B0, ft is four 
times the volume of the spheres contained in the 
volume v and A is proportional to the constant of 
the negative potential and an inverse power of 
a depending on the exponent m. For m = 6 we 
find the following expression

B “ =  P “  R T  [ ( *  +  RTP +  ( r Tp )  ' ' ]
(2)

The chart produced by Roger H. Newton was 
based on the computation of y by the equation

7 =ƒ/*> = exp. [(R T )~ ' J * ( R T /p  -  v) # ]  (3)

where p, v and T represent the experimental data 
for the substances. The integrand has been 
shown repeatedly not to vanish for p —> 0 but on 
the contrary to reduce to a pure temperature 
function and this well-established fact accords 
with the prediction of the statistical theory of 
gases using for example the specialized concept 
of the intramolecular potential of van der Waals. 
Thus we find using equation (1)

7 = exp. l(RT)~' ( —Bo)p]

Now taking the 7 , t chart quite literally we 
would be justified in assuming that whatever the 
functional relation between 7  and ir for constant 
0, provided only that it is finite and continuous, 
7  will be linear for w small. We may proceed to 
write as follows

7 = 1 +  f(0)7r : for 7r small (5)
Expanding 7  we obtain further

1 -  = 1 +  t(0)T (5A)

or

ct,ft!1II

f
r- (6)

where the right-hand member is a universal func­
tion, the same for every substance in the gaseous 
state.

In the present state of our knowledge of the 
molecular field and the available data, no de­
cisive opinion can be formed regarding the degree 
of exactness of relation (6). We observe, how­
ever, that it bears a close relation to Daniel 
Berthelot’s expression for the effect of intramo­
lecular potential in the equation of state.

Some years ago Beattie and Bridgeman5 for­
mulated the greater part of the existing data for 
gases using a correlative equation which employs 
for B0 the expression

B„ =  0  -  4 r ~ - k  (7)

This is equivalent to a van der Waals expression 
in which the contribution of the series part or 
coefficient of A /R T  of B0 in equation (1) is rep­
resented by 1 +  (CR/AT2). I propose to desig­
nate this for reasons of convenience by the ex­
pression 1 +  («2) [A2/{R T )2̂ \  where (<22) is a quan­
tity which may vary from substance to substance. 
What is here proposed for later use is the same 
thing as setting C equal to (a2) (A 3/B 3/32) and we 
write for B0 the following equation

Bo = f> -  A /R T  -  (*0 (7A)

We now obtain however using equations (6) and
(7) the relation
Bo* =  P(P/T)' -  (p /T )c -  ( ! )  = -JW W

" (6A)
or

B09 = ft, -  Ao/0 -  Ce/03

where the expectation derived from the 7 , ir chart 
is that A e and Ce will each turn out to be the 
same number regardless of the substance. Using

(5) J. A. Beattie and O. C. Bridgeman, Proc. Am . Acad. Arts 
Sci., 63, 229 (1928).(4)
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Beattie and Bridgeman’s constants,6 Table I 
has been compiled.

Table I
E quation of State Constants in Reduced Units

( tt, <p, d)

Substance P
A o /R  =  A

10-3 C X 10-6 Pd A'e Q
He 1 4 .0 0 0 .2 6 3 2 0 . 4 6 . 0 8 2 1 .7 4 1196 .0
N e 2 0 .6 0 2 . 5 9 0 1 .0 1 1 2 .4 8 3 5 .3 4 6 .9 9
A 3 9 .3 1 1 5 .7 3 5 9 .9 1 2 .52 3 3 .2 4 5 . 5  7
H 2 2 0 .9 6 2 .4 1 0 . 5 0 8 . 0 8 2 7 .9 5 5 .3 1
n 2 5 0 .4 6 1 6 .3 8 4 2 .0 1 3 .42 3 4 .5 7 5 .5 8
o2 4 6 .2 4 18 .1 7 4 8 . 0 14.8 9 3 7 .9 3 4 .2 1
Air 4 6 .1 1 1 5 .8 6 4 3 .4 12 .9 6 3 3 .6 5 5 .2 4
c o 2 1 0 4 .8 6 1 .0 1 6 6 0 .0 2 5 .1 4 4 8 .1 3 5 .6 3
CH 4 5 5 .9 2 7 .7 5 128 .3 13.3 9 3 4 .8 2 4 .4 1
C2H 4 121 .5 6 7 4 .9 7 2 2 6 .8 2 1 .8 8 4 7 .7 2 1 .8 0
c 2h 6 9 4 .0 0 7 1 .6 0 9 0 0 .0 15.0 4 3 7 .5 4 5 .0 7
(C2H&)20 4 5 4 .4 6 3 8 1 .1 6 3 3 3 .3 3 4 .5 4 6 2 .0 4 0 . 2 5

Non-polar gases Bod == 1 3 .2 9  -
3 4 .9

0
5 .4 7  

03 '
N H s 4 0 . 8 6 3 9 .4 3 3 0 5 3 .0 11 .24 2 6 .7 4 12 .59
HoO 3 4 .0 5 4 7 .5 9 8 8 4 2 .0 1 1 .48 2 4 .8 0 10 .99

, 25.77 11.8
Polar gases Bod = 1 1 .3 6 ---------- ^ ----------.

0 03

Non-polar gas Cq = 0.0227 -------
(Pd)2
(A r) 3

Polar gas Cq =  0 .089
(Pd)2

The units are cc. per mole, atm. °K.

A somewhat astonishing accord of the num­
bers pe, A e, and Ce for the different substances 
is evident. The case of helium is not significant 
since helium is the worst known example of a 
van der Waals molecule even at 100°K. Ether is 
really a polar gas and moreover the data are 
neither very exact nor sufficiently extensive in 
temperature range. The “universal equation” 
selected to represent the non-polar class of 
molecules is given at the foot of the table along 
with a similar one for the polar case. The latter 
equation is of course based on only two examples, 
but I have no knowledge of sufficiently precise 
data for other examples of polar gases. The 
reason for calling attention to the relation (6A) is 
solely because it has been found that certain im­
portant types of calculations may be facilitated 
using the “universal” functions B0 with a com­
bination rule for the constants of mixtures.

The combination rule whereby the constants 
for a mixture may be computed from the con­
stants (/3 and A for example) for the pure sub-

(6) The constants for N H 3 and H 2O are taken from the author’s 
formulations for these substances. The complete expressions are

(£ 0) nh3 =  2.4 -  2316r X exp. 7.744 X 10V
and

CBo)h*o = 1.89 -  2641.6r X exp. 1.858 X 10V
where the units are in cc./g . The first two terms of the expanded 
exponential were assumed the equivalent of (1 +  C R /A T 2). This 
procedure is satisfactory provided the temperature is high enough.

stances is in a primitive stage. Data for the 
favorable case of nitrogen-methane mixtures7 were 
obtained some years ago for the purpose of 
investigating the combination rule where the 
van der Waals form is a reasonable approximation 
in representing the behavior of the components. 
It was found that the rule

012 = V2(/?l +  $2) ; <412 = (A1A 2)1/2
was suitable for this binary mixture of non-polar 
molecules. The result accords with quantum 
theory indications in the case of N2 and CH4 mole­
cules as far as the A 12 rule is concerned but if the 
van der Waals concept for the positive potential 
were exact the rule <r12 = V2(<ri +  02) would be 
justified. In the case of polar substances there 
are definite indications from current quantum 
theory that the A 12 rule just given is over sim­
plified. However, even in this case at high tem­
peratures the rule should be a fair approximation.

Accepting the combination rule as stated and 
extending it to serve for the general case we have 
the following relationship which may be deduced 
from (IB)
[Bo] — 20i»i ( D A t ' A m ) * _____ 1 _  [% , . A S  n S  ,

RTXti! (RT)* |_S 1 0,2 Zm +

s?] (7B>
As examples of the practical applications of 

the “universal” functions, Boe, and the equation 
(7), the Haber equilibrium constants ratio 
Kp/K* will be computed and also the ratio pxi/pi 
for Gillespie’s experiment8 where (BaCl2-8NH3) 
was used effectively as a semi-permeable mem­
brane. Here K P is the equilibrium constant for 
any pressure p and K* is the same quantity for 
pressures approaching zero. For Gillespie’s ex­
periment px 1 is the Dalton’s law pressure for 
NH3 in a mixture of NH3 and N2 at total pres­
sure p, while pi is the equilibrium pressure of the 
BaCl2*8NH3 in contact with the gaseous NH3: N2 
mixture. Of course, every sort of calculation for 
gases may be made subject to the limitations of the 
Boe equations.

The general equation for the equilibrium con­
stant ratio is

---------------- ®
For Gillespie’s experiment we find the following 
equation from the relation (mm)pi = [mnh,]p where

(7) F. G. Keyes and H. G. Burks, T h i s  J o u r n a l , 50, 1100 (1928). 
The case is favorable from the point of view of interpretation because 
chemical action is excluded and the molecules are non-polar.

(8) E. Lurie and L. J. Gillespie, ibid., 49, 1146 (1927).
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Gunh3)2» is the chemical potential of the pure gas 
in equilibrium with the same gas in the mixture 
the chemical potential of which is (mnh»)p-

where pi is the BaCl2*8NH3 equilibrium pressure 
of pure ammonia and p the total pressure.

Using the relations (7) there results

In K p/K *  =  - ( K T ) ”' ( 2*1 ^ - !)  p (8A)

In pxi/pi =  (R F )”1 [Bo\pi — ö/öwi [F01 ]/> ] (9A)

where in (9A) B0ï refers to pure ammonia in 
equilibrium through a semi-permeable membrane 
with the ammonia in the gaseous mixture [Bqi]. 
In detail we find using (7) the following equations
In Kp/K* = (F F )-i [-201*! +  (RT)~' (A) +

(RT)~3 (5 +  C)l (8B)
( A )  =* 2 & A i 1/ * x i ) ( 2 A i 1/ * i )  -  ( p A i ' / i x ^ n
(.B )  =  S A 1 X 1  ( 2  —  X i ) v i

T a b l e  II
A m m o n ia  S y n t h e s is  

450 °C.

p
Obsd.®

(Kp/K*)
Calcd. b

(Kp/K*)
Calcd.c

(Kp/K*)
Calcd.c 
mol % 

NHj

Obsd. 
mol % 

NHa
100 1.093 1.105 1.110
300 1.351 1.419 1.454
600 1.966 2.240 2.384 56.2 53.3

1000 3.483 4.407 4.969 73.1 68.6
a L. J. Gillespie, J . Math. Phys., M. I. T., 4, 84 (1925); 

L. J. Gillespie and J. A. Beattie, Phys. Rev., 36, 743 (1930). 
I have the pleasure of thanking Professor Gillespie for 
providing me with the ratios in the second column.

6 Computed using the first two terms of (8B). No 
consideration has been given the fact that 0.3 mol per 
cent, of argon was present. c Computed using all three 
terms of (8B).

T a b l e  III
G il l e s p ie ’s  E x p e r im e n t "

BaCl2-8NH3:N2 at 45°
P Pi (Pxi/pi) (Pxi/pi)

total BaCl2-8 NHs xi obsd. calcd.
60.86 7.44 0.1484 1.214 1.228
a E. Lurie and L. J. Gillespie, T h is  J o u r n a l , 49, 1146 

(1927).

( [Ai2X2(1 — XI) +  Ai3x3(1 — XI) — A 23X2X3]vi
(C)9 = 2 j [Ai2̂ i (1 ~  #2) +  A23x3(1 — x2) — AnXiXz]v2

[ [Ai3xi(l -  x 3) +  A23̂ 2(l — x3) ~  A i2xix2]v3

In =  ( R T ) - ' I - M P  -  pi)  +  ( R T ) ~ l ( 0 )  +
(i?7-)“3 (5)] (9B)

(Q) = [2(SAi1/2xi)A11/2 -  (SA1V2X1)2]/) -  Aipi 
(S) = {Ai(2 — xi)xi — [A2x2 — 2Ai2(l — xi)]x2\p — Axpi 

A 3where A = (a2) -p-; (a2)i2 = [(«2)i(a!2)2]V2; Ai2 ==

&  12

Summary
It is shown that the recent fugacity-pressure 

ratio charts for constant reduced temperatures 
versus reduced pressure, taken literally, lead at low 
pressures to a simple reduced equation of state. 
The constants of this equation are deduced from 
the values of the van der Waals constants deduced 
for thirteen substances by Beattie and Bridgeman.

(9) This term is written out for the ease of these constituents 
only.

It appears that there is a distinguish- 
confponents a^ e difference in the reduced-con­

stants values for non-polar compared 
with polar gases. A test of the usefulness of 
the reduced equation is made by computing 
the equilibrium constants for the Haber equi­
librium for high pressures and for Gillespie’s 
experiment. In applying the equation to mix­
tures of gases use was made of a “constants” 
combination rule previously found valid for ni­
trogen-methane mixtures. The results indicate 
that the reduced equation is useful for making 
approximate physico-chemical calculations in­
volving gases under pressure. The present re­
duced equations suffer from the assumption that 
a van der Waals type of molecular field is as­
sumed valid, and more precise data for gases and 
gas mixtures at low pressures are needed before the 
implications deducible from the existing fugacity- 
pressure ratio charts can be explored satisfactorily. 
C a m b r id g e , M a s s . R e c e iv e d  M a y  18, 1938
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[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t s  o f  C h e m is t r y  a n d  P h a r m a c o l o g y , N e w  Y o r k  U n iv e r s it y ]

Thioesters of Choline and /3-Methylcholine and their Physiological Activity.
Onium Compounds. XIX

B y R . R . R e n sh a w , P . F . D r eisb a c h ,1 M . Z if f  and  D . G r e e n

The work described in the present paper is a 
continuation of an investigation of compounds 
in which sulfur was introduced into the structure 
of choline derivatives and into analogous com­
pounds. Previous papers have described sub­
stances in which the onium element, nitrogen, 
has been replaced by sulfur to form sulfonium 
derivatives as well as to replace the oxygen of the 
hydroxyl group to form thiol derivatives, thio- 
ethers and sulfones. Certain acyl derivatives of 
‘'thiol-choline” are described here. In papers to 
be presented later, work on derivatives of sul- 
finic and sulfonic acids will be described.

Thiol-choline bromide, jö-thiolethyltrimethyl- 
ammonium bromide, was prepared in this Lab­
oratory a number of years ago by the use of thio- 
methyluracil for replacing the halogen in bromo- 
choline bromide by the thiol group.2 Recently,3 
the introduction of the sulfur atom into the 
choline structure has been accomplished more 
readily by replacing the halogen in chloroethyl- 
dimethylammonium chloride by hydrolyzing the 
thiourea addition product of this compound. The 
same procedure was used in the present work and 
extended to the preparation of the /3-thiolpropyl- 
dimethylamine.

The thiourea addition complexes of these halo­
gen amines can be obtained in practically theo­
retical yield by heating the reactants in various 
alcoholic solutions. The thiolamines are ob­
tained readily in good yield from the thiourea 
complex by hydrolyzing the latter with dilute 
bases. When the quantity of base used is suf­
ficient to give marked alkalinity to the final re­
action mixture, notable quantities of the disulfide 
are formed due to the ready oxidation of the thiol. 
For the preparation of certain derivatives, it is 
more convenient to oxidize the thiol at this stage 
and isolate the product as the disulfide.

The tertiary aminothiols acylate readily with 
acyl chlorides. The resulting thiol esters undergo

(1) The chemical part of this paper has been constructed from a 
thesis presented by P. F. Dreisbach, December, 1936, for the degree 
of Doctor of Philosophy at New York University.

(2) Harada, Bull. Chem. Soc., J a p a n , 4, 171 (1929); see also, 
ibid., 6, 25 (1931).

(3) Williams, Doctoral Dissertation, New York University, June, 
1933.

hydrolysis and alcoholysis surprisingly easily con­
sidering the relative stability of compounds of 
similar structure (thiocaine) described by Hansen 
and Fosdick.4 These tertiary amino thiol esters 
are readily converted into the quaternary com­
pounds with alkyl halides. The resulting esters 
are more stable to alcoholysis and hydrolysis in 
a^id solutions than the esters of the tertiary 
amines.

The addition of alkyl halides to the tertiary 
aminothiols to form the quaternary compounds 
does not take place in a clear-cut manner due to a 
simultaneous alkylation of the thiol group with 
the formation of tertiary amino thioethers. The 
latter may then be alkylated either on the nitro­
gen or sulfur atom or both.
• By the action of the methyl iodide on /3-thiol- 
propyldimethylamine a mixture of products was 
obtained from which two substances were iso­
lated. The analysis of one product indicated 
a composition corresponding to the /3-methyl 
thioether of propyltrimethylammonium iodide. 
This product melted nearly 40° higher than a 
product obtained by Mylius5 by the action of 
methyl iodide on the methyl thioether of the 
corresponding primary amine. It has not been 
determined which of these products is the ammo­
nium and which the sulfonium derivative. The 
second product isolated in small quantity showed, 
upon analysis, the composition of the expected 
/3-methylthiolcholine. While it contained one 
active hydrogen, it did not show a thiol test and 
was probably the hydroiodide of the methyl 
thioether of the tertiary amine.

The quaternary thiols are best prepared by re­
duction of the frTs-quaternary disulfide which may 
be obtained in nearly quantitative yields from 
the disulfides of the tertiary amines. They are 
also readily obtained by hydrolysis of the thio- 
acyl derivative of the quaternary compounds.

Preliminary experiments carried out in this 
Laboratory in August, 1936, on the activities of 
acetylthiocholine and /3-methyl-acetylthiocholine 
showed a remarkable variation in one of the ac-

(4) Hansen and Fosdick, T h i s  J o u r n a l , 55, 2873 (1933).
(5) Mylius, Ber., 49, 1100 (1916).
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tions of these compounds from what one would 
expect from the properties of other choline deriva­
tives. It has been shown previously6 that when 
the hydroxyl group of choline is replaced by the 
thiol group there is only a slight weakening of the 
typical depressor acetylcholine action. On the 
other hand, the stimulating nicotine action was 
diminished markedly and the paralyzing nicotine 
and curare actions augmented largely. In a more 
recent study of the acetyl derivatives of these 
thiols, the earlier results have been confirmed and 
extended.

Fig. 1.—-0.1 Mg. of thioacetyl-d-methylcholine iodide 
after atropine.

The acetylation of the thiocholine brings about a 
reversal of the effect of introducing the sulfur 
atom and produces a marked augmentation of 
the stimulating nicotine action. After atropine,
0.1 mg. of this product caused a rise of blood 
pressure from 128 to 166 mm. More remarkable 
is the fact that the acetyl derivative of the 
/3-methyl-thiocholine produces a greater aug­
mentation of the stimulating nicotine action. 
After atropine, 0.1 mg. of this substance caused 
the blood pressure to rise from 130 to 210 mm. 
The intensity of the activity of this compound 
was not greatly affected by the removal of the 
adrenals although the blood pressure returned to 
normal much more quickly after adrenalectomy. 
When one recalls that the introduction of the /?- 
methyl group into acetylcholine nullifies the

(6) Hunt and Renshaw, J . P h a rm a c o l44, 151 (1932).

stimulating nicotine action of the latter, one is 
amazed at the extraordinary pressor activity of 
this sulfur /3-methyl derivative. In large doses, 
both of these products have marked paralyzing 
nicotine and curare actions.

Chemical Experimental Part
W it h  P. F. D r e is b a c h

/3- (Chlorido - thiourea) - propyldimethylammonium Chlo­
ride.—A mixture of 50 g. of /3-methyl-/3-chlor oethyl- 
dimethylammonium chloride and 25 g. of thiourea, dis­
solved in just enough w-propyl alcohol to effect solution 
when hot, was refluxed for nine hours and then allowed to 
stand at ice-box temperature for two days. The product 
formed was recrystallized from propyl alcohol, from which 
it separates in clusters of fine needles. These are slightly 
soluble in acetone and insoluble in ether; additional ma­
terial obtained from the mother liquor gave a total yield 
of 92%, m. p. 201-202°.

Anal Calcd. for CeHnCbNaS: Cl, 30.29. Found: Cl, 
30.38, 30.37.

/3-Thiol-propyldimethylamine.—A solution of 47 g. of 
j8 - chlorido - thiourea - propyldimethylammonium chloride 
and 22.5 g. of potassium hydroxide in 234 cc. of water 
was allowed to stand overnight at room temperature. 
The solution was then continuously extracted with ether for 
several days, a small amount of dicyandiamide separating 
out in the ether extract. From the dried ether extract, 
there was obtained by distillation 14,4 g. (61%) of a prod­
uct boiling from 153 to 154° at 762 mm. and 46 to 51° at 
14 to 18 mm. The amino thiol is soluble in water and the 
common organic solvents. With sodium nitroprusside it 
gives a positive test for the thiol group. I t  is relatively 
stable in air and in acid solution, but oxidation to the di­
sulfide takes place rapidly in alkaline solution.

Anal. Calcd. for C5H13NS: H, 10.99; C, 50.34,
Found: H, 11.39; C, 50.20.

The picrate crystallizes from glacial acetic acid in the 
form of needles melting with decomposition from 159 to 
166° (sinters before melting).

Anal. Calcd. for C5H13N SC 6H3N30 7: N, 16.09.
Found: N, 15.99.

The cyano-mercury salt was obtained by treating the 
product with a saturated aqueous solution of mercuric 
cyanide. This salt crystallizes from water in the form of 
needle crystals which, when heated, gradually decompose 
from 125° upward.

Anal Calcd. for C6Hi2N2SHg: Hg, 58.18. Found: 
Hg, 57.93.

j8,/3' - Dithio-fo's - (propyldimethylamine).—The hydroly­
sis of 48 g. of crude thiourea complex was carried out as 
above excepting that a small excess of potassium hydroxide 
was used so that the reaction solution acquired a decidedly 
alkaline reaction. Distillation of the ether extract gave 
4 g. of pure thiol and, as the main product, 11 g. of the di­
sulfide which boils at 151-154° at 14 mm. I t is insoluble 
in water and alkali and soluble in dilute mineral acid, al­
cohol and ether. The disulfide was readily reduced to the 
thiol,
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Anal. Calcd. for C10H24N2S2: H, 10.24; C, 50.77; mol. 
wt., 236.3. Found: H, 9.90; C, 50.55; mol. wt., 240.

0, jS' - Dithio - bis - (propyltrimethylammonium Iodide).—
Treatment of frjS'-dithio-fo^propyldimethylamine) with 
excess methyl iodide in ethyl alcohol gave this product 
in almost theoretical yield. I t  crystallizes from ethyl 
alcohol as spheres of feather-like crystals which are soluble 
in water, slightly soluble in propyl alcohol and insoluble in 
acetone and ether; m. p. 207-208° (dec.).

Anal. Calcd. for C12H30I2N2S2: H, 5.81; C, 27.69; N, 
5.39; I, 48.79; active hydrogen, 0. Found: H, 5.91; C, 
27.33; N, 5.53; I, 48.92; active hydrogen, 0.

Treatment of /3-Thiol-propyldimethylamine with Methyl 
Iodide.—The addition of excess methyl iodide to an 
ether, benzene or toluene solution of /3-thiol-propyldi- 
methylamine gave, after three days of standing at room 
temperature, a precipitate consisting of a mixture of com­
pounds from which there was isolated, by a series of frac­
tional recrystallizations, a pure compound which turned 
brown at 189-195° and decomposed at 197-200°. The 
analysis of this is in agreement with the theoretical for 
/3-(methyl-thio)-propyltrimethylammonium iodide, but 
the melting point does not agree with that of the prod­
uct described by Mylius5 as j8-(methyl-thio)-propyltri­
methylammonium iodide Which he obtained by the action 
of methyl iodide on the thioether of isopropylamine. His 
product melted at 162-163°. Evidently, either his prod­
uct or ours is the sulfonium iodide rather than the am­
monium iodide. We did not attempt to prove the .struc­
ture of this substance, but, due to the fact that our product 
is the higher melting, we suspect that it is the quaternary 
ammonium compound,

Anal. Calcd. for C7H i8INS: C, 30.55; H, 6.59; I, 
46.11. Found: C, 30.40; H, 6.87; I, 46.31, 46.17.

,3 - (Acet - thio) - propyldimethylammonium Chloride.— 
This product was obtained in almost theoretical yield by 
the slow addition of 4.4 g. of j8-thiol-propyldimethyl- 
amine in 20 cc. of dry ether to 8 g. of acetyl chloride in 
10 cc. of dry ether with vigorous agitation, while cooling 
the mixture in ice. When purified from an ether-amyl al­
cohol mixture, it forms hard, clear needles which are very 
hygroscopic and soluble in the common alcohols and esters; 
m. p. 91-92°. This ester is hydrolyzed rapidly in alkaline 
solution. Attempts to liberate the free base with sodium 
carbonate or sodium bicarbonate caused considerable 
hydrolysis. The free base also readily undergoes alco­
holysis in alcohol solution.

Anal. Calcd. for C7H i6C1NOS: Cl, 17.94. Found:
Cl, 18.07, 18.28.

/3 - (Acet - thio) - propyltrimethylammonium Iodide.—A
water solution of 7.5 g. of /3-(acet-thio)-propyldimethyl- 
ammonium chloride was shaken with excess silver oxide 
and the mixture then immediately extracted with ether. 
Addition of excess methyl iodide to the dried ether ex­
tract gave a product as a precipitate after standing at 
room temperature for five days. Recrystallized from 
butyl alcohol, it forms fine prisms which are very soluble 
in water and ethyl alcohol; yield 64%; m. p. 144-145°.

Anal. Calcd. for C8H18NOSI: I, 41.86. Found: I. 
41.90,41.78.

/? - (Benz - thio) - propyldimethylammonium Chloride.—
To 10 g. of benzoyl chloride in 10 cc. of dry ether there 
was added, slowly and with cooling, an ether solution of 
5 g. of j8-thiol-propyldimethylamine. The product be­
gan to precipitate immediately and the solution was then 
warmed on the steam-bath for one hour to complete the 
reaction. The product was obtained as clusters of fine, 
white needles by dropwise addition of ether to an ethyl al­
cohol solution. They are soluble in ethyl alcohol, slightly 
soluble in benzene and insoluble in ether and acetone; 
yield 90%; m. p. 122.5°.

The free base, which may be liberated from the hydro­
chloride by sodium bicarbonate, slowly undergoes alco­
holysis on standing in ethyl alcohol.

Anal. Calcd. for Ci2H i8CINOS: Cl, 13.65. Found: 
Cl, 13.79, 13.74.

13-(Benz-thio) - propyltrimethylammonium Iodide.—A11
ether solution of jö-(benz-thio)-propyldimethylamine was 
prepared by treating 5 g. of its hydrochloride in water 
with excess dilute sodium bicarbonate solution and im­
mediately extracting with ether. The free base precipi­
tated in the water solution as an emulsion. Excess methyl 
iodide was added to the dried ether extract and, after stand­
ing for several days at room temperature, the product 
had precipitated completely. I t crystallizes from ethyl 
alcohol and from concentrated aqueous solution in the form 
of rosets of needles which are soluble in water and ethyl 
alcohol and slightly soluble in the higher alcohols; yield 
85%; m. p. 185-186°. The substance is fairly stable in 
acid solution.

Anal. Calcd. for Ci3H20INOS: H, 5.52; C, 42.72; I, 
34.75. Found: H, 5.55; C, 42.39; I, 34.53, 34.71.

(3-(p- Nitrobenz- thio) -propyldimethylammonium Chlo­
ride.—A solution of 5.2 g. of /Tthiol-propyldimethyl- 
amine in 25 cc. of benzene was added dropwise to 8 g. of 
/Miitrobenzoyl chloride in 20 cc. of benzene with cooling 
and shaking. The mixture was then refluxed for half an 
hour, after which precipitation of the product was com­
plete. The product was purified by several recrystalliza­
tions from an absolute alcohol solution, m. p. 199-200°.

Anal. Calcd. for C 2H17CIN20 3S: H, 5.62; C, 47.26; 
Cl, 11.64. Found: H, 5.77; C, 46.93; Cl, 11.77, 11.85.

The free base of this compound, prepared from its hydro­
chloride by dilute sodium bicarbonate solution, crystallizes 
from ligroin as orange-yellow plates, m. p. 85°. I t is 
soluble in ether and insoluble in water. This product un­
dergoes some hydrolysis even on standing in moist air. 
In alcohol solution, it alcoholizes almost immediately as is 
shown by the precipitation of ethyl p-nitrobenzoate from a 
freshly prepared alcoholic solution upon the addition of 
water.

Anal. Calcd. for Ci2Hi6N20 3S: N, 10.44. Found: N, 
10.20, 10.35.

£-(ƒ>- Nitrobenz - thio) - propyltrimethylammonium Io­
dide.-—An ether solution of the free base from 1 g. of 
/3 - (£- nitrobenz - thio) -propyldimethylamine hydrochloride 
was treated with excess methyl iodide and allowed to 
stand for two days at room temperature when precipita­
tion of the product was complete. Recrystallized from a 
relatively small amount of water, it forms clear, orange- 
yellow needles; yield, 59%. I t is moderately soluble in
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water and alcohol and insoluble in ether. In boiling al­
cohol, decomposition takes place; m. p. 190-191°.

Anal. Calcd. for Ci3HI9IN203S: I, 30.94. Found: I, 
30.91, 30.74.

(3 - (Chlorido - thiourea) - ethyldimethylammonium Chlo­
ride (W it h  J. H. W il l ia m s 3) .—This product was obtained 
in practically theoretical yield when 55 g. of /8-chloroethyl- 
dimethylammonium chloride and 30 g. of thiourea were re­
fluxed for four and one-half hours in 60 cc. of absolute etha­
nol. Recrystallization from an acetone-ethanol mixture 
gave fine, colorless needles; m. p. 181-182°.

Anal. Calcd. for C5Hi5N3SCl2: Cl, 32.22. Found: 
Cl, 32.24, 32.19.

j8, j8 '-Dithio-bis- (ethyltrimethylammonium Iodide).—Air
was aspirated slowly for twenty minutes through a solu­
tion of 1 g. of /8-thiol-ethyldimethylamine in 10 cc. of di­
lute potassium hydroxide solution kept at 80°. A layer 
of water insoluble liquid formed on the top surface and 
the whole was extracted with ether. Excess methyl io­
dide was added to the dried ether solution and, after six 
hours of standing, 1.1 g. of material had precipitated. 
This crystallizes from methyl alcohol solution as needles 
which turn brown at 220° and decompose at 230° when 
heated at the rate pf 6 ° per minute, or at 235 ° heated at 
the rate of 12° per minute.

From the melting points and mixed melting point, this 
product was shown to be identical with a product isolated 
by Williams3 in this Laboratory from the action of methyl 
iodide on /?-thiol-ethyldimethylamine.

Anal. Calcd. for C10H26N2S2I2: I, 51,56. Found: I, 
51.35, 51.28.

/3- (Acet-thio) -ethyldimethylammonium Chloride.—This 
product was prepared from /3-thio-ethyldimethylamine 
and acetyl chloride according to the method outlined above 
for the corresponding /8-methyl substituted compound in a 
yield of 78%. It recrystallized in needles from an ether- 
amyl alcohol mixture. The product is very hygroscopic; 
m. p. 95°.

Anal. Calcd. for C6H i4C1NOS: Cl, 19.31. Found: 
Cl, 19.21, 19.24.

/8- (Acet-thio) -ethyltrimethylammonium Iodide.—This 
was obtained from /8-(acet-thio )-ethyldimethylammonium 
chloride, using silver oxide to liberate the free base, and 
methyl iodide by a method similar to that outlined for the 
preparation of the corresponding /8-methyl substituted 
compounds; yield 77%. Recrystallized from propyl al­
cohol, it forms glistening plates which are soluble in water 
and the alcohols and insoluble in acetone and ether; 
m. p. 203-204°.

Anal. Calcd. for C7H i6INOS: I, 43.90. Found: I, 
43.70, 43.69.

/8-(Benz-thio)-ethyldimethylammonium Chloride.—This 
compound was obtained from the tertiary amino thiol and 
benzoyl chloride; yield, almost the theoretical. Recrys­
tallized from amyl alcohol, it forms colorless plates soluble 
in water and alcohols; m. p. 164.5-165°.

Anal. Calcd. for ChH16C1NOS: Cl, 14.44. Found: 
Cl, 14.61, 14.74.

/8- (Benz-thio)-ethyltrimethylammonium Iodide.—This 
product was obtained from the corresponding amino-thiol

hydrochloride, using dilute sodium bicarbonate solution 
to liberate the free base, and methyl iodide. Recrys­
tallized from water, it forms glistening plates decomposing 
at 257° dependent on rate of heating; yield 84%. The 
product is soluble in water, slightly soluble in ethyl alco­
hol and insoluble in ether.

Anal. Calcd. for Ci2H i8INOS: I, 36.15. Found: I, 
36.12, 35.98.

j8 - (p - Nitrobenz - thio) - ethyldimethylammonium Chlo­
ride.—This p-nitrobenzoyl derivative was obtained in 
practically theoretical yield by a procedure analogous to 
the preceding. Recrystallized from isoamyl alcohol, it 
forms fine plates. I t is soluble in water, ethyl alcohol and 
hot propyl and amyl alcohols; insoluble in ether and ben­
zene; m. p. 187° (dec.).

Anal. Calcd. for ChH i5C1N20 3S: Cl, 12.20. Found: 
Cl, 12.29, 12.31.

/8-(^-Nitrobenz-thio)-ethyltrimethylammonium Iodide.
—This quaternary ammonium compound was obtained 
from /8-(/>-nitrobenz-thio)-ethyldimethylammonium chlo­
ride, using dilute sodium bicarbonate solution to liberate 
the free base, and methyl iodide according to the method 
described above for the preparation of the corresponding 
/8-methyl compound; yield 81%. The compound is 
moderately soluble in water, slightly soluble in the al­
cohols and insoluble in ether. Recrystallized from water, 
it forms yellow-orange plates which darken a t 195° and 
melt at 212-216° to a red melt.

Anal. Calcd. for Ci2Hi7ÏN20 3S: I, 32.05. Found:
I, 32.08, 32.05.

Pharmacological Experimental Part
W it h  D. G r e e n  a n d  M. Z if f

The experiments were performed upon cats 
anesthetized by means of nembutal. The fol­
lowing effects were noted:

1 . Acetylcholine or “muscarine” action: a 
fall in blood pressure of vascular origin and pre­
vented by atropine.

2 . “Stimulating nicotine” action: a rise in 
pressure due to stimulation of sympathetic ganglia 
cells.

3. “Paralyzing nicotine” action: abolition of 
effects on the eye upon electrical stimulation of the 
cervical sympathetic; abolition of the rise in 
pressure caused by small doses of nicotine.

4. “Curare” action: abolition of response to 
electrical stimulation of motor nerves (femoral).

P - Acet - thio - ethyltrimethylammonium iodide 
had a moderate acetylcholine effect, being in the 
order of one hundredth as active as acetylcholine. 
In one experiment, 0.1 mg. of the drug caused a 
fall of 48 mm. as compared with a fall of 64 mm. 
produced by 0.001 mg. of acetylcholine. This 
effect was most marked in doses of the order of
0.1 mg. In larger doses, the “stimulating nico-
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tine” effect was so great—even without previous 
administration of atropine—as to partially neu­
tralize the fall in pressure by the production of 
a sècondary rise. After atropine, the pressure rose 
abruptly and then fell rather slowly to normal. A 
curious feature of this return, after atropine, was 
the occcurrence of marked Traube-Hering waves.

After adrenalectomy, the “stimulating nico­
tine” effect was somewhat diminished, but still 
pronounced. The return of pressure to normal 
was much more rapid, however. The relation­
ship of the acetylcholine to the “stimulating nico
tine” effect, under various conditions, is shown
T ab le  I.

Table I
Dose (m g./kg.) Initial pressure Fall to 2° Rise to

Acet-thiocholine iodide
0.0277 158 110 164

.057 150 134 178

.33 136 98 194

.57 136 112 190

.75 122 76 120
2.2 144 40 74

After atropine
0.0277 128 162

After atropine and adrenalectomy
0.0277 144 164

.055 148 184
/3-Methyl-aceMhiocholine iodide

0.0277 158 136 190
.057 120 214
.50 114 96 148
.75 106 76 104

After atropine
0.0277 130 208

After atropine and adrenalectomy
0.0277 142 208

.055 154 236
Methyl-thiocholine iodide

0.0455 138 104 150
.091 110 66 126
.435 128 84 132

The “paralytic nicotine” and “curare” effects 
of this compound became evident rather ab­
ruptly as one increased the dosage. Thus, evi­
dences of these effects were lacking in doses of 
0,285 and 0.33 mg. per kilogram; whereas, in 
doses of 0.75, 0.90 and 2.2 mg. per kilogram, 
both effects were not only strong but the curari- 
form paralysis of respiration was ultimately suf­
ficient to produce death.

13 - (Acet - thio) - propyltrimethylammonium io­
dide had an acetylcholine action somewhat weaker

than the acet-thiocholine. In one experiment
0.1 mg. caused a fall of 32 mm. as compared with 
a fall of 48 mm. produced by the same amount of 
the latter. The acetylcholine action of the com­
pound was obscured to a far greater extent, how­
ever, by the “stimulating nicotine” effect, which 
was very pronounced, in some cases so great that 
the only observable blood pressure effect was a 
rise. The effect of the /Tmethyl group of this 
substance, which caused more than a two-fold 
increase in the pressor activity over that of the 
parent substance, seems remarkable. After atro­
pine, the pressor effect was enhanced, and Traube- 
Hering waves observed. Adrenalectomy again 
diminished, somewhat, the “stimulating nicotine” 
action and markedly shortened its duration. 
“Curare” and “paralytic nicotine” effects were 
observed in doses of 0.5 to 0.75 mg. per kilogram, 
but unlike the effects with corresponding doses 
of acet-thiocholine they were transient and did 
not cause death of the animal.

j8-Methylthio-ethyltrimethylammonium iodide 
was investigated briefly. It exhibited a mod­
erately strong and consistent acetylcholine action, 
being in that respect about equal to that of the 
acetyl-thio derivative. There was in this com­
pound (as in the others of the series) a definite 
rise in pressure observable even without the ad­
ministration of atropine, as seen in Table I. 
“Curare” and “paralytic nicotine” effects were 
observed in doses of 0.435 mg. per kilogram. 
Respiratory paralysis was transient, however, and 
did not cause death.

P ro to co l

Cat No. 11; 3.6 kg.; Nembutal 2.8 grains; blood pres­
sure from the carotid artery; injections into femoral vein. 
AcC = acetylcholine bromide; PD-1 = acet-thiocholine io­
dide ; PD-2 = -methyl-acet-thiocholine iodide.
9:32 AcC, 0.001 mg. Blood pressure fell 64 mm. 

(160 to 96).
9:51 PD-1, 0.1 mg. Blood pressure fell from 158 to

110 mm. and then rose to 164. Respiratory stimu­
lation.

9:54 PD-2, 0.01 mg. Practically no effect.
9:57 PD-2, 0.1 mg. Blood pressure fell from 158 to 

136 mm. and then rose to 190 mm. Respiratory 
stimulation.

10:10 Atropine sulfate, 4 mg.
10:18 AcC, 0.001 mg. Blood pressure rose from 108 to 

118 mm.
10 :26 PD-1, 0.1 mg. Blood pressure rose from 128 to 

162 mm. Traube-Hering waves noted.
10:30 PD-2, 0.1 mg. Blood pressure rose from 130 to 

208 mm. and slowly returned to 136 mm.
10:40 Adrenalectomy bilaterally.
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11:29 AcC, 0.001 mg. Little effect.
11:32 PD*2, 0.1 mg. Blood pressure rose from 142 to 

208 mm. Rapid return to normal.
11:35 PD-1, 0.1 mg. Blood pressure rose from 144 to 

164 mm. -Traube-Hering waves. Transitory res­
piratory stimulation.

11:38 PD-2, 0.2 mg. Blood pressure rose from 154 to 
236 mm. Traube-Hering waves. Transitory res­
piratory stimulation.

11:43 PD-1, 0.2 mg. Blood pressure rose from 148 to 
184 mm. Traube-Hering waves. Transitory res­
piratory stimulation.

The authors wish to express their appreciation 
and thanks to Professor George B. Wallace, in 
whose laboratory most of the experiments were 
performed.

Summary
1. Methods of preparation of tertiary amino 

alkyl thiols are described.
2. Thioethyldimethylamine and its /3-methyl 

derivative have been acylated and the resulting 
thioesters converted into quaternary ammonium 
derivatives yielding thioesters of choline and fi- 
methylcholine.

3. The acetyl derivatives of thiocholine and 
the acetyl derivative and methyl thioether of /3- 
methylthiocholine have been tested pharma­
cologically for their acetylcholine, “stimulating” 
and “paralytic nicotine” and “curare” actions.
N e w  Y o r k , N. Y. R e c e iv e d  M a y  27, 1938

[A C o m m u n ic a t io n  f r o m  t h e  L a b o r a t o r y  o f  C h e m is t r y  o f  t h e  U n iv e r s it y  o f  W i s c o n s i n ]

Effects of Solvents on Polarographic Wave Heights
B y E dmond S. P er a c ch io1

vSince the discovery of the polarograph by Hey- 
rovsky, many contributions have been made to 
the literature involving the use of the instrument. 
Aside from describing the process at the dropping 
mercury capillary electrode and developing equa­
tions for the polarographic curve, most papers 
were concerned with proof of reduction or qualita­
tive detection of a great variety of substances. 
Actual applications of the method to quantitative 
analysis were few in number and often the proce­
dures were poorly defined. Heyrovsky, Ilkovic 
and others have mentioned variables which affect 
wave height and its relationship to concentration 
of a given ion. In this connection they have in­
cluded the mobility of the reducible ion as an im­
portant consideration. When one examines sev­
eral papers which have appeared in the literature,2 
it may seem that a given amount of one reducible 
substance will give a wave height equal to that of 
an equivalent amount of another reducible sub­
stance or that differences between the wave for 
equivalent amounts of two different ions are not 
significant in quantitative analysis. From our 
studies it became evident that this was not neces­
sarily true. At the same time it is true that the

(1) This paper is offered in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. The work was supported 
by a grant from the Wisconsin Alumni Research Foundation.

(2) References on Wave height discrepancies: Heyrovsky and
Nejedly, Coll. Czech. Chem. Comm., 3, 126 (1931); Suchy, ibid.,
3, 358 (1931) ; Prajzler, ibid., 3, 408 (1930); Ilkovic and Semerano, 
ibid., 4, 176 (1932); Tokuoka, ibid., 4, 452 (1935); Rylich, ibid., 
7 ,290  (1935).

and  V il l ie r s  W. M elo c h e

order of magnitude of these differences could be 
changed by the addition of various reagents to the 
solution of the sample.

Since in a preliminary investigation we found 
that the wave for lithium chloride was defined bet­
ter in a solution containing ethyl alcohol than it 
was in water, it was decided to extend the study 
of the polarographic wave heights to systems con­
taining high concentrations of non-aqueous sol­
vents.

The purpose of this investigation is to illustrate 
the differences in wave heights which exist for 
equivalent weights of the alkali metals in certain 
aqueous solutions and to show how these differ­
ences are affected by the introduction of certain 
organic solvents.

Apparatus.—The usual Heyrovsky3 polarographic sys­
tem was used. A few changes were made in the manipu­
lation and construction of the dropping mercury cathode. 
In the usual construction of the cathode, a mercury reser­
voir is suspended about 15 inches (38 cm.) above the 
capillary tip and is connected to the tip by means of gum 
rubber tube. This arrangement was not satisfactory even 
when the tube received special treatment. For our experi­
ments, a 100-ml. dropping funnel was used as the reservoir, 
Fig. 1. The glass tube below the stopcock was long 
enough so that the distance from the surface of the mer­
cury in the reservoir to the capillary tip afforded a mercury 
pressure of about 15 to 20 inches (38-51 cm.). The capil­
lary was attached to the glass tube from the reservoir by a 
short piece of rubber tube which had been conditioned by

(3) Hohn, Z. Elektrochem., 43, 127 (1937); Winkle and Proske, 
Angew. Chem., 50, 18 (1937).
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boiling in dilute sodium hydroxide, washing with hydro­
chloric acid and finally with water. Thermometer tube, 
5.0 mm. o. d. and 0.5 mm. i. d., was used for the capillary 
tips, the tubes being drawn in such a manner that they had 
a long gradual taper. To prepare a tip for use, it was at­
tached to the reservoir as described and immersed in 
water. Successive small portions were broken off until 
the mercury droplet barely formed. Using a solution 0.1 
N  in tetramethylammonium hydroxide and 0.001 iV po­
tassium chloride, the necessary connections were made 
preparatory to electrolysis and the trolley was set for a 
voltage nearly equal to the reduction potential for the 
potassium. Successive small portions were again broken 
from the tip until the oscillations of the galvanometer were 
at a minimum for a given voltage. Such a tip produces a 
smooth curve when used in the analysis of the alkali met­
als. The drop rate is usually about 1 drop every two 
seconds.

A straight-walled vessel was used instead of the usual 
Erlenmeyer type used by Heyrovsky and others (Fig. 2). 
The rubber stopper in the vessel had two holes. In one 
there was a glass tube which was slightly larger than the 
capillary tip and through which the tip could move freely 
as through a sleeve. The other hole provided for a tube 
through which hydrogen could be passed over the surface 
of the solution. The whole cathode, Fig. 1, was supported 
on a ring stand in such a manner that it could be raised or 
lowered by adjustment of a screw. In ordinary cases the 
hydrogen used for removing the dissolved oxygen from the 
solution of the sample was purified by passing it through 
alkaline pyrogallol and then through sulfuric acid. When 
the solution to be examined contained a highly volatile 
substance, the hydrogen was saturated by passing it 
through a portion of the solution before it passed through 
the sample in the vessel. This minimized the change of 
concentration caused by loss of the volatile substance.

Materials.—Tetramethylammonium hydroxide was used 
as the supporting electrolyte for all of the work with the 
alkali salts. I t  was prepared as follows: 17 g. of silver 
nitrate was dissolved in about 150 ml. of water. Four 
grams of sodium hydroxide was dissolved in about 150 ml. 
of water and poured with vigorous stirring into the silver 
nitrate solution. The precipitated silver oxide was washed 
12 to 15 times by decantation using about 300 ml. of dis­
tilled water, mixing thoroughly each time and draining as 
completely as possible. Fifteen and six-tenths grams of 
tetramethylammonium bromide was dissolved in about 
100 ml. of water and the solution poured with vigorous 
stirring into the washed silver oxide. After mixing, the 
solution was decanted and allowed to stand for several 
days. During this time most of the very fine particles of 
silver bromide settled. The solution was filtered through 
hard paper, diluted to 200 ml. and was ready for standardi­
zation.

Sodium chloride was prepared from a sample of fused 
sodium chloride by saturating a solution of the fused salt 
with hydrogen chloride, forcing the sodium chloride put of 
solution. The sodium chloride thus obtained was re­
crystallized from water.

Potassium chloride was prepared by treatment of ana­
lytical reagent potassium carbonate with hydrochloric acid 
and subsequent recrystallization of the potassium chloride.

Rubidium and cesium chlorides were prepared from 
analytical reagent quality materials. The chlorides were 
further purified according to the method of Wells and 
Stevens4 for the separation of the alkali metals.

Lithium chloride was prepared from lithium metal and 
freshly prepared hydrochloric acid. The lithium chloride 
was extracted with pyridine to separate it from any of the 
other alkalies. Finally it was recrystallized from water.

Rochelle salt used as the supporting electrolyte in the 
cadmium and lead systems was reagent quality.

The alcohols used, methyl, ethyl, and propyl, were dried 
over calcium oxide and then fractionated. The fraction 
collected boiled over a 1° range. Ethylene glycol, tri­
methylene glycol, and glycerol were treated in a similar 
manner.

1,4-Dioxane was dried over sodium metal and fraction­
ated. Only freshly distilled product could be used. Ap­
parently, on standing, the dioxane tends to form peroxides 
and these react with the mercury in the polarographic 
vessel. Freshly distilled dioxane did not do this.

Water was redistilled in a copper still and only the 
middle third collected for use.

The mercury used for the cathode and anode was aerated 
under a solution of sodium hydroxide, washed in a tower 
with 3% nitric acid, and finally with water. The dry 
mercury was distilled under reduced pressure.

Method.—Fairly concentrated stock solutions were 
prepared so that by taking a definite aliquot of each re­
agent and mixing them together the resulting solution 
contained each constituent in the desired concentration. 
The solutions used for electrolysis were made 0.001 A to the 
reducible ion, i. e., sodium, potassium, etc., and 0.1 N  to

(4) Wells and Stevens, Ind. Eng. Chem., Anal. Ed., 6, 439 (1934).
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the supporting electrolyte, tetramethylammonium hy­
droxide.

The concentration of the organic solvent was generally 
80% except in a few cases where the concentration is 
specified. A sufficient quantity of the solution was pre­
pared so that a portion of it could be placed in the satura­
tion vessel and a portion in the cell used for electrolysis. 
Oxygen-free hydrogen was passed through the two solu­
tions until the oxygen was removed from the solutions. 
This operation required three to five minutes. The solu­
tion was then ready for electrolysis. Wave heights were 
measured according to the method described as A4B4 by 
Borcherdt, Meloche and Adkins.5 There was a slight 
exception in that the slope of the base of the curves was 
more nearly horizontal than illustrated. Therefore an 
application of the method AiBi would not alter the results 
very much.

Wave Heights in Aqueous Systems.—In the course of 
our polarographic investigations, it was observed that the 
wave heights for equivalent weights of sodium and potas­
sium were not equal. An illustration of this difference 
appears in Fig. 3. The first four curves represent 0.001 N

Fig. 3.—Curves 1, 2, 3, 4 for 0.001 N  NaCl; 
curves 5, 6, 7, 8 for 0.001 N  KC1; curves 9 and 
10 for 0.0005 N  NaCl and 0.0005 N  KC1.

sodium chloride, the second four 0.001 N  potassium chlo­
ride, and the last two represent a 1-1 mixture of sodium 
chloride and potassium chloride, the total concentration of 
the mixture being 0.001 N, The average wave height for 
sodium is 0.755" (19.1 mm.) and the average for potassium 
is 0.858" (21.8 mm.). An average value for the 1-1 mix­
ture of sodium and potassium as represented in the last 
two curves of Fig. 3 is 0.823" (20.9 mm.) and this is 0.068" 
(1.7 mm.) more than the equivalent wave height for so­
dium. Since the reduction potentials for the alkali metals 
are close to each other, the polarograph does not register 
them separately. One might expect that the wave height 
for a 1-1 mixture of 0.0005 N  sodium and potassium would 
give a wave height half-way between the equivalent height 
for 0.001 N  sodium and 0.001 N  potassium. The curves 
which illustrate this point actually show a difference of 
0.103" (2.6 mm.) between sodium and potassium, and the 
wave height for the mixture is 0.068" (1.7 mm.) greater than 
the sodium, showing that the wave height for the mixture 
did not fall half-way between the height for the sodium 
and the potassium but nearly so. I t did not seem that 
these differences were small enough to be ignored; hence 
this study was extended to include rubidium and cesium.

Solutions of equivalent weights of sodium, potassium, 
rubidium, and cesium chlorides were prepared and electro­
lyzed under conditions identical to those illustrated by the

(5) Borcherdt, Meloche and Adkins, T h is  Jo urnal, 59, 2171 
(1937).

polarograms in Fig. 3. A representative set of curves for 
such a series is shown in Fig. 4. Direct comparison of the 
magnitude of the wave heights in Figs. 3 and 4 cannot be 
made because the sensitivity was different for each series 
and the tip also was different. By comparing the average 
wave heights in Fig. 4 one observes that the difference 
between sodium and potassium is 0.127" (3.2 mm.), between 
potassium and rubidium 0.042" (1.1 mm.), and between 
rubidium and cesium 0.067" (1.7 mm.). The order of mag­
nitude of the wave heights increases in the order sodium, 
potassium, rubidium, and cesium.

Fig. 4.—Curves 1 and 2 for 0.001 N  NaCl; 
curves 3 and 4 for 0.001 N  KC1; curves 5 and 
6 for 0.001 N  RbCl; curves 7 and 8 for 0.001 N  
CsCl.

Curves for lithium are not included in Fig. 4. This is 
due to the fact that the saturation wave for lithium is im­
perfectly, if a t all, defined in aqueous systems.

In comparing the differences in wave heights for equiva­
lent weights of elements of the alkali group, there is a 
variation in atomic weight from sodium to cesium. I t  is 
desirable to examine other elements not only to provide an 
element having a higher atomic weight but to provide two 
elements which are reduced at different potentials. Cad­
mium and lead were chosen for the purpose. For an 
electrolysis, it was found that 0.06 N  Rochelle salt was 
satisfactory. The reducible ions, cadmium and lead, were 
0.001 N. Representative results from this study are 
shown in Fig. 5. I t  can be seen that a difference does exist 
between the wave heights for equivalent weights of cad­
mium and lead. For a 1-1 mixture of the salts, the total 
equivalent weight being equal to that of the previous 
curves, the two waves did not appear in a ratio of 1-1 but 
appeared in heights nearly proportional to the differences 
shown in the two previous curves.

In the introduction we mention articles2 that seem to 
indicate that equivalent amounts of cadmium, lead, and 
bismuth gave wave heights which were practically identi­
cal. While we will show that it is possible to change the 
environment in such a manner that the wave heights for 
equivalent amounts of different elements are the same, it 
did not seem that equal normal solutions necessarily should 
give equal wave heights for cadmium, lead, and bismuth 
when lithium nitrate and nitric acid were used as the sup­
porting electrolyte in an aqueous system. Heyrovsky and 
Suchy2 used lithium nitrate and nitric acid as supporting 
electrolytes when they studied the polarographic behavior 
of cadmium, lead, and bismuth. Since we had not used 
this particular supporting electrolyte, we repeated our 
experiments on cadmium, lead, and bismuth, duplicating 
as nearly as possible the conditions described by the above 
authors in their papers. Our results are shown in Fig. 6. 
It is observed that the differences in wave heights for cad-
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mium and lead in this system are even greater than they 
appeared in Fig. 5 when Rochelle salt was used as the 
electrolyte. The second curve in Fig. 6 illustrates the

Fig. 5.— Curves 1 and 2 for 0.001 N  Cd(N03)2; 
curves 3 and 4 for 0.001 N  Pb(N 03)2; curves 5 
and 6 for 0.0005 N  Cd(N03)2 with 0.0005 N  
P b ( N 0 3) 2.

addition of bismuth to the mixture. So far as the sensi­
tivity of this system is concerned, the addition of bismuth 
did not seem to alter the differences which were previously 
observed between cadmium and lead.

Bi Pb & Q  U H O ^

172 cc sUN HNC, ' 

ZJÖtt H U NO , 
<xzcc atn 
azcc ö/M Pb(na 
OZcc CHN C4(tt x

weights of sodium or potassium in different alcohols. A 
graph of percentage alcohol against wave height reveals 
that, in general, wave height decreases as the concentra­
tion of the alcohol increases. An equivalent weight of 
sodium or potassium in 70% ethyl or methyl alcohol gives 
wave heights of about the same magnitude. For a solu­
tion of propyl alcohol, the wave heights are decidedly 
lower.

T a b l e  I
Conversion factor inches to mm. =  25.4

Curve
%

alcohol Methyl ale.
Wave height, inches 

Ethyl ale. Propyl ale.

1 0
Sodium Chloride 

1.38 1.40 1.37
2 10 1.27 1.33 1.14
3 20 1.18 1.21 0.99
4 30 1.17 1.16 .89
5 40 1.10 1.09 .81
6 50 1.13 1.00 .78
7 60 1.01 0.99 .68
8 70 1.08 1.00 .56

1 0
Potassium Chloride 

1.165 1.175 1.185
2 10 1.08 1.110 1.075
3 20 1.045 1.065 1.00
4 30 0.995 1.03 0.92
5 40 .915 1.03 .90
6 50 .945 1.02 .765
7 60 .92 0.975 .70
8 70 .935 .99 .68

Fig. 6.—Curve 1 for 0.001 M  Cd(N03)2 with 0.001 
M  Pb(N 03)2; curve 2 for 0.001 M  Cd(N03)2; curve 2 
for 0.001 M  Cd(N03)2, 0.001 M  Pb(N 03)2 and 0.001 
M  Bi(N03)3.

This information further substantiates the differences 
found for the elements of the alkali 'group, and indicates 
that when dealing with more than one element in solution, 
one cannot assume that equal wave heights of different 
elements mean equivalent concentration.

Wave Heights in Water-Alcohol Systems.—We know 
that aside from such factors as the capillary tip and tem­
perature, we can alter the wave height for a given sub­
stance by changing the chemical environment. In the 
following experiments the effect of organic solvents on 
polarographic wave heights is described. A concentration 
of alcohol was selected which would easily change the 
character of the solution and yet not cause too great a 
difficulty in dissolving the salts of the alkali metals. Fig­
ure 7 represents the electrolysis of solutions containing the 
alkali chlorides 0.001 N, ethyl alcohol 80%, and tetra­
methylammonium hydroxide 0.1 N  Several important 
differences can be noticed. In the water-alcohol system 
lithium now shows a reproducible saturation wave. The 
order of the differences in wave height is lithium, sodium, 
potassium, rubidium, and cesium. Differences in wave 
height for equivalent amounts of these elements are less in 
alcohol-water than in pure water.

Table I gives the order of magnitude of decrease in wave 
height for sodium or potassium in various concentrations 
of alcohol as well as the relative wave heights for equivalent

Since we know that the differences in wave heights for 
sodium and potassium are greater in the water system than 
in the water-alcohol system, it seemed desirable to extend 
this study to certain other organic solvents. We therefore 
included ethylene glycol, trimethylene glycol, and glycerol.

.001N To m AlcoM
.IN To (CH^NOH,

So*ufioit

Fig. 7.—Curve 1 for 0.001 N  Li Cl; curve 2 
for 0.001 N  NaCl; curve 3 for 0.001 N  KC1; 
curve 4 for 0.001 N  RbCl; curve 5 for 0.001 N  
CsCl.

Polarograms for equivalent weights of sodium and 
potassium chlorides in ethylene glycol, trimethylene glycol, 
and glycerol are shown in Fig. 8. In curve 1 of Fig. 8, we 
have shown an equivalent weight of sodium chloride in 
water as a reference. Curve 2 shows sodium chloride in 
80% ethyl alcohol; curve 3, sodium chloride in 80% 
ethylene glycol; curve 4, sodium chloride in 80% tri­
methylene glycol; curve 5, sodium chloride in 80% 
glycerol. Figure 9 represents a similar series for potas­
sium. I t  will be noted that the wave heights for both 
sodium and potassium in these solvents decrease in the 
order mentioned, namely, water, ethyl alcohol, ethylene
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glycol, trimethylene glycol, and glycerol. As previously 
mentioned, in the water system, a given concentration of 
potassium gives a higher wave than an equivalent concen­
tration of sodium. Equivalent concentrations of sodium 
and potassium give lower wave heights in 80% alcohol 
than in the water system, and the differences in height for 
sodium and potassium are less in the alcohol-water system 
than they are in pure water. While the wave height in 
80% ethylene glycol is less than that in 80% ethyl alcohol, 
there is still a perceptible difference shown for equivalent 
weights of sodium and potassium. Wave heights in tri- 
methylene glycol are only slightly smaller than those in 
ethylene glycol, and the differences shown for equivalent 
weights of sodium and potassium are almost imperceptible.

Fig. 8.—Curve 1 for 0.001 N  NaCl in water; 
curve 2, same in ethyl alcohol; 3, in ethylene gly­
col; 4, in trimethylene glycol; 5, in glycerol.

The wave heights for equivalent weights of sodium and 
potassium in a solution containing glycerol are lowest of 
all, and there is no perceptible difference in the two wave 
heights. However, it will be noticed that while the shape 
of the curves for samples containing alcohol was almost 
ideal for quantitative measurements, the waves for the last 
three curves in Fig. 8 and Fig. 9 are successively less well 
defined. In this connection it may be observed that the 
viscosities of the last three media are relatively high.

, 0 0 1 N K in  Ö 0  %  Pohjhjjfyc Alcohols

SIS'

Fig. 9.—Curve 1 for 0.001 N  KC1 in water;
2, same in ethyl alcohol; 3, in ethylene glycol;
4, in trimethylene glycol; 5, in glycerol.

Wave Heights in Dioxane-Water System.—Figure 10 
shows four curves, the first two of which represent equiva­
lent weights of sodium and potassium in water and the 
second two represent the same weights of sodium and 
potassium in 70% dioxane. While the waves are less well 
defined in the dioxane system, it is important to note that 
the waves for sodium and potassium are practically identi­
cal. Figure 11 shows curves for equivalent weights of 
sodium, potassium, rubidium, and cesium in 80% dioxane. 
In  this system the curves, so far as measurement is con­
cerned, are identical. Since the curves in Fig. 10 are made

i .001N Ne &K in Water & 70'% Dioxane

\ 4-"

Fig. 10.—Curve 1 for 0.001 N  NaCl in water;
2, 0.001 N  KC1 in water; 3, 0.001 N  NaCl in 
dioxane; 4, 0.001 IVKC1 in dioxane.

with a different tip, they cannot be compared with curves 
in Figs. 8, 9, and 11. However, it may be mentioned that 
an equivalent weight of sodium or potassium in 80% 
dioxane gives a smaller wave height than it does in either 
water or alcohol systems.

N Io RbACs m SOS Sdu-ho# ‘

Fig. 11.—Curve 1 for 0.001 N  NaCl in diox­
ane; 2, for 0.001 N  KC1; 3, for 0.001 N  RbCl; 
4, 0.001 N  CsCl.

Conclusion
In a preliminary paper before the Wisconsin 

Academy of Science6 we reported that when solu­
tions of sodium chloride and potassium chloride 
which are 0.001 N  to chloride and 0.1 N  to tetra­
methylammonium hydroxide are examined by 
means of the polarograph, the wave heights are 
not the same. In the present paper we have 
shown that the wave heights are different not 
only for equivalent concentrations of sodium and 
potassium chloride but also for all of the alkali 
chlorides. The wave heights increase in magni­
tude from sodium to cesium. These differences 
are not small enough to be ignored and therefore 
interfere with the application of the polarograph 
to quantitative analysis. In the usual procedure 
for the estimation of one element in an unknown 
an internal standard is used. The unknown is 
prepared in a suitable solution with a supporting 
electrolyte and a polarogram is recorded. Then 
a known amount of the element to be determined 
is added and another curve is recorded. The in­
crease in wave height caused by the added stand­
ard is measured and from this the relationship

(6) Peracchio a.nd Meloche, W isconsin Acad. Sci., April 17, 1936.
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between wave height and concentration of the 
element is calculated. By this procedure a rea­
sonably precise value is obtained.

When there is more than one reducible ion in 
solution, one cannot presume that if the relation­
ship between wave height and concentration is 
established for one, it will also hold for the others. 
In the precise application of the polarograph to 
chemical analysis, one is faced therefore, with the 
necessity of correcting for the discrepancies which 
exist or eliminating them.

In reporting the effect of the addition of certain 
non-aqueous solvents to solutions used in polaro­
graphic analysis we have shown that the wave 
heights for equivalent concentrations of alkali 
chlorides were lowered and that the differences 
between the wave heights for the alkalies were 
lessened. We also indicated that in solutions 
which contained 80% dioxane the wave heights 
for equivalent weights of alkali chlorides were the 
same. From these data one might assume that 
in cases where more than one element is to be de­
termined one should use dioxane in the solution. 
This is by no means the case. Certainly, at pres­
ent there is no one set of conditions which satisfy 
all samples. Information must be collected for 
the case at hand.

Ilkovic, Heyrovsky, Kemula, and Maas7 have 
reported studies on the limiting current and have 
suggested the dependence on the diffusion con­
stant, on the rate of dropping and the size of the 
drops at the dropping mercury cathode. Little 
emphasis has been placed on the importance of 
mobility in the application of the polarographic 
method to quantitative analysis. The few papers

(7) Information on limiting current: Ilkovic, Coll. Czech. Chem. 
Comm., 6, 498 (1934); Heyrovsky, ibid., loc. cil.; Kemula, Congress 
Pure and Applied Chemistry, Madrid, 1934; Maas, Coll. Czech. 
Chem. Comm., 10, 42 (1938).

in this field have ignored the existence of dif­
ferences in mobility and consequent differences in 
wave heights. This would be permissible if the 
highest degree of precision is not attempted. How­
ever, wave height differences cannot be ignored if 
the application of the technique is to be precise.

Summary
Polarograms are shown for sodium, potassium, 

rubidium, and cesium chloride in aqueous solutions 
and differences in wave height are shown to exist 
for equivalent concentrations of the chlorides.

Contrary to indications in the literature, it is 
shown that equivalent concentrations of cadmium, 
bismuth and lead chlorides do not give equal wave 
heights.

It is shown that the presence of various alcohols 
lowers the wave heights exhibited in aqueous solu­
tions. Differences between the wave heights for 
equivalent concentrations of alkali chlorides are 
lessened.

Addition of certain polyhydric alcohols to the 
aqueous solutions of the alkali chlorides also 
lowered the wave heights but in cases of the 
more viscous solutions the curves were poorly 
defined.

When dioxane was added to aqueous solutions 
of the alkali chlorides, the wave heights for equiva­
lent concentrations of the salts were the same. 
Although the shape of the curves was not ideal, 
the wave heights could be measured and the curves 
were suitable for quantitative analysis.

While the universal use of organic solvents in 
solutions prepared for the polarograph is not rec­
ommended, there are many cases where the use 
of such systems is desirable and in some cases 
even mandatory.
Madison, Wisconsin Received April 4, 1938
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[C o n t r ib u t io n  fro m  t h e  R e s e a r c h  L a b o r a t o r y , G e n e r a l  E l e c t r ic  C o m p a n y ]

The Hydroxyanthraquinones as Analytical Reagents. 
The Colorimetric Determination of Zirconium or Hafnium

B y H erm an  A. L ieb h a fsk y  and E arl H . W in slo w

The use of the hydroxyanthraquinones in ana­
lytical chemistry has grown steadily since A tack1 
discovered that aluminum could be detected with 
alizarin red S,2 the sodium salt of alizarin sulfonic 
acid. Their value as colorimetric reagents for 
precise quantitative work, however, has not been 
appreciated widely partly because the compounds 
(lakes) which these dyes form with all or nearly 
all metallic cations3 are sparingly soluble, and 
partly because the dyes themselves are so intensely

Fig. 1.—Transmission curves for each of the 
three* hydroxyanthraquinones in dilute alcoholic 
solution.

colored that the quantitative estimation by simple 
visual comparison of a small amount of lake in 
the presence of excess dye is practically impos­
sible. In working with zirconium and hafnium,

(1) Atack, J . Soc. Chem. Ind., 34, 936 (1915). ^
(2) Cf. Feigl, “Qualitative Analyse mit Hilfe von Tüpfelreaktio- 

nen,” Akademische Verlagsgesellschaft, Leipzig, 1938, for an excellent 
discussion of and reference to the use of the hydroxyanthraquinones 
in analytical chemistry.

(3) Cf. Beilstein, “ Handbuch der organischen Chemie," 4th Ed., 
Erstes Erganzungswerk, Vol. VIII, Verlag von Julius Springer, 1931, 
pp. 711, et seq.

we have minimized the first difficulty by maintain ­
ing the lakes at great dilution in 95% ethyl alco ­
hol. Color interference, the second difficulty, 
does not exist when a spectrophotometer4 is used. 
This investigation is an attempt to establish the 
hydroxyanthraquinones as colorimetric reagents 
upon a systematic quantitative basis through ac­
curate measurements of the light absorbed by 
these dyes and their lakes.

The lakes formed by alizarin with most metallic 
cations, including aluminum, do not persist when 
an excess of a strong acid is added. The extraor­
dinary stability of the alizarin-zirconium lake 
under these conditions was discovered by de­
Boer5 as he attempted to use Atack’s reaction to 
detect aluminum in the presence of zirconium. 
His work afforded us a welcome point of departure 
in the development of the colorimetric methods 
given below, with which it is possible to determine 
even a few micrograms of zirconium or hafnium 
with reasonable accuracy.

The absorption of visible light by acid alcoholic 
solutions of alizarin (1,2-dihydroxyanthraqui- 
none), purpurin (1,2,4-trihydroxyanthraquinone) 
and quinalizarin (1,2,5,8-tetrahydroxyanthraqui- 
none) is shown in Fig. 1. Each of these curves be­
longs to a family that was obtained to establish 
the molar extinction coefficients of the dyes, to be 
subsequently reported. Occasionally small de­
creases in transmission were observed near 6000 
A. with concentrated dye solutions; these were 
probably due to slight impurities not present in 
the stock solutions and introduced haphazardly 
in preparing the specimens for the transmission 
measurements; because of their infrequent, 
random occurrence, fhey were not investigated 
further.

(4) Michaelson and Liebhafsky, Gen. Elec. Rev., 39, 445 (1936), 
give a description of the General ElectVic Company recording photo­
electric spectrophotometer, which plots accurately the absorption 
spectrum of a solution for the visible range as a function of wave 
length in two and one-half minutes.

(5) (a) DeBoer, Chem. Weekhl., 21, 404 (1924). The work was ex­
tended to include the detection of hafnium and fluorine with alizarin 
and other hydroxyanthraquinones by (b) deBoer, Rec. trav. chim., 44, 
1071 (1925); (c) deBoer and Basart, Z. anorg. Chem., 152, 203 (1926), 
who give a method for the titration of fluoride in which the zircon­
ium-alizarin lake serves as indicator. The zirconium-purpurin lake 
is utilized similarly by (d) Kolthoff and Stansby, Ind. Eng. Chem., 
Anal. Ed., 6, 118 (1934).
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General Experimental Details.—All transmission meas­
urements were made with the General Electric Company 
recording photoelectric spectrophotometer.4 The alco­
holic solutions (or suspensions) were usually contained in a 
cylindrical quartz cell (inside length, 5.15 cm., inside 
diameter, 2.40 cm.) with nearly plane ends, which was 
always inserted into the instrument in the same way.

The standard zirconium solution, containing 1 mg. of 
zirconium per cc., was prepared by dissolving c. P. ZrOCl2~ 
8H20  in strong hydrochloric acid at room temperature and 
diluting until the acid concentration was about 2 N; the 
strength of this solution, determined by igniting and weigh­
ing the precipitate obtained from a known volume with 
ammonium hydroxide, showed this salt to be over 99% 
pure. The standard hafnium solution was prepared by 
dissolving a known weight of hafnium dioxide (Deutsche 
Auer Gesellschaft, Berlin) in mixed concentrated hydrofluo­
ric and nitric acids, fuming three times with sulfuric acid, 
diluting, repeatedly precipitating the hydroxide with am­
monium hydroxide until the washings from the precipitate 
gave no test for sulfate, and finally dissolving this hafnium 
hydroxide in strong hydrochloric acid and diluting the 
resulting solution until the acid concentration was about 3
N. The hafnium content of this solution was determined 
by igniting the precipitated hydroxide. A large excess of 
acid is necessary to make certain that no hydrolysis be­
yond MO++ occurs; such hydrolysis interferes with the 
colorimetric methods given below.

The dyes, of good quality, were not purified further. 
They were dissolved by warming them in contact with 95% 
ethyl alcohol; the resulting solutions were cooled, filtered, 
and diluted with additional solvent. Solutions thus pre­
pared precipitated the solute even after weeks or months 
of standing in the laboratory; this annoying behavior, 
which is in accord with Hiittig’s6 observations on aqueous 
solutions of alizarin, is probably due to the formation of un­
stable colloidal suspensions during the heating. (That the 
tendency to form suspensions of this sort is even more 
pronounced with the lakes formed by these dyes will appear 
subsequently.) The stable solutions finally employed 
contained: alizarin, 1.250 mg./cc.; purpurin, 0.754 mg./ 
cc., quinalizarin, 0.328 mg./cc. Presumably solutions of 
these concentrations would have been stable initially.

The Colorimetric Method.—The following detailed in­
structions gradually evolved as zirconium determinations 
were carried out over a period of several months. Reason- 
a r '  ̂adherence to them is advisable if precise results 
are

The , *e fpmied in clean glass-stoppered graduated 
cylinders we been rinsed with alcohol. The proper
volume (sati. ory volumes of our solutions: alizarin,
O. 5 cc.; purprW>#T cc.; quinalizarin, 1.5 cc.) of the stable 
dye solution is added to a small amount (up to, say, 120 
micrograms—the maximum amoui/t permissible varies 
with the dye employed) of the zirconyl ion contained in 1 
cc. or less of about 2 N  hydrochloric acid solution. Strong 
ammonium hydroxide is now added drop by drop until the 
color change of the dye reveals that the solution is slightly 
alkaline. The mixture is then allowed to stand for two 
minutes, neutralized with 1 N  hydrochloric acid, and 0.1 
cc. of 7 N  hydrochloric acid finally added. When this

mixture has been diluted with alcohol to the proper vol­
ume (in our case 27 cc.), its absorption from 4000 to 8000 
A. is measured on the spectrophotometer.

The rate at which the lake forms when no ammonium 
hydroxide is used decreases as the acidity increases; the 
addition of ammonium hydroxide eliminates this difficulty. 
When, in subsequent work, the lakes were formed differ­
ently, the differences are described.

Analytical Results.—The transmission curves 
obtained for a series of zirconium-alizarin deter­
minations are given in Fig. 2, those for a zirco- 
nium-purpurin series in Fig. 3. The curves for 
the zirconium-quinalizarin families resemble 
those of Fig. 3 closely enough so that it is unneces­
sary to reproduce them. The absorption due to 
the dye alone occurs mainly at the shorter wave 
lengths as the curve for the first colored solution 
in each series shows; at wave lengths beyond 
5600 A. (alizarin) or 5800 A. (purpurin) this ab­
sorption is so small that the transmission of the 
dye solution can be taken as Io in evaluating the 
results according to Beer’s law

log,» J  = a  l (L) =  ke21 (ZrO + +) (1)

I  is the light transmitted at a longer wave length 
by the sample containing dye and lake; e2 is the 
molar absorption coefficient of the lake; l is the 
length of the cell in cm.; (ZrO++) is the “concen­
tration” (moles/liter) of this ion calculated from 
the micrograms of zirconium added to 27 cc. ; 
k is a proportionality constant introduced because 
the combining ratio of zirconium to dye is un­
known; (.L) is the “concentration” (moles/liter) 
of the lake in the final solution. The data of 
Figs. 2 and 3 evaluated in this way for several 
wave lengths are shown in Figs. 4 and 5; a quin­
alizarin series is evaluated in Fig. 6; the product 
ke2 is given in parentheses for each line beside the 
corresponding wave length. Examination of 
these figures reveals that: (1) alizarin gives pre­
cise results over the entire range of abscissa ex­
plored; (2) quinalizarin is the most sensitive re­
agent (largest value of ke2)> purpurin being inter­
mediate; (3) as increasing amounts of the zir- 
conium-purpurin lake are formed, I  becomes too 
small, leading to positive deviations from Beer’s 
law, which increase with the wave length; (4) 
under the same conditions, I  for the quinalizarin 
lakes becomes too large, leading to negative de­
viations that tend to decrease with the wave 
length. The positive deviations will be discussed 
below; the negative in a subsequent article. 
We have found it convenient to use the following(6) Hüttig, Z. physik. Chem., 87, 129 (1914).
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Fig. 2.—Standard transmission curves for the esti­
mation of zirconium with alizarin.

wave lengths (at which absorption by the dye is 
negligible) in analytical work: alizarin, 5600 A.; 
purpurin, 5800 A.; quinalizarin, 6200 A.

Effect of Added Substances.—Since the prob­
lem of removing interference by most other me­
tallic cations often can be solved by increasing the 
acid concentration until interfering lakes will not 
form, the effect of added acid on lake formation 
was investigated. As 12 N  hydrochloric or per­
chloric acid was added before dilution with alco­
hol to the lake formed from 50 micrograms of 
zirconium, a minimum in the transmission for 
5600 A. was observed with 0.05 cc. of excess acid. 
The other transmissions corresponded to the 
following decreases in micrograms of zirconium:
4.2 (no excess acid); 4.2 (0.5 cc. excess); 11.6 (1 
cc. excess). The large transmission at 7000 A. 
increased continuously with added excess of acid 
and the change expressed in micrograms of zirco­
nium was much more pronounced at this wave 
length.

Sulfate and fluoride ions unite with zirconyl ion 
to form complex ions so stable that lake formation 
in the presence of sulfuric or hydrofluoric acid is 
decreased or prevented.7 Preliminary experi-

(7) Feigl (ref. 3, p. 254) mentions that fluorides, sulfates, phos­
phates, organic hydroxy acids, molybdates and tungstates interfere 
with or modify the formation of the zirconium-alizarin lake. The

Fig. 3.'—Standard transmission curves for the esti­
mation of zirconium with purpurin.

ments indicate that our colorimetric method 
is adapted to estimating small amounts of either 
of these interfering anions. Sulfate ion has been 
studied more thoroughly, and with the following 
results. When the alizarin lake is formed in the 
usual manner, and sulfuric acid is added before 
dilution, the color due to the lake disappears at a 
measurable rate which increases with greater 
amounts of added acid. When the acid is added 
after dilution, the change is similar but less rapid; 
the transmissions in such experiments increased 
markedly at first, more slowly afterward: whe^"
0.05 cc. of 12 N  acid was added to the final 
cc.) volume, the transmissions at 56Fr 3r 
different times were 55.1% (one-f .ju r); 
68.6% (fifteen hours); 70.4%x ( (y-three
hours); 71.2% (forty-seven hours' vThe trans­
mission without added sulfuric av^l was 13.6% 
at 5600 A. and increased only a few per cent, in 
forty-eight hours.) When the sulfuric acid is 
present initially, much less lake is formed; if 
ammonium hydroxide is used, lake formation is 
less than when the sulfuric acid is not neutralized;
literature on complex zirconium ions containing fluoride and sulfate 
is extensive; cf. (a) Venable, “Zirconium and its Compounds,” 
Chemical Catalog Co., New York, 1922; (b) Ruer and Levin, Z. 
anorg. Chem., 46, 449 (1905); (c) Chauvenet, A nn . chim., [9] 13, 59 
(1920).



Aug., 1938 Colorimetric Determination of Zirconium or H afnium 1779

Fig. 4.—Beer’s law curves for Fig. 2.

in the 0.05 cc. sulfuric acid experiment soon after 
mixing, the transmissions at 5600 A. were 64.8% 
in the former case and 61.0% in the latter. (It is 
strange that these transmissions should be smaller

Fig. 5.—Beer’s law curves for Fig. 3.

than the limiting value, near 70% observed above.) 
Since the presence of 30 mg. of sulfuric acid in­
creases the transmission due to the zirconium 
lake from 14 to 65%, it is obvious (since the trans­
mission values are accurate to 0.1 or 0.2%) that 
this colorimetric method could be used for a rapid 
estimation of sulfate as well as for studying the 
formation of zirconyl-sulfate complex ions. A 
parallel investigation for fluoride ion ought to 
present no serious difficulty.

Micrograms of zirconium added.
Fig. 6.—Beer’s law curves for zirconium-quinalizarin 
experiments like the alizarin experiments of Fig. 2.

The interference of representative metallic 
cations not in the same periodic table group with 
zirconium was studied by adding 1 mg. of these 
ions to 10 micrograms of zirconium and then form­
ing the lakes in the usual manner, that is, using
0.1 cc. of 7 N  hydrochloric acid in excess. Under 
these conditions, the amount of zirconium can­
not be determined accurately from data like those 
in Fig. 4; but the discrepancy in most cases will 
not exceed 50%, and may be positive or negative. 
Fe111, Crln and Co11 decrease the transmission 
most markedly, without changing greatly the 
shape of the curve; WVI and MoVI give curves 
much steeper than those for zirconium in the 
5600 A. region; many cations (Cd++, Cu++, 
Pb++, Al+++), when added in the presence of 
hydrochloric acid, increase the transmission, in­
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dicating that here, as with sulfate and fluoride, 
lake formation is decreased. In order to discover 
whether this decrease persists when chloride ion 
(which readily forms complexes) is absent, the ex­
periments described in Fig. 7 were performed.

Fig. 7.—Interference of cupric ion with the deter­
mination of zirconium.

The curves show that lake formation is decreased 
even with perchloric acid, although to a smaller ex­
tent than with hydrochloric. (It was proved in 
experiments not given that the absorption near 
7000 A. persists when no dye is used; i. e., it is 
the absorption due to the blue, solvated cupric 
ion.) The simplest explanation for the decreas­
ing lake formation encountered when cations 
like Cu++ are added assumes that complex ions 
(e. CuCl4=) derived from them unite with the 
zirconyl ion. If this explanation is correct, it is 
surprising to discover that a similar union can oc­
cur when perchlorate is the principal anion pres­
ent: if ZrO++ can involve perchlorate in complex 
ion formation, it probably can react similarly with 
any other anion.

Experiments have shown that positive errors en­
countered with ions like Fe+++ can be reduced by 
increasing the amount of excess hydrochloric acid 
added; under these conditions, of course, the ab­
sorption due to the zirconium lake is also decreased.

To summarize: When present in hundred-fold 
excess, many cations interfere with the colorimet­
ric estimation of zirconium because they either 
form lakes themselves or because they involve the 
zirconyl ion in complex formation. The former 
interference can be mitigated at the expense of 
sensitivity by increasing the excess of added acid; 
the latter, by working with perchlorates; either 
type of error can be compensated obtaining data 
like those in Fig. 4 with the interfering ion pres­
ent; the shape of the spectrophotometric curves 
often reveals whether interference is occurring. 
There is no reason to believe that these cations 
will influence appreciably the colorimetric deter­
mination of a comparable amount of zirconium.

Fig. 8.—Interference of T ifiv  ̂ and Th(iv  ̂ with the 
determination of zirconium.

A

Other Elements of Group IV.—Figure 8 shows 
the transmission curves obtained when varying 
excesses of concentrated hydrochloric acid were 
added to alizarin lakes formed in the usual man­
ner with hydrochloric acid solutions containing 
TiIV and Thiv. The curve from the thorium ex­
periment with 1 cc. of excess acid is not greatly 
different from the curve for the dye alone; in other 
words, under our conditions interference by tho­
rium is less serious than interference by titanium. 
Also, the absorption spectrum of the thorium lake



Aug., 1938 Colorimetric Determination of Zirconium or Hafnium 1781

differs markedly from those of the titanium and 
zirconium lakes, which resemble each other. This 
difference probably can be traced to the much 
smaller tendency of thorium to hydrolyze.

Although the close chemical similarity of haf­
nium to zirconium militates against the existence 
of any marked difference in their reactions with 
the hydroxyanthraquinones, there was some hope 
of finding a difference detectable by the spectro­
photometer. Curves analogous to those of Fig. 
2 were obtained for each of the three lakes, but 
they are not reproduced because each is qualita­
tively identical with the curve for the correspond­
ing zirconium lake. The Beer’s law data for the 
hafnium-alizarin family are given in Fig. 9. 
Comparison of these kti values with those of Fig. 4 
shows the latter to be, on the average, 1.30 times 
larger ; in other words, a gram atom of zirconium 
combined as the alizarin lake behaves toward the 
spectrophotometer like 1.3 gram atoms of hafnium 
similarly combined. It follows that 1 g. of zir­
conium is spectrophotometrically equivalent to
2.55 g. of hafnium, and that the two elements can 
be determined in a known weight of sample pro­
vided other metallic cations can be removed if 
they are present. Experiments on hafnium lake 
formation with varying excesses of perchloric or 
sulfuric acid gave results similar to those obtained 
with zirconium.

The Lakes as Suspensions.—The general 
behavior of the lakes formed in this colorimetric 
work proves that they form suspensions, not true 
solutions. No matter what dye is used, the lakes 
eventually will settle out provided excess dye is 
present; the settling occurs more rapidly with 
purpurin and quinalizarin; the purpurin lakes 
are the most turbid initially, while those of aliza­
rin seem at first to be in solution; the quinaliza­
rin lakes form the most voluminous precipitate. 
The alizarin and purpurin lakes are red, with the 
latter darker; the quinalizarin lakes are purple. 
Having once settled out, the lakes can be re-dis­
persed easily by shaking; the transmission curve 
of the re-dispersed lake is very little different 
from that of the lake freshly prepared.

Crude sedimentation experiments8 gave 1 
micron as the order of magnitude of the average 
particle diameter in these lakes. Microscopic 
examination revealed that the diameters ranged, 
say, from 0.5 to 5 microns; the larger particles

(8) Cf. Freundlich, “Kapillarchemie,” Vol. I, Akademische Ver- 
lagsgesellschaft, Leipzig, 1930, p. 491.

appeared to be clusters of smaller ones. It ap­
pears, therefore, that we are dealing with parti­
cles, near 1 micron in diameter, suspended in an 
alcoholic dye solution, from which they precipi­
tate as coagulation occurs.

10 20 30 40 50 60 70 80
Micrograms of hafnium added.

Fig. 9.—Beer’s law curves for hafnium-alizarin experi­
ments like the zirconium experiments of Fig. 2.

The rates at which these particles form and dis­
sociate are of interest. Variation, by addition of 
alcohol, of the volume in which the zirconium- 
alizarin lake was formed gave the following trans­
missions for 5600 A.: 10.0% (usual volume, ca.
0.5 cc.); 16.7% (10 cc.); 19.6% (25 cc.). Eight 
hours later these transmissions were: 10.0, 14.9 
and 17.4%; obviously, lake formation, complete 
in the first experiment, was proceeding very 
slowly in the other two. To test the reverse re­
action, 0.2 mg. of zirconium was converted to the 
lake with 1 cc. of dye solution and diluted to 50 
cc. with alcohol. Aliquot parts of the resulting 
suspension were diluted 5 and 25 times; the fol­
lowing transmissions were measured at 5600 A. 
(the transmission of alcohol was taken as Jo):

Relative dilution 1 5 25
Log (Io/I) after 1 hr. 1.01 0.179 0.028
Log (Io/I) after 24 hrs. 0.94 .181 .013

With no change whatever occurring, the values of 
log (Io/I) should be inversely proportional to the 
relative dilution; this is nearly true, not only im­
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mediately after preparation but also after one 
day’s standing. (An increase in transmission 
from 83.6 to only 84.3 caused the large change in 
log (Zo/I)  for the most dilute experiment.) Since 
no appreciable dissociation of the lake was ob­
served in these experiments, more extreme condi­
tions were sought. A zirconium-quinalizarin 
lake was centrifuged out of the dye solution and re­
dispersed in alcohol: no quinalizarin absorption 
was detected in this suspension even after several 
days of standing, after violent shaking (the lake 
precipitated from alcohol also), or after boiling for 
five minutes on the steam-bath; the transmission 
curve of the lake was virtually unaltered by this 
treatment. The conclusion from these experi­
ments is either that an infinitesimal concentration 
of the dye or zirconium prevents the dissociation 
of the lake, or (what is much more probable) that 
this reaction is very slow. The latter explanation 
is more easily reconciled with the observation, 
already mentioned, that sulfuric acid will react 
with a small amount of lake even when the total 
volume is 27 cc.

Fig. 10.—Direct measurement of light scattered by 
a suspended zirconium-purpurin lake.

Scattering of Light.-—Particles approximately 
1 micron in average diameter will scatter visible 
light of all wave lengths. Since this diameter 
does not greatly exceed the average wave length 
of visible light, the scattering is intermediate be­

tween scattering according to Rayleigh’s law 
(amount of scattered light proportional to 1/X4) 
and scattering by white fog (amount of scattered 
light independent of wave length).9 It would not 
be surprising, therefore, to find that the amount 
of light scattered by the suspended lakes decreased 
slightly with the wave length.

Two methods of utilizing the spectrophotome­
ter for measuring scattered light were employed.
(1) A lens was inserted in the path of the trans­
mission beam so that this beam, normally almost 
an ellipse (1" X 13/i6" or 2.54 X 2.06 cm.) at the 
entrance to the integrating sphere, converged to 
an approximate rectangle (W ' X Vie" or 1.58 X
4.75 mm.) at that point. A removable piece of 
black tape just large enough to block out the beam 
could be placed on the cell to permit separate 
measurement of the scattered, and of the scat­
tered plus transmitted light (Fig. 10). (2) Trans­
mission measurements were made with a 1-cm. 
cell in two positions: against the integrating 
sphere (“near” position) and 5.5 cm. removed 
(“far” position). The proportion of scattered

4000 5000 6000 7000
Wave length in Angstroms,

Fig. 11.—Indirect measurement of light scattered by a 
suspended zirconium-purpurin lake.

light entering the sphere obviously would be 
much less in the second position (Fig. 11). Glass 
cells were used for this work; reference to a de­
scription of the instrument4 will aid in showing 
how the measurements were carried out.

(9) Langmuir and Westendorp, Physics, 1, 273 (1931).
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In connection with Fig. 11, assume (1) that a 
narrow transmitted beam i1 decreases in intensity 
from 7$ to I\ as it passes through a 1-cm. cell;
(2) that the scattering and the spatial distribution 
of scattered light are independent of wave 
length ; (3) that the scattered light It entering the 
sphere results from a narrow beam 7^, whose in­
tensity is proportional to that of the transmitted 
beam, from which it deviates at a point10 m, 
where the intensity, the “mean” intensity, of the 
latter is 7^. 7^ will travel through the cell along
a path a, which is greater than l-m, and will have 
decreased in intensity to 7i when it reaches l. In 
the “near” position, the light entering the sphere 
will be l \  +  7J; in the “far” position, the entering 
light will be assumed equal to l\, although it will 
be slightly greater since this position is not at in­
finite distance from the sphere. Under these 
simplified conditions, if second-order effects are 
neglected, it can be shown that

- d  log 'ij
A

dX = [(m +  a) — /]de/dX (2)

This treatment is so approximate that [(m +  a) — 
/] will be taken as unity, thus anticipating the re­
sults to some extent. Then

A =  d log i f
A

dX +  de/dX = 0 (2a)

For Fig. 11, I t / l \  at every wave length was cal­
culated as the difference of the two transmission 
curves divided by the transmission, 7j, for the 
“far” position; e was deduced according to Beer’s 
law from 7q, the transmission of alcohol, and l\; 
the results obtained by applying Eq. 2 to the 
curves in Fig. 11 are given in the lower part of the 
figure. (An increase of 0.1% in I[ at 4800 A. 
produces, other things equal, a decrease of 0.15% 
in the absolute value of 7®, and a decrease at 4700 
A. in A from —0.02 to —0.06. This extreme ex­
ample illustrated the precision required of the 
spectrophotometer for these measurements.) At 
the longer wave lengths, A is consistently nega­
tive, which means, since e is decreasing continu­
ously in this region, that 7s is not increasing rap­
idly enough. Beyond 5800 A., log l \ / l \  actually 
decreases; only in this region do both quotients 
in Eq. 2 have the same sign. The simplest ex-

(10) The point m should lie in the half of the cell nearest the inte­
grating sphere for two reasons. (1) Scattered light originating in the 
other half of the cell must travel a longer path before reaching the 
sphere and hence will be more strongly absorbed. (2) Because of 
geometrical considerations, light from this half of the cell has a 
smaller chance of finding the opening in the sphere.

planation of this behavior is that here the sec­
ond assumption made above is no longer valid— 
probably because the wave length is large enough 
relative to the diameter of the particles to de­
crease their scattering power. Similar calcula­
tions have not been carried out for Fig. 10 be­
cause the scattering background (near 1% at all 
wave lengths as shown by the Curve G) is so large 
that 7® cannot be estimated for all wave lengths. 
Qualitatively Figs. 10 and 11 are in agreement; 
the decrease in 7® is particularly noticeable in the 
former.

This simplified analysis of scattering by the 
suspended lakes shows such scattering to be the 
cause of the positive deviations in Fig. 5; these 
deviations are greater at longer wave lengths be­
cause the ratio of scattered to absorbed light in­
creases with the wave length. Scattering by the 
lakes (and hence their average particle size) de­
creases in the order purpurin, quinalizarin, aliza­
rin; scattering by the dilute dye solutions is too 
small to be measured on the spectrophotometer. 
The increase in transmission at 7000 A. observed 
when excess acid was used (see above) probably 
results from decrease in the amount of scattered 
light, indicating that the particle size is smaller 
with excess acid.

Applicability of the Methods.—Because lake 
formation by the hydroxyanthraquinones appears 
to occur with all metallic cations if the hydrogen 
ion concentration is properly adjusted, there is 
reason to believe that these dyes can be used for 
the accurate colorimetric estimation of, say, 10 
micrograms of any isolated metallic cation. In 
other words, their value as general reagents for 
the estimation of any cation may well offset their 
failure to act as specific reagents in all cases. Per­
haps the simplest way to carry out the estimation 
of any isolated metallic cation is by precipitating 
the lake in ammoniacal solution, washing it free 
of excess dye, and re-dispersing it in basic or acid 
alcohol for the transmission measurements. (Pre­
liminary work on the estimation of small amounts 
of barium has shown the feasibility of this method.) 
When more than one metallic cation is present, 
specificity, to a limited degree at least, may be 
sought by adjusting the hydrogen ion concentra­
tion, or by adding ammonium salts to form com­
plexes with the interfering cations.

The scope of the hydroxyanthraquinones as 
colorimetric reagents thus corresponds roughly 
with that of dithizone (diphenylthiocarbazone),
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which Fischer11 has so thoroughly investigated. 
Our experience indicates that dithizone is a good 
deal more sensitive than the hydroxyanthraqui­
nones (thus €2 for copper dithizonate is about 
35,000lla; €2 for the zirconium-quinalizarin lake 
is only 10,000); that the former reagent is much 
more difficult to prepare and to keep unchanged; 
that procedures involving it are likely to be more 
tedious, and that precise results are more difficult 
to obtain when it is used.

Summary
With the aid of a photoelectric recording spec­

trophotometer, precise colorimetric methods for 
the determination of zirconium or hafnium in 
small amounts have been developed. The meth­
ods involve lake formation with the hydroxyan- 
thraquinone dyes.

Hafnium and zirconium, while qualitatively 
indistinguishable, can be estimated in a known 
weight of sample provided other cations can be 
removed if they are present.

(11) References to Fischer’s valuable work are given by (a) Lieb­
hafsky and Winslow, T h is  Jo ur n a l , 59, 1966 (1937), who used the 
spectrophotometer to study dithizone as a colorimetric reagent.

The effect on lake formation of varying the acid 
concentration has been studied.

Interference by other cations is negligible unless 
these are present in larger excess.

The decrease in lake formation caused by com­
plex formation between zirconyl and sulfate ions 
has been investigated. This decrease is pro­
nounced enough to warrant the belief that the 
colorimetric methods could be used for the esti­
mation of the various anions, particularly fluoride, 
that form complexes of this kind.

The scattering of light by the lakes, which 
are present as suspensions in the alcoholic dye 
solutions, has been briefly investigated and dis­
cussed.

A comparison of the hydroxyanthraquinones 
with dithizone, another colorimetric reagent that 
reacts with many cations, shows the latter to be 
several times more sensitive while the former are 
simpler to prepare and keep, and are capable of 
giving accurate results with the expenditure of 
less time and effort.
S c h e n e c t a d y , N. Y. R e c e iv e d  J u n e  9, 1938

[Co n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , a n d  R a d ia t io n  L a b o r a t o r y , D e p a r t m e n t  o f  P h y s ic s ,
U n iv e r s it y  o f  C a l if o r n ia ]

Artificial Radioactivity as a Test for Minute Traces of Elements
By G. T. Seaborg and J. J. Livingood

The high voltage and large current of the Berke­
ley cyclotron1 have made it possible to obtain 
radioactive isotopes with activities of extremely 
high intensities, especially when deuterons are 
used as the bombarding particles. It is the pur­
pose of this note to show how this circumstance 
has made it possible to identify extremely small 
amounts of impurities by means of their charac­
teristic half-lives, after the substance containing 
the impurities has been bombarded with deuterons 
in the cyclotron. A quantitative estimation of 
the amount of the impurity can be made in those 
cases where the yield of the reaction involving the 
impurity has been previously determined. In 
the cases where this yield is not known an esti­
mate can be made by means of a comparison with 
the known yield of some reaction of the same type. 
As an example the detection of extremely small

(1) Lawrence and Livingston, Phys. Rev., 45, 608 (1934); Law­
rence and Cooksey, ibid., 50, 1131 (1936).

amounts of gallium in iron is described. Other 
examples are given more briefly.

When a sample of iron was bombarded with 
deuterons it was found that two of the radioactivi­
ties produced could be ascribed to an extremely 
small amount of gallium impurity in the iron 
six parts in one million, as will be shown later). 
This was established by the fact that the half- 
lives of the two activities, 22 min. and 14 hr. 
(electron emitters), were identical with the known 
half-lives of electron emitting Ga70 and Ga72, re­
spectively.2,3 A chemical separation according 
to the methods of Noyes and Bray was performed 
upon a sample of bombarded iron to which a 
small amount of “carrier” gallium had been added 
after the bombardment. The 22 min. and 14 hr. 
periods appeared only in the gallium fraction.

(2) Amaldi, D ’Agostini, Fermi, Pontecorvo, Rasetti and Segre, 
Proc. Roy. Soc. (London), A149, 522 (1935).

(3) Sagane, Phys, Rev., 53, 212 (1937),
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The radioactive isotopes are formed according to 
the reactions

Ga69 +  H 2----^  Ga70 +  Hi a )
Ga71 +  H 2 — > Ga72 +  H 1 (2)

and decay as follows
Ga70 — >  Ge70 +  e - (r*/, ■= 22 min.) (3)
Ga72----^ G e 72-f-e-' (TV, «  14 hr.) (4)

It would be possible to make an accurate esti­
mate of the amount of gallium impurity in the iron 
if the cross section of reaction (1) or (2) were 
known, but the yield of these reactions has not 
been determined. However, an approximate es­
timate of the amount can be made by compar­
ing the initial intensity of Ga70 or Ga72 with the 
initial intensity of another radioactive isotope 
formed by the same type of reaction under the 
same conditions from an isotope of known con­
centration. It has been established4 by chemical 
separations that one radio-iron isotope is produced 
when iron is bombarded with deuterons (in addi­
tion to several radio-cobalt and radio-manganese 
isotopes), and that this radio-iron activity is due 
to Fe59 produced according to the reaction

Fe58 +  H 2 —-> Fe59 +  H 1 (5)

The Fe59 emits electrons and decays with a half- 
life of 47 days

Fe59— > C o59 +  e~ (6)

Iron and gallium were separated together by an 
ether extraction from a sample of iron which had 
been bombarded in the cyclotron for forty-five 
minutes with 50 microamperes of deuterons with
6.4 million electron volts of energy. The initial 
measured activities of the 22 min. Ga70, 14 hr. 
Ga72 and 47 day Fe59, as measured with a Laurit- 
sen type quartz fiber electroscope, were 0.12,
0.0033 and 0.10 divisions/sec., respectively. 
After correction to infinite bombardment time 
(through the relation N0 == N m ( l—e~0-693 */U/2)), 
these initial activities become 0.16, 0.091 and 217 
divisions/sec., and these corrected initial activi­
ties should be proportional to the concentrations 
of Ga69, Ga71 and Fe58 in the bombarded iron. 
(This assumes that the cross sections of reactions
(1), (2) and (5) are equal; they should be nearly 
equal for elements of nearly the same atomic 
weight.) It is known that the concentration of 
Fe58 in iron5 is 0.5% and that gallium5 is composed 
of 61.2% Ga69 and 38.8% Ga71. Therefore the 
corrected initial intensities of Fe59 and either Ga70

(4) Livingood, Seaborg and Fairbrother, Phys. Rev., 52, 135 (1937).
(5) Livingston and Bethe, Rev. Modern Phys., 9, 380 (1937).

or Ga72, together with these abundance ratios, lead 
to a concentration of six parts per million of 
gallium in the bombarded iron. One-tenth this 
much could readily have been detected.

The half-life of an activity can be established 
quite well (unless it is very short) if it has an ini­
tial measured intensity of several times the back­
ground (natural leak) of the electroscope. Radio­
active isotopes with initial measured activities of 
ten million times the electroscope background can 
be formed in many elements (e. g.y manganese, 
nickel, copper) by deuteron bombardments of the 
order of 100 microampere-hours at 6 to 8 million 
electron volts. Thus when these elements are 
present as impurities to as small an extent as one 
part in a million they can be detected after a deu­
teron bombardment has been made. The radio­
active atoms formed from such minute impurities 
often must be chemically separated (after the 
addition of inactive material to act as “carrier”) 
in order that their weak activities may not be 
buried in the much stronger radiation of the main 
activity.

On the other hand, larger amounts of impurities 
(0.01-0.1%) often can be detected by measuring 
the composite decay curve of a bombarded sample 
which has not been subjected to a chemical sepa­
ration. Upon the analysis of the decay curve 
extraneous periods appear which can be attributed 
to known radioactive isotopes and hence can be 
used to identify some of the impurities in the bom­
barded sample. This method has the advantage 
that the material is not used up or disturbed in any 
way. In this manner the presence of a small 
amount of copper in nickel was established as the 
result of a neutron bombardment of the nickel. 
(The neutrons were produced by the reaction of 
deuterons with beryllium.) The well-known 6 
min. electron emitting activity2 of Cu66 and the
12.5 hr. positron and electron emitting activity6 
of Cu64 appeared. These were formed according 
to the reactions

Cu63 +  n — >  Cu64 +  y  (7)
Cu65 +  n  >  Cu66 +  y  (8)

The presence of a small amount of iron in a sample 
of cobalt oxide was established by a deuteron bom­
bardment of the oxide. The analysis of the com­
posite decay curve revealed an 18-hr. positron 
emitting activity. It has been shown that this 
activity is due to a radio-cobalt which can be 
formed only by the bombardment of iron.4

(6) Van Voorhis, Phys. Rev., 49, 876 (1936). -
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In other experiments it has been possible to es­
tablish the presence of extremely small amounts 
of phosphorus and sulfur as a result of the ap­
pearance of the 14-day electron emitting activity 
of P32. The P32 was formed according to the re­
actions

P 31 +  H 2 - —> P 32 +  H 1 (9)
P 31+  w ---->■ P 32 +  7 (10)
S32 +  n — -> P 32 +  H 1 (11)

For example, a neutron bombardment of a sheet 
of paper revealed the presence of the sulfur as the 
result of reaction (11).

This research has been made possible through 
the generous cooperation of the Research Corpo­
ration, the Chemical Foundation and the Josiah 
Macy, Jr., Foundation.

Summary
It is shown how it is possible to detect and 

identify very small amounts of impurities by 
means of their characteristic half-lives, after 
the substance containing the impurities has been 
rendered radioactive by bombardment with 
charged particles of high energy or with neutrons. 
With the help of a chemical separation after the 
bombardment, impurities present to the order of 
one part in a million can sometimes be detected. 
For example, a gallium impurity of six parts 
per million was found in a sample of iron. Im­
purities to the extent of one part in one thousand 
to ten thousand can often be detected without 
subjecting the sample to chemical analysis. 
B e r k el e y , Ca l ifo r n ia  R e c eiv ed  M ay  16, 1938

[Co n tr ib u tio n  from  the  Ga t es  a n d  Crellin  Laboratories of Ch em istr y  of the  Ca lifo r n ia  I n st it u t e  of
T echnology, N o . 642]

The M agnetic Properties and Structure of M anganous and Cobaltous Dipyridine
Chlorides

B y D avid  P . M ellor  and C h a r les  D . C o r y ell

It has been reported by Cox, Shorter, Wardlaw, 
and Way1 on the basis of a determination of unit 
cell dimensions that manganous dipyridine chlo­
ride and the ct-form of cobaltous dipyridine chlo­
ride have square trans-coordination of pyridine 
and chlorine about the metal atoms. Complexes 
of atoms with square bonds have been the object 
of much interest since this type of structure was 
first proposed by Werner to explain the existence 
of certain isomeric platinum compounds.2 With 
the extension of our knowledge about the nature 
of chemical bonds there has been formulated3 a 
reliable magnetic criterion by which the existence 
of square covalent structures for manganous, fer­
ric, ferrous, cobaltic, cobaltous, and nickelous 
atoms may be determined. It is concluded in 
this paper that the results of magnetic measure­
ments on the manganous and a-cobaltous dipyri­
dine chlorides are not compatible with the square 
coordinated structure proposed by Cox and co­
workers, but that they are compatible with an 
octahedral ionic type of structure.

Magnetic measurements were carried out on 
the manganese compound by the Gouy method.

(1) E. G. Cox, A. J. Shorter, W. Wardlaw, and W. J. R. Way, 
J . Chem. Soc., 1556 (1937).

(2) A. Werner, Z. anorg. allgem. Chem., 3, 267 (1893).
(3) L. Pauling, T h is J o u r n a l , 53, 1367 (1931).

The forces in mg. (Aw corrected for blank) for a 
cylindrical tube with water in the upper compart­
ment and air in the lower compartment were for 
two different field strengths —2,03 and —3.39. 
The forces with manganous dipyridine chloride, 
twice crystallized from ethanol and packed to a 
density of 0.99s g./ml., were +135 and +234, re­
spectively, at 22° against air. With use of an es­
timated value of —160 X 10~6 for the molecular 
diamagnetism of the compound and with the as­
sumption of the validity of Curie’s law, the cal­
culated values of the magnetic moment are 5.94 
and 6.00 Bohr magnetons, the average being 5.97. 
The expected value of the moment for the man­
ganous atom forming four dsp2 bonds, essentially 
covalent and directed toward the corners of a 
square, is 3.88 plus a small orbital contribution; 
the expected value for the atom with tetrahedral 
spz bonds or for the ion is 5.92 magnetons with no 
orbital contribution (normal state 6Sy2). The 
measurements are in good agreement with the 
second of these values.

Barkworth and Sugden4 have shown that the 
a-form (violet modification) of cobaltous dipyri­
dine chloride has a moment of 5,34 Bohr magne­
tons, and that the /5-form (blue modification) has

(4) E. D. P. Barkworth and S. Sugden, Nature, 139, 374 (1937).
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a moment of 4.60 magnetons. The expected mo­
ment for the cobaltous atom forming dsp2 bonds 
is 1.73 plus orbital contribution, and that for the 
atom forming sp* bonds or for the ion is 3.88 plus 
orbital contribution. We accordingly conclude 
that the bonds to the cobalt atom are essentially 
ionic, with an unexpectedly large orbital contribu­
tion in the case of the a-form.

A tetrahedral configuration is not compatible 
with the small dimensions of the c-axes (3.73 and
3.65 A., respectively) of the manganous and co­
baltous compounds, as pointed out by Cox and 
his co-workers. This configuration is not, how­
ever, the only alternative to a square configura­
tion. A reasonable structure for the complexes, 
one not considered by these workers, can be for­
mulated with each metal ion sharing four co- 
planar chloride ions in pairs and holding two 
pyridine molecules at right angles to the plane of 
the chloride ions. The proposed structure thus 
contains an ionic octahedral complex with two 
shared edges. The metal-metal distances in the 
metal-dichloride chains are calculated5 to be 3.7 
and 3.6 A., respectively. The pyridine rings lie 
in planes the same distance apart. The calcu­
lated distances agree with the observed c values 
to within the accuracy of the ionic radii.

Both the a- and /3-forms of the cobalt com­
pound give in organic solvents6 identical blue solu­
tions, which have been shown1,6 to contain mono­
meric solute molecules in bromoform, chloroform, 
and phenol. It is probable that the configura­
tion about the cobalt ion is tetrahedral in these 
solutions. The fact that the colors of the solu­
tions are nearly the same as that of the solid /3-

(5) With the use of the crystal radii of L. Pauling, T his Jo urnal , 
49, 765 (1927), not corrected for the effect of structure.

(6) D. P. Mellor and B. S. Morris, article in press, Proc. Roy. Soc., 
New S. Wales (1938).

modification suggests that there is tetrahedral 
coordination around the metal ions in this solid.

Compounds with a coplanar configuration con­
taining ionic bonds are to be expected only if the 
electronegative groups are part of a rigid plane 
structure, as for example in ferriheme chloride 
(hemin) and ferroheme, in both of which the iron 
atoms were shown7 8 to be held as ions. It seems 
very likely that the bonds to beryllium in beryl­
lium phthalocyanin and the bonds to magnesium 
in chlorophyll are predominantly ionic. The ex­
istence of these compounds accordingly is not 
proof that the metals form square covalent bonds; 
whereas square coordination with groups which 
are free to rearrange is an indication of the pre­
dominant covalent character of the bonds.3,8 
Square bonds have not as yet been found in any 
manganous compound; it has been reported that 
impure cobalt phthalocyanin9 and an impure co­
baltous phenanthroline cyanide10 show magnetic 
evidence for square bonds, but these observations 
have not been verified with pure substances.

Summary
The magnetic criterion for bond type indicates 

that manganese and cobalt atoms in the dipyri­
dine dichloride compounds form ionic bonds rather 
than covalent dsp2 bonds. It is suggested that an 
octahedral ionic type of structure occurs in the 
manganese and a-cobalt compound and a tetra­
hedral ionic type occurs in the /3-cobalt compound.
P a s a d e n a , C a l i f . R e c e iv e d  April 4, 1938

(7) L. Pauling and C. D. Coryell, Proc. Nat. Acad. Sci., 22, 159 
(1936).

(8) For a discussion of ionic and covalent character in bonds, see 
L. Pauling, T h is Jo urnal , 54, 988 (1932).

(9) L. Klemm and W. Klemm, J . prakt. Chem., 143, 82 (1935).
(10) L. Cambi and A. Cagnasso, Rend. ist. lombardo sci., 67, 741 

(1934).
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[C o n t r ib u t io n  fr o m  t h e  A v e r y  L a b o r a t o r y  of C h e m is t r y , U n iv e r s it y  o f  N e b r a s k a ]

The Preparation of Fully Acetylated Amides of Aldonic Acids
B y G ordon  B. R obbins  and F r ed  W . U pson

Acetylgluconic acid was prepared by Upson 
and Bartz1 by direct acetylation of 5-gluconic 
lactone. Tetraacetylgluconic acid monohydrate 
which results on acetylation of 5-gluconic lactone 
was reported in the journal article but the 2,3,4,5,-
6-pentaacetylgluconic acid was also prepared by 
further acetylation of the 2,3,4,6-product and is 
reported in the thesis of Bartz. More recently 
Major and Cook2 report the pentaacetyl deriva­
tive prepared by the same method. This method, 
however, has not proved to be a general one for 
the preparation of fully acetylated acids since 
all other lactones with which we have worked 
have yielded acetylated lactones. It is necessary 
to start with a derivative such as the amide or ester 
which is not lactone in character.2,3

Major and Cook have made, from completely 
acetylated aldonic acids, the corresponding acid 
chlorides which offer a number of possibilities for 
the synthesis in the sugar series.

A method for the preparation of fully acety­
lated sugar acids has been reported by Hurd and 
Sowden4 using the following sequence of reac­
tions: aldose — > aldose oxime — > acetylated 
nitrile — > acetylated amide — > acetylated 
acid.

Acetylated amides of the aldonic acids have 
been prepared in this Laboratory by a method 
which is general in its application and is less com­
plicated than that of Hurd and Sowden. The 
aldonic acid lactone is converted to the amide by 
solution in liquid ammonia followed by sponta­
neous evaporation of the excess ammonia.5

The amide results in pure condition and the 
yield is excellent. The amide is then subjected 
to direct acetylation using either sulfuric acid 
or zinc chloride as the catalyst. We have been 
able to explain a discrepancy between the work 
of Miksic6 and that of Zemplén and Kiss.7 Miksic 
reported the preparation of acetyl derivatives in 
which both the amide group and the hydroxyl 
groups are acetylated whereas the latter authors

(1) Upson and Bartz, T h is Jo urn al , 53, 4226 (1931).
(2) Major and Cook, ibid., 58, 2477 (1936).
(3) Major and Cook, ibid., 58, 2410 (1936).
(4) Hurd and Sowden, ibid., 60, 235 (1938).
(5) Glattfeld and McMillan, ibid., 56, 2481 (1934).
(6) Miksic, Ves Kral-Ces. Spal-Nauk Cl. 11 (1929).
(7) Zemplén and Kiss, Ber., 60, 165 (1927).

have obtained an acetyl derivative of an un- 
acetylated amide group. Zemplén and Kiss used 
zinc chloride as the catalyst whereas Miksic used 
sulfuric acid. The work here reported indicates 
that the use of zinc chloride causes acetylation 
of the hydroxyl groups only whereas acetylation 
occurs in the amide group as well when sulfuric 
acid is the catalyst. This is illustrated in the 
acetylation of gluconamide and galactonamide 
using the two substances as catalysts.

The acetyl amides are readily converted to the 
corresponding acids by the method of Hurd and 
Sowden4 through the action of nitrous acid in 
glacial acetic acid solution. We have shown that 
it is not necessary to isolate the acetyl amide. 
The acetylating mixture containing the amide may 
be treated directly with nitrous oxide giving ex­
cellent yields of the acetyl aldonic acid. Experi­
ments with these acetyl aldonic acids will be 
reported in a later paper.

Experimental
Below is described the acetylation of the amides of 

several aldonic acids together with the properties of the 
resulting products. In all cases the rotatory power of the 
compounds was determined by means of a Bates saccha- 
rimeter using white light and a dichromate solution as a 
filter.

Pentaacetyl-d-gluconamide.—Fused zinc chloride (5 g.) 
was dissolved in acetic anhydride (50 cc.) and the mixture 
was cooled to 0°. Gluconamide (7.5 g.) was added with 
shaking, and the mixture was kept in an ice-bath for an 
hour. The reaction mixture stood at room temperature 
for twenty-four hours (or until all amide was dissolved).

The mixture was poured out into 200 cc. of ice and water, 
and stirred vigorously for forty-five minutes, giving a 
crystalline powder. The solid was filtered and washed 
with water. I t was recrystallized from 95% alcohol: m. 
p. 184-185°; [a ]» D  +23.6° (c, 0.9 in CHCl*)1’4'7.

Pentaacetyl-d-galactonamide.—Galactonamide was acet­
ylated as described above. No solid separated upon 
stirring. Extraction with chloroform was followed by 
evaporation of solvent. Addition of ether gave a solid 
product which was filtered. Recrystallization from ben­
zene yielded pure pentaacetyl-<2-galactonamide: m. p. .165- 
166°; M 25d  +26.7° (c, 1.8 in CHC13).4

Anal. Calcd. for C16H23OnN: C, 47.38; H, 5.73. 
Found: C, 47.36; H, 5.74.

Pentaacetyl-d-mannonamide.—Mannonamide was ace­
tylated as described above and the chloroform extract 
was evaporated to a gum which crystallized on standing. 
Recrystallization was accomplished from butyl ethyl ether
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of ethylene glycol; m. p. 110°; [a]25D +38.7° (c, 1.8 in 
CHC13).

A nal Calcd. for Ci6H230nN : C, 47.38; H, 5.73.
Found: C, 47.30; H, 5.75.

Pentaacetyl-ri-gulonamide.—This compound was pre­
pared from a sample of d-gulonic lactone ([«]20d —54.4°), 
using the method described in the preparation of the galac- 
tonic derivative. Recrystallization several times from 
absolute alcohol gave crystals melting at 162-164°; [«]25d 
+22.70 (c, 1.6 in CHC1*),

Anal. Calcd. for C16H230 iiN: C, 47.38; H, 5.73.
Found: C, 47.19; H, 5.68.

Hexaacetyl+-gluconamide.—Acetic anhydride (50 cc.) 
and concentrated sulfuric acid (3 cc.) were mixed and 
cooled to 0°. Gluconamide (6 g.) was added and the reac­
tion was completed as in the case of the pentaacetyl deriva­
tives. The solution was poured into ice water and sodium 
bicarbonate (10 g.) was added. Chloroform extraction 
yielded a sirup which crystallized upon standing. Ether 
was added and it was filtered. Recrystallization from 
alcohol gave the hexaacetyl-d-gluconamide: m. p. 110°; 
M 25d +25.8° (c, 1.8 in CHCl*).

A nal Calcd. for Ci8H260 i2N: C, 48.31; H, 5.64. 
Found: C, 48.14; H, 5.70.

Hexaacetyl-J-galactonamide.—Galactonamide wasacetyl- 
ated in the same manner as for preparation of the

hexaacetyl-d-gluconamide. A solid separated upon stir­
ring with ice water and sodium bicarbonate. The material 
was filtered and recrystallized from benzene: m. p. 149.5- 
150°; M 25d  +19.0° (c, 1.8in CHC13).

Anal. Calcd. for Ci8H250 i2N: C, 48.31; H, 5.64. 
Found: C, 48.08; H, 5.71.

Summary

1. A general preparation of acetylated sugar 
acid amides has been indicated. This offers an 
easier route to obtain the fully acetylated sugar 
acids.

2. The product of acetylation of amides of 
sugar acids is governed by the catalyst used. 
Concentrated sulfuric acid gives a product in 
which both hydroxyl groups and amide nitrogen 
are acetylated. Zinc chloride gives a product in 
which only hydroxyls are acetylated.

3. The above methods have been applied to 
the preparation of several acetylated amides, of 
which four are new compounds.
L in c o l n , N e b r a s k a  R e c e iv e d  M a y  16, 1938

[C o n t r ib u t io n  f r o m  t h e  B u r r o u g h s  W e l lc o m e  & Co., U. S. A. E x p e r im e n t a l  R e s e a r c h  L a b o r a t o r ie s ]

/3-Phenylethylamine Derivatives.1 Tertiary and Quaternary Salts

B y  J o h a n n es  S. B u c k , R ichard  B altzly  and  W a lter  S. I d e

The present paper describes the preparation and 
properties of tertiary amine salts and quaternary 
salts containing the phenylethyl group. One 
series consists of alkoxy- and hydroxy-/3-phenyl- 
ethyldimethylamine hydrochlorides, of the type 
of hordenine, the other of the quaternary deriva­
tives of these compounds.

Hordenine has received considerable attention 
in the literature, and a few related compounds 
also have been dealt with. For the most part the 
syntheses are unsatisfactory and not capable of 
being applied generally. The authors therefore 
worked out a series of reactions, a composite of 
various literature methods, which is generally ap­
plicable and which gives good yields at each stage. 
Starting with a substituted benzaldehyde, this is 
converted successively into the azlactone, the 
phenylpyruvic acid, the pyruvic acid oxime, and 
the phenylacetonitrile. This latter is then re­
duced, in one step, to the alkoxy- /Tphenylethyl- 
dimethylamine, by catalytic reduction in the pres-

(1) This work is part of a joint research being carried out in col­
laboration with a pharmacological group at the above laboratories.

ence of excess dimethylamine. The tertiary amine 
may be converted readily into the quaternary salt, 
or O-dealkylated to give the hydroxy compound, 
which, in turn, easily forms the quaternary com­
pound.

The series of reactions used is as follows
ROCeKUCHO — >- ROC6H4C H =C —COx

I >0
n = c -̂ -c6h 6

r o c 6h 4c h 2co co o h  — >
ROC6H4CH2C(==NOH)COOH — ^  r o c 6h 4c h 2c n  —  

ROC6H4CH2CH2N(CH3)2 — >- 
HOC6H4CH2CH2N(CH3)2 — >

HOC6H4CH2CH2N(CH3)3Cl

Experimental
The intermediates required were all prepared by the 

methods given below. A number of them have been 
described previously in the literature (many prepared by 
other methods). Only the ones not previously recorded 
are given (Table I).

Azlactones (2-Phenyl-4-(alkoxybenzal)-oxazolones).—
These compounds were prepared in the conventional way 
from the appropriate benzaldehyde and hippuric acid,2 and

(2) Kropp and Decker, Ber., 42, 1184 (19091; Org. Syntheses, 13, 
8 (1933).
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M. p. or .------------- Analyses, %---------
b. p., °C. Calcd. Found

\  TTnt*m n1 r» P  TT PSubstituent Appearance (corr.) F ormula c H C H
Azlactones (2-Phenyl-4- (alkoxybenzal) -oxazolones)

2-Ethoxy Lemon-yellow glittering flakes 186 Ci8H150 3N 73.69 5.16 73.64 5.12
3-Ethoxy Pale yellow felted slender prisms 123 c 18h 15o3n 73.69 5.16 73.60 5.23
4-Et.hoxy Golden-yellow crystalline crusts 168 Ci8H i5Ö3N 73.69 5.16 73.92 5.32
2-Ethoxy-3-methoxy Large deep yellow flaky prisms 140 C19H1704N 70.57 5.30 70.68 5.21
3,4-Diethoxy Orange-yellow tiny glittering needles 161 C20H19 04N 71.19 5.68 71.06 5.83

Alkoxyphenylpyruvic Acids
2-Methoxy Small flat pointed prisms 161 C10H10O4 61.83 5.19 62.08 5.28
2-Ethoxy Felted tiny prisms 164 C11H1204 63.43 5.81 63.67 6.16
3-Ethoxy Meshed small flat needles 132 CnH120 4 63.43 5.81 63.67 5.93
4-Ethoxy Flat chalky thin needles 182 ChH120 4 63.43 5.81 63.38 5.78
2-Ethoxy-3-methoxy Not crystallized Cl2Hl405 60.48 5.93
3,4-Diethoxy Pearly thin felted plates 164 Ci3H i60 6 61.87 6.39 61.86 6.51

Alkoxyphenylacetonitriles
3-Ethoxy Viscous colorless refractile liquid 141 (8 mm.) CioHnON 74.49 6.88 74.36 6.98
2-Ethoxy-3-methoxy Faint yellow refractile liquid 133 (2.0 mm.) CuH i30 2N 69.07 6.85 68.82 6.95
3-Ethoxy-4-methoxy White crystalline solid m. p. 61.5° 151 (2.5 mm.) CuH13o 2n 69.07 6.85 68.74 6.81

were recrystallized from acetic acid, in which they are rather 
sparingly soluble, until pure. The unrecrystallized ma­
terial is usually satisfactory for the subsequent hydrolysis. 
With most aldehydes the yield is from 60 to 70%.

Alkoxyphenylpyruvic Acids.—The azlactones were hy­
drolyzed by sodium hydroxide and the phenylpyruvic acid 
separated from benzoic acid by means of sulfur dioxide, 
followed by washing with ether where the solubility per­
mitted.3 For analysis they were recrystallized until pure, 
from aqueous acetic acid, aqueous alcohol, or ether-pen­
tane. Ordinarily, the reaction product was used directly 
for the next step (oximation). Melting points are usually 
unsharp. The yields vary widely with different acids, 
from 55 to 90%.

Alkoxyphenylpyruvic Acid Oximes.—The method of 
Baker and Robinson4 was found to be quite satisfactory 
for the preparation of these compounds. However, a t­
tempts at rigid purification were in general unsuccessful, 
dehydration and decarboxylation gradually taking place, 
the corresponding phenylacetonitrile being obtained ulti­
mately. For this reason, the unpurified oxime, after 
drying, was used directly for the next step, a procedure for 
which there is ample precedent.5 The yields of the oximes 
are high, usually well over 80%.

Alkoxyphenylacetonitriles.—Decarboxylation and de­
hydration of the oximes were carried out simultaneously 
by means of acetic anhydride, using not more than 20 g. of 
oxime for a preparation.4 Acetic anhydride is retained 
persistently by the nitriles so that, after isolation, washing 
and distillation, they were again washed and redistilled or 
recrystallized from hexane. The liquid nitriles have only

(3) (a) Org. Syntheses, 15, 31 (1935); (b) Buck and Perkin, J . 
Chem. Soc., 125, 1675 (1924); (c) Pfeiffer, Quehl and Tappermann, 
Ber., 63, 1301 (1930).

(4) (a) Baker and Robinson, J . Chem. Soc., 152 (1929); (b) cf. 
Edwards, ibid., 740 (1926); (c) cf. Haworth and Richardson, ibid., 
120 (1935).

(5) Cf. ref. 3c; Julian and Sturgis, T his J o u r n a l , 57, 1126
(1935); ref. 4c.

a faint nitrile-type odor. The yields vary according to the 
oxime used, but usually are considerably over 80%.

Alkoxyphenylethyldimethylamine Hydrochlorides.—The 
alkoxyphenylacetonitrile, in methanol solution, with excess 
(2.5 mol) of dimethylamine (33% in methanol) was re­
duced catalytically with a palladium catalyst. This reac­
tion, first used by Kindler and Hesse,6 gave excellent 
results. After reduction was complete the catalyst was. 
removed, excess dimethylamine and methanol distilled off,, 
and the residual oil dissolved in dilute hydrochloric acid. 
Non-basic material was extracted with ether, and the 
aqueous solution then cooled in ice and treated with so­
dium nitrite solution (40 g. nitrite per mole of base). After 
thorough extraction with ether, the acid solution was made 
strongly alkaline and the base extracted with ether. After 
drying the extract over solid potassium hydroxide, the 
hydrochloride was obtained by passing hydrogen chloride 
into the ether solution. The crude hydrochlorides were 
recrystallized twice or more from methyl or ethyl alcohol,, 
with ethyl acetate and/or ether, and were so obtained as 
well crystallized white salts, readily soluble in alcohol,, 
water and hydrochloric acid and practically insoluble in 
ether, ethyl acetate, etc. Some of them are hygroscopic.

The palladium catalyst was either the commercial 
“palladium mohr” or material prepared by the W illstatter- 
Waldschmidt-Leitz method. The optimum speed of re­
duction appears to be about 1 g. nitrile per hour (Burgess- 
Parr apparatus, a t room temperature and 3 atm. pressure) 
and relatively large amounts of catalyst, one-quarter up­
ward of the weight of nitrile, were used to obtain this speed. 
The nitrile must be very pure.

Hydroxyphenylethyldimethylamine Hydrochlorides.— 
These compounds were obtained by demethylating the 
corresponding methoxy hydrochlorides with hydrochloric 
acid (two hours a t 160° in carbon dioxide atmosphere). 
The acid solution was then evaporated to dryness under 
reduced pressure and the residue recrystallized as with the

(6) Kindler and Hesse, Arch. Pharm., 271, 439 (1933).
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,■----------— Analyses, %---- -—
M. p., °C. Calcd. Found

Substituent Appearance
M. p., °C. 

(corr.)
Calcd.

Formula C H
round  

C H

None7 Large silky leaves 165 CioH16NC1 64.66 8.69 64.74 8.75
2-Methoxy Glittering silky leaves 159.5 CnHisONCl 61.22 8.41 61.45 8.33
3-Methoxy Felted silky leaves 135 CnHisONCl 61.22 8.41 61.32 8.56
4-Methoxy8 Small glittering rectangular prisms 176.5 CnHisONCl 61.22 8.41 61.11 8.34
2,3-Dimethoxy Dull tiny nodules of prisms 140 C12H20O2NCI 58.63 8.21 58.79 8.22
3,4-Dimethoxy8 Chalk-white tiny meshed prisms 197 CI2H20O2NCl 58.63 8.21 58.76 8.33
2-Ethoxy Felted slender silky needles 143 C12H20ONC1 62.71 8.78 62.78 8.74
3-Ethoxy9 Clumps of small stout prisms 137 C,2H20ONC1 62.71 8.78 62.89 9.00
4-Ethoxy10 Glittering tiny flat prisms 175 CI2H20ONC1 62.71 8.78 62.67 8.69
2-Ethoxy-3-methoxy Slender meshed needles 145 CI3H220 2NC1 60.08 8.54 60.41 8.73
3-Methoxy-4-ethoxy Small pearly leaves 151 Ci3H220 2NC1 60.08 8.54 59.94 8.79
3 -Ethoxy-4-me thoxy Small glittering irregular plates 161.5 Ci3H220 2NC1 60.08 8.54 60.26 8.65
3,4-Diethoxy Tiny meshed flat prisms 138 C14H240 2NC1 61.39 8.84 61.46 8.84
2-Hydroxy11 Leaves 108 CioHisONCl 59.53 8.00 59.68 8.05
3-Hydroxy9 Small glittering stout prisms 164 CioHieONCl 59.53 8.00 59.71 8.23
4-Hydroxy12 Silky tiny leaves 181 CioHieONCl 59.53 8.00 59.53 8.02
2,3-Dihydroxy Small grayish nodules 96 CioHuOsNCl 55.15 7.41 55.23 7.55
3,4-Dihydroxy8 Small grayish glittering leaves 127 C10H]6O2NCl 55.15 7.41 55.25 7.57

T a b l e  III
P h e n y l e t h y l t r im e t h y l a m in e  C h l o r id e s

,--------—Analyses, %---- —
M. p., °C. Calcd. Found

Substituent Appearance (corr.) Formula C H C I I

None13 Masses of minute plates 192 CnHisNCl 66.13 9.09 66.34 9.28
2-Methoxy Glittering stout leaves 221 C12H20ONCI 62.71 8.78 62.80 9.01
3-Methoxy Small powdery prisms 158 C12H20ONC1 62.71 8.78 62.92 9.01
4-Methoxy14 Chalky tiny meshed needles • 206 CüHsóONCI- 62.71 8.78 62.62 8.74
2,3-Dimethoxy Stout prisms 180 Ci3H220 2NC1 60,08 8.54 60.15 8.57
3,4-Dimethoxy Tiny glittering flat prisms 206 C13H2202NC1 60.08 8.54 59.99 8.64
2-Ethoxy Small glittering leaves 211 Ci3H22ONC 1 64.03 9.10 64.13 9.15
3-Ethoxy15 Dull powdery plates 160 Ci3H22ONC1 64.03 9.10 64.10 8.99
4-Ethoxy Powder of small prisms 193 Ci3H22ONC1 64.03 9.10 64.16 9.24
2-Ethoxy-3-methoxy Glittering irregular plates 182 Ci4H240 2NC1 61.39 8.84 61.64 9.16
3-Methoxy-4-ethoxy Glittering prism clusters . 173 Ci4H240 2NC1 61.39 8.84 61.59 9.02
3-Ethoxy-4-methoxy Obscure prisms 162 Ci4H240 2NC1 61.39 8.84 61.59 9.10
3,4-Diethoxy Tiny glittering needle prisms 125 Ci5FI260 2NC1 62.57 9.11 62.55 9.30
2-Hydroxy16 Clumps of tiny prisms 254 dec. CnHisONCl 61.22" 8.41 61.35 8.59
3-Hydroxy Nodules of small spindles 220 CiiH18ONC1 61.22 8.41 61.25 8.35
4-Hydroxy15 Glittering small leaves 287 dec. CnHisONCl 61.22 8.41 61.09 8.42
2,3-Dihydroxy Clumps of small prisms 225 CiiH is0 2NC1 56.99 7.82 57.09 ,7 .75
3,4-Dihydroxy17 Small stout obscure prisms 263 dec. ChH is0 2NC1 56.99 7.82 56.93 7.83

alkoxy hydrochlorides. The ^-hydroxy compound was 
identical with authentic hordenine. The properties of the 
compounds (hydroxy and alkoxy) are given in Table II.

(7) Johnson and Guest, T h i s  J o u r n a l , 32, 761 (1910); Tiffeneau 
and Führer, Bull. soc. chim., [4] 15, 162 (1914).

(8) Kindler and Hesse, Arch. Pharm ., 271, 439 (1933). No hydro­
chloride.

(9) German Patent 233,069. Base only.
(10) German Patent 234,795. Base mentioned.
(11) Cf. v, Braun and Bayer, Ber., 57, 913 (1924).
(12) Léger, Bull. soc. chim., [3] 35, 235 (1906). German Patent 

233,069.
(13) Cf. Beilstein’s “Handbuch,” 12*, 473. No chloride.
(14) Cf. Rosenmund, Ber., 43, 306 (1910). Iodide.
(15) German Patent 233,069.
(16) Cf. Pschorr and Einbeck, Ber., 38, 2067 (1905). Iodide.
(17) Cf. Barger and Ewins, J . Chem. Soc., 97, 2253 (1910).

Alkoxy- and Hydroxyphenylethyltrimethylamine Chlo­
rides.—The quaternary salts were prepared from the 
tertiary amines, this method being preferable to using the 
primary amine. The starting hydrochloride was dissolved 
in water and the base liberated by potassium carbonate 
solution, extracted with (or̂  if solid, dissolved in) benzene, 
and dried with solid potassium hydroxide (for the alkoxy 
bases) or sodium sulfate (for the hydroxy bases). A con­
siderable excess of methyl iodide was added, when the 
quaternary iodide rapidly separated out. After some 
hours ether was added to the usually gelatinous mass, and 
the solid filtered off, washed with ether, dissolved in water, 
and converted into the chloride by silver chloride. The 
aqueous solution was evaporated to dryness under reduced 
pressure and the residue recrystallized from alcohol-ether.



1792 M. R. Everett and Fay Sheppard Vol. 60

The chlorides form well-crystallized compounds, soluble in 
water, alcohol and hydrochloric acid, and practically in­
soluble in ether, ethyl acetate, etc. They are unusually 
difficult to analyze. Their properties are described in 
Table III.

Summary
A series of hydroxy- and alkoxyphenylethyldi-

methylamine hydrochlorides (18 compounds) and 
a series of hydroxy- and alkoxyphenylethyltri- 
methylamine chlorides (18 compounds) have been 
prepared, all by the same sequence of reactions, 
which appears to be general. The preparation of 
the intermediates also is described.
T u c k a h o e , N e w  Y o r k  R e c e iv e d  M a y  20, 1938

[C o n t r ib u t io n  f r o m  t h e  B io c h e m is t r y  L a b o r a t o r y  of t h e  U n i v e r s it y  o f  O k l a h o m a  M e d ic a l  S c h o o l ]

Relations of cis-trans Isomerism to Asymmetric Oxidation of Sugars1
B y M. R. E v er ett

Richtmyer and Hudson2 recently reported the 
interesting phenomenon of unequal quantitative 
reduction of alkaline copper reagents by d- and 
/-forms of aldoses, when d- or /-tartaric acids 
were used in Shaffer-Hartman-Somogyi reagents. 
We have now completed similar experiments with 
(/-, /- and meso-tartrate Folin-Wu reagents.3 The 
/-tartaric acid employed was prepared by the 
method described by Richtmyer and Hudson, 
and had the correct [ a ] 20D —14°. Thed- and meso- 
tartaric acids were Central Scientific Co. and 
Eastman Kodak Co. products with [ a ] 20D +14 
and +0.05°, respectively. The sugar solutions 
and special reagents4 were freshly prepared, im­
mediately before analysis. Several concentra­
tions of each sugar were investigated and com­
pared with suitable (/-glucose standards. De­
terminations were made under strictly comparable 
conditions.

The results reported in Table I are the reducing 
equivalents relative to (/-glucose and (/-tartrate 
reagent taken as 1.00 and are averages of four 
or more determinations. Corrections for mois­
ture content of sugars and proportionality of the 
analytical method have been applied. The re­
agents employed by us appear to be somewhat 
more sensitive to spacial configuration than the

(1) Aided by a grant from the Research Fund of the University of 
Oklahoma Medical School. The authors also wish to acknowledge 
the following gifts: a-d-mannoheptose and d-mannoketoheptose 
from Dr. C. S. Hudson and d-galacturonic acid from Dr. Karl Link.

(2) Richtmyer and Hudson, T h is Jo urn al , 58, 2540 (1936).
(3) Folin and Wu, J . Biol. Chem., 67, 357 (1926).
(4) For each 20 cc. of alkaline tartrate reagent we used 0.1696 g. of 

tartaric acid (d-, l- or meso-), 3 cc. of distilled water, 2 cc. of 1.125 N  
sodium hydroxide and 15 cc. of buffer solution (containing 4.667% 
sodium carbonate and 1.467% sodium bicarbonate); 18 cc. of this 
solution was then mixed with 2 cc. of 5% cupric sulfate solution. 
The tim e of heating was uniformly seven and one-half minutes on the 
boiling water-bath. The Folin5 acid reagent was used for color 
development.

(5) Folin, J . Biol. Chem., 82, 83 (1929).

and F ay Sh e p p a r d

copper reagents used by Richtmyer and Hudson, 
but both investigations show that (/-forms of 
arabinose, fructose and mannose and /-forms of 
fucose and rhamnose select the /-tartrate reagent; 
(/-forms of galactose, lactose and mannoketo- 
heptose and /-arabinose select the (/-tartrate re­
agent; and (/-forms of glucose and xylose show 
little selectivity. For sugars not investigated by 
Richtmyer and Hudson, we find that (/-forms of 
maltose, melibiose and ribose select the /-tartrate 
reagent; (/-forms of galacturonic and glycuronic 
acids, mannoheptose and sorbose select the d- 
reagent; (/-forms of cellobiose, gentiobiose, glucos­
amine and lyxose and /-forms of ascorbic acid, 
sorbose and xylose are not very selective. Our 
mesa-tartrate reagent is reduced more than either 
of the trans reagents by (/-forms of cellobiose, 
gentiobiose, glycuronic acid, lactose, maltose, a- 
mannoheptose, mannoketoheptose and mannose.

It is evident from these results that asymmetric 
oxidation of sugars bears no simple relation to 
ordinary optical or planar isomerism, and is in­
fluenced by extraplanar molecular relations (group 
substitution, cis-trans relations, etc.). The re­
ducing values of Table I are definitely related to 
the cis-trans classification of sugars suggested by 
the authors.6,7 This arrangement of sugars in 
eight cis-trans groups, corresponding to the eight 
aldopentoses, is reproduced in Table II.

Oxidation in alkaline solution is complicated 
by mutarotation and epimerization, and recently 
Isbell8 has shown that mutarotation is correlated 
with cis-trans configuration. The behavior of

(6) Everett and Sheppard, Proc. Okla. Acad. Sci., November, 
1936.

(7) Everett and Sheppard, “The Oxidation of Carbohydrates in 
Acid Solution,” University of Oklahoma Medical School Mono­
graph, 1936.

(8) Isbell, J . Research Natl. Bur. Standards, 18, 505 (1937).
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Table I T a b l e  I I

R e l a t iv e  R e d u c in g  E q u iv a l e n t s  o f  S u g a r s  (^ -G l u c o se

= 1 .0 0 )
Sumner

Folin--Wu tartrate reagents reagent
Sugars m g./cc. d- Z- meso (0.5 mg./cc.)

d-Xylose 0.1 0 .97 1.02 0.91 1.14
d-Xylose .2 .985 .995 .94
/-Xylose .1 .965 1.05 .955 1.18
/-Xylose .2 .99 1.05 .955
d-Lyxose .1 .96 0 .94 .855 1.16
d-Lyxose .2 .96 .935 .88
d- Arabinose .1 .92 .76 1.13
{/-Arabinose .2 .69 .88 .78
{/-Arabinose .4 .685
/-Arabinose .1 .86 .765 1.14
/-Arabinose .2 .87 .73 .77
/-Arabinose .4 .69
{/-Ribose .1 .84 1.08
{/-Ribose .2 .62 .83 .70
{/-Ribose .4 .655 .73
{/-Glucose .1 1.00 .98 1.00 1.00
{/-Glucose .2 1.00 .975 1.00
{/-Mannose .2 0 .45 .56 0.70 0.97
{/-Mannose .4 .57 .63 .68
{/-Galactose .1 .78 .97
{/-Galactose .2 .79 .64 .755
{/-Galactose .4 .63 .72
{/-Glucosamine • H Cl .1 .77 .79 .73 .33a
{/-Glucosamine- HC1 .2 .81 .80 .755
{/-Glycuronic acid .1 .95 .91
{/-Glycuronic acid .2 .71 .65 .945
{/-Glycuronic acid .4 .80 .715
{/-Galacturonic acid- .2 .655 .45 .58 .87

HaO
{/-Galacturonic acid- .4 .65 .46 .565

HaO
{/-Sorbose .1 .76 .70 .745 .99
{/-Sorbose .2 .80 .71 .785
/-Sorbose .1 .80 .795 .785 .95
/-Sorbose .2 .85 .83 .83
{/-Fructose .1 .89 .965 .94 .99
{/-Fructose .2 .93 .975 .98
/-Rhamnose • H2O .3 .315 .40 .385 .98
/-Rhamnose • HaO .6 .375 .41 .44
/-Fucose .3 .45 .53 .475 1.00
/-Fucose .6 .42 .48 .45
a-{/-Mannoheptose .2 .60 .515 .67 0.83
«-{/-Mannoheptose .4 .63 .51 .66
{/-Mannoketoheptose .2 .68 .605 .75 1.00
{/-Mannoketoheptose .4 .70 .60 .73
/-Ascorbic acid .1 .55 .55 .55 0.44
/-Ascorbic acid .4 .925 .90 .945
Gentiobiose .2 .54 .54 .57 .66
Gentiobiose .4 .535 .535 .57
Cellobiose .2 .535 .53 .655 .83
Cellobiose .4 .52 .51 .645
Maltose-HaO .2 .415 .46 .51 .76
Maltose-H2O .4 .425 .44 .51
Melibiose-2H20 .2 .495 .52 .50 .63
Melibiose*2H20 .4 .49 .50 .50
Lactose-H20 .2 .475 .45 .535 .77
Lactose-HaO .4 .475 .445 .53

a Used 1 mg./cc.

pentoses with alkaline reagents (Table I) follows 
epimeric relations; thus, xylose and lyxose (epi- 
meric trans types) react almost equally with d- 
and /-tartrate reagents, whereas ribose and arabi­
nose (epimeric cis types) select opposite enantio- 
morphs of reagents. Six and seven carbon sugars 
behave qualitatively like related epimeric pentose 
types, but deviate quantitatively. Additional,

Cl a s s if ic a t io n  o f  P e n t o s e s , M e t h y l p e n t o s e s  a n d  
H e x o s e s  A c c o r d in g  to  cis-trans I so m e r ism  o f  P y r a n o id  

F o rm s

trans Forms
{/-Xylose group

d-Isorhamnose
d-Sorbose
(/-Glucose
/-Idose

/-Xylose group

/-Isorhamnose
/-Sorbose
/-Glucose
d-Idose

2,3-
{/-Lyxose group

d-Rhamnose
d-Tagatose
d-Mannose
/-Gulose

Forms
/-Lyxose group
/-Rhamnose 
/-Tagatose 
/-Mannose 
d-Gulose

3,4~as Forms
d-Arabinose group
/-Fucose
d-Fructose
d-Altrose
/-Galactose

/-Arabinose group

d-Fucose
/-Fructose
/-Altrose
d-Galactose

2,3,4-
d-Ribose group
Epifucose
d-Psicose
d-Allose
/-Talose

Forms
/-Ribose group
Epirhodeose
/-Psicose
/-Allose
d-Talose

cis

Type formula

(1) C / \C  (5)

(2) ^ / C  (4)

(3)
Carbon 1 is the characteristic potential carbonyl.

carbon at pyranoid positions 1 or 5 (Table II) 
limits mobility of the cyclic oxygen, allowing 
opposite planar arrangements of cyclic oxygen 
in aldohexoses of each cis-trans group and the 
resultant alteration of cis-trans influences at 
pyranoid position 5.

In our experiments cis sugars with opposite 
extraplanar relationships showed opposing selec­
tivity for asymmetric oxidizing agents, d-Man­
nose and /-rhamnose, with 2,3-cis hydroxyls trans 
to cyclic oxygen, selected /-tartrate reagent, and 
(/-galactose, an extraplanar opposite as far as 
positions 2, 3 and 4 are concerned, selected the 
d-reagent (Table I). The oxidation of sugars is 
thus influenced by spacial configuration in three 
dimensions.

In Table III we have listed molar reducing 
equivalents of sugars and their percentage devia­
tions from the d-glucose standard. The molar 
equivalents have been calculated as percentages
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T a b l e  III
M o l a r  R e d u c in g  E q u iv a l e n t s  a n d  P e r c e n t a g e  D e v ia t io n s  o f  S u g a r s  R e l a t iv e  to  (/-G l u c o s e

Sugars mg./cc.
—Folin-W u equivalents- 

J-Reag. /-Reag. w-Reag. X
-D eviation , % - 

Y z
Sumner

equivalent®
Deviation,

%
(/-Xylose 0 .1 0.81 0.85 0.76 -  4 -1 5 -2 4 0.95 -  5
(/-Xylose .2 .82 .83 .78 -  1 -1 7 -2 2
/-Xylose .1 .805 .875 .795 -  7 -1 2 .5 -2 0 .5 .98 -  2
/-Xylose .2 .825 .875 .795 -  5 -1 2 .5 -2 0 .5
(/-Glucose .1 1.00 .98 1.00 +  2 0 0 1.00 0
(/-Glucose .2 1.00 .975 1.00 +  2.5 0 0
(/-Glucosamine .1 0.92 .95 0.875 -  3 . -  5 - 1 2 .5 0.395 - 6 0 .5
(/-Glucosamine .2 .97 .96 .905 +  1 -  4 -  9.5
(/-Glycuronic acid .1 1.025 +  2.5 .98 -  2
(/-Glycuronic acid .2 .765 .70 1.02 +  6.5 -2 3 .5 +  2
(/-Glycuronic acid .4 .86 .77 +  9 -1 4
(/-Sorbose .1 .76 .70 0.745 +  6 -2 4 -2 5 .5 .99 -  1
(/-Sorbose .2 .80 .71 .785 +  9 -2 0 -2 1 .5
/-Sorbose .1 .80 .795 .785 +  0.5 -2 0 -2 1 .5 .95 -  5
/-Sorbose .2 .85 .83 .83 +  2 -1 5 - 1 7

(/-Lyxose .1 .80 . 78 .71 +  2 -2 0 -2 9 .965 -  '3.5
(/-Lyxose .2 .80 .78 .73 +  2 - 2 0 - 2 7
(/-Mannose .2 .45 .56 .70 -1 1 -4 4 -3 0 .97 -  3
(/-Mannose .4 .57 .63 .68 -  6 -3 7 -3 2
/-Rhamnose .3 .32 .405 .39 -  8.5 -5 9 .5 -6 1 .99 -  1
/-Rhamnose .6 .38 .415 .445 -  3.5 -5 8 .5 -5 5 .5
(/-Mannoketoheptose .2 .79 .71 .875 +  8 -2 1 -1 2 .5 1.16 +16
(/-Mannoketoheptose .4 .82 .70 .85 +12 -1 8 -1 5

(/-Arabinose .1 .77 .63 -2 3 - 3 7 0.94 -  6
(/-Arabinose .2 .575 .73 .65 -1 5 .5 - 2 7 - 3 5
(/-Arabinose .4 .57
/-Arabinose .1 .72 .64 - 2 8 -3 6 .95 -  5
/-Arabinose .2 .725 .61 .64 +  11.5 -2 7 .5 -3 6
/-Arabinose .4 .575
(/-Galactose .1 .78 ' -2 2 .97 -  3
(/-Galactose .2 .79 .64 .755 +15 -2 1 - 2 4 .5
(/-Galactose .4 .63 .72 -2 8
(/-Galacturonic acid .2 .77 .53 .68 +24 -2 3 -3 2 1.025 +  2.5
(/-Galacturonic acid .4 .765 .54 .665 +22.5 -2 3 .5 - 3 3 .5
(/-Fructose .1 .89 .965 .94 -  7.5 -  3.5 -  6 0.99 -  1
(/-Fructose .2 .93 .975 .98 -  4.5 -  2 .5 -  2
/-Fucose . .3 .41 .48 .43 -  7 -5 2 - 5 7 .91 -  9
/-Fucose .6 .38 .44 .41 -  6 -5 6 -5 9
a-(Z-Mannoheptose .2 .70 .60 .78 +10 -3 0 -2 2 .97 -  3
«-(/-Mannoheptose .4 .735 .595 .77 +14 -2 6 .5 -2 3
(/-Ribose .1 .70 -3 0 .90 - 1 0
(/-Ribose .2 .52 .69 .58 -1 7 -3 1 -4 2
d-Ribose .4 .54 .61 - 3 9
/-Ascorbic acid .1 .56 .56 ,56 0 -4 4 -4 4 .45 -5 5
/-Ascorbic acid .4 .945 .92 .965 +  2.5 -  5.5 -  4.5
Gentiobiose .2 1.03 1.03 1.08 0 +  3 +  8 1.25 +25
Gentiobiose .4 1.02 1.02 1.08 0 +  2 +  8
Cellobiose .2 1.02 1.01 1.24 +  1 +  2 +24 1.57 +57
Cellobiose .4 0.99 0.97 1.23 +  2 -  1 +23
Maltose .2 .83 .92 1.02 -  9 -  8 +  2 1.52 +52
Maltose .4 .85 .88 1.02 -  3 -1 2 +  2
Melibiose .2 1.04 1.09 1.05 -  5 +  9 +  5 1.32 +32
Melibiose .4 1.03 1.05 1.05 -  2 +  5 +  5
Lactose .2 0.95 0.90 1.07 +  5 -  5 +  7 1.54 +54
Lactose .4 .95 .89 1.06 +  6 -  5 +  6

a Concentrations as in Table. I*
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of the reduction of (/-tartrate reagent by d- 
glucose. The deviations are defined as follows: 
X, representing planar influences for trans re­
agents, is the molar equivalent for the (/-reagent 
minus that for the /-reagent. Y, representing 
extraplanar influences for trans reagents, is the 
equivalent for that trans reagent most reduced 
by any particular sugar minus the equivalent of 
the trans sugar, (/-glucose, for the (/-reagent. Z, 
representing the total influence upon the meso 
reagent, is the equivalent for this reagent minus 
that of (/-glucose for the (/-reagent.

The deviations of monosaccharides with trans 
tartrate reagents reveal that epimerized (/-glucose, 
(/-glucosamine, (/-xylose, (/-lyxose and /-sorbose 
are most symmetrical in a planar sense, since 
their X deviations approach zero. However, 
these trans sugars have average Y deviations of 
0, —4.5, —16, —20 and —17.5, respectively. 
The presence of the CH2OH group at position 
5 in (/-glucose therefore increases the trans char­
acteristics of the pyranoid molecule. In the 
three-dimensional strainless model of (/-gluco- 
pyranose, viewed from the plane of the ring, 
the additional hydroxyl group of carbon 6 bal­
ances the other oxygens in both a planar (right 
and left) and an extraplanar (polar) sense. In /- 
sorbose and (/-xylose models the oxygens are well 
balanced in a planar sense but not in an extra­
planar sense, since there is no CH2OH group at 
pyranoid position 5.

Lengthening the carbon chain therefore results 
in appreciable alteration of extraplanar influences, 
which are interrelated with planar influences. 
The interrelation is demonstrated by the fact that 
d- and /-isomerism can be represented alternately 
as a polar phenomenon relative to the pyranoid 
cyclic oxygen. Inversion of strainless pyranoid 
models of /-sugars, whose ring systems are thus 
viewed as identical with those of (/-sugars, reveals 
polar interchanges between carbons 1 and 5 and 
between carbons 2 and 4. Relating sugar anti­
podes in this fashion facilitates comparisons which 
are difficult with the usual right and left disym- 
metrie formulas. Since planar and extraplanar 
influences have a common space coordinate, the 
substitution of CH2OH or COOH groups at 
pyranoid positions 1 or 5 affects both cis-trans 
(Y) and planar (X) influences, the latter causing 
a “shift to the right” in reagent selection by 
ketoses and alduronic acids. (Compare these 
with related aldohexoses in Table III.)

Of the monosaccharides studied, (/-glucose gives 
rise to the most symmetrical three-dimensional 
epimeric system. In a planar sense, epimerized 
(/-glucosamine, (/-xylose, /-sorbose and d-lyxose 
are just as symmetrical, while (/-galacturonic acid, 
(/-ribose, (/-arabinose and (/-galactose (3,4-as types) 
are most unsymmetrical. In an extraplanar sense, 
(/-glucose, (/-glucosamine and (/-fructose are most 
symmetrical, the latter evidently going to a bal­
anced epimeric system by a Lobry de Bruyn re­
arrangement; methylpentoses are most unsym­
metrical and reduce less copper than other sugars.

The trans arrangement of epimerized (/-glucose 
and its relatives, (/-fructose and (/-glycuronic acid, 
is also the most favorable influence for reduction 
of ra&M-tartrate reagent (Table III). With aldo- 
pentoses, extraplanar deviations (Y) for trans 
reagents are uniformly less than the total devia­
tions (Z) for the meso reagent, and the latter is 
not always reduced equally by planar antipodes. 
(See xylose and sorbose in Table III.) Analo­
gous smaller deviations occur even with the non- 
asymmetric Sumner reagent.

The fact that (/-glucose reduces meso reagent 
23% more than does (/-xylose, indicates again that 
mutarotation and epimerization of the trans 
pentose are insufficient to balance its molecule 
in all dimensions arid that terminal CH2OH groups 
are active. Certain sugars which are not optical 
antipodes reduce the meso reagent equally (<d- 
xylose and (/-sorbose, also d-mannose and (/-gal­
acturonic acid) ; others ((/-glucose, /-ascorbic acid, 
the methylpentoses and ketohexoses) have approxi­
mately equal Y and Z deviations.

.More detailed correlation is problematical be­
cause the concentration of certain sugars affects 
their oxidation. Notable instances are (/-mannose 
and (/-glycuronic acid with trans tartrate reagents 
(Table III), but the most remarkable example is 
a-glucosan with (/-tartrate.7

The /3-glucose-glucosides, cellobiose and gentio­
biose, resemble the parent monosaccharide with 
trans reagents, but differ in . their effects upon 
meso reagent. Cellobiose presents a space ar­
rangement for meso oxidation markedly superior 
to that of any sugar studied (Table III). The 
marked reduction of Sumner’s reagent by disac­
charides is significant.

We have called attention previously to the use­
fulness of Sumner/Folin-Wu ratios of glucose 
equivalents for differentiating sugars in solution.7,9

(9) Everett, Edwards and Sheppard, J . B iol. Chem., 104,11 (1934).
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The present study provides a more scientific 
basis for these ratios and correlates them with 
sugar structure.

Summary
1. Quantitative studies have been made of the 

oxidation of twenty-five sugars by d-, l- and meso- 
tartrate modifications of the Folin-Wu alkaline 
copper reagent and by Sumner's dinitrosalicylate 
reagent.

2. The behavior of reducing sugars is de­
termined by the entire sugar molecule, but intra­

molecular influences can be conveniently classi­
fied as planar and extraplanar, cis-trans relations 
being important extraplanar influences.

3. Epimeric sugars have related behaviors, the 
glucose epimeric system being most symmetrical 
in all dimensions. m-Sugars are most unsym- 
metrical in a planar sense and methylpentoses in 
an extraplanar sense.

4. mestf-Tartrate reagent is susceptible to both 
planar and extraplanar influences.
Oklahoma City, Okla. R eceived January 7, 1938

[Contribution No. 134 from the Department of Chemistry, the University of Texas]

Hydantoins Derived from the Analogs of 1,3-Dichloroisopropoxyethyl Methyl Ketone1
By Bruce B. Allen with Henry R. Henze

As a continuation of attempts to prepare sub­
stances possessing soporific properties, attention 
has now been directed to the synthesis of 5,5-di- 
substituted hydantoins in which one of the sub­
stituents is of the halogenoalkoxyalkyl type. In 
this Laboratory, the application of Bucherer's2 
hydantoin synthesis has been extended to the 
preparation of disubstituted heterocyclic com­
pounds from such bifunctional carbonyl sub­
stances as alkoxymethyl alkyl (or aryl) ketones3 
and phenoxymethyl alkyl (or aryl) ketones,4 and 
has been shown to be advantageous over other 
accepted methods as regards yield, ease of execu­
tion, and degree of purity of product. In the 
present investigation, then, successful use of the 
Bucherer method in hydantoin formation from 
dichloroisopropoxyethyl alkyl or aryl ketones re­
sulted in further extension of the application of 
the method. The ketones used were, with one 
exception, of the type (CH2Cl)2CH-0-CH(CH3)- 
COR where R represents alkyl and includes those 
groups which have been shown most active physio­
logically; the preparation and characterization of 
these ketones have been described by us pre­
viously.5 Since the hydantoin derived from the 
phenyl analog of this series of ketones represents 
a halogenoalkoxyl derivative of Nirvanol (5- 
ethyl-5-phenylhydantoin), a substance shown to

(1) From a portion of a dissertation presented by Bruce B. Allen 
to the Faculty of the Graduate School of the University of Texas in 
partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, June, 1938.

(2) Bucherer and Lieb, J .  prakt. Chem., [2] 141, 5 (1934).
(3) R igler w ith  H enze, T h is  Jo urn al , 58, 474 (1936).
(4) Whitney with Henze, ibid., 60, 1148 (1938).
(5) Allen with Henze, ibid., 59, 540 (1937).

possess useful medicinal value,6 it was deemed 
pertinent to effect its preparation and subsequent 
conversion into the corresponding hydantoin.

Experimental
Preparation of a-1,3-Dichloroisopropoxyethyl Alkyl 

Ketones.—The eight ketones of this series which were 
employed were prepared from a:-1,3-dichloroisopropoxy- 
propionitrile by means of the Grignard reaction, these 
preparations having been described previously.5

Preparation of a-1,3-Dichloroisopropoxyethyl Phenyl 
Ketone.—The general method as described for the prepara­
tion of the alkyl analogs was employed in the synthesis of 
this ketone. The Grignard reagent from 48.1 g. (0.31 
mole) of phenyl bromide, 7.3 g. (0.3 atom) of magnesium 
in the form of turnings, and 250 cc. of anhydrous ether 
was treated with the solution of 45.5 g. (0.25 mole) of a-
I, 3-dichloroisopropoxypropionitrile in an equal volume of 
ether. Although vigorous reaction occurred throughout 
the nitrile addition, completion was ensured by refluxing 
for two hours over a steam-cone. The addition product, 
which separated as a gray-colored solid, was decomposed 
in the usual manner with chilled, dilute hydrochloric acid 
and crushed ice; the resulting ether layer was separated, 
washed with dilute sodium carbonate solution and then 
water, and finally dried over anhydrous calcium chloride. 
The crude material was freed of ether by evaporation and 
then purified by two fractionations under 4 mm. pressure; 
the pure ketone is a colorless, almost odorless, quite viscous 
liquid which develops a deep red coloration upon standing; 
yield, 45.4 g. (69.6%); b. p. 169° (4 mm.); d?\ 1.2356; 
n20D 1.5398; MR  calcd., 66.18;7 M R  found, 65.31; 720 
35.53 dynes/cm.; P  calcd. (Sugden’s atomic constants), 
538.4; P  found, 516.0.

(6) De Rudder, Chem. Zentr., 99, I, 2628 (1926); Poynton and 
Schlesinger, Lancet, II, 267 (1929); Pilcher and Gerstenberger, A m .
J .  Diseases Children, 40, 1239 (1930); Jones and Jacobs, J .  A m . 
Med. Assoc., 99, 18 (1932).

(7) This summation includes the exaltation value due to the C6H 5- 
CO- grouping which has been determined for acetophenone by 
Auwers and Eisenlohr, J . Prakt. Chem., [2] 84, 20 (1911).



Aug., 1938 Hydantoins from Analogs of 1,3-Dichloroisopropoxyethyl Methyl Ketone 1797

T a b l e  I
5- [ 1 - (2 -C h l o r o - 1 - c h l o r o m e t h y l e t h y l ) - o x y  J-e t h y l -5 -a l k y l  or  P h e n y l h y d a n t o in s

NH-----CO
I

CO

NH-----C---- CH( CH3)—O—GH( CH2C1)2

R
M. p„ °C. Yield, Chlorine, % Nitrogen, %

-R (corr.) % Calcd. Found Calcd. Found

-CHs 229.0-230.0 85.6 26.35 26.38 10.41 10.66
-CH2CHs 198.5-199.5 84.2 25.05 25.22 9.89 9.92
-c h 2c h 2c h 3 211.5-212.5 69.5 23.86 23.97 9.43 9.56
-CH(CHs)2 146.5-147.5 66.2 23.86 24.09 9.43 9.43
-CH2CH2CH2CHs 206.5-207.5 75.4 22.79 22.70 9.00 9.11
-CH(CH3)CH2CH3 149.5-151.0 43.2 22.79 22.79 9.00 8.81
-c h 2c h 2c h 2c h 2c h 3 181.0-182.0 87.7 21.80 21.56 8.61 8.77
-CHïCHjCH(CH,)j 187.0-187.5 60.0 21.80 21.64 8.61 8.74
-C6Hc 187.0-188.0 79.7 21.41 21.53 8.46 8.47

Anal. Calcd. for Ci2H14C120 2: Cl, 27.16. Found: Cl, 
26.91.

Synthesis of 5- [ 1 -(2-Chloro-1 -chloromethylethyl)-oxy ]- 
ethyl-5-alkyl or -5-phenylhydantoins.—Bucherer's method2 
was applied to the formation of this series of compounds: 
one mole of the appropriate dichloroisopropoxyethyl alkyl 
or aryl ketone was added to the suspension of 1.25 moles of 
potassium cyanide and 3 moles of freshly powdered am­
monium carbonate in as much 50% alcohol as would ap­
proximate seven times the volume of the ketone, and then 
the resulting mixture heated from six to eight hours in a 
flask equipped with an air-condenser and maintained at 55- 
62°. In most cases, the solid hydantoin began to separate 
from the warm reaction mixture after heating had con­
tinued for three to five hours. After completion of reac­
tion, the mixture was allowed to cool and the solid which 
had formed was removed by filtration; when the solution 
was concentrated and again cooled, a second portion of 
more finely crystalline solid material was obtained. Occa­
sionally, however, the material separating after concentra­
tion was in the form of an oil but generally solidified and 
could then be recrystallized. Finally, acidification of the 
mother liquor caused separation of still another small 
amount of solid or oil. Two of the hydantoins, namely, 
the isopropyl and secondary butyl, failed to conform with 
this behavior in that there was no separation of material 
during the reaction period; after concentration of the reac­
tion mixtures to relatively small volumes and acidification, 
the crude hydantoins separated as dark-colored oils. It 
was only after prolonged boiling with 20% hydrochloric 
acid, treatment with Norit, and dissolving in warm alcohol 
followed by pouring the resulting solutions on crushed ice 
that the substances were obtained in solid form. The 
hydantoins could then be recrystallized readily from the 
usual solvents.

The hydantoins, all white solids, were recrystallized 
easily from 50-60% alcohol; the butyl and amyl analogs 
lacked the definite crystalline structure of the lower alkyl

and phenyl analogs, separating from the solvent as amor­
phous solids which were powders when dried, but which pos­
sessed sharp melting points. The hydantoins were readily 
soluble in the organic solvents such as acetone and 95% 
alcohol and in aqueous alkali, but were quite insoluble in 
water. The data for melting points, percentage yields, and 
the analytical results for the nine hydantoins prepared 
have been summarized in Table I.

I t is of interest to note that although the conditions 
favoring nitrile formation were present during these 
hydantoin preparations, namely, an alkyl halide in the 
presence of aqueous-alcoholic potassium cyanide, no re­
placement of chlorine by cyanide was observed.

Summary
1. The preparation of eight new hydantoins 

from a series of dichloroisopropoxyethyl alkyl ke­
tones extended the application of Bucherer’s 
method for preparing 5,5-disubstituted hydantoins 
to include the alkyl halogenoalkoxyalkyl type.

2. From the Grignard reaction, involving in­
teraction of phenylmagnesium bromide and a-1,3- 
dichloroisopropoxypropionitrile, was obtained the 
phenyl analog to the dichloroisopropoxyethyl al­
kyl series of ketones, this synthesis representing 
the initial preparation of an aryl chloroalkoxyalkyl 
ketone.

3. The successful conversion of the latter into 
the corresponding hydantoin further extended the 
use of Bucherer’s method to preparation of a hy­
dantoin of the 5-aryl-5-chloroalkoxyalkyl type 
and resulted in the formation of a new derivative 
of the medicinal Nirvanol.
A u s t i n , T e x a s  R e c e iv e d  J u n e  3, 1938
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[C o n t r ib u t io n  fr o m  t h e  D a n ie l  S ie f f  R e s e a r c h  I n s t i t u t e ]

1,2,3,4-Dibenzophenanthrene. I
B y  E r n st  B ergm ann

Of the possible aromatic systems consisting of 
five benzene rings, three are unknown so far:
1.2.3.4- dibenzophenanthrene (I), 1,2,5,6-dibenzo- 
phenanthrene and 1 ',2 '-naphtha-1,2-anthracene.1 
We have undertaken their synthesis and report 
here experiments for the preparation of (I), which 
followed the lines worked out for the isolation of 
the similar 1,2-cyclopentenotriphenylene2 (I is 1,2- 
benzotriphenylene). The magnesium derivative 
of (9-phenanthryl) -ethyl chloride reacted upon
2-methylcyclohexanone to give a- (9-phenanthryl- 
ethyl)-j8-methyl-A"-cyclohexene (II), which was 
cyclized by means of anhydrous stannic chloride. 
As the product formed by subsequent selenium 
dehydrogenation gave only very small amounts of 
an aromatic hydrocarbon of the desired analytical 
composition, the cyclization product of (II) seems 
not to be 5,6,7,8,9,10,11,12-octahydro-ll-methyl-
1.2.3.4- dibenzophenanthrene (III), but a spirane, 
and the aromatic hydrocarbon, which forms a yel­
low picrate, a rearrangement product.3

I II III

In the experimental part some more unsuccess­
ful experiments to synthesize (I) are recorded. 
The investigation is being continued.3a

Experimental
a - (9 - Phenanthryl - ethyl) - p - methyl - A“-cyclo- 

hexene (II).—When o-methylcyclohexanone (10 g.) was 
added to the solution of |S-(9-phenanthryl)-ethjdmagne- 
sium chloride (from 2.5 g. of magnesium turnings and 24 g. 
of the chloride),2 a vivid reaction took place, which was 
completed by boiling for three hours. On decomposition 
with dilute acid, some 1,4-di-(9'-phenanthryl)-butane 
(1.4 g.) separated. The ether residue decomposed partly 
when heated on the water-bath, giving off water, and there­

(1) Barry, Cook, et al., Proc. Roy. Soc. (London), 117B, 318 
(1935).

(2) E. Bergmann and O. Blum-Bergmann, T h is  J ournal , 58, 
1678 (1936); E. Bergmann and F. Bergmann, ibid., 60, 1805 (1938).

(3) Compare Fieser, “Natural Products Related to Phenan- 
threne,” Reinhold Publishing Corp., New York, N . Y., 1936, p. 162.

(3a) (I) has recently been synthesized by Hewett, J. Chem. Soc.,
193 (1938).

fore it was heated with potassium hydrogen sulfate (20 g.) 
to 160° for one hour. Distillation in a good vacuum (0.01 
mm.) gave after a small head fraction, which probably was 
9-ethylphenanthrene, the desired product (10 g.) as a 
colorless, viscous oil, b. p. 220°, which could not be induced 
to crystallize (Calcd. for C23H24: C, 92.0; H, 8.0. Found: 
C, 92.1; H, 8.3). The picrate, prepared in concentrated 
benzene solution, precipitated on chilling as an orange-red 
powder. From propyl alcohol it formed silky needles, 
which melted at 124-125° to a dark-red liquid (Calcd. for 
C29H2707N3: C, 65.8; H, 5.1. Found: C, 66.0, 66.0; 
H, 5.3, 5.5).

Bromine Titration.—0.6594 and 1.3185 g. of the hydro­
carbon absorbed 0.3260 and 0.7056 g. of bromine, the theo­
retical amounts required for 1 double bond being 0.3517 
and 0.7032 g., respectively.

Cyclization.—A solution of the foregoing hydrocarbon 
(II) (15 g.) in benzene (150 cc.) was saturated with dry 
hydrogen chloride, treated with stannic chloride (6 g.), and 
kept at room temperature for forty-eight hours. Decom­
position with ice and concentrated hydrochloric acid gave 
the spiranic cyclization product; colorless oil, b. p. 220° 
(0.01 mm.); yield, 12 g. (Calcd. for C23H24: C, 92.0; H, 
8.0. Found: C, 91.6; H, 7.9). On mixing its benzene 
solution with the equivalent amount of picric acid in 
benzene, a red solution was obtained, which deposited the 
picrate on evaporation. From propyl alcohol this formed 
orange-red, prismatic needles, m. p. 172° (Calcd. for C29- 
H27O7N3: C, 65.8; H, 5.1. Found: C/65.9; H, 5.2).

Cyclization of (II) by means of aluminum chloride did 
not always give satisfactory results.

Dehydrogenation of the Presumable Spirane.—The 
above hydrocarbon (3 g.) was heated with selenium (5 g.) 
at 300-320° for twenty hours in a sealed tube. The reac­
tion product was extracted with chloroform and the residue 
purified by distillation in a high vacuum (0.01 mm.). 
After a small head fraction a t 160-190° bath temperature, 
the desired product distilled a t a bath temperature of 260- 
280°. I t  solidified spontaneously and was triturated with 
petroleum ether (b. p. 80-100°) and recrystallized from 
the same solvent, giving faintly yellow, star-like aggregates 
of prismatic needles, m. p. 184°; yield 1-3%. (Calcd. for 
C22Hi4: C, 95.0; H, 5.0. Found: C, 95.0; H, 5.1%). 
The picrate separated from its dark yellow benzene solu­
tion in silky, yellow needles, m . p . 220 °.

The head fraction mentioned above crystallized from 
methyl alcohol in the form of leaflets of m. p. 99° and 
was identified as phenanthrene. Its formation is due to 
thermolytic fission. An analogous observation has been 
made recently in our laboratory4 in the dehydrogenative 
preparation of 2',1 '-naphtha-1,2-fluorene.5 Its 10-methyl- 
3,4,9,10-tetrahydro derivative, when heated with sele­
nium, gives partly 3,4-dihydrophenanthrene.

Several other synthetic methods for the preparation of

(4) Unpublished results.
(5) Bachmann, Cook, H ewett and Iball, J . Chem. Soc., 54 (1936).
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(I) have been tried without success. Dicyclohexenyl 
(4.5 cc.)6 and 1,2-naphthoquinone (10.4 g.) condensed at 
180° to form an unworkable black resin, and 3-bromo-1,2- 
naphthoquinone (1.6 g.) did not react at all with this 
hydrocarbon (1.1 g.) when heated at 100° for four hours in 
the presence of sym-tetrachloroethane7 (10 cc.). The 
potassium derivative of ethyl cyclohexanone-o-carboxylate 
could not be coupled with |8-(9-phenanthryl)-ethyl chlo­
ride, even on prolonged heating,8 and finally the fact may

(6) Compare Weizmann, Bergmann and Berlin, T h is J o urn al , 
60,1331 (1938).

(7) Compare, for this method, Fieser and Dunn, ibid,, 59, 1016, 
1021, 1024 (1937).

(8) With this reaction, we intended to utilize the method of
Ruzicka, Ehmann, Goldberg and Hoesli [Helv. Chim. Acta, 16, 
833 (1933)] for the synthesis of chrysene and 1,2-cyclopenteno- 
phenanthrene.

be recalled,9 that 9-cyclohexenylphenanthrene does not re­
act with maleic anhydride to form a derivative of 1,2,3,4- 
dibenzophenanthrene.

Summary
By interaction between 2-methylcyclohexanone 

and the Grignard derivative of (3- (9-phenanthryl- 
ethyl) chloride and subsequent cyclization, a 
spirane is formed instead of the expected octahy- 
dro-methyl-l,2,3,4-dibenzophenanthrene. Its de­
hydrogenation gave small amounts of an aromatic 
hydrocarbon. Several other methods of synthesis 
also failed.

(9) E . Bergmann and F. Bergmann, T h is  J o urnal, 59,1443 (1937).

Rehovoth, Palestine Received March 4, 1938

[C o n t r ib u t io n  fr o m  t h e  D a n ie l  S ie f f  R e s e a r c h  I n s t i t u t e ]

The Photochemical Deamination of Amino Acids in Water Solution. II
B y C h . W e izm a n n , Y. H ir sh b er g  and  E r n st  B er gm ann

In the first paper on the subject,1 we were able 
to demonstrate that under the influence of ultra­
violet light water solutions of amino acids undergo 
hydrolysis according to the scheme

RCHCOOH +  a q .---->  RCH+COOH +  NH2~ (a)

NH2
RCH+COOH +  OH' — > RCHCOOH (b)

OH
NH2-  +  H + — ^ N H 3 (c)

In order to see how the nature of the group R 
influences the speed of the reaction, we compared 
alanine and phenylalanine under identical con­
ditions. Phenylalanine decomposes about 2.7 
times as quickly as alanine, in 0.1 N  solution, and
2.2 times as quickly in 0.05 N  solution. This 
influence of the phenyl group may be due to two 
effects, to its loosening the C-N bond and to the 
increase in light absorption,2 both effects perhaps 
being connected in some way. The necessary 
measurements could be made only in the first 
stage of the reaction, as phenylalanine undergoes 
a side reaction, leading to an insoluble coating on 
the quartz walls and to the formation of an un­
pleasantly smelling volatile product. In the 
first minutes of irradiation, however, only am­
monia is formed, according to the above scheme. 
The same complication as with phenylalanine

(1) Weizmann, Bergmann and Hirshberg, T h is J ournal , 58, 
1675 (1936).

(2) Compare Allen, Steiger, Magill and Franklin, Biochem. J ., 31, 
195 (1937).

occurs in the case of phenylglycine, C6H5CH- 
(NH2)COOH, the decomposition of which there­
fore could not be studied. Apparently, these 
side reactions are due to the presence of the 
aromatic nucleus, as similar observations have 
been made before with tyrosine solutions.3

The constitutional change brought about by 
coupling alanine with glycine to form alanylgly- 
cine also increases the speed of the photochemical 
deamination. Alanylglycine is hydrolyzed 4.2 
times as quickly as alanine in 0.1 N  solution, 
and 2.6 times as quickly in 0.05 solution. It is 
difficult to explain this difference, but it may be 
assigned to the greater distance between the 
amino and the free carboxyl group enhancing the 
ionization of the C-N bond, or to the increased 
light absorption4 or to both effects. It may be 
added that we think it safe to ascribe the am­
monia formed exclusively to the decomposition 
of the -C-NH2 and not of the amide group, since 
the amide group, as far as we know, is much sta­
bler toward photochemical hydrolysis.5 It appears 
that peptides are attacked in the same way as amino

(3) Compare Part I. The ultraviolet absorption spectra of 
tyrosine and phenylalanine are practically identical: Feraud, Dunn 
and Kaplan, J. Biol. Chem., 112, 323 (1935).

(4) Magill, Steiger and Allen, Biochem. J ., 31, 188 (1937).
(5) Compare, e. g., the experiments of Paternö, Gazz. chim. 

ital., 44, I, 237 (1914). Allen, Steiger, Magill and Franklin2 have 
stated recently that in acylated amino acids and peptides hydrolysis 
of the -CO-NH -group occurs on irradiation. While that may be 
true in the case of acylated amino acids, which do not contain the 
amino group necessary for photolysis, there apparently is no need 
for that assumption with regard to peptides.
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acids, although Guillaume and Tanret6 have failed 
previously to detect photolysis of peptides.

The quantum yield of the reactions has been 
studied with greater accuracy. The measure­
ments were carried out with a vertical mercury 
arc lamp, which had four jackets.7 The first and 
the fourth served for cooling with running water, 
in the second and third we had (a) water and 
monochloroacetic acid, or (b) the amino acid and 
monochloroacetic acid of equal normalities. The 
difference in the decomposition of monochloro­
acetic acid gave us the light absorbed in the 
amino acid layer, and its comparison with the de­
gree of decomposition as determined by the 
amount of liberated ammonia gave the desired 
quantum yield. (In view of our preparative 
experiments,1 it seemed safe to assume that the 
liberation of ammonia (or trimethylamine) is the 
only reaction occurring). Naturally, the jacket 
walls have to be kept extremely clean, as other­
wise the translucence would not be identical in 
all experiments. Our experiments showed that 
in the case of alanine and glycine the quantum 
yield is equal to 0.09 and 0.1, respectively, while 
for betaine 0.06 has been observed. The ratio: 
between the amino acids and betaine is about the 
same as found in Part I, and may be explained as 
suggested there,8 although the absolute values 
according to our new more accurate measurements 
are definitely lower. The low absolute values 
are due, at least partly, to the increase in absorp­
tion, which sets in during irradiation according 
to Allen, Steiger, Magill and Franklin.9

The hydrolysis reaction we observe in the cases 
studied may be interesting from a biochemical 
point of view, as its occurrence in green plants 
may account for the relatively wide distribution 
in them of «-hydroxy acids. Other ways for the 
hydrolytic fission of amino acids, in any case, 
seem not to be available to the cell, as has been 
pointed out already in Part I. It has been sug­
gested occasionally that bacteria are able to pro­
duce hydrolysis of the above type,10 but observa­
tions like that of Otani and Ichihari,11 that

(6) Guillaume and Tanret, Compt. rend. acad. sci., 201, 1057 
(1935); compare Bull. soc. biol., 18, 571 (1936).

(7) For a similar device see Farkas and Wansbrough-Jones, Z. 
physik. Chem., 18B, 124 (1932).

(8) Compare the analogous views expressed for the case of acrolein 
by Thompson and Linnett, J . Chem. Soc., 1452 (1935).

(9) Thanks are due to the Referee for drawing our attention to that 
point.

(10) See, e. g., Ehrlich and Jacobsen, Ber., 44, 888 (1911).
(11) Otani and Ichihari, Folia Jap. Pharmacol., 1, 397 (1925); 

quoted by Heigener, Centralbl, Bakt., I I ,  93, 83 (1935).

Oospora lactis produces (+)-lactic acid from 
both the forms of alanine, suggest that the amino 
acid is first oxidatively de-aminated and the keto 
acid formed subsequently hydrogenated. The 
same holds true for higher animals. Kotake, 
Kotake and Taniguchi,12 e. g.$ obtained after 
tyrosine feeding />-hydroxyphenyllactic acid along 
with ^>-hydroxyphenylpyruvic acid. For the 
classical photolytic conversion of amino acids 
into aldehydes in the presence of oxygen, on the 
other hand, it seems justified to assume hydroxy 
acids as intermediary products, although no 
definitive proof can be advanced.13 The reducing 
properties of irradiated amino acid solutions,14 
e. g.t could be attributed to hydroxy acid forma­
tion.

Experimental
C o m p a r a t iv e P h o t o l y s is  o f P h e n y l a l a n in e  a n d

A l a n in e

Time,
min.

(a) 0.1 N  
Cc. of 0.1 N  NHjj 

formed from 
alanine

solution (50 cc.) 
i Cc. of 0.1 N  NHs 

formed from 
phenylalanine

5 0.16 0.55
10 .31 .90
15 .45 1.25
20 .59 1.50
25 .72 1.70
30 .88 1.91

(b) 0.05 N  solution (50 cc.)
5 0.18 0.41

10 .25 .72
15 .38 .90
20 .50 1.08
25 .62 1.29
30 .74 1.47

C o m p a r a t iv e P h o t o l y s is  o f A l a n y l g l y c in e  a n d

A l a n in e

Time,
hours

(a) 0.1 N  solution (25 cc.)
Cc. of 0.1 2V N H 3, Cc. of 0.1 N  NHs 

formed from formed from 
alanine alanylglycine

1 1.91 8.65
2 3.54 16.80
3 4.99 21.13
4 6.25 25.46
5 8.23 29.24

(b) 0.05 N  solution (25 cc.)
1 1.55 3.95
2 2.91 6.50
3 4.28 9.55
4 5.52 14.26
5 6.55 17.58

(12) Kotake, Kotake and Taniguchi, J . Biochem., 18, 395 (1933). 
Compare Sasaki and Otsuka, J . Biol. Chem., 32, 533 (1917); Kotake, 
Chikano and Ichihara, Z. physiol. Chem., 143, 218 (1925).

(13) Compare Ganassini, Giorn. Farm. Chem., 61, 439, 481 (1912); 
Chem.. Centralbl., 84, I, 153 (1913).

(14) Weis, Naunyn-Schmiedeberg’s Archiv, 181, 147 (1936).
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Quantum Yield of the Glycine Photolysis.—
The inner chamber of the quartz lamp con­
tained 115 cc. of water or of the 1 N  amino acid 
solution, respectively, the outer one 200 cc. of 1 
N  monochloroacetic acid solution. Owing to the 
fact that glycolic acid as formed from monochloro­
acetic acid is unstable by itself, the amino acid 
solution was irradiated for one hour, while during 
only half of this time the outer jacket was filled 
with the chloro acid solution. 200 cc. of the 1 N  
monochloroacetic acid, e. £., gave within thirty 
minutes 150 cc. of 0.1 N  Cl~, when irradiated 
through water, and 110 cc. of 0.1 A Cl“, when 
irradiated through glycine solution. During one 
hour of irradiation, this glycine solution liberated
8.8 cc. of 0.1 N  ammonia; quantum yield 8.8/ 
2(150 —110) = 0.11. The following figures have 
been obtained in a number of analogous experi­
ments: 0.11, 0.10, 0.09, 0.10, 0.09, 0.10, 0.12,
0.12,0.11; average, 0.10.

Quantum Yield of the Alanine Photolysis.— 
The following figures have been determined:
0.088, 0.086, 0.094, 0.085, 0.087, 0.084; hence 
average, 0.087.

Quantum Yield of the Betaine Photolysis.—
The following data have been secured: 0.065,
0.066, 0.064, 0.064, 0.062; hence average, 0.064.

Summary

The photolysis of alanine in water solution has 
been compared with that of phenylalanine and 
alanylglycine; in both cases the speed of the 
reaction is increased with regard to the velocity of 
the alanine decomposition. In the case of phenyl­
alanine (and of phenylglycine), secondary reac­
tions also take place, obviously due to the presence 
of the phenyl group.

The biological importance and the unique 
position of this photolysis is stressed, no other 
biological ways of amino acid hydrolysis being 
known.

The quantum yield of the photolytic fission 
has been more accurately redetermined in the 
cases of glycine, alanine and betaine; again, a 
markedly lower value has been obtained for 
betaine.
R e h o v o t h , P a l e s t in e  R e c e iv e d  M a r c h  12, 1938

[C o n t r ib u t io n  fr o m  t h e  D a n ie l  S ie f f  R e s e a r c h  I n s t it u t e  ]

Dipole Moments and Molecular Structure. XIX.1 Dipole Moments of Anthracene 
Derivatives and the Stereochemical Mechanism of Addition and Splitting Reactions

in the Anthracene Series

B y E r n st  B ergm ann  and Anna  W eizm a nn

Recently,2 one of the present authors, has given 
a classification of halogen additions to double 
bondvS. Since all mechanisms concerned involve 
a two-step reaction, it is understood that usually 
the entering halogen atoms (or ions) arrange them­
selves as remotely as possible from each other 
(“/rafts-addition”).2a Therefore, we think it 
worth while communicating that the addition of 
chlorine3 to 1,5-dichloroanthracene (to form I) and
9,10-diphenylanthracene (to form II) is a pure

(1) Part X V III: Bergmann and Weizmann, Trans. Faraday
Soc., 32, 1327 (1936).

(2) E. Bergmann, Iielv. Chim. Acta, 20, 590 (1937); cf. Roberts 
and Kimball, T h is  J o ur n a l , 59, 947 (1937).

(2a) For a review see G. Wittig, “Stereochemie,” Akad. Verlags- 
gesellschaft, Leipzig, 1930, pp. 120 ff.

(3) The slight solubility of the corresponding dibromide prevented 
us from assigning a configurational formula; 0.2431 g. in 20 cc. of ot- 
methylnaphthalene at 52.10° showed no visible difference in the di­
electric constant from the pure solvent.

cis reaction,4 the dichlorides formed having di­
pole moments of 3.7 and 3.0, respectively. We 
are inclined to assume that this unexpected course 
is due to steric factors. The anthracene model 
shows that a chain of two atoms easily may form a 
bridge between the 9,10-positions of the anthracene 
nucleus, so that the chlorine molecule will be able 
to enter the anthracene molecule as such. From 
this point of view, the chlorination parallels the 
“Einlagerung” of oxygen molecules (III)5 or of 
substances of the maleic anhydride type (IV).6

A similar explanation for the course of an ad-
(4) The same structure has been assigned to (I) by de Barry 

Barnett.12
(5) Compare also for references, Dufraisse and Le Bras, B ull. 

soc. chim. [5] 4, 349 (1937); Willemart, ibid., 357, 510 (1937).
(6) Diels and Alder, A nn ., 486, 191 (1931); Ber., 64, 2116 (1931); 

Clar, ibid., 64, 1676, 2194 (1931); Cook, J . Chem. Soc., 3273 (1931). 
Compare Bergmann and Fujise, A nn ., 480, 188 (1930).
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C1H Cl C6H5 Cl

Cl H Cl Cl

CeHfi Cl 
II

H

CHX

CHX

EI
IV

Cl H 
V

dition reaction has been given recently by K. 
Ziegler and co-workers7 in the case of the 
lithium addition to butadiene, cis reaction taking 
place because of the oriented adsorption of the 
hydrocarbon on the metal surface.

1,8-Dichloroanthracene apparently adds chlo­
rine “normally” in trans reaction, the 1,8-dichlo- 
roanthracene-9,10-dichloride (V) having an even 
smaller dipole moment (2 AD) than the parent 
substance (ju = 3.2D), while the cis isomeride of
(V) should have a markedly higher moment 
(4.5-5D).8 Perhaps the close proximity of the 
two halogen atoms in the positions 1 and 8 pre­
vents the above mechanism from being valid in 
this case.9

With regard to the numerical values observed, 
two remarks may be made. It is not clear why 
I and II do not have identical moments, the 
moments of di- and triphenyl chloromethane being 
nearly equal:10 one would suggest an inductive 
influence of the nuclear halogen atoms in (I)11 
(see below). The unexpectedly high difference 
in moments between 1,8-dichloroanthracene and

(7) Ziegler, Haeffner and Grimm, A nn ., 528, 101 (1937).
(8) Moment of 1,8-dichloroanthracene, plus moment of (I) or (II) 

perpendicular to it. Compare the dipole moment of trans- 1,4-di- 
halogenocyclohexanes: Halmoey and Hassel, Z. physik. Chem., B15, 
472 (1932).

(9) The instability of the 9,10-dihalides of anthracene itself made 
the determination of their dipole moments impossible.

(10) Weissberger and Saengewald, Z. physik. Chem., B20, 145
(1935); Bergmann, Engel and Wolf, ibid., B17, 81 (1932).

(11) Weissberger and Hampson, Trans. Faraday Soc., 30, 884 
(1934); J . Chem. Soc., 393 (1936); T h is  Journal , 58, 2111 (1936).

its 9,10-dichloride may be due to the presence in 
the former substance of an ortho-chlorinated sty­
rene system, the effect of which has been studied 
before by the authors.1

In studying the splitting reactions of dihalides 
of types (I) and (V), de Barry Barnett and his 
co-workers12 have assumed that only cis reac­
tions are likely to occur, divergent observations 
being explained by previous steric rearrangement 
of the dihalide or by its stereochemical inhomoge­
neity. These suggestions seem unsatisfactory. 
First of all, the substances used in our work were 
well-crystallized and certainly homogeneous. Sec­
ond, it is difficult to understand that heating of
1,8-dichloroanthracene dichloride, e. g., by itself 
or in presence of boiling xylene or cymene gives 
different results (removal of hydrogen chloride 
or chlorine, respectively), if these differences are 
due to previous rearrangement in one case. Third 
in terms of Barnett's hypothesis, it is un­
explainable why under the above conditions
1,5,9-trichloroanthracene-9,10-dichloride loses hy­
drogen chloride while 1,8,10-trichloroanthracene-
9.10- dichloride loses chlorine under the influence 
of potassium hydroxide. We prefer the view 
that there is no visible rule governing the steric 
course of the splitting reaction.

Obviously, in substitution reactions, con­
figurational inversion may occur. One example 
is that 9,10-diphenyl-9,10-dihydroxy-9,10-dihy- 
droanthracene, a homogeneous substance, reacts 
with dimethylaniline to yield two isomeric forms of
9.10- diphenyl - 9,10-di -{p- dimethylamidophenyl) -
9,10 - dihydroanthracene.13 1,5 - Dichloroanthra- 
cene 9,10-dibromide, on interaction with water in 
presence of acetone and calcium carbonate, affords 
according to E. de Barry Barnett12 two isomeric
1,5- dichloro - 9,10 - dihydroxy - 9,10-dihydroanthra- 
cenes (m. p. 210 and 244°, respectively)

C1H OH C1H OH

VI H OH Cl H OH Cl VII

We have measured the moment of the lower- 
melting form and found 2.95D; for the isomeric 
form, due to its low solubility, we can only say 
that its moment is smaller. Therefore, the sub-

(12) E. de Barry Barnett, Rec. trav. chim., 43, 530 (1924); 44, 
217, 728, 818, 894 (1925); 45, 68, 558 (1926).

(13) Haller and Guyot, Compt. rend., 140, 343 (1905).
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T a b l e  I
T p € « 2 P V * P e V z P P e P a  +  o

l,5-Dichloroanthracene-9,10-dichloride (I), t  24.8°, a-methylnaphthalene
0 1.0155 2.6818 2.6044 50.2322 48.7233 —

0.00883 1.0208 2.8082 2.6053 52.8851 49.0189 350.84 82.21 268.63
0.01166 1.0224 2.8774 2.6063 54.2325 49.1322 393.44 83.80 309.64

-Pa+0 =  289.1 (average) /* = 3.7 D
l,8-Dichloroanthracene-9,10-dichloride (V), t  45.0°, dioxane

0 1.0239 2.2250 1.9901 24.9189 21.3265 — >

0.00731 1.0325 2.2914 1.9997 26.1382 21.7105 191.69 73.86 117.84
0.00841 1.0338 2.2963 2.0009 26.2488 21.7630 183.12 73.22 109.90

T a  +  o — 119.0 fi ==  2 AD

1,8-Dichloroanthracene, t  23.4°, dioxane
0 1.0316 2.2347 2.0138 24.8724 21,5456 — ^

0.00557 1.0362 2.3270 2.0249 26.3069 21.8430 286.05 74.96 211.09
=  3.2 D

9,10-Diphenylanthracene-9,10-dichloride (II), t  38.2c benzene
0 0.8569 2.2374 2.2337 26.5794 26.5265 — ^

0.00228 .8636 2.2685 2.2391 27.0950 26.6506 252.41 80.84 171.53
0.00437 .8698 2.2583 2.2240 27.6081 26.4575 214.455 74.09 140.36

P 00r  A + 0  ■=175 n  = 3.0D
l,5-Dichloro-9,10-dihydroxy-9,10-dihydroanthracene, m. p. 210° (VI), t  25.4 dioxane

0 1.0296 2.2364 2.0141 24.9441 21.5925 —

0.00245 1.0322 2.2692 2.0171 25.4824 21.7010 244.24 65.70 178.45
0.00272 1.0335 2.2697 2.0178 25.4718 21.6985 218.67 60.50 158.17
0.00547 1.0354 2.2994 2.0226 25.9944 21.8650 217.09 71.44 145.65

p 00 _  
•^ A  +  O “ 180.0 n  = 2.9 W

Dimethyl cw-9,10-dihydroanthracene-9,10-dicarboxylate (VIII), t  23.6°, benzene
0 0.8744 2.2767 2.2396 26.6296 26.0812 — >

0.00811 .8829 2.3597 2.2497 28.1767 26.5681 217.40 86.12 131.28
0.01669 .8919 2.4737 2.2557 30.1513 27.0081 237.62 81.61 156.01

P a + o — 143.65 (average) H  =  2.6D
Dimethyl l r a n s - 9 , 10-dihydroanthracene-9,10-dicarboxylate (IX), t  24.2°, benzene

0 0.8737 2.2755 2.2396 26.6331 26.0965 -------^

0.00802 .8818 2.3078 2.2427 27.4575 26.4918 127.03 75.36 51.67
0.01143 .8852 2.3385 2.2485 28.0544 26.7218 150.93 80.79 70.14

Pa +o =  60.90 (average) ix =  1.7 D
1-Chloroanthraquinone, t  29 .60°, dioxane

0 1.0272 2.2312 2.0042 24.9284 21.4852 — > .

0.01397 1.0382 2.3180 26.5094 138.03 68.75
0.01707 1.0413 2.3567 2.0338 27.1495 21.3440 148.48 69.28 79.20

P aV  =  74.0 (average) M =  1.9D

stance of m. p. 210° would be the cis diol, the 
other one the trans form, in accordance with 
Barnett’s assumptions. The formation of the cis 
diol from the trans dibromide involves a single in­
version, the formation of the trans form none, or 
a double one.

In connection with these experiments, the two 
isomeric dimethyl 9,10-dihydroanthracene-9,10-di- 
carboxylates described by Schlenk and Bergmann14 
have been investigated. Their dipole moments

(14) Schlenk and Bergmann, A nn ., 463, 134 ff. (1928).

H COOR H COOR

have been found to be 2.6D for the /3-ester and 
1.7D for the a-ester, respectively. As in the case 
of diethyl maleate and fumarate,15 the lower mo­
ment should correspond to the trans isomeride.

(15) Smyth and Walls, T h is Jo urn al , 53, 527 (1931). Compare 
Briner and co-workers, Helv. Chim. Acta, 19, 1354 (1936).
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This is in accordance with the fact that alkali con­
verts the fi- into a-acid, probably via an enol form.

Finally, the dipole moment of 1-chloroanthra- 
quinone (1.91}) may be recorded, the rather high 
value probably being due to induction or reso­
nance effects.

Experimental
1. Materials

1.5- Dichloroanthracene.16—Commercial 1,5-dichloroan- 
thraquinone (50 g.) is heated with 20% ammonia solution 
(1 liter) on a steam-bath, and zinc dust (250 g.) gradually 
added. The mass, first blood-red, becomes slightly red­
dish, it is filtered after standing for ten hours and extracted 
several times, while still wet, with acetone. The acetone 
residue on crystallization from butanol gives yellow 1,5- 
dichloroanthracene, m. p. 187°, while a colorless product 
remains in the mother liquors; from petroleum ether this 
gives needles, m. p. 102-103°. It is l,5-dichloro-9-hy- 
droxy-9,10-dihydroanthracene (Calcd. for Ci4H ioOC12: 
C, 63.4; H, 3.8. Found: C, 63.0, 63.3; H, 4.0, 4.0). 
Oil dissolving this in hot propyl alcohol and adding a few 
drops of coned, hydrochloric acid, 1,5-dichloroanthracene 
precipitates in a pure state. The most convenient method, 
therefore, is to dissolve the crude acetone residue in the 
minimum amount of propyl or butyl alcohol and to add a 
few drops of hydrochloric acid; yield 30 g.

1.5- Dichloroanthracene-9,10-dichloride (I) was prepared 
according to Liebermann and Beudet16 17 at 0° from 1,5-di­
chloroanthracene and an excess of chlorine solution in car­
bon tetrachloride. After three hours the product was col­
lected, washed with ligroin and dried; m. p. 214-215° 
(Calcd. for C14H8C14: C, 52.8; H, 2.5. Found: C, 52.3; 
H, 2.7). The bromide was prepared in the same way; 
m. p. 220° (after short sintering).

1,8-Dichloroanthracene from toluene, m. p. 185°, and 
its dichloride (V), m. p. 184° (dec.), were obtained in the 
same way as the 1,5-compounds, 9,10-diphenylanthracene- 
9,10-dichloride (II) from 9,10-diphenylanthracene and 
chlorine or more conveniently according to Bergmann and 
Blum-Bergmann.18 1-Chloroanthraquinone (commercial 
sample) was recrystallized.

(16) Cf. v. Braun and Bayer, Ber., 59, 914 (1928).
(17) Liebermann and Beudet, ibid., 47, 1011 (1914).
(18) Bergmann and Blum-Bergmann, T h is J o urnal , 59, 1439

(1937).

l,5-Dichloro-9, XO-dihydroxy-9,10-dihydroanthracenes.12 
(a) cis Isomeride.—l,5-Dichloroanthracene-9,10-dibro- 
mide (16 g.) was heated with acetone (190 cc.) and water 
(120 cc.) for four hours. The filtered solution (residue 
mainly 1,5-dichloroanthracene) deposits a yellowish 
precipitate which is carefully recrystallized from toluene 
to a constant m. p. of 210-212°; colorless prisms; yield 
1.65 g. (b) trans Isomeride.—l,5-Dichloroanthracene-9,- 
10-dibromide (31 g.), acetone (300 cc.) and calcium car­
bonate (8.5 g.) were boiled for eight hours. The insoluble 
product (the solution contains mainly the cis diol) was col­
lected and recrystallized several times from xylene; frac­
tionation removed a small quantity of a yellow substance 
(apparently 1,5-dichloroanthracene); m. p. 241 °; yield 0.5 g.

The trans compound was too slightly soluble for a series 
of measurements. At a molar fraction of 0.0272, the diox­
ane solutions of the two isomerides had the same refrac­
tive index, but with the trans compound the dielectric 
properties of the solution were not markedly different 
from those of the pure solvent.

2. Measurements
The significance of the figures is as in previous communi­

cations. The data for a-methylnaphthalene have been 
reported by Bergmann and Schuetz.19

Summary
Dipole moment measurements reveal that the 

addition of chlorine to 1,5-dichloroanthracene 
and 9,10-diphenylanthracene is a cis reaction; 
it is suggested that, in contradistinction to the 
usual behavior, the chlorine molecule is added.
1,8-Dichloroanthracene adds chlorine in trans 
reaction. The splitting reactions of anthracene-
9,10-dihalides show no recognizable regularity.

Hydrolysis of l,5-dichloroanthracene-9,10-di­
bromide is accompanied, at least partially, by 
Walden inversion; the dipole moment of the 
corresponding cis diol has been measured. On 
the basis of the dipole moments, the spatial ar­
rangement of the isomeric dimethyl 9,10-dihy- 
droanthracene-9,10-dicarboxylates has been de­
termined.
R e h o v o t h , P a l e s t in e  R e c e iv e d  A p r il  30, 1938

(19) Bergmann and Schuetz, Z. physik. Chem., B19, 398 (1932).
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[Contribution from the Daniel Sieff Research Institute ]

1,2-Cyclopentenotriphenylene. II
B y E rnst  B ergmann and F elix  B ergmann

In a previous paper,1 synthetic experiments had 
been reported expected to yield 1,2-cyclopenteno- 
triphenylene (I). In the course of this synthesis, 
three hydrocarbons were isolated, to which, on the 
basis of mere analogies, the following formulas 
were assigned: “cyclopentenotriphenylene” m. p. 
171-172.5°; picrate, m. p. 172-173°; “9-methyl-
3,4-benzpyrene,” 2 m. p. 157.5-159.5°; picrate, 
m. p. 153-155°; “ 1,2,3,4-dibenzfluorene,” m. p. 
115-116°; picrate, m. p. 165-167°. In  order to 
determine definitely the structure of the three 
products, we have tried both chemical and physi­
cal methods. A possible synthesis of 1,2-cyclo- 
pentenotriphenylene by an unambiguous method 
was suggested by our observation3 th a t this hy­
drocarbon system can be obtained easily by the 
diene reaction of 9-cyclopentenylphenanthrene 
and maleic anhydride. When the condensation 
product (II) was treated with lead tetraacetate4 
four hydrogen atoms were removed, leaving 1,2- 
cyclopentenotriphenylene-3,4-dicarboxylic acid
anhydride (III). Direct decarboxylation proved 
difficult, bu t eventually two different stepwise 
methods have been worked out. (a) W ith quino­
line and basic cupric carbonate,5 a monocarboxylic 
acid “A” was formed, m. p. 299-300° (methyl 
ester, m. p. 197-198°), the potassium salt of which 
was decarboxylated thermally with relative ease, 
giving the desired cyclopentenotriphenylene (I).6
(b) The anhydride (III), on heating with soda- 
lime, gave an isomeric cyclopentenotriphenylene 
carboxylic acid (3 or 4) “B,” m. p. 249° (methyl 
ester, m. p. 117°). This, when treated with basic 
cupric carbonate in quinoline, gave again the de­
sired hydrocarbon (I). The substance was iden­
tified in each case by the characteristic orange- 
yellow picrate, m. p. 165-167°. Therefore, the 
hydrocarbon formerly supposed to be 1,2,3,4-

(1) Bergmann and O. Blum-Bergmann, T h is  J o urn al , 58, 1678
(1936) .

(2) This hydrocarbon was previously called 7-methyl-l,2-benz­
pyrene; this name has been changed according to the suggestions 
of Cook and co-workers, A m e r . J . C a n cer , 29, 279 (1937).

(3) E. Bergmann and F. Bergmann, T his Journal, 59, 1443
(1937) .

(4) (a) Haworth and co-workers, J . C h em . S o c ., 635, 643 (1935) ; 
(b) 352, 1000 (1936); (c) Weizmann, Bergmann and Berlin, T h is 
J o u rn al , 60, 1331 (1938).

(5) Fieser, Fieser and Hershberg, ib id .,  58, 2324 (1936).
(6) The same result was obtained when the monocarboxylic acid 

A was distilled over zinc dust in  vacu o .

dibenzfluorene, actually is 1,2 cyclopentenotri 
phenylene.

6

III IV V

The spectrum of the substance formerly sup­
posed to be cyclopentenophenanthrene (C2iHi6) 
shows even on qualitative examination7 so close 
a resemblance to 3,4-benzpyrene8 that we definitely 
may assign to it the structure of 9 (?)-methyl-3,4- 
benzpyrene,9 (C2iH i4). The intense green-yellow 
fluorescence of our substance points in the same 
direction; even the melting point of our hydro­
carbon is almost identical with that of 3,4-benz­
pyrene10 and is not depressed by its admixture.11’12

The third of the above hydrocarbons (m. p.
157.5-159.5°) finally has been identified as 1,2,-
3,4-dibenzfluorene. After some unsuccessful a t­
tempts, reported in the experimental part, it was 
synthesized by a method based on a recent observa­
tion by Alder and Rickert.13 Dicyclohexenyl (IV)

(7) The detailed report on the spectrographic analysis will be 
published later.

(8) Mayneord and Roe, Proc. Roy. Soc. (London), 152B, 299 
(1935).

(9) The analytical figures for C21H14 and C21H16 and for the re­
spective picrates are relatively similar, so that a definite decision on 
the basis of the combustion analyses was not to be expected.

(10) Compare Cook and Hewett, J . Chem. Soc., 403 (1933). 
The two respective picrates, although almost identical in appearance, 
have different m. p’s. (172-173° as against 197-198°).

(11) The possibility that the methyl group is situated at Cg of the 
pyrene skeleton has to be borne in mind, in view of the observation 
by Vollmann {Ann., 531, 36 (1937)], that in the synthesis of 1,2- 
cyclopentenophenanthrene 3-methyl-pyrene is formed along with 
the 4-isomer.

(12) The same conclusion on the structure of our hydrocarbon 
has been expressed recently by Hewett, J . Chem. Soc., 193 (1938).

(13) Alder and Rickert, Ber., 71, 379 (1938).
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was condensed with indene by heating a t 180°14 to 
give the dodecahydro derivative (V) of 1,2,3,4-di­
benzfluorene, which could be dehydrogenated 
easily. The hydrocarbon so obtained melted at 
158-159°; picrate, m. p. 153-155°. The melting 
points were not depressed by admixture of the ap­
propriate preparations described in our previous 
paper on the subject.

Experimental
1.2 - Cyclopentenotriphenylene - 3,4 - dicarboxylic Acid

Anhydride (III).—(a) A solution of the tetrahydro com­
pound (II)3 (1 g.) in glacial acetic acid (25 cc.) and ace­
tic anhydride (25 cc.) was cooled to 75° and added to a 
suspension of lead tetraacetate15 (25 g.) in glacial acetic 
acid (10 cc.). The reaction mixture, immediately turning 
yellow, is kept on the water-bath for twenty minutes and 
then in the refrigerator for two hours. The melting point 
(296°) of the crystals is not raised by recrystallization 
from xylene, decalin or ethyl benzoate; yellow needles, 
yield 100 mg. {Anal. Calcd. for C23Hi40 3: C, 81.7; H, 
4.2. Found: C, 81.9, 81.8; H, 4.6, 4.4.) (b) A some­
what less pure product was obtained when the anhydride 
(15 g.) suspended in glacial acetic acid (100 cc.) was mixed 
with lead tetraacetate (30 g.) in glacial acetic acid (100 
cc.) and the mass heated for two hours on the water-bath. 
The yield in this case was 8.5 g., but the product had to be 
recrystallized several times.

1.2 - Cyclopentenotriphenylene - 3(4?) - carboxylic Acid
(“A”).—The above anhydride (III, 4 g.) was boiled for 
two hours with quinoline (25 cc.) and basic cupric carbon­
ate (0.8 g.). The reaction product was poured into dilute 
sulfuric acid, extracted with ether and isolated by vacuum 
distillation. The brown oil, b. p. 245-255° (0.7 mm.), 
solidified on trituration with acetone and was recrystallized 
from butyl acetate or ethyl benzoate: clusters of needles, 
m. p. 299-300°. (Anal. Calcd. for C22Hi60 2: C, 84.6; 
H, 5.1. Found: C, 84.4; H, 5.5.) The methyl ester 
prepared by means of diazomethane can be recrystallized 
most conveniently from acetic anhydride, giving needles, 
m. p. 197-198°. {Anal. Calcd. for C23Hi80 2: C, 84.7; 
H, 5.5. Found: C, 84.7; H, 5.6.)

1.2 - Cyclopentenotriphenylene - 4(3?) - carboxylic Acid 
(“B”).—The anhydride (III, 6 g.) was heated with soda- 
lime (18 g.) to 180° for one hour and to 300° for two hours 
in a sealed tube. The product was poured into hydro­
chloric acid and extracted with chloroform. The residue 
of this solution crystallized spontaneously; it was tritu­
rated with methyl alcohol and recrystallized from a mixture 
of butyl acetate and ligroin: shiny needles, m. p. 249°. 
{Anal. Calcd. for C22Hi60 2: C, 84.6; H, 5.1. Found:

(14) For other diene reactions with dicyclohexenyl, see ref. 4c.
(15) For the preparation of lead tetraacetate, the following method 

has proved very convenient. To glacial acetic acid (250 cc.), min­
ium (75 g.) is added in small portions at room temperature, while 
the mass is stirred thoroughly. The operation takes about thirty 
minutes; the product starts crystallizing during this time. The
mass is kept in the icebox for two hours and filtered. The crys­
tals, containing only traces of unchanged minium, are transferred, 
while still wet, to a desiccator. Working at room temperature per­
mits a much quicker addition of minium, as no decomposition is to be 
feared.

C, 83.7; H, 5.9.) The methyl ester, prepared as above, 
does not crystallize well. I t  was obtained as a sirupy 
mass, which was distilled in high vacuum and then treated 
with a mixture of isopropyl alcohol and acetone; m. p. 
117°.

1 ,2-Cyclopentenotriphenylene (I).—(a) The methyl 
ester (0.6 g.) of the monocarboxylic acid {“A ”) was boiled 
for one hour with alcoholic potassium hydroxide (2 mols). 
The alcohol was distilled off and the residue heated to 320- 
250° for four hours in a sealed tube. Water and ether 
were added and the product isolated by high vacuum dis­
tillation; b. p. 250-330° (0.3 mm.). The distillate was 
dissolved in benzene and directly converted into a picrate 
by means of alcoholic picric acid solution: orange needles, 
m. p. and mixed m. p. with the product of E. Bergmann 
and O. Blum-Bergmann, 165-167°. (b) The mono­
carboxylic acid (“B”) (0.6 g.) was boiled with quinoline 
(15 cc.) and basic cupric carbonate (1.2 g.) for twenty-four 
hours and the mass worked up as usual. The product 
boiled a t 260-280° (2.5 mm.) and again was converted 
into the characteristic picrate; m. p. and mixed m. p. 165- 
167°, after recrystallization from a mixture of benzene and 
alcohol, (c) The monocarboxylic acid (“A”) (0.2 g.) was 
mixed with zinc dust (20 g.) and distilled slowly a t 30 mm. 
The distillate was taken up with acetone and the acetone 
residue distilled a t 25 mm. and converted into the picrate; 
m. p. 165-167°.

Dodecahydro-l,2,3,4-dibenzfluorene (V).—Dicyclohex­
enyl (IV, 50 g.) and indene (25 g.), both freshly distilled, 
were mixed and heated at 180° for twenty hours in a sealed 
tube, and the product fractionated in vacuum (0.3 mm.). 
The condensation product was secured in two portions, the 
first one boiling at 180-185° (14 g.) and the second a t 185- 
190° (12 g.). I t  may be that they represent different 
steric forms of the condensation product (V), although 
diene condensations generally take place in a sterically 
homogeneous manner (Fraction I : Calcd. for C2iH26 : C, 
90.7; H, 9.3. Found: C, 90.5; H, 9.2. Fraction II: 
Found: C, 90.5; H, 9.0). Both gave the same results on 
dehydrogenation.

1,2,3,4-Dibenzfluorene.—The dodecahydro derivative 
(V) (6 g.) was heated with selenium (20 g.) a t 300° for 
twenty hours. The reaction product was removed me­
chanically from the excess selenium and recrystallized 
several times from isopropyl alcohol and butyl alcohol; 
needles, m. p. 158-159°; the picrate, prepared according 
to E. Bergmann and O. Blum-Bergmann,1 melted at 153- 
155°; yield 3.8 g.

Unsuccessful Experiments to Synthesize 1,2,3,4-Di- 
benzfluorene.—We applied to our problem the chrysene 
synthesis devised by Ruzicka, Ehmann, Goldberg and 
Hoesli,16 * which has been utilized in the analogous case of 
1',2'-naphtha-2,3-fluorene by Cook, Dansi, et al.11 9-
Chloromethylphenanthrene, which was prepared easily 
from 9-phenanthrylcarbinol, reacted with the sodium 
derivative of ethyl cyclohexanone-2-carboxylate to yield 
ethyl 2 - (9' - phenanthryl - methyl) - cyclohexanone - 2 - car- 
boxylate (VI), but unfortunately cyclization according to 
the scheme

(16) Ruzicka, Ehmann, Goldberg and Hoesli, Helv. Chim. A d a ,  
16, 833 (1933).

(17) Cook, Dansi, et al., J ,  Chem. Soc., 1319 (1935).
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(VI) (VII)
occurred to a negligible extent only.

9-Phenanthrylcarbinol18 (14 g.) (from benzene as needles, 
m. p. 150°) is mixed with dimethylaniline (12 g.) and 
benzene (40 cc.) and treated a t 0° with thionyl chloride 
(7 cc.). The crystalline cake formed is kept for ten hours 
a t room temperature and then heated to 100°, until the 
evolution of sulfur dioxide ceases. On addition of water 
and ether, part of the 9-chloromethylphenanthrene sepa­
rates spontaneously; the remainder was obtained by 
evaporation of the ethereal layer. From light petroleum 
the m. p. is 98°; it is useful to induce crystallization by 
scratching; yield 12 g.19

Ethyl 2-(9'-Phenanthrylmethyl)-(iyclohexanone - 2 - car- 
boxylate (VI),—9-Chloromethylphenanthrene (3.7 g.) was 
added to ethyl sodio-cyclohexanone-2-carboxylate (from 
0.4 g. of sodium and 3.1 g. of the ester, b. p . 119° (26 mm.)) 
in toluene (25 cc.) and the whole boiled for six hours. 
After treatment with dilute sulfuric acid, the toluene was 
evaporated and the oily residue triturated with methanol 
and acetone. I t gave 2.5 g. of the desired product, which 
was recrystallized from light petroleum as dimorphous 
white needles and yellow stout prisms; m. p. 118-119°. 
{Anal. Calcd. for C24H2403: C, 80.0; H, 6.7. Found: 
C, 79.3; H, 6.)

Cyclization VI — >■ VII .—The foregoing ester (10 g.)

(18) Bachmann, T h i s  J o u r n a l , 56, 1363 (1934).
(19) Compare v. Braun, Ber., 70, 984 (1937).

was heated at 140° for twelve hours with water (100 cc.) 
and concentrated sulfuric acid (55 cc.). The organic ma­
terial was extracted with ether and benzene and distilled 
in vacuo. At 230° (0.03 mm.) a viscous, nearly colorless 
oil distilled and on treatment with glacial acetic acid gave a 
crystalline mass (2.9 g.). I t  consisted almost completely 
of the starting material, which was recovered by recrystal­
lization from propyl alcohol. A small amount of material 
proved insoluble in this solvent and was subsequently re­
crystallized from ethyl malonate. The analysis of, the 
prisms, m. p. 250°, so obtained, was consistent with (VII). 
{Anal. Calcd. for C24H220 2: C, 84.2; H, 6.4. Found: 
C, 83.8; H, 6.2.) From the glacial acetic acid mother 
liquor no homogeneous material could be isolated, even 
after dehydrogenation with platinum black at 320-340°.

Summary
The three hydrocarbons, previously obtained 

from 9-phenanthryhnagnesium bromide and cy- 
clopentanone, are now identified as 1,2-cyclopen­
tenotriphenylene, 9 (?)-methyl-3,4-benzpyrene and
1,2,3,4-dibenzfiuorene, respectively.

1,2-Cyclopentenotriphenylene was synthesized 
from the addition product of 9-cyclopentenyl- 
phenanthrene and maleic anhydride by dehydro­
genation and subsequent stepwise decarboxyla­
tion.

For the synthesis of 1,2,3,4-dibenzfluorene, di- 
cyclohexenyl was condensed with indene and the 
addition product dehydrogenated by means of 
selenium. The attem pt to apply Ruzicka’s 
chrysene synthesis to the case of 1,2,3,4-dibenz­
fluorene was unsuccessful.
R e h o v o t h , P a l e s t in e  R e c e iv e d  M a y  3, 1938

[C o n t r ib u t io n  fr o m  t h e  C e l l u l o s e  D e p a r t m e n t , C h e m ic a l  F o u n d a t io n , B o yce  T h o m p s o n  I n s t it u t e  f o r  P l a n t
R e s e a r c h , I n c .]

Optical Properties of Cellulose Dispersed in Cuprammonium Hydroxide Solution1
By Jack Compton

The current concept regarding the nature of the 
colloidal solutions resulting from the dispersion of 
cellulose by cuprammonium hydroxide solution, 
Schweizer’s reagent, depends on the theories of 
cellulose fiber structure, namely, the continuous, 
or macromolecular, theory, and the discontinuous, 
or micellar, theory.

The continuous, of macromolecular, theory, 
developed by Staudinger on the basis of viscosity 
measurements, may be summed up in the follow-

(1) Presented before the Division of Cellulose Chemistry at the 
94th meeting of the American Chemical Society, Rochester, N. Y., 
Sept. 9, 1937.

ing statem ent:2 “Accordingly cellulose and its 
derivatives are molecular colloids and on the 
length and form of their macromolecules depends 
the colloidal behavior of their solutions.” The 
macromolecules in cellulose fibers are considered 
regularly lined up under the influence of covalent 
forces in a direction parallel to the fiber axis.

The discontinuous, or micellar, theory, postu­
lated by von Nageli3 and extended to cellulose by 
Karrer4 in 1921, assumes th a t the micelle of cellu-

(2) H. Staudinger, Ber. 70, 2514 (1937).
(3) C. von Nageli, “ Die Starkekörner,” Friedrich Schulthess, 

Zurich, 1858.
(4) P. Karrer and F. Widmer, Helv. Chim. A d a , 4, 174 (1921).
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lose is formed by the union, or bundling, of many 
molecules of the elementary substance. Hess and 
co-workers,5 in applying the law of mass action to 
the optical behavior of cellulose dispersed in cu­
prammonium solution, obtained results tha t were 
best explained when the cellulose molecule was 
assumed to be CeHioCV To explain the high 
viscosity of cellulose in cuprammonium solution 
on the basis of so small a unit, he assumed that the 
C6H io0 5  groups are associated to form a larger 
molecular aggregate. Later Hess6 concluded that 
the cellulose fiber should be regarded as a physical 
aggregation of small units and Meyer and M ark7 
postulated th a t the cellulose micellae were formed 
from primary valence chains held together by 
“micellar forces.” Recently, Lieser,8 in summing 
up his results, writes; “I t  may be stated as most 
important th a t cellulose in viscose and ammonia- 
cal copper oxide forms micellar solutions, in or­
ganic bases and inorganic acids solutions with a 
not yet clearly definable character. I t  was fur­
ther shown tha t all celluloses regenerated from 
solution are of micellar structure.” The dimen­
sions of the micelle in cellulose fibers have been 
estimated9 to be approximately 50 A. diameter and 
over 500 A. long.

The observations of Farr and Eckerson10 that 
cotton fibers are composed of microscopic, ellip­
soidal, cellulose particles of uniform size (1.1 X
1.5 /j), arranged with their long axis parallel to 
the fiber axis and held together by an intercrystal­
line “cementing” material, are of fundamental 
importance. Cellulose particles obtained from 
cotton fibers possess all the properties recognized 
as characteristic of native cellulose other than 
high viscosity in cuprammonium solution. The 
low viscosity of the separated particles is a ttri­
buted by F arr11 to the removal, or destruction, of 
the viscosity producing “cementing” material. 
Qualitative examination of cuprammonium dis­
persions of cotton fibers with the slit ultramicro­
scope, or working carefully with the stage micro­
scope, revealed the presence of the apparently un­
changed cellulose particles. Upon regeneration,

(5) (a) K. Hess and E. Messmer, A nn ., 435, 7 (1923); Kolloid Z., 
36, 260 (1925); (b) K. Hess, E. Messmer and N. Ljubitsch, Ann. 
444, 315 (1925).

(6) K. Hess, “ Die Chemie der Cellulose,” Leipzig, 1928, p. 301.
(7) K. H. Meyer and H. Mark, Ber., 61, 607 (1928).
(8) T. Lieser, A nn ., 528, 291 (1937).
(9) J. Hengstenberg and H. Mark, Z. Krist., 69, 271 (1928).
(10) W. K. Farr and S. H. Eckerson, Contrib. Boyce Thompson 

Inst., 6, 309 (1934).
(11) W. K. Farr, “ Disintegration of Cellulose Membranes.” 

Paper presented before the Division of Cellulose Chemistry of the 
American Chemical Society, Pittsburgh, Penna., Sept. 7, 1936.

these dispersions yielded a product containing 
randomly distributed particles similar to the 
original aggregates. From a study of the X-ray 
diffraction patterns of cellulose particles, Sisson12 
has concluded th a t a microscopic unit of cellu­
lose particle dimensions (1.1 X 1.5 y) adequately 
satisfies the fundamental requirements of the 
micelle, with the exception of size.

Since it is commonly accepted tha t the micelles 
are composed of macromolecules of cellulose, the 
theories of cellulose fiber structure do not neces­
sarily conflict. There are, however, m any diver­
gent views as regards the nature of the cellulose 
dispersions in reagents such as cuprammonium 
solution. The purpose of the present investiga­
tion is: first, to investigate the entire cupram­
monium viscosity range of cotton fiber to deter­
mine if, a t any time, a relation exists between the 
viscosity and optical rotation of the cuprammo­
nium dispersions; second, to determine in general 
the contribution of each component of native 
cotton fiber, i.  e., crystalline cellulose particles 
and the intercrystalline phase, to the phenomena 
of viscosity and optical activity of cuprammonium 
dispersions; third, to study quantitatively the 
effect of varying the concentration of differently 
treated celluloses dispersed in cuprammonium 
solution on the microscopic particle count, using 
the slit ultramicroscope; fourth, to study the 
mechanism of the dispersion phenomenon of crys­
talline cellulose particles by cuprammonium 
solution.

Experimental
Apparatus.—The equipment of the Leitz slit ultra­

microscope included a micro cell and an eyepiece microme­
ter ruled in 1.0-mm. squares. In  all counts reported in 
Table II, a 6L objective and a 10X eyepiece were used.

The optical rotations were determined in a Schmidt and 
Haensch Polariscope with an 85-watt capillary mercury 
arc lamp as the light source. A combination of mono­
chromatic glass filters (No. 7) recommended by the Corn­
ing Glass Works was used to transmit only the 0.4358 y 
blue mercury line.

Viscometers of the type recommended by Clibbens and 
Geake,13 slightly modified by the addition of ground glass 
stoppers in place of the rubber stoppers previously specified 
were used in determining the viscosities of the celluloses 
dispersed in cuprammonium solution.

Preparation of the Cuprammonium Solution.—The 
cuprammonium solution prepared by the method of Clib­
bens and Geake,13 containing 15 g. of copper, 240 g. of 
ammonia and 1 g. of sucrose per liter was satisfactory for 
determining the viscosity, optical activity, and particle

(12) W. A. Sisson, Textile Research, 5, (3), 119 (1935).
(13) D. A. Clibbens and A. Geake, J . Textile Inst., 19, 79T (1928).
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counts of the various cellulose dispersions. I t  was possible 
to carry out all three determinations on one dispersion 
when necessary.

Preparation of Cellulose Samples Used in Studying the 
Effect of Various Treatments on the Viscosity, Optical 
Rotation, and Particle Count after Dispersion in Cupram­
monium Solution.—Raw cotton (Gossypium hirsutum L.) 
was extracted with alcohol-benzene (1:1) in a Soxhlet 
extractor for twenty-four hours, thoroughly washed with 
water, and air-dried a t room temperature. This material 
was used in the experiments listed below.

A B C D
Fig. 1.—Effect of increase in concentration of cellulose 

dispersed in cuprammonium solution on the Tyndall 
phenomenon: (A) cuprammonium solution, control;
(B) 0.5%, (C) 1.0%, and (D) 2.00% dispersions of 
cellulose particles in cuprammonium solution.

(1) Treatment of Cotton Cellulose with 0.01 N  Hydro­
chloric Acid Solution at 75°.14—Ten grams of cotton cellu­
lose was placed in 1 liter of 0.01 N  hydrochloric acid solu­
tion previously heated to 75° and after vigorous stirring 
and shaking samples were removed at stated intervals of 
time, Table I. The sample was rendered neutral im­
mediately after removal by plunging it into a large volume 
of ice-cold sodium bicarbonate solution. After agitating 
for ten minutes the sample was washed thoroughly with 
distilled water and air-dried a t room temperature.

(2) Treatment of Cotton Cellulose with Concentrated 
Hydrochloric10 Acid (d. 1.18) at 25°.—Cotton cellulose 
(10 g.) was placed in concentrated hydrochloric acid (250 
cc.) at 25°. The removal and treatment of samples was 
effected in the manner described above (1). After twenty- 
two hours, slight pressure on the cover glass of a micro­
scopic slide of this material destroyed the fiber structure 
completely. Many free cellulose particles could thus be 
disengaged from the fragments of fibers.

(3) Treatment of Cotton Cellulose with 0.04 N  Sodium 
Hypochlorite15 Solution of p H  9 at 25°.—Ten grams of 
cotton cellulose was treated with two liters of 0.04 N  
sodium hypochlorite solution containing 1.42 g. of available 
chlorine per liter, the solution being buffered at pH 9.

(14) R. A. Joyner, J . Chem. Soc., 121, 2395 (1922).
(15) D. A. Clibbens and B. P. Ridge, J. Text. Inst., 18, 135T 

(1927).

Samples were removed a t definite intervals of time, Table 
I, immediately washed with water, and given the standard 
acid wash. After again thoroughly washing in water the 
samples were air-dried a t room temperature.

(4) Treatment of Cotton Cellulose with Excess Hy­
drogen Peroxide in the Presence of 4% Sodium Hydroxide 
Solution.14—Five grams of cotton cellulose was placed in 
200 cc. of 4% sodium hydroxide solution and heated to 
boiling during the portion-wise addition of 3% hydrogen 
peroxide solution over a period of ten hours. The fiber 
structure could be disrupted completely by pressure at the 
end of this time, yielding microscopic cellulose particles. 
The fine white powder was washed with water, dilute acetic 
acid, and with water until neutral. After final washings 
with alcohol and ether, the material was allowed to air-dry 
at room temperature. The fluffy white material was then 
pulverized by light grinding in a mortar.

(5) Preparation of Cellodextrin (Biosan).—Cellodextrin 
was prepared according to the procedure of Hess and 
Friese.16 Analysis of this material confirmed the observa­
tion17 that it has a chain length of from eight to twelve 
glucose anhydride units.

Method Employed in the Dispersion of Cellulose in 
Cuprammonium Solution.—The method employed in the 
dispersion of the various cellulose samples listed in Tables 
I and II, and Fig. 2, was essentially the same as that 
described by Clibbens and Geake.13

12r

0 0.5 1.0 2.0
Concentration, %.

Fig. 2.—Effect of increase in concentra­
tion on the optical rotation of: O, cello­
dextrin (biosan); • ,  cellulose particles, 
expts. (2) and (4); □, kiered and bleached 
cotton, dispersed in cuprammonium solution.

Samples of celluloses were taken to yield dispersions of 
the per cent, actual cellulose concentration specified when 
dissolved in a volume equal to that of the calibrated vis­
cometers. The material was finely divided, and, in the 
case of cotton fibers, the material was cut across with scis­
sors into lengths not greatly exceeding a sixteenth of an 
inch (l;6 mm.). The samples were conveniently weighed

(16) K. Hess and H. Friese, A nn., 450, 40 (1926).
(17) K. Freudenberg, Ber., 62, 383 U929).
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T a b l e  I
T h e  V is c o s it ie s  a n d  O p t ic a l  R o t a t io n s® o f  t h e  C u p ­
r a m m o n iu m  D is p e r s io n s  o f  C o tt o n  C e l l u l o s e  a f t e r  

T r e a t m e n t  w it h  V a r io u s  K.e a g e n t s
Length (1) (2) (3)

of Action of coned. Action of 0.04 N
treat­ Action of 0.01 N HCl (d. 1.18) sodium hypochlorite
ment, HC1 at 75° at 25° at 9, 25°
min. V, cp. a v, cp. a V> cp. a

0 46.0 -3 .0 0 ° 46.0 -3 .0 0 ° 46.0 -3 .00*
5 - - 3.4 3.12 — -

10 35.3 3.01 2.7 3.09 - -
15 - - - - 22.5 3.06
30 28.6 3.06 2.2 3.06 18.4 -
60 25.3 3.01 2.0 3.02 16.3 3.02

180 17.1 3.02 1.9 3.04 12.1 3.03
240 14.4 3.01 - - - -
270 - _ - - 10.4 3.03
480 10.3 3.01 - - - -
510 - - - - 7.9 3.06

22 hrs. - - 1.9 3.02 5.0 3.01
32 hrs. 4.5 3.04 - - - -
Action of excess H20 2 in presence of 4%

NaOH at 100°; 10 hrs. 1.9 3.06
a All viscosities and optical rotations were determined 

with cellulose concentration of 0.5% (0.5 g. subs, in 100 cc. 
soln., moisture-free basis); the former at 25°, the latter in 
mercury light (435.8) at 32° in a 0.5-dm. tube, r), cp., cup­
rammonium solution 1.2.

T a b l e  II
V a r ia t io n  o f  P a r t ic l e  C o u n t  w it h  C o n c e n t r a t io n  o f  
D if f e r e n t  C e l l u l o s e s  D is p e r s e d  in  C u p r a m m o n iu m  

S o l u t io n

Number of particles observed in volume 
of soln. 2.02 X 10 ~9 cc.

Theoreti- Cotton cellulose particles

Concn.,
%

cal no.a of 
particles in 

volume 
2.02 X 

10 - 9 cc.

Cello­
dextrin
(biosan)

(5)

Prepd. 
by ac­
tion of 

HCl 
(2)

H2O2 in 
presence 

of 4% 
NaOH  

100° (4)

Kiered
Wood and 
pulp bleached 

(Kipawa) cotton
0 .0 0 0.0 0.0 0.0 0.0 0.0 0.0

.25 3.5 .0 2.8 2.8 3.6 3.4

.50 7.0 1.8 6.3 5.5 5.7 7.5
1.00 14.0 3.2 13.8 9.4 8.8 13.2
2.00 28.0 3.7 - - - 22.2
a Calculation made on basis of uniform cellulose par­

ticle, 1.1 X 1.5 fJL, with density 1.5.

on a small watch-glass and quantitatively transferred to 
the viscometers. A moisture content of 4% was assumed, 
previous experiments having shown that this figure was a 
representative average value.

A small amount of the cuprammonium solution was 
drawn up into the capillary end of the viscometer and closed 
off by folding over the attached rubber tube. The tube 
was fixed in an upright position, 0.7 cc. of clean mercury 
run in from a 1-cc. pipet, and the cellulose transferred to 
the viscometer by means of small tweezers and tapping 
the conical-shaped paper which holds it. The tube was 
then half filled with cuprammonium solution and the cellu­
lose stirred in the solvent for a few seconds to remove en­
tangled air. The viscometer was filled with the solvent to 
within an inch (2.5 cm.) of the top, the rod being washed 
at the same time. Finally, the viscometer was filled com­

pletely with cuprammonium solution and the stopper in­
serted, so that the excess liquid, displacing all air, over­
flowed through the top capillary and rubber tube, which 
was then folded over and made tight with a rubber band; 
the ground-glass stopper was fastened in place by use of 
steel springs. The viscometer was fastened securely in a 
box and placed in an apparatus constructed so as to make 
four revolutions per minute. The end over end motion of 
the instrument and the resulting motion of the mercury 
produced an agitation in the liquid which was continued 
until a homogeneous dispersion was obtained. A uniform 
period of eighteen hours was sufficient for complete disper­
sion of the high viscosity celluloses prepared above. The 
mixture was maintained at a temperature of 4° during dis­
persion by placing the whole apparatus in a cold room 
thermostatically controlled.

To measure the viscosities of the resulting dispersions, 
the viscometers were removed from the box and immersed13 
in a thermostat at 25°. After standing for thirty minutes, 
the stopper was removed from the viscometer and the 
solution allowed to flow freely through the capillary. The 
time in seconds necessary for the liquid meniscus to fall 
from the top to the bottom ring was noted with a stop 
watch.

In determining the optical rotations and particle counts, 
Tables I and II and Fig. 2, after viscosity measurements, 
the dispersions were stoppered and centrifuged (1800 r. p. 
m.) to remove any entangled mercury droplets. The 
apparently clear homogeneous dispersions thus obtained 
were transferred to the polarimeter tube and the micro cell 
of the ultramicroscope and the optical rotations and parti­
cle counts determined.

Effect of Increasing the Concentration of Cellulose in 
Cuprammonium Solution on the Tyndall Phenomenon.—
A typical example of this effect is shown in Fig. 1. Cellu­
lose particles (Expt. 2 above) were dispersed in cupram­
monium solution in the manner previously described, and 
a strong beam of light focused into the solutions.

Method Used in Making Particle Counts on Cupram­
monium Dispersions of Cellulose Using the Slit Ultra­
microscope.—Refinement of the Tyndall phenomenon 
by use of the slit ultramicroscope enables one to arrive at a 
quantitative estimate of the number of cellulose particles 
present in a definite volume of the dispersions. The cu­
prammonium dispersions of the various cellulose samples 
were introduced into the micro cell and sealed immediately 
with a cover glass to prevent evaporation and formation 
of hydrated copper oxide. The light was then properly 
focused into the cell and the number of particles in a unit 
area counted. The average of ten counts at various posi­
tions of the field were taken, and this value checked simi­
larly by an independent observer. Controls were run on 
the cuprammonium solution alone and corrections applied 
to the particle counts. Cuprammonium solutions con­
taining more than one-tenth of a particle in the unit volume 
were rejected. Knowing the focal depth, and the calibra­
tion of the eyepiece micrometer for the microscopic lens 
system used, the unit volume in which the particle counts 
are made can be calculated. The dimensions of the unit 
volume were: focal depth (2.4 //) X unit area on eyepiece 
micrometer (29 X 29 jj.) = 2018.4 jü3, or 2.018 X 10~9 cc. 
The results obtained are recorded in Table II.
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To calculate the theoretical number of particles that 
should be present in the unit volume at a definite concen­
tration, it is necessary to know, first, the average volume 
of the cellulose particle and, second, the total volume of 
cellulose dispersed in the solution. The volume of the 
cellulose particle, V\, may be calculated from the dimension
1.1 X 1.5 (x by substituting in the equation for the volume 
of a prolate spheroid, Vi = 4/3wab2, where a and b are the 
major and minor semi-axes, respectively. Thus, V\ = 
4.189 X 0.75 ix X (0.55 ju)2 = 0.95 jEZ3, or 9.5 X 10~13 cc. 
For a 0.5% (0.5 g. cellulose in 100 cc.) dispersion of cellu­
lose the actual cellulose volume, V  — 0.5 g./1.5, density of 
cellulose =  0.33 cc. In the unit volume, 2.018 X 10-9 cc. 
there would be, accordingly, a cellulose volume, V2, of 6.66 
X 10“12 cc. The theoretical number of cellulose particles, 
N, in the unit volume is obtained from the formula N  — 
Vi/Vi. Thus, N n  =  6.66 X 10~12 cc./9.5 X 10~13 cc. = 
7.0, for a 0.5% soln. The corresponding values for other 
concentrations may be calculated in a similar manner.

Effect of Increasing the Concentration of Various Cellu­
loses in Cuprammonium Solution on the Optical Rota­
tion.—The experiments were carried out essentially in the 
manner described by Hess,7 with the exception that a 
cuprammonium solution containing 15 g. of copper, 240 g. 
of ammonia and 1 g. of sucrose per liter was employed. 
Dispersion of the various celluloses was carried out as 
described above. The results obtained are plotted in 
Fig. 2.

Determination of the “Saturation Point” of Cellulose 
Particles in Cuprammonium Solution.—The possibility of 
the existence of a mass action equilibrium between the 
cellulose-copper complex and cellulose in cuprammonium 
dispersions has been considered previously.5,19 In the pres­
ent experiment cellulose particles (Expts. 2 and 4 above) 
have been used to determine the point at which the cu­
prammonium solution could no longer cause permanent 
dispersion. When the concentration was increased beyond 
4.5%, the excess undispersed cellulose could be centrifuged 
unchanged (1800 r. p. m.) from the permanently dispersed 
phase. That this saturation point is not connected with 
the copper content of the cuprammonium solution was 
shown by the fact that the same “saturation point” oc­
curred when A. C. S. cuprammonium solution (containing 
30 g. copper, 165 g. ammonia, and 10 g. sucrose per liter) 
was used.

Discussion
The two general methods employed for the 

gradual disintegration of cellulose fibers a re : first, 
the action of dilute acids, and, second, the action 
of mild oxidizing agents. The disintegrating ac­
tion of these reagents, which is accompanied by a 
lowering of the cuprammonium viscosity, Table I, 
has been interpreted previously as indicating a 
decrease in the chain length of the cellulose mole-

(18) Due to the variable values reported for the true density of 
cellulose [cf. A. J. Stamm and L. A. Hansen, J .  Phys. Chem., 41, 1007 
(1937)] and allowing for possible slight error in the dimensions of the 
cellulose particle, the values of N  cannot be considered absolute, but 
do not exceed a possible correction of more than ±  20%.

(19) D. MacGillavry, Rec. trav. chim., 48, 18 (1929); E. Valkó, 
Kolloid. Z., 51,130 (1930).

cules. Based on the dual structure of the cellu­
lose fiber, however, a new interpretation is now 
placed on this behavior. Since the crystalline 
phase, or cellulose particles, remains largely in­
tact by these treatments, it follows th a t the in­
tercrystalline “cementing" " material is the phase 
easily modified or destroyed. The conclusion 
may also be drawn tha t this unstable, reactive 
phase of native cellulose fibers is largely respon­
sible for their high viscosity when dispersed in 
cuprammonium solution. This interpretation is 
somewhat similar to th a t of Joyner,14 who postu­
lated the existence of a cellulose A with high and 
a cellulose B with low viscosity in native cellulose 
fibers.

The high optical activity of cellulose colloidally 
dispersed in cuprammonium solution was con­
sidered by Hess5 to be due to the uniform forma­
tion of an asymmetric complex cellulose-copper 
compound [(CöH ioC ^ C u] [Cu(NH3)4] . I t  was fur­
ther shown th a t with low viscosity celluloses there 
was no relation between optical activity and 
change in cuprammonium viscosity. The pres­
ent work extends this conclusion to the entire 
viscosity range possible with cotton cellulose, 
Table I. Thus, the cellulose particle, or crystal­
lite, seems to be responsible for the high optical 
activity, for as the viscosities of the cuprammo­
nium dispersions are lowered, indicating removal of 
the intercrystalline “cementing"" material, the ro­
tations remain constant. The high optical ac­
tivity of celluloses of high viscosity shows that 
either the rotation of the intercrystalline-copper 
complex is very similar to tha t of the cellulose 
particle-copper complex, or th a t the intercrystal­
line phase is present in quantities so minute as to 
escape detection.

I t  has long been recognized th a t cuprammonium 
is not a true solvent for cellulose20 but in many 
researches this fact has been neglected. The 
Tyndall phenomenon characteristic of colloidal 
dispersions is exhibited clearly by cellulose dis­
persed in cuprammonium solution, Fig. 1. The 
slit ultramicroscope enables one to examine such 
dispersions in strong light under high magnifica­
tion. Thus examination of cuprammonium dis­
persions of disintegrated cotton fibers whose vis­
cosity had reached a constant low value, Table I, 
showed practically the theoretical possible number 
of cellulose particles to be present, Table II. The

(20) E. Heuser, “Textbook of Cellulose Chemistry,” 2d ed. 
German translation by C. J. West and G. J. Esselen, Jr., McGraw- 
HiU Book Co., Inc., New Yqrk, N. Y., 1924, p. 138,
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variable deviations of the observed number of 
particles from the theoretical with increasing con­
centration is due to the difficulty of obtaining an 
absolute estimate from relatively few counts. 
When the number of counts on the samples was 
increased, the average value more closely ap­
proached the theoretical. The significant fact, 
however, is the trend toward an increase in par­
ticle count with increase in cellulose concentra­
tion. Due to the Brownian movement of the dis­
persed particles and the convection currents set 
up in the micro cell by heat from the light beam, 
an accurate count is difficult to obtain on more 
than one per cent, concentrations of low viscosity 
cellulose. With high viscosity cellulose, however, 
such as kiered and bleached cotton, motion in the 
dispersion is greatly reduced. Wood pulp dis­
persed in cuprammonium solution showed the 
same particle count tendency as cotton celluloses, 
thus indicating th a t both are composed of the 
same elementary units.

Inasmuch as cuprammonium dispersions of 
cellulose contain microscopically visible particles 
and possess high optical activity, it would appear 
tha t the organized units must be able both to 
transm it and reflect light. In ordinary light 
without high magnification, these dispersions 
seem to be true solutions due to even lighting from 
all directions of the transparent cellulose particle- 
copper complex.

Cuprammonium dispersions of a cellodextrin 
such as “biosan’’ are slightly less optically active 
than cellulose (Fig. 2). Dilute dispersions are 
optically void when examined in the slit ultra­
microscope, but upon increasing the concentration 
a few particles are observed, Table II. I t  thus 
appears th a t this cellulose-like substance is dis­
persed beyond the limits of microscopic visibility. 
The conclusion thus may be drawn th a t regardless 
of the state of aggregation of the cellulose-copper 
complex, the optical rotation is of the same order 
of magnitude.

The existence of a definite equilibrium between 
the permanently dispersed cellulose particle- 
copper complex phase and the excess undispersed 
solid cellulose a t concentrations exceeding 4.5% 
is shown by the fact th a t saturation is reached at 
this point. The saturation point is independent 
of the copper concentration and has only been ob­

served with cellulose particles (Expt. 2) as the 
viscosity of native cellulose is much too high to 
make the point distinguishable. The excess un­
dispersed cellulose phase may be almost entirely 
recovered unchanged upon centrifuging cupram­
monium dispersions containing more than 4.5% 
cellulose particles. X-Ray diffraction analysis21 
shows the excess undispersed phase, thus recovered 
from a more than saturated cuprammonium dis­
persion, to be native cellulose, whereas the per­
manently dispersed phase upon regeneration gives 
a mercerized or hydrated cellulose pattern. Since 
the undispersed cellulose phase is not combined 
with the copper or ammonia in any way, it appears 
tha t the intermediary formation of the cellulose- 
copper complex is necessary for the transforma­
tion of native cellulose into the mercerized form, 
or th a t copper complex compound formation and 
dispersion of cellulose occur simultaneously.

Summary
1. The successive lowering of the cupram­

monium viscosity of native cotton fibers by the 
action of dilute acids or mild oxidizing agents is 
not accompanied by a change in the optical activ­
ity of the resulting dispersions, a conclusion in 
agreement with the work of Hess on celluloses of 
low viscosity.

2. From (1) it follows th a t the optical activity 
of cellulose dispersions in cuprammonium solutions 
is dependent upon the formation of a cellulose 
particle-copper complex.

3. Quantitative examination of various cellu­
loses dispersed in cuprammonium solutions, using 
the slit ultramicroscope, reveals the presence of 
approximately the theoretical number of cellulose 
particles (1.1 X 1.5 /x).

4. Further evidence th a t cellulose-copper 
compound formation precedes dispersion of cellu­
lose in cuprammonium solution is presented.

5. Visible cellulose particles (1.1 X 1.5 /x) ob­
served in the living cytoplasm, cellulose fibers and 
dispersions of cellulose in cuprammonium solution 
possess the essential features, with the exception 
of size and shape, of the hypothetical micelles.
Y o n k e r s , N .  Y . R e c e iv e d  F e b r u a r y  3, 1938

(21) Prior to the author’s independent observation, W. A. Sisson 
of this Laboratory noted this apparent equilibrium from a qualitative 
examination of cuprammonium dispersions of cellulose particles.
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The Preparation of ^/-Galacturonic Acid from (/-Galactose1
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The synthesis of //-galacturonic acid from the 
parent sugar «-//-galactose involves the following 
transform ations: I, the acetonation of //-galactose 
to l,2,3,4-diacetone-//-galactose; II, the oxida­
tion of diacetone-//-galactose to diacetone-//- 
galacturonic acid with alkaline potassium per­
manganate; III, the conversion of the potassium 
salt of diacetone-d-galacturonic acid to diacetone- 
//-galacturonic acid; IV, the hydrolysis of diace- 
tone-zZ-galacturonic acid to //-galacturonic acid 
and subsequent crystallization of the free acid.

Ohle and Berend,2 the originators of this method 
of synthesizing //-galacturonic acid, did not ob­
tain the acid in a crystalline condition and re­
sorted to the use of derivatives (brucine and osa- 
zone phenylhydrazine salts). In  1934 Niemann 
and Link3 were able to put the method on a more 
practical basis in th a t they were able to realize 
the acid in a crystalline condition, with a yield of 
30% of the theoretical. Reichstein and co­
workers4 introduced an improvement in step 
IV by eliminating the use of a mineral acid in the 
hydrolysis of the acetone residues.

For most laboratories the logical starting prod­
uct for the synthesis of //-galacturonic acid is the 
parent sugar «-//-galactose. Consequently, we 
have made a careful study of each stage of the 
synthesis and have worked out the conditions 
necessary for success under average conditions.

The major change made in step I is the elimina­
tion of the necessity for the purification of the 
diacetone-//-galactose by a high vacuum dis­
tillation. The yield of diacetone-//-galactose has 
been increased from 60 to 92% .2,5 In step II  the 
oxidation has been placed on a firmer basis by 
increasing the ratio of potassium permanganate 
from 3 to 5 moles per mole of diacetone-d-galac- 
tose to be oxidized. By employing anhydrous 
acetone as the means of inducing the crystalliza­
tion of the potassium diacetone-d-galacturonate 
this intermediate can be obtained in an analyti­
cally pure condition free from the troublesome

(1) Published with the permission of the Director of the Wisconsin 
Agricultural Experiment Station.

(2) H. Ohle and G. Berend, Ber., 58, 2585 (1925).
(3) C. Niemann and K. P. Link, J .  Biol. Chem., 104, 195 (1934).
(4) T. Reichstein, and co-workers, Helv. Chim. Acta, 16, 1033 

0933).
(5) P. Levene and G. M. Meyer, J . Biol. Chem., 92, 257 (1931).

hygroscopic properties th a t are usually encoun­
tered when the procedure of Ohle and Berend 
is used.2 Reichstein and co-workers4 had placed 
step IV on such a basis tha t further improvement 
was not necessary.

If the procedure outlined below is followed care­
fully the preparation of pure //-galacturonic acid 
can be realized with ease.

Experimental
Acetonation of a-d-Galactose.23—In a 6-liter wide­

necked bottle with ground-glass stopper are placed 90 g. 
(0.5 mole) of finely pulverized a-d-galactose (m. p. 170°; 
[«]20d -f80.3°; dried for ten hours at 90° over phosphorus 
pentoxide in a vacuum oven), 200 g. (1.25 moles) of pow­
dered anhydrous copper sulfate,6 10 cc. of sulfuric acid (sp. 
gr. 1.84), and 2 liters (27.4 moles) of dry alcohol-free acetone 
(dried over anhydrous calcium chloride). After the mix­
ture has been shaken on a mechanical shaker for twenty- 
four hours it is filtered and the filter cake washed with dry 
acetone. To the filtrate is added 25 g. of powdered cal­
cium hydroxide and the mixture is shaken for about two 
hours. The addition of 25-g. portions and the shaking are 
continued until the solution gives a neutral reaction to 
Congo red paper. A total of approximately 100 g. (1.35 
moles) of calcium hydroxide is required to neutralize the 
sulfuric acid. The acid must be removed completely to 
avoid the hydrolysis of the acetone residues during the 
concentration of the solution.

After the unreacted calcium hydroxide and the calcium 
sulfate have been removed by filtration, the filter cake is 
washed with dry acetone. The filtrate is concentrated, 
first to a thin sirup at atmospheric pressure, then at 50° and 
15 mm. (water pump), and, finally, to remove the last 
traces of acetone, at 100° and 6 mm. (oil pump). The 
yield of crude diacetone-d-galactose, as a thick sirup, is 
100-120 g. (76-92%). Pure diacetone-d-galactose distils 
at 130-140° under 0.01-0.001 mm. pressure; [ a ] 20D —54.7 
(c, 3.565; CHC13); negative Fehling’s test.

Oxidation of Diacetone-J-galactose.2—To a solution of 
100 g. (0.38 mole) of crude diacetone-d-galactose in water 
(4.5 liters) and potassium hydroxide (104 cc., 7.5 N ) con­
tained in a six-liter jar is added 300 g. (1.9 moles) of pow­
dered potassium permanganate in 60-g. portions over a 
period of five hours. The solution is stirred mechanically 
throughout the oxidation, which is usually complete in 
twenty-four hours. If an excess of potassium permanga­
nate is present, it is destroyed by the addition of hydrogen 
peroxide. The manganese dioxide is removed by filtration 
on an asbestos mat on a Büchner funnel and washed 
thoroughly with water. The filtrate is treated with car-

(6) The anhydrous copper sulfate is best prepared by drying the 
pentahydrate in an oven at 110° for several days and then heating in 
a casserole over a free flame until the powder is white. It should be 
used immediately after dehydration.
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bon dioxide gas until the solution gives no color with 
phenolphthalein.7 Concentration of the aqueous solution 
at 6 mm. and not over 65° leaves a dry residue which 
is extracted twice with 300-cc. portions of boiling etha­
nol, the insoluble portions remaining on the filter. Re­
moval of the alcohol (15 mm. and 50°) and addition of 300 
cc. of dry acetone (in which monoacetone-d-galactose and 
the unreacted diacetone-d-galactose are soluble) yields the 
crystalline potassium salt of diacetone-d-galacturonic acid. 
Addition of dry acetone to the concentrated mother liquors 
gives a second crop of the potassium salt, which is recrys­
tallized by dissolving in a small volume of ethanol and 
then adding acetone. The yield of the potassium diace- 
tone-d-galacturonate is 60-80 g. (49-65%); m. p. 200-205° 
(dec.); [ a ] 20D —61.1 (c, 2.046; H20).

Conversion of Diacetone-d-galacturonic Acid Potassium 
Salt to Diacetone-d-galacturonic Acid.2—A solution of 60 
g. (0.19 mole) of the carbonate-free potassium salt (C12H17- 
ChK-O.öH^O) in sulfuric acid (376 cc. of 0.5 N) is extracted 
four times with 250-cc. portions of ether. The combined 
ethereal extractions, dried over anhydrous sodium sulfate, 
are concentrated to dryness at 15 mm. and 50°. The 
residue is dissolved in 50 cc. of warm benzene. Crystal­
lization is induced by adding 200 cc. of petroleum ether. 
The yield of diacetone-d-galacturonic acid is 40-45 g. 
(78-88%); m .p. 157°; M 20d  -84.0°.

(7) It is convenient to invert a glass funnel in a jar whose diameter
is slightly greater than that of the funnel. The carbon dioxide gas is 
then introduced into the solution through the stem of the funnel.

Hydrolysis of Diacetone-d-galacturonic Acid to d~ 
Galacturonic Acid.4—A solution of 40 g. (0.15 mole) of 
diacetone-d-galacturonic acid (m. p. 157°) in water (120 
cc.) is heated on a water-bath at 95 to 100° for two hours. 
After decolorizing with 5 g. of activated carbon the clarified 
solution should be concentrated immediately as rapidly as 
possible to a mobile sirup (50°, 6 mm.). The sirup is 
transferred to an evaporating dish and upon vigorous 
scratching it will set to a solid crystalline cake.8 The 
product is collected on a Büchner funnel, washed with 
ethanol, dry ether, and dried over phosphorus pentoxide at 
25° and 12 mm. pressure. The yield of d-galacturonic acid 
is 20-25 g. (65-81 %). The product, being a mixture of the 
a- and /3-forms, will show an initial rotation of +60° — > 
+80° depending on the time involved in concentrating the 
final solution. Pure a-d-galacturonic acid sinters at 110- 
111° and decomposes at 159-160°. The [<*]20d  is +98° 
initial, final value +50.9° (ct 2.1; H20).

Summary
An improved method for the synthesis of 

(+ )  -galacturonic acid has been described. The 
yield is 50 g. of i(+ )-galacturonic acid from 100 g. 
a-d-galactose.

(8) If the crystallization is not spontaneous it can be induced by 
the addition of absolute alcohol.

M a d is o n , W is c o n s in  R e c e iv e d  J u n e  4, 1938

[C o n t r ib u t io n  fr o m  t h e  G a t e s  a n d  C r e l l in  L a b o r a t o r ie s  o f  C h e m is t r y , C a l if o r n ia  I n s t it u t e  o f  T e c h n o l o g y ,
No. 644]

The Molecular Structure of Arsenious Oxide, As40 6, Phosphorus Trioxide, P40 6, 
Phosphorus Pentoxide, P4O10, and Hexamethylenetetramine, (CH2)6N4, by Electron

Diffraction
B y  G. C. H ampson  and A. J. Sto sic k

In a recent paper,1 which was published while 
this work was in progress, there were reported the 
results of an electron diffraction investigation of 
the structures of phosphorus trioxide, phosphorus 
pentoxide and arsenious oxide. The values which 
we have obtained for P40 6 and As40 6 are in good 
agreement with those of Maxwell, Hendricks and 
Deming. On the other hand, the latter authors 
were unable to deduce a structure for P4Oi0 and 
came to the conclusion th a t the molecule probably 
has lower symmetry than th a t of the point group 
T d. The reason for their failure probably lies 
in the fact th a t the molecule has an abnormally 
short P -0  distance and we were led to our final 
structure, which gives an excellent fit with the 
photographs, only after very m any models had 
been shown to be wrong.

(1) Maxwell, Hendricks and Deming, J . Chem. Phys., 5, 626 
(1937).

The visual method of measurement was used, 
the results being compared in the usual way with 
the approximate scattering formula

in which r# is the distance between the 7th  and 
j th  atoms, Z iZ j  their atomic numbers and s =  
(47t sin 0/2)/X, where 0 is the scattering angle and 
X the wave length of the electrons. Radial dis­
tribution curves2 were also calculated and inter­
atomic distances deduced from them. When a 
molecule contains several approximately equal 
distances, the radial distribution method fails to 
resolve the closely spaced maxima and very little 
information can be obtained from the curve. A 
modification of the method, suggested by Dr. V. 
Schomaker of these Laboratories, in which the 
estimated intensities are multiplied by a factor

(2) Pauling and Brockway, T h is  Jo urn al , 57, 2684 (1935),
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T a b l e  I
Max. Min.

1
1 c so

1.602
s(VII)

1.41
1

2
20 3 2.365

3.273
2.33
3.19

2
3

30 20 4.239
5.434

4.25
5.39

3
4

6 12 6.240
7.055

6.24
6.95

4
5

10 50 8.121
9.213

7.95
9.20

5
6

4 25 10.278
11.261

10.42
11.00

6
7

4 35 12.353
13.292

11.84
13.12

7
8

4 45 14.218
15.347

14.33
15.37

8
' 9

1 12 16.309
17.298

16.15
17.05

9
10

2 25 18.212
19.246

18.13
19.17

10
11

2 25 20.224 20.08

11 1 10 22.087 21.84

s*e~as\  with a  chosen such th a t the exponential 
factor is equal to one-tenth for the last measured 
ring, gave a satisfactory resolution of most of the 
distances, and was invaluable in fixing the model 
for P4O10.

As406, P4O6, P 4O10, and (CH2)eN4 were measured 
in Oxford using the apparatus described by de 
Laszlo ;3 for his assistance in operating the elec­
tron diffraction camera we are greatly indebted to 
Dr. A. H. Gregg. The measurements on As406, 
P4O6, and P4O10 were then repeated in Pasadena 
using the apparatus described by Brockway,4 and 
the two sets of results were found to agree to 
within 1%. W ith the latter apparatus two or 
three extra outer rings were obtained, but the 
longer jet-to-camera distance employed in the de 
Laszlo apparatus enabled some inner fine struc­
ture to be resolved which was of great help in the 
P4O10 investigation.

Experimental
The AS4O6 used was the c. p. arsenious oxide of 

commerce which was not further treated.
The P4O6 was prepared by the method of Wolf 

and Schmager,5 a modification of the older method 
of Thorpe and T utton .6 The trioxide so prepared 
contains 1 to 2% of free yellow phosphorus even 
after repeated vacuum distillation. The greater

s(VIII) svii/ so WlIlAo
1.45 (0.881)) (0.905)
2.34 .986 .989
3.20 .975 .978
4.26 1.002 1.005
5.37 0.992 0.988
6.23 1.000 .998
6.94 0.986 .984
7.99 .979 .984
9.18 .999 .996

10.35 1.014 1.007
10.90 0.977 0.968
11.89 .959 .963
13.11 .987 .986
14.36 1.007 1.010
15.41 1.002 1.004
16.18 0.991 0.992
17.09 .986 .988
18.17 .996 ,998
19.22 .996 .999
20.03 .993 .990

21.89 .990
Mean . 9909

.991
Mean . 9909

share of this free phosphorus was removed by ir­
radiating the impure oxide for two days with a 
mercury vapor lamp. This treatm ent largely 
converts the yellow form into the much less vola­
tile red form permitting separation by a subse­
quent distillation in  vacuo.

The P 4O10 used was commercial c. p . phosphorus 
pentoxide which was sublimed in a stream of oxy­
gen to remove lower oxides. This treatm ent is 
necessary since the lower oxides are all more vola­
tile.

The hexamethylenetetramine was a commercial 
sample purified by vacuum sublimation.

(3) De Laszlo, Proc. Roy. Soc. (London), A146, 672 (1934).
(4) Brockway, Rev. Modern Phys., 8, 231 (1936).
(5) Wolf and Schmager, Ber., 62, 771 (1929).
(6) Thorpe and Tutton, J . Chem, Soc., 57, 545 (1890).

Fig. 1.—Photograph o f  model of A s4O g, P4O6, or 
(CH2)gN4. The black balls represent As, P, or 
N; the silver balls represent O or CH2.
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Arsenious Oxide.—The models tried for As40 6 
consist of four As atoms a t the positions (v,v,v), 
(v,v,v), (v,v,v) and (v,v,v) and six O atoms at 
the positions (=»=u,0,0), (0,=*=u,0) and (0,0, ^ u )  
(Fig. 1).

The photographs of As406 show thirteen max­
ima, eleven of which were measurable. The first, 
second and fourth maxima are strong. Preceding 
the fifth maximum and following the sixth maxi­
mum there are deep minima of about equal depth. 
The fifth and sixth maxima are of equal intensity. 
The values of Sq for the maxima and minima and 
the estimated intensities of the maxima are given 
in Table I together with the weighted intensity 
values, c, used in the modified radial distribution 
method. The corresponding values of s for 
models VII and V III are also given.

In Table II  the parameters of all the models for 
which intensity curves were calculated are given.

Models V II and V III are both satisfactory since 
both are in qualitative agreement with the photo­
graphs. Model V is not satisfactory because for 
it the eighth maximum becomes a shelf, and model

VI is not satisfactory because the sixth maximum 
has become weaker than the fifth.

T a b l e  II
Model u V As-As As-O O -As-O As-O -As
I 2.310 1.155 3 .261 . 2.00 A. 109°28' 109°28'
II 2.057 1.308 3.70 2.00
III 1.890 1.160 3.27 1.79
V 1.890 1.142 3.23 1.78 97°20' 130 °14'
VI 2.038 1.142 3.23 1.84 102 °34' 121°58'
VII 1.981 1.142 3.23 1.82 100°39' 125°6'
VIII 1.959 1.142 3.23 1.81 99 °54' 126°20'

Models V II and V III lead to the following values 
of the interatomic distances and valence angles

Model VII 
As-As = 3.20 A.
As-0 = 1.80 A.

O-As-O = 100 °39' 
As-O-As = 125°6'

Model VIII 
As-As = 3.20 A.
A s-0 -  1.79 A. 

O-As-O = 99 °54' 
As-O-As = 126 °20'

The radial distribution method applied to the 
As40 6 photographs gives a curve with maxima at 
1.82 and 3.21 A. corresponding to the values given 
above for the distances in the molecule. The 
curve for this calculation is given in Fig. 2. In 
Fig. 3 the theoretical intensity curves for As406 are

Fig. 3.—Calculated intensity curves for As40 6,
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T a b l e  III
Max. Min. / € So s(Vl) s(VIII) svi/so SVIIl/so

1 1.803 1.60 1.62 (0.887) (0.899)
1 12 2 2.659 2.49 2.47 ( .936) ( .929)

2 3.581 3.40 3.39 .949 .947
2 10 8 4.591 4.57 4.56 .995 .993

3 5.623 5.86 5.91 (1.042) (1.051)
3 1 2 6.641 6.30 6.30 0.949 0.949

4 7.542 7.08 7.02 .939 .931
4 5 20 8.514 8.39 8.37 .985 .983

5 9.634 9.70 9.68 1.007 1.005
5 1 6 10.687 10.72 10.71 1.003 1.002

6 11.820 11.23 11.19 0.950 0.947
6 2 16 12.863 12.49 12.42 .971 .966

7 14.319 14.09 14.05 .984 .981
7 2 18 15.548 15.69 15.62 1.009 1.005

8 16.95 16.84
8 1 17.70 17.58

9 18.52 18.44
9 2 16 19.90 19.71 19.63 0.990 0.9866

Mean . 9802 Mean . 9769

given. As final values of the distances the follow­
ing are given:

As-As -  3.20 ±  0.03 A. As-O-As = 126 ±  3°
A s-0 = 1.80 =*= 0.02 A. O-As-O = 100 ±  1.5°

Maxwell, Hendricks and Deming1 give As-As =
3.20 =*= 0.05 A. They were unable to fix the oxy­
gen parameter because of the much greater scat­
tering power of the As atoms. Fair agreement 
was found with the oxygen valence angle As-O-As 
equal to 120°, 127.5° or 140°.

Phosphorus Trioxide.—The models used for 
P40 6 are of the same type as for As406. The four 
P atoms are a t positions (v,v,v), (v,v,v), (v,v,v), 
and (v,v,v), and the six O atoms at (±u,0,0), 
(0,=*=u,0), and (0,0, =±=u).

The photographs of P406 show nine maxima, 
eight of which are measurable. The first, second 
and fourth maxima are strong; the second maxi­
mum is followed by a weak, almost shelf-like 
maximum; the sixth and seventh maxima are 
strong, of nearly equal intensity, separated by 
a broad and deep minimum; and the minimum 
following the weak eighth maximum is slightly 
deeper than th a t which precedes.

The values of s0 for the maxima and minima and 
the estimated intensities of the maxima are given 
in Table III. Values of the parameters of models 
for which theoretical intensity curves were cal­
culated are listed in Table IV.

Models VI and V III were found to be in satis­
factory qualitative agreement with the photo­
graphs. Model V II is unsatisfactory because the 
minimum following the eighth maximum has

become weaker than th a t which precedes. Also 
any model with the value of the parameter u 
greater than that of model V III would make this 
same minimum too deep in comparison with the 
preceding one.

T a b l e  IV
Model u V p -p P-O O -P-O P -O -P
IV 1.600 1.064 3.010 1.597 90T1' 140°48'
I 1.664 1.064 3.010 1.620 93°10' 136 °3U
V 1.750 1.064 3.010 1.654 96°53' 130°59'
VII 1.780 1.064 3.010 1.666 98 °6' 129°6'
VI 1.800 1.064 3.010 1.675 98 °50' 127°52'
VIII 1.820 1.064 3.010 1.684 99 °41' 126°39'
III 1.900 1.064 3.010 1.721 102°36' 121°53'
II 2.128 1.064 3.010 1.843 109°28' 109°28'

Models VI and VIII lead to the following values 
of the interatomic distances:

Model VI 
P -P  -  2.95 A . 
P -0  = 1.64 A. 

O -P -0  = 98 °50' 
P-O -P = 127 °52'

Model VIII 
P-P = 2.94 A. 
P -0  = 1.65 A.

O-P-O = 99 °41' 
P-O-P = 126 °39'

A final choice of model must lie between models 
VI and V III, possibly favoring model VI. This 
leads to the final values of the distances:

P-P  = 2.95 ±  0.03 A.
P -0  = 1.65 =*= 0.02 A.

O-P-O = 99° =*= 1°
P-O-P = 127.5 ±  1°

The results given by Maxwell, Hendricks and 
Deming1 a re :

P-P = 3.00 *  0.05 A.
P -0  = 1.67 ±  0.03 A.

P-O-P = 128.5 ± 1 .5 °
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Radial distribution calculations result iii a 
curve (Fig. 2) with maxima corresponding to in­
teratomic distances of 1.66 and 3.03 A. The 
theoretical intensity curves for P40 6 are given in 
Fig. 4.

Phosphorus Pentoxide.—The photographs 
taken show eleven measurable maxima. The 
second maximum is the strongest and is followed 
by a shelf with no observable minimum inter­
posed; and the third maximum is moderately 
strong and is followed by a broad shelf-like region. 
On photographs which were taken using a longer 
jet-to-camera distance (28.0 cm.) this shelf ap­
pears as two very weak maxima with poorly 
marked minima interposed. W ith the shorter 
camera distance (10.85 cm,) the doublet is not

resolved. Following the eighth measured maxi­
mum there is another doublet of which only the 
outer ring is measurable. The second ring of this 
doublet is followed by a fairly pronounced mini­
mum and a much stronger maximum. The last 
measured maximum is broad, and is preceded by 
a well marked minimum. The minima immedi­
ately preceding and following the weak seventh 
maximum are both weak, the outermost being 
possibly a little deeper. The measured values of 
.v0 of the maxima and minima and the estimated 
intensities of the maxima are listed in Table V. 
In Table VI thé models for which theoretical in­
tensity curves were calculated are listed.

T a b l e  V
Max. Min. 1 c so s (XIV) sxivAo

1 10 2 2.823 2.82 (0.999)
1 3.965 3.75 ( .946)

2 15 17 5.015 4.91 .979
2 Absent

3 5 10 6.300 6.20 .984
3 7.215 7.05 .977

4 8 35 8.345 8.50 1.019
4 9.86

5 2 16 1 1 .1 0 2  1 1 .0 0 0.991
5 12.097 11.72 .969

6 3 31 12.922 12.76 .988
6 13.730 13.72 .999

7 1 12 14.491 14.25 .983
7 15.351 14.84 .967

8 2 27 16.043 15.86 .989
8 Not measurable

9 1 14 18.645 18.46 .990
9 19.662 19.24 .979

10 2 27 20.470 20.23 .988
10 21.525 21.38 .993

11 1 12 22.943 23.00 1.003
Mean 0.9873

T a b le  VI
Model a b c P -P  P-O  P-O ' OPO POP
I 1.064 1.820 2.011 3.01 1.68 1.64 99°41' 126°39'
III 0.910 1.820 1.926 2 .57  1.58 1.76 109°28' 109°28'
IV .903 1.867 1.919 2 .56  1.60 1.76 111° 12' 106°4'
V .923 1.785 1.943 2.61  1.57 1.77 107°24' 112°50'
VI 1.030 1.785 1.830 2.91 1.64 1.39 100ö38' 125°24'
VII 1.018 1.805 1.844 2 .8 8  1.64 1.43 102°18' 122°40'
VIII 0.992 1.720 2 .008 2 .81  1.58 1.76 100°36' 125°15
IX .993 1.840 1.795 2.81  1.64 1.39 104° 0' 117°46'
X 1.045 1.750 1.830 2 .96  1.64 1.36 98ö 0' 129°14'
XI 1.022 1.795 1.829 2 .89  1.64 1.40 101°30' 123°42'
XII 1.040 1.795 1.829 2 .94  1.65 1 .40 100°18' 125°39'
XIII 1.020 1.800 1.836 2 .8 8  1.64  1 .4 i 101°49' 123°l2 '
XIV 1.018 1.792 1.827 2 .88  1.63 1.40 101°39' 123°28'

All of the models are for the four P atoms a t 
positions (a,a,a), (a,a,a), (a,a,a), and (a,a,a), six 
O atoms a t positions (=±=b,0,0), (0,=*=b,0)* and 
(0,0, =±=b)> and the remaining four O atoms a t 
the positions (c,c,c), (c,c,c), (c,c,c), and (c,c,c). 
Models X I, X III  and XIV are all satisfactory in
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their qualitative agreement with the photographs. 
Model XIV is roughly the mean of models X I and 
X III, and it has been used for the final calcula­
tions of the interatomic distances of the molecule. 
The following distances result from these calcula­
tions:

P -P  =  2.84 =*= 0.03 A. OPO = 101.5 ±  1°
P-O «  1.62 0.02 A. POP = 123.5 ± 1°
P-O ' = 1.39 0.02 A. OPO' = 116.5 ±  1°

The angle designated by OPO' is the angle
formed by the P  atom a t (a,a,a) and the O atoms 
a t (b,0,0) and (c,c,c) (Fig. 5). I t  may be seen 
from an inspection of the models listed tha t the 
valence angles are very closely limited. Model 
X II differs from model X I only in the phosphorus 
coordinates, causing a change in the P valence 
angle of only about one degree, bu t it is not in 
qualitative agreement with the photographs in 
th a t for it the shelf-like region following the 
fourth maximum has become a real maximum with 
a preceding minimum. The short P -O ' distance 
is also fixed closely by the disagreement of model 
VII. This model differs from the satisfactory 
models only in th a t the coordinates of the outer 
four O atoms are changed by a very small amount.

Ip i
■ f e

Fig. 5.—Photograph of model of P4O1 0 . The 
black balls represent P; the silver balls repre­
sent O.

The modified radial distribution method sug­
gested by Dr. Schomaker gave a remarkably good 
resolution of the various peaks, nearly all the in­
teratomic distances in the molecule appearing as 
separate maxima. The curve is shown in Fig. 2. 
From the data which it provided, the three par­
ameters could be determined within narrow limits, 
these parameters agreeing well with those chosen 
for the final model.

The theoretical intensity curves for the models 
of Table VI are shown in Fig. 6.

5 10 15 20
s.

Fig. 6.—Calculated intensity curves for P4O1 0 .

Hexamethylenetetramine.—The photographs 
of this substance were taken using a long jet-to- 
camera distance and show six maxima. The first 
two are strong, the third broad and diffuse, the 
fourth very weak, the fifth fairly strong and the 
sixth very weak.

The hexamethylenetetramine model is essen­
tially the same as th a t for P4C>6 and As40 6. Four 
N atoms are in positions (v,v,v), (v,v,v), (v,v,v) 
and (v,v,v), six C atoms in positions (=*=u,0,0), 
(0, ^UjO) and (0,0, =±=u) and the twelve H atoms 
in positions (x,x,z), (x,x,z), etc. The hydrogen 
parameter could not be deduced from the photo­
graphs and an assumed value of 1.09 A. for the 
C -H  distance was used in computing the theoreti­
cal intensity curves. A model in which all the 
angles had the regular tetrahedral value of 109.5° 
and with a C -H  distance of 1.48 A. (N -N  or C-C 
=  2.42 A.) was found to agree well with the photo­
graphs. The curve for this model is shown in 
Fig. 7. Table V II gives the measured values of
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Fig. 7.—Calculated intensity curve for (CH^N-i.

So for the maxima and minima together with the 
estimated intensities of the maxima; the 5 values 
for the above model are also listed, and the aver­
age value of s/so is seen to be practically unity.

T a b l e  VII
Max. Min. / c 50 5 5/50

1 10 2 2.966 2.93 0.988
1 4.261 4.06 .953

2 8 15 5.606 5.56 .992
2 7.303 7.15 .979

3 4 5 8.774 9.41 1.073
3 10.54 10.75 1.020

4 2 2 11.47 11.40 0.995
4 12.49 12.35 0.989

5 4 10 13.52 13.68 1.012
6 1 4 15.79 16.25 1.029

Mean 1.003

The radial distribution curve shown in Fig. 2 
gives C -N  = 1.47 A. and C -C  or N -N  = 2.43 A. 
agreeing well with the above model.

Discussion of Results
Of the substances reported in this paper, two, 

hexamethylenetetramine and arsenious oxide, 
have been studied in the solid form. Hexamethyl­
enetetramine crystallizes in a body-centered cubic 
lattice, Dickinson and Raymond7 reporting a regu­
lar tetrahedral arrangement of valences with C - 
N =  1.44 A. Gonell and M ark8 gave C -N  =
1.48 A. and C-C =  2.58 A., and this same type of 
structure has also been confirmed by Wyckoff and 
Corey,9 who give C -N  =  1.42 =±= 0.08 A. The 
sum of the covalent single-bond radii10 of carbon 
and nitrogen is 1.47 A. in good agreement with the 
value which we find here.

Arsenolite, cubic As4C>6, was reported by Bo- 
zorth11 to be a lattice of As4C>6 molecules in a dia­
mond-type arrangement. Both the As and the O

(7) Dickinson and Raymond, T h is Jo urn al , 45, 22 (1923).
(8) Gonell and Mark, Z. p h y s ik . C h em ., 107, 181 (1923).
(9) Wyckoff and Corey, Z. K r is t., 89, 462 (1934).
(10) Pauling and Huggins, ib id ., 87, 205 (1934).
(11) Bozorth, T h is  Jo urn al , 45, 1621 (1923).

valence angles are tetrahedral in this solid, the 
As-As distance 3.28 A. and the A s-0  distance
2.01 A. There are two strong bonds for each O 
atom to two As atoms in the same molecule, and 
two weak bonds to two As atoms of a neighboring 
molecule. This attraction between neighboring 
molecules apparently draws the O atom out, in­
creasing the A s-0  distance and decreasing the 
oxygen valence angle from the values observed 
for the vapor molecule to those observed in the 
solid. To a smaller extent this applies to the As 
atoms too, since each forms three strong bonds to 
oxygens in the same molecule and three weak 
bonds to oxygens of adjacent molecules. A re­
determination of the crystal parameters was made 
by Harker and Eskijian12 in these Laboratories 
confirming the older values but fixing them more 
closely (to within about 0.03 A.).

Arsenic apparently has a tendency to form 
bonds a t angles smaller than  the tetrahedral angle, 
as As406 is not unique in this respect. In  this 
compound where the atoms form closed rings it 
might be thought th a t the As valences are strained 
into taking up this angle because of the tendency 
of the oxygen angle to  expand beyond the te tra ­
hedral value13 but even in compounds where the 
groups attached to the As atom form no other 
bonds, the As bond angle is considerably less than 
109°28'. Examples are AsCl3 103°,14,15 101 =*= 
4°,16 AsBr3 100 ±  2°,16 As(CH3)3 96 =±= 5°.17

The remarkable constancy of this angle of 
around 100° already has been remarked upon.16 
Steric effect and electrostatic repulsions are so 
different in this series of compounds th a t they 
cannot be the deciding factors in fixing the angle. 
According to the theory of directed valency18 the 
utilization of p  orbitals alone leads to the forma­
tion of bonds which are m utually perpendicular. 
Hybridization with the s orbital gives rise to 
stronger bonds which, if hybridization is com­
plete, as with carbon compounds, are a t an angle 
of 109°28'. If, however, there are unshared elec­
trons, as in the case we are considering, hybridiza­
tion may not be complete, for there are two op­
posing tendencies. On the one hand, hybridiza­
tion tends to stabilize the bonds bu t a t the same

(12) Unpublished work.
(13) Sutton and Hampson, Trans. Faraday Soc., 31, 945 (1935).
(14) Brockway and Wall, T h is  Jo urn al , 56, 2373 (1934).
(15) Pauling and Brockway, J .  Chem. Phys., 2, 867 (1934).
(16) Gregg, Hampson, Jenkins, Jones and Sutton, Trans. F a r a d a y  

Soc., 33, 852 (1937).
(17) Springall and Brockway, T h is Jo urnal , 60, 996 (1938).
(18) Pauling, ibid., 53, 1367 (1931).
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time this means th a t the unshared electrons also 
tend to become hybridized between the s and p  
orbitals, whereas the unshared pairs of electrons 
are always most stable when they occupy the s 
orbitals. As usual the actual configuration taken 
up is th a t which gives the lowest energy.

The sum of the covalent single-bond radii10 of 
arsenic and oxygen is 1.87 A. The decrease from 
the sum of the radii to the observed value of 1.80 
A. may be explained as the result of double bond 
character caused by unshared pairs from the oxy­
gen atoms forming double bonds with the As 
atoms. 14-16 The value 126 =*= 3° which is ob­
served for the oxygen angle is close to 125° 16', 
the angle between a double and a single bond on 
the regular tetrahedral model.

Phosphorus, like arsenic, shows a tendency to 
form bond angles less than the tetrahedral angle. 
In P40 6 it is found to be 99°. In  other substances 
where the groups attached form no other bonds 
the same behavior is noted. Examples are PF 3 
99 ±  4 ° , 14 PC13 10 0  ±  2 ° , 14 PBr3 10 0  =*= 2 ° , 16 
Pis 98 =*= 4 ° , 16 POCl3 104°,19 P(CH 3)3 10 0  =*= 4 ° . 17

The sum of the covalent radii10 for phosphorus 
and oxygen is 1.76 A. Again the observed value 
is lower presumably because of double-bond char­
acter, as with As40 6 .

In P 4O10 the phosphorus angles are 101.5 and 
116.5°. The latter angle is th a t between an 
outer oxygen atom and one within the P4Oe 
“kernel.” Addition of this outer oxygen atom 
has had very little effect on the other bond angles 
and this might have been anticipated from the 
values given for PCb and POCl3. The most 
startling feature of the P4O10 molecule is the un­
usually short distance of 1 .3 9  A. between each P 
atom and the “extra” O atom. The value found 
is about 7 9%  of the sum of the single bond radii 
(1.76 A.) and is approximately that expected 
for a triple bond between the two atoms. A 
similar anomaly has been observed in thiophos- 
phoryl chloride, PSC13,20 where the P-S distance is 
found to be 1.94 A. instead of the normal single 
bond distance of 2.14 A. I t  is dear th a t double

/O —
bond character in a structure such as 0 = P ~ 0 —, I,

N o —
is not sufficient to explain such a large shortening 
as is observed. The addition of four extra oxy­
gen atoms to P40 6 has very little effect on the di­
mensions of this P4O6 “kernel,” and since we have

(19) Brockway and Beach, T h is  J o u r n a l , 60, 1836 (1938).
(20) Beach and Stevenson, J . Chem. Phys., 6, 75 (1938).

postulated single-double bond resonance in P 4O6, 
it seems reasonable to conclude th a t it also occurs 
in P4O10. The im portant systems are probably 
II and II I  in resonance with I.

+
— // <T ~O—Pf-O—

N o ­
i l

-  / O -  
O—P f-O —

No—
III

There is another piece of evidence which favors 
this conclusion. In P 4O6 the contribution of a

-  . 0 +—
double-bonded structure IV P^-O—- was postu­

lated to explain the shortening of the P-O  bond 
below the single bond value. In  this structure 
the phosphorus and oxygen atoms carry opposite 
charges and so there is no “formal charge effect” 21 
influencing the bond length. On the other hand, 
in structures II and II I  of P4O10 the positive charge 
on the oxygen or phosphorus atom is not com­
pensated by a negative charge within the P40 6 
“kernel” and hence because of the increased effec­
tive nuclear charge we should expect the bond 
length to be diminished. The P-O  distance in 
P4O6 is 1.65 A. and the corresponding distance in 
P4O10 is indeed shorter, being 1.62 A. The differ­
ence m ay be due to experimental error, although 
in view of the above argument it may be of some 
significance. As regards the other P-O  distance 
having the extremely low value of 1.39 A., the 
“formal charge effect” in structure I I  (negative 
charge on the oxygen, no charge on the phos­
phorus) would lead one to expect an increase 
rather than a decrease. One is forced to con­
clude th a t the predominant factor here must be 
the polar character of the bond. In  discussing 
PSC13, Beach and Stevenson20 ruled out any effect 
of ionic character and formal charges on the 
length of the bond, bu t concluded th a t the short­
ening of the P-S distance m ust be due to a con-

-  .C P
siderable (about one half) contribution of S—P -̂Cl

without, however, giving any reasons. The short 
P-O distance in P4O10 is in accord with the chemi­
cal properties of this molecule. Such short bonds 
are presumably extremely stable, and the thermal 
stability and resistance to reduction of P4O10 are 
well known.

We wish to express our thanks to Professor 
Brockway, Professor Pauling and 'Professor 
Sidgwick for their help and interest in this work,

(21) E llio tt, T h is Jo urnal , 59, 1380 (1937).
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and the Commonwealth Fund for a Fellowship to 
one of us (G. C. H.).

Summary
Electron diffraction measurements on arsenious 

oxide, phosphorus trioxide and hexamethylene­
tetramine show th a t the molecules consist of four 
phosphorus or nitrogen atoms in positions (vvv) 
(vvv) (vvv) and (vvv) and six oxygen atoms or 
methylene groups ill the positions (=*=u00) 
(O^uO) and (00 =*=u). In phosphorus pentoxide 
there are four additional oxygen atoms in the 
positions (www) (www) (www) and (www).

The interatomic distances and angles are: for 
As40 6, As- 0  =  1.80 =*= 0.02 A., O-As-O =  100

=*= 1.5°, As-O-As =  126 =»= 3°, for P40 6, P-O  =
1.65 ±  0.02 A., O -P-O  =  99 ±  1°, P -O -P  =
127.5 =t 1°, for N4(CH2)6, C -N  =  1.47 ±  0.02 
A., C -N -C  =  N -C -N  =  109.5°, for P4O10, P-O 
=  1.62 ±  0.02 A., P -O ' =  1.39 ±  0.02 A., O -P-O  
=  101.5 =*=■ 1°, P -O -P  =  123.5 =*=' 1° and O -P -O ' 
=  116.5 =*= 1°.

The shortening of the bond distances in As406, 
P40 6 and P 4O10 below the theoretical single-bond 
values is attributed to single-bond double-bond 
resonance. I t  is concluded th a t the abnormally 
low value of 1.39 A. for the P -O ' bond in P4Oio is 
due to the polar character of the bond.
P a s a d e n a , C a l i f . R e c e iv e d  M a y  31, 1938
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The Properties of Osmium Tetroxide in Carbon Tetrachloride Solutions.
The Thermodynamic Constants of Osmium Tetroxide1

B y  L e R oy H. A nderson  and  D on  M . Y ost

Introduction
Osmium tetroxide is known to be moderately 

soluble in water and very soluble in carbon te tra ­
chloride. Von W artenberg2 determined the solu­
bility to be 6.47 g. per 100 g. of water, and about 
250 g. per 100 g. of carbon tetrachloride, a t 20°. 
The distribution ratio of osmium tetroxide be­
tween carbon tetrachloride and water was de­
termined by Yost and W hite3 for dilute solutions 
to be 13 when the concentrations are expressed 
in moles per liter of both solvents. Distribution 
ratios were determined independently, • and at 
about the same time, by Tschugajeff and Luka- 
shuk4 with essentially the same results. These 
authors also made solubility determinations in 
water bu t the result, 6.23 g. per 100 g. of water at 
25°, does not seem to be consistent with th a t of 
Von Wartenberg.

The distribution ratio calculated from solu­
bilities is much higher than th a t found in the ex­
periments on dilute solutions. This fact indi­
cated th a t either the concentrated solutions in

(1) Presented at the Second Annual Symposium of the Division 
of Physical and Inorganic Chemistry on the Less Familiar Elements, 
Cleveland, Ohio, December 27, 28 and 29, 1937.

(2) Von Wartenberg, Ann. Chem., 440, 97 (1924); 441, 318
(1925); Bichowsky and Rossini, “Thermochemistry of Chemical 
Substances,” Reinhold Publishing Corp., New York, N. Y., 1936,
p. 82.

(3) Y ost and White, T h is  Jo urnal , 50, 81 (1928).
(4) Tschugajeff and Lukashuk, Z. anorg. Chem., 172, 223 (1928).

carbon tetrachloride were exhibiting some ab­
normal behavior, or th a t in the distribution ex­
periments water possibly was associated with the 
tetroxide in carbon tetrachloride layer, thus form­
ing a different solute. In  order to settle this 
point, distribution experiments were made with 
solutions whose concentrations varied from very 
dilute to  saturation, the solubilities of osmium 
tetroxide in both water and carbon tetrachloride 
were redetermined, and the vapor pressures of 
carbon tetrachloride above solutions of osmium 
tetroxide in it were measured for the range of con­
centrations up to saturation.

Preparation of Materials and Experimental 
Methods

Osmium Tetroxide.—Osmium metal freed from ruthen­
ium was heated to 300-400° in a glass tube in a stream of 
dried oxygen. The vapors of osmium tetroxide (b. p. 
130°) were condensed in the distribution vessel or capsules 
by means of a solid carbon dioxide-alcohol bath.

All other chemicals used were of the best grade obtain­
able. The carbon tetrachloride was further purified by 
fractional distillation.

Analytical Methods.—Osmium tetroxide is frequently 
determined iodimetrically,4'5 but the colored tetravalent 
osmium solutions hide the end-point in all but rather dilute 
solutions, and atmospheric oxygen affects the results. 
After some experimentation the following procedure was

(5) For other methods see Crowell, T h is J o u r n a l , 54, 1324 
(1932).
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adopted: the weighed sample of osmium tetroxide solution 
was placed in a glass-stoppered flask containing 25 cc. of 
an acidified (0.35 N  in hydrochloric acid) potassium iodide 
solution that had been saturated previously with carbon 
dioxide. After about thirty minutes of gentle shaking in 
the dark, the resulting solution was diluted to 200 cc. with 
distilled water saturated with carbon dioxide, and was then 
titrated with standard thiosulfate with starch as an indi­
cator. Although this method can be made to give re­
producible results, it cannot be said to be highly satisfac­
tory, and, except for the dilute Solutions, was replaced by a 
gravimetric method in which metallic osmium was weighed.

In the gravimetric method 0.1 to 0.3 g. of hydrazine 
hydrochloride was dissolved in 10 cc. of 3 A hydrochloric 
acid contained in a glass-stoppered flask. After warming 
this solution to 55-65°, the weighed sample of osmium 
tetroxide solution was introduced, and the resulting mix­
ture was digested over a water-bath for an hour. This 
mixture was transferred to a weighed, glazed Rose crucible, 
and evaporated to dryness on a hot-plate. A stream of 
hydrogen was started through the crucible and the latter 
heated over a Bunsen burner for twenty to thirty minutes. 
The stream of hydrogen was continued until the crucible 
had cooled to room temperature, and then the hydrogen 
remaining was displaced with carbon dioxide. This last 
precaution is necessary to avoid the rapid combustion of 
hydrogen in the presence of the finely divided metallic 
osmium when the crucible cover is removed.

The Distribution and Solubility Experiments.—The 
distribution experiments were carried out in a 20-cc. cylin­
drical all-glass vessel equipped with two 1-mm. diameter 
tubes which extended into the carbon tetrachloride and 
aqueous layers, respectively. A little air pressure served 
to force samples of either layer out through the 1-mm. 
tubes and into a weighing bottle or capsule. The distribu­
tion vessel itself was fastened to a mechanical shaker 
operating in a thermostat so that equilibrium was certainly 
attained in all experiments. At no time did the tetroxide 
solutions come in contact with oxidizable substances.

In some of the distribution experiments, and in all of the 
solubility determinations, small, weighed, evacuated cap­
sules equipped with long narrow outlet tubes were used for 
sampling. The outlet tubes were bent at right angles near 
their tips, and the short tips could be broken easily under 
the solution. The fragment of glass broken off was re­
covered and weighed.

The solubility experiments were carried out in a 10-cC. 
glass-stoppered tube that was shaken in the thermostat at 
25° for twenty-four hour periods. Solubility equilibrium 
was approached from both directions.

The Vapor Pressure Experiments.—The apparatus used 
for the vapor pressure measurements consisted of a 20-cc. 
cylindrical glass container equipped with an all glass 
"click” gage and with side-arms which held easily break­
able Capsules of Osmium tetroxide and carbon tetrachlo­
ride. The capsules were broken when desired by means of 
glass enclosed, magnetically operated iron plungers. To 
attain more conveniently the higher dilutions, a separate 
calibrated carbon tetrachloride container was connected 
through a stopcock and a long (20 cm.) 0.5-mm. glass 
capillary tube to the solution container. The carbon tetra­
chloride was distilled into the solution container by cooling

the latter with liquid air. In order to make sute that the 
solution was homogeneous at all times a stirrer consisting 
of a glass enclosed piece of soft iron was placed in the solu­
tion container and caused to move up and down by means 
of an external solenoid. The osmium tetroxide could at no 
time come in contact with any substance other than glass. 
Its low partial vapor pressure and the slow diffusion 
through the long capillary tube prevented appreciable loss 
of osmium tetroxide by reaction with the stopcock grease. 
The whole apparatus was highly evacuated and then closed 
off from the pumps. From time to time the contents of 
the system were condensed with liquid air and pressure 
measurements made to assure that no air had leaked into 
the apparatus.

Results of the Experiments
In Table I are presented the results of the dis­

tribution experiments made a t 25°. All concen­
trations are expressed in mole fractions.

T a b l e  I
R e s u l t s  o f  t h e  D is t r ib u t io n  E x p e r im e n t s  a t  25 °

Formula 
mole fraction 
OsOé in water 

layer, 2VW

: Formula 
mole fraction 
0sO4 in CC14 

layer, N c
Distribution 

ratio R  = Nc/N^

0.0001464 0.01204 82.2
.000405 .0320 79:0®
.000582 . 0424 72.9
.000614 . .0498 . 81.2a
.000653 .0530 81.2®
.000715 .0582 81.4®
.00135 .109 80.7
.00137 .117 85.4®
.00189 . 1563 82.7®
.00196 .175 89.3®
.00234 .22 94®
.002715 .2564 94.5
.00381 .426 112.0
.00423 .520 123
.00459 . 6065 132.2
.00470 .598 127.3
.00507s .693s 136.5s

Solubility 0 s0 4 in 100 g. water at 25° = 7.24 =*= 0.01 g. 
Solubility 0 s0 4 in 100 g. CC14 at 25° = 375 ±  17 g.

* Iodimetric determinations. All others were gravi­
metric. * From solubility measurements.

The experimental error of 17 g. or 4.5% in the 
solubility in carbon tetrachloride arises from the 
fact th a t the solutions are very concentrated, that 
they have a tendency to supersaturate, and that 
the solubility appears to have a large tempera­
ture coefficient. The result given here is the 
mean of four determinations which seemed free of 
criticism.

In the first and second columns of the table are 
given the formula mole fractions of tetroxide in 
the aqueous and carbon tetrachloride layers, re­
spectively, that is, the mole fractions calculated 
from the results of analyses on the assumption
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th a t 0 s 0 4 is present as such. M ost of the ratios 
are the average of two or more values obtained 
for the same distribution experiment. At low con­
centrations the error in the gravimetric method of 
analysis is high due to the small amount of osmium 
weighed. At high concentrations the volumetric 
method of analysis is worthless due to the errors in 
taking small samples of the carbon tetrachloride 
phase or to the errors described above.

The distribution ratio, R  =  N c/ N w, increases 
slowly at first and then more rapidly with con­
centration. I t  is also evident that the ratio at 
the high concentrations is approaching the last 
value in the table which was calculated from the 
solubility measurements. I t  would appear, there­
fore, th a t the carbon tetrachloride layer contains 
no water associated with the osmium tetroxide.

In order to establish still more definitely that 
the non-ideality of the carbon tetrachloride solu­
tion is independent of the presence of water, vapor 
pressure measurements were made on solutions of 
osmium tetroxide in dry carbon tetrachloride. 
The results are presented in Table II. The total 
vapor pressures observed, were corrected for the 
small partial pressures of osmium tetroxide on the 
assumption th a t the laws of perfect solutions were 
valid. For such small corrections this assumption 
is justified. The last column of the table contains 
vapor pressures calculated on the basis of an as­
sumption to be discussed below.

T a b l e  II
T h e  P a r t ia l  V a p o r  P r e s s u r e  o f  C a r b o n  T e t r a c h l o ­
r id e  a b o v e  it s  S o l u t io n s  o f  O sm iu m  T e t r o x id e  a t  25°

Formula 
mole 

fraction 
0 s 0 4, N c

Partial 
vapor 

of CC 14 
in cm. P

Vapor 
pressure 

calcd. from 
P aoult’s law 
concn. =  N  c

Vapor 
pressure 

calcd. from 
Raoult’s law 

but assuming 
4 0 s 0 4 =  

(0 s 0 4)4
0.000 11.46 11.46 11.46

.0402 11.02 11.00 11.00

.081 10.56 10.55 10.55

.1105 10.05 10.20 10.20

.395 7.86 6.92 7.72

.5982 6.19 4.61 5.97

.693 5.39 3.52 5.17

I t  is clear from column three of the table that 
the vapor pressures calculated from Raoult’s 
equation and the formula mole fractions in column 
one are not equal to the observed pressures, th a t is, 
the solutions are not ideal. Now it is known from 
electron diffraction experiments6 and the Raman 
spectrum7 th a t the osmium tetroxide molecule is

(6) L. O. Brockway, Rev. Modern Phys., 8, 260 (1936).
(7) Langseth and Quiller, Z. physik. Chem., B27, 79 (1934).

highly symmetrical, the four oxygen atoms being 
a t the corners of a tetrahedron with the osmium 
atom a t the center. Carbon tetrachloride has 
the same symmetrical structure. In spite of this 
high symmetry, mixtures of the two substances 
do not form ideal solutions.

The results of equilibrium experiments on non­
ideal binary solutions may be treated quantita­
tively in either of two ways. (1) By the appli­
cation of the thermodynamically exact Gibbs- 
Duhem equation and the definition of fugacity, 
the fugacities of the components may be calcu­
lated for any concentration. The results of such 
calculations are useful and necessary for the calcu­
lation of thermodynamic quantities. (2) The 
assumption may be made th a t Raoult’s equation 
is the expression of a law and th a t deviations from 
it are to be interpreted as indicating the formation 
of ions, compounds or polymers. This orthodox 
way of treating experimental results, especially 
results obtained with concentrated solutions of the 
kind presented here, has been criticized8 for several 
reasons, one of which is th a t it sometimes requires 
the assumption of polymers in the case of inert 
substances such as the noble gases.

If the results of the present distribution experi­
ments are assumed to indicate the formation of an 
(0 s0 4)w polymer in the carbon tetrachloride solu­
tions, it is not difficult to show th a t they are in 
accord with the assumption th a t the following 
rapid reversible reaction takes place.

4 0 s0 4 =  (0 s 0 4)4 
K  =  (0 s 0 4)4/ ( 0 s 0 4)4 = 6.3

To evaluate the equilibrium constant the limiting 
value of R  =  78 for infinitely dilute solutions was 
determined graphically.

The vapor pressure measurements are in quan­
titative agreement with the assumption of this 
polymerization as can be seen by comparing the 
second and last columns of Table II.

This analysis of the results is not, however, 
unique, it being possible to obtain equally satis­
factory agreement with the distribution and va­
por pressure experiments by assuming equilibria 
involving a series of polymers. This would still 
be true if a very high degree of accuracy were 
feasible. Such behavior is characteristic of this 
method of treatm ent.

If the osmium tetroxide is present in carbon
(8) Hildebrand, “Solubility,” Reinhold Publishing Corp., New  

York, N. Y., Second Edition, 1936. See also this author and others 
for a general discussion on liquids and solutions, Trans. Faraday 
Soc., 33, 1-279 (1937).
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tetrachloride solutions as an equilibrium mixture 
of polymers, the nature of the bonds or interaction 
becomes of interest. One type of bond could be 
assumed to consist of an oxygen atom shared by 
two osmium atoms. This would imply that the 
normal oxygen-osmium-oxygen bond angle is 
distorted to make way for the shared oxygen. A 
less conventional but perhaps more rational pic­
ture of the assumed association of tetroxide mole­
cules is provided by London's dispersion effect.9 
This effect gives rise to an additive interaction 
energy of attraction between molecules, even 
though the molecules themselves possess no aver­
age dipole (or multipole) moment. The additive 
property makes the interaction energy between 
any two molecules of a cluster practically inde­
pendent of the number of molecules in the cluster. 
Accordingly, when only this type of interaction ob­
tains there is no effect of saturation, and clusters 
of two, three and more molecules are conceivable. 
If the clusters can be regarded as polymers in 
equilibrium with each other then it is proper to 
treat the deviations from R aoult’s equation of the 
type shown by osmium tetroxide in carbon tetra­
chloride as indicating polymer formation, pro­
viding, of course, th a t the clusters are, on the 
average, sufficiently far apart so th a t their inter­
action with each other is small.

I t  is possible th a t the interactions between the 
assumed clusters are of the same order of magni­
tude as those between the molecules in the clus­
ters. In th a t event the calculation of equilibrium 
constants for assumed polymer formation in con­
centrated solutions of the type reported here pro­
vides no more than a convenient empirical method 
for expressing the properties of the solutions.

The shape and size of the osmium tetroxide 
molecule were determined by Brockway6 from 
electron diffraction experiments. Langseth and 
Quiller7 photographed the Raman spectrum. 
From these results the standard entropy of 
osmium tetroxide gas m ay be calculated. The 
heat of formation and the vapor pressures of the 
tetroxide were measured by von Wartenberg.2 
The entropy of metallic osmium was calculated by 
Lewis and Gibson,10 and th a t of oxygen has been 
determined by Giauque and Johnston.11 This 
information taken together permits the calcula­
tion of the free energies of formation of both 
gaseous and solid osmium tetroxide. The neces-

(9) London, Trans. Faraday Soc. 33, 8 (1937).
(10) Lewis and Gibson, T h is  J o u rn al , 39, 2554 (1917).
(11) Giauque and Johnston, ibid., 51, 2300 (1929).

sary data and the results of the calculations are 
presented in Table III.

T a b l e  III
T h e  T h e r m o d y n a m ic  C o n s t a n t s  o f  O sm iu m  T e t r o x id e

Interatomic distance Os— O =  1.66 =*= 0.05
Symmetry number a — 12
Raman frequencies in cm.-1 and their degeneracies (in 
parentheses)

Wl(l) C*>2 (2) 0)3(3) C*>4(3)
971 568 1187 688

Standard entropies at 25° and one atmosphere in cal./deg.
OsO4(g), 65.65 Os(s), 7.8 =*= 0.5 0 2(g), 49.03 

Solubility in water — 0.0284 mole/kg. water at 25°

Free energies and heat contents.
Os(s) +  202(g) = 0 s0 4(s)
AF2°98 = -70,900 cal. AH  = -93,600 cal,
Os04(s) = Os04(g)
AF2°98 = 2,800 cal. AH  -  13,500 cal.
Os(s) +  202(g) =  Os04(g)
AF298 = -28,000 cal. AH = -80,100 cal.
Os(s) H- 202(g) = Os04(aq)
AF2°98 = -68,788 cal.

The stability of osmium tetroxide is shown by 
the large negative value of AF2°98. The observa­
tion made by von W artenberg th a t the tetroxide 
does not decompose a t 1500° may be shown by an 
easy calculation to be consistent with the above 
free energy and heat content values.

The free energy values might also be combined 
with the results of Kirschman and Crowell12 to 
obtain the free energies of some of the reduced 
forms of osmium in aqueous solutions.

Summary
The distribution ratios of osmium tetroxide be­

tween carbon tetrachloride and water have been 
measured a t 25° for the whole range of concentra­
tions up to saturation and found to vary from 
R  = N (in CC14)/ N (in  H20) =  78 to R  =  136. 
The results of solubility measurements are in 
agreement with the ratio a t high concentrations.

The vapor pressures of dry carbon tetrachloride 
above its solutions of osmium tetroxide were 
measured a t 25° and over the range of concentra­
tions up to saturation. The results do not accord 
with Raoult’s equation.

Electron diffraction, spectroscopic and thermal 
data are used to evaluate the free energies of 
gaseous, solid and aqueous osmium tetroxide. 
P a s a d e n a , C a l i f . R e c e iv e d  M a y  2, 1938

(12) Kirschman and Crowell, ibid., 55, 488 (1933).
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The Heat Capacity and Entropy of Barium Fluoride, Cesium Perchlorate and Lead
Phosphate

By K enneth S. P itzer,1 Wendell V. Smith and W endell M. Latimer

While the calculation of ionic entropies was the 
immediate purpose for which these heat capacity 
measurements were made, the data so obtained 
should, nevertheless, have considerable value 
from other points of view. The present paper 
contains the heat capacity results together with 
calculations of the entropies of the three salts. 
The ionic entropy calculations will be presented in 
another publication.

Materials.—The precipitation of barium fluo­
ride from aqueous solution gives a very fine powder 
which would seem questionable as a thermody­
namic reference state. The sample employed in 
the following measurements was prepared by 
melting “c. p .” barium nitrate and potassium 
fluoride together in a platinum crucible, and then 
extracting the potassium nitrate and excess 
barium nitrate from the cooled melt with hot 
water. The extraction was continued until the 
wash water gave no test for either potassium ion 
or nitrate ion. The product appeared to be 
definitely crystalline on examination with a 
microscope. Analysis by precipitation of barium 
sulfate from dilute nitric acid solution gave
99.7 ±  0.5% of the theoretical barium content. 
The authors wish to extend their thanks to Dr. 
Oliver L. I. Brown for the greater part of the 
work in preparing this sample.

The tertiary lead phosphate was prepared from 
lead acetate and Na2H P 04 , both of “c. p .” grade. 
Hot, dilute solutions of the two salts were slowly 
mixed with vigorous stirring, and the resulting 
precipitate was washed thoroughly and then dried 
by heating for several days at 300°. Electrolytic 
analysis showed the theoretical amount of lead 
within 0.2%.

The cesium perchlorate was prepared from 
samples of “c. p.” cesium nitrate and iodochloride 
by the addition of perchloric acid in dilute solu­
tion. Chemical tests indicated the absence of 
appreciable amounts of n itrate or iodochloride, 
while the absence of other alkali metals was es­
tablished by spectroscopic examination. The 
product was dried by prolonged heating at 140°. 
The lack of any rise near the ice point in the heat

(1) Shell Research Fellow, Academic Year 1936-1937.

capacity curves shows tha t none of the salts 
contained an appreciable amount of water.

Heat Capacity Measurements.—The general 
method of Latimer and Greensfelder2 was fol­
lowed, including, however, certain improvements 
which also have been reported.3 The calibrated 
thermocouple in the calorimeter was rechecked 
against the vapor pressure and triple point of 
hydrogen between the measurements on barium 
fluoride and those on lead phosphate and cesium 
perchlorate, while the heat capacity of the empty 
calorimeter was remeasured after their conclusion. 
The results are expressed in terms of a defined 
calorie (=4.1833 int. joules). The barium

T a b l e  I
H e a t  C a p a c it y  o f  B a r iu m  F l u o r id e

BaF2, 175.37 g. = 1 mole
T, °K. Molal Cp T, °K. Molal Cp

13.79 0.25 130.01 12.91
15.25 .29 134.94 13.22
17.72 .42 139.63 13.49
23.23 .90 144.10 13.65
26.20 1.20 149.75 14.01
27.70 1.37 155.28 14.21
29.35 1.56 160.66 14.41
30.00 1.65 166.14 14.62
32.43 1.96 173.17 14.92
34.73 2.27 177.59 15.02
38.08 2.72 178.32 15.13
41.45 3.18 183.31 15.27
44.96 3.62 188.17 15.39
49.20 4.20 193.05 15.54
54.24 4.90 198.09 15.65
59.34 5.61 203.93 15.85
64.36 6.34 210.14 15.96
64.64 6.38 216.91 16.14
68.65 6.94 223.27 16.22
74.76 7.79 229.73 16.32
79.83 8.36 237.32 16.49
84.72 8.94 244.95 16.62
89.48 9.49 252.69 16.68
94.41 9.99 259.32 16.76
99.52 10.44 266.35 16.81

104.78 10.98 272.87 16.89
110.11 11.47 273.94 16.91
115.03 11.84 279.44 16.90
119.76 12.19 293.08 16.90
124.79 12.56 300.69 16.98

(2) Latimer and Greeiisfelder, T h is  J o urn al , 50, 2202 (1928).
(3) (a) Brown, Smith and Latimer, ibid., 58, 1758 (1936); (b)

Ahlberg and Latimer, ibid., 56, 856 (1934).
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T a b l e  I I

H e a t  C a p a c it y  o f  L e a d  P h o s p h a t e

Pb3(P04)2, 811.7 g. = 1 mole
T, °K. Molal Cp T, °K. Molal Cp

15.70 3.47 154.25 44.92
17.90 4.25 159.47 45.75
21.71 6.19 164.95 46.57
25.29 8.05 170.23 47.40
28.32 9.70 175.35 48.14
31.57 11.48 180.32 48.89
35.61 13.67 185.07 49.67
40.72 16.23 190.23 50.37
56.60 22.46 195.62 51.07
61.30 24.11 200.84 51.90
66.59 25.89 206.48 52.52
72.20 27.58 207.68 52.44
77.57 29.11 212.22 53.10
83.23 30.64 215.17 53.76
89.16 32.21 221.67 54.30
94.56 33.53 228.11 54.91

100.36 34.81 234.74 55.70
106.42 36.17 241.56 56.44
112.09 37.37 248.21 57.14
117.43 38.40 254.87 57.85
122.50 39.39 262.16 58.38
127.92 40.34 269.06 59.00
133.72 41.45 276.26 59.70
139.08 42.49 283.79 60.12
144.32 43.35 291.96 61.31
149.43 44.14

T a b l e  I I I

H e a t  C a p a c it y  o f  C e s iu m  P e r c h l o r a t e

T, °K.
CsC104) 232.27 g . = 1 mole

Molal Cp T, °K . Molal Cp

15.09 2.15 144.69 19.10
18.38 3.36 146.76 19.20
21.90 4.62 152.45 19.49
25.49 5.86 157.89 19.75
29.51 7.16 163.14 19.99
33.67 8.98 168.25 20.25
38.16 9.72 173.66 20.60
42.62 10.79 180.21 21.05
46.83 11.67 187.17 21.15
50.87 12.37 193.48 21.57
55.92 13.15 200.04 21.91
61.53 13.86 206.36 22.13
70.58 14.81 213.10 22.41
76.05 15.21 220.00 22.83
81.82 15.64 226.91 23.03
87.43 16.01 235.16 23.49
93.53 16.41 242.30 23.86
99.93 .16.80 249.30 24.10

105.95 17.13 256.97 24.40
111.52 17.42 264.85 24.69
117.65 17.76 274.66 25.17
124.03 18.07 283.47 25.41
130.96 18.38 292.01 25.54
138.00 18.70 

fluoride sample weighed 242.88 g. (1.3849 moles)
the lead phosphate sample, 196.59 g. (0.24220

0 50 100 150 200 250 300
Temperature, °K.

Fig. 1.—Heat capacity in cal. per degree for one 
mole of barium fluoride and cesium perchlorate and 
for one-half mole of lead phosphate.

T a b l e  I V

S m o o th e d  V a l u e s  o f  t h e  H e a t  C a p a c it y  a t  E v e n  
T e m p e r a t u r e s

T, °K . BaF2
Molal Cv 
CsC104 P b 3(P 04)2S

15 0.28 2.12 3.25
20 .60 3.89 5.28
25 1.07 5.71 7.91
30 1.65 7.31 10.61
35 2.31 8.83 13.33
40 2.98 10.19 15.88
45 3.63 11.30 18.14
50 4.32 12.24 20.15
60 5.71 13.69 23.66
70 ' 7.13 14.74 26.94
80 8.41 15.53 29.81
90 9.53 16.19 32.40

100 10.53 16.80 34.75
110 11.43 17.36 36.90
120 12.21 17.88 38.90
130 12.90 18.37 40.77
140 13.48 18.87 42.55
150 13.98 19.37 44.27
160 14.41 19.87 45.87
170 14.79 20.38 47.37
180 15.13 20.90 48.90
190 15.45 21.41 50.35
200 15.74 21.91 51.71
220 16.20 22.83 54.16
240 16.54 23.71 56.35
260 16.77 24.53 58.25
280 16.90 25.29 59.93
300 16.98 26.00 61.45
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mole); while the cesium perchlorate weighed 
139.12 g. (0.59896 mole). All weights are re­
duced to a vacuum basis. The results are pre­
sented in Tables I, II  and II I  and shown as a 
function of the temperature in Fig. 1. Smooth

T a b l e  V
M o l a l  E n t r o p ie s  o f  B a r iu m  F l u o r id e , L e a d  
P h o s p h a t e , a n d  C e s iu m  P e r c h l o r a t e  in  C a l . p e r

Substance
D e g r e e

BaF2 Pb3(P 0 4)2 CsC104

Debye extrapolation, 
0-15°K. 0.09 1.07 0.82

Graphical from 
15-298.1°K.

data,
22.94 83.38 41.07

Entropy at 298.1 °K. 23.03 84.45 ' 41.89
=*= 0.1 0.4 =*= 0.

values of the heat capacity for even temperatures 
are listed in Table IV.

Entropies.—The entropies were calculated by 
graphical integration, using large scale plots of 
Cp against log T , combined with extrapolations to 
the absolute zero, using the Debye specific heat 
equation. The calculations are summarized in 
Table V.

Summary
The heat capacities of barium fluoride, tertiary 

lead phosphate, and cesium perchlorate have been 
measured from 15 to 300°K. Their entropies have 
been calculated to be 23.03 =»= 0.1,84.45 =*= 0.4, and 
41.89 =*= 0.2 cal. per degree, respectively, a t 298.1 °K. 
B e r k e l e y , C a l i f . R e c e iv e d  M a r c h  30, 1938

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

The Heats of Solution of Cesium Perchlorate, Rubidium Perchlorate, Rubidium
Chlorate, and Lead Phosphate

By K e n n e t h  S. P it z e r

Using the calorimeter described in an earlier 
publication,1 the integral heat of solution has 
been measured for the four salts listed in the 
title. These data were of particular interest in 
connection with the calculation of the entropies 
of the ions involved. The calculations will be 
presented in a later publication.

M aterial.—The cesium perchlorate and ru ­
bidium  chlorate were taken from samples used 
in low temperature heat capacity investigations.2 
T he rubidium perchlorate was prepared by pre­
cipitation from a dilute solution of the pure 
rubidium chlorate sample with perchloric acid. 
T he lead nitrate and sodium phosphate solutions 
which were used in the precipitation of lead phos­
phate were prepared from “c. p .” salts.

H eat of Solution M easurem ents.—The results 
of the heat of solution measurements are pre­
sented in Table I. The heat capacity of the 
calorimeter was determined frequently by elec­
trical heating experiments. The volume of 
w ater was 885 ml. in each experiment.

H eat of Precipitation of Lead Phosphate.—I t  
was found to be impractical to measure the heat 
of solution of tertiary lead phosphate, due to the 
slow rate of solution even in solvents which would

(1) Pitzer, T h is  Jo u rn al , 59, 2365 (1937).
(2) (a) Pitzer, Smith and Latimer, ibid., 60, 1826 (1938); (b)

J. E. Ahlberg, Ph.D. Dissertation, University of California, 1930.

T a b l e  I

T h e  H e a t s  o f  S o l u t io n  o f  C e s iu m  P e r c h l o r a t e , 
R u b id iu m  P e r c h l o r a t e , a n d  R u b i d i u m  C h l o r a t e  in  

W a t e r  a t  2 5 °

w t.,
Molal 

concn. of
Heat ab­

sorbed, cal.
Estimated 

AH  of
AH 0,
cal.

g. final soln. per mole diln. per mole

1.7438 0.00848
CsC104

13,160 -1 0 13,150
1.4462 .00704 13,400 -1 0 13,390
1.6530 .00804 13,190 -1 0 13,180
0.4932 .00240 13,320 -1 0 13,310

1.2159 .00743
RbC104

13,610 -1 0

13,260 =*= 100 

13,600
2.2001 .01344 13,540 0 13,540

1.5743 .01053
RbClOa

11,470 -2 0

13,570 ±  60 

11,450
1.7452 .01167 11,400 -2 0 11,380

11,410 =*= 60

eventually dissolve a very considerable amount. 
Consequently a heat of precipitation was meas­
ured. The reaction chosen was the following 

3Pb++ +  4H P04”  = Pb3(P 04)2 +  2H2P 0 4-  

Four measurements were made on the heat 
absorbed when 10 ml. of 0.5 molal lead nitrate 
solution was mixed with 875 ml. of 0.01 molal 
Na2HPC>4 solution. The results obtained were
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4.45, 5.25, 4.00 and 3.90 cal. with an average of
4.4 =*= 0.4 cal. The heat absorbed in the dilution 
of 10 ml. of 0.5 molal lead nitrate solution with 
875 ml. of water was also measured, with the re­
sults: 8.40, 8.30, 9.45, and 9.00 cal., average
8.8 =*= 0.4 cal. Combining this value with the 
data of Plake,3 the heat absorbed in the dilution 
to zero concentration of the lead nitrate solution 
was found to be 9.3 cal. W ith the aid of the 
Debye-Hückel theory, the increase in heat con­
tent with dilution was estimated to be 0.8 cal. 
greater for the final solution than for the initial 
phosphate solution. Combining these quanti­
ties, one finds A H 0 — —2460 =*= 360 cal. for the 
above equation.

(3) Plake, Z. physik. Chem., A162, 257 (1932).

Making use of the heats of ionization of phos­
phoric acid recently published by the writer,1 one 
obtains also the following results 
Pb3(P 04)2 +  2H+ = 3Pb++ +  2H P04" ;  AH° -  860 ±

400 cal.
Pbi(P04)2 = 3Pb++ +  2P04 ; AH° = 7860 =*= 1000 cal.

All values given are for 25°.

Summary
Values have been obtained for the heats of 

solution at infinite dilution and 25° of the fol­
lowing substances: CsC104, A H 0 =  13,260 =*= 
100 cal.; RbC104, A H 0 =  13,570 ±  60 cal.; 
RbClOa, A H 0 =  11,410 =*= 60 cal.; Pb3(P 0 4)2, 
A H ° =  7860 ±  1000 cal.
B e r k e l e y , C a l if . R e c e iv e d  M a r c h  30, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n iv e r s it y  o f  C a l if o r n ia ]

The Entropies of Aqueous Ions
B y W e n d e l l  M. L a tim er , K e n n e t h  S. P itze r  and  W e n d e l l  V. Sm ith

In the course of the research program for the 
evaluation of the entropies of aqueous ions, in 
progress for some time in this Laboratory, a 
considerable body of data has accumulated which 
makes possible the calculation of the entropies of 
eleven additional ions. Because in most cases 
the entropy values depend on those for other ions, 
an extensive revision would be necessary in order 
to make these new values the best possible. 
Consequently it seemed best to make a com­
plete revision of all ionic entropies and to include 
the new ions a t the same time.

In order to avoid unnecessary length, specific 
references have been given only where the data 
are not included in some summary publication. 
Most of the new calculations are based upon data 
taken from recent publications in this research 
series1 and from the references cited in the earlier 
summary paper.2 In  general entropies have been 
taken from the excellent summaries of Kelley,3 
heats of reaction from Bichowsky and Rossini,4 and

(1) (a) Pitzer, Sm ith and Latimer, T h is  Jo urn al , 60, 1826 (1938); 
(b) Pitzer and Coulter, ibid., 60, 1310 (1938), (c) Pitzer, ibid., 60, 1828 
(1938); 59, 2365 (1937); (d) Smith, Pitzer and Latimer, ibid., 59, 
2640, 2642 (1937); (e) Pitzer and Smith, ibid., 59, 2633 (1937); 
(f) Smith, Brown and Pitzer, ibid., 59, 1213 (1937); (g) Brown, 
Smith and Latimer, ibid., 58, 1728, 2144, 2228 (1936); 59, 921 (1937).

(2) Latimer, Schütz and Hicks, J . Chem. Phys., 2, 82 (1934).
(3) Kelley, Bur. M ines Bull., 350, 1932 and 394, 1936.
(4) Bichowsky and Rossini, "Thermochemistry of Chemical Sub­

stances,” Reinhold Publishing Corporation, New York, N. Y., 1936.

activity coefficients and other free energy data 
from the LandoIt- Bornstein Tabellen.5

The calculations are summarized in Table I 
and the best values of the ionic entropies col­
lected in Table II. Different methods of ob­
taining a given entropy are included only if they 
are independent in the least accurate step. An 
attem pt has been made to  include all sources of 
error in estimating the uncertainty in the final 
values. For this reason the uncertainty given 
for a final value is often much larger than the dif­
ference between the various values for that quan­
tity  would indicate.

The standard state for ionic entropies has been 
defined in several earlier papers, wherein the 
theoretical significance and practical importance 
of ionic entropies also have been discussed. As 
the body of data becomes larger, however, its con­
sistency becomes more notable, and offers more 
and more evidence of the validity of the third law 
of thermodynamics when applied to crystalline in­
organic salts. Thé possibility of difficulties in the 
case of hydrated crystals has arisen recently and 
has been discussed elsewhere.lb I t  is felt that 
errors from this source cannot have any serious 
effect on the values obtained in this paper.

(5) Landolt-Börnstein "Pkysikalisch-chemische Tabellen,” in­
cluding Supplements 1, 2 and 3, Verlag von Julius Springer, Berlin, 
1923-1936.
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T able I
Summary of E ntropy Calculations

Units: cal. per degree per mole
Reaction A5298.1 Ion

H20(1) = H+ + OH- -1 9 .2 4 10 ■ 2.49 ± 0.06
HCl(g) = H + + C l- -31 .14 ƒ 13.52 ± .15
AgCl(s) + V2H2 = H + + C l- + Ag -14 .89 0  01- { 13.49 ± .15

Ag20(s) + 2H + = 2Ag + + H20(1) 22.58le
3 °  A g +

ƒ 17.46 ± .2
AgCl(s) = Ag+ + Cl- 8 .15le \ 17.62 ± .2

AgBr(s) + C l- = AgCl(s) + B i- 3.69 l 19.8 ± .2
AgBr(s) + V2Hs = H + + Br~ + Ag -11.46 S° Br- { 19.6 ± .3
0.5Brs(l) + C l- = 0.5Cl2(g) + Br~ 14.3 { 19.5 ± .4
Agl(s) + 0.5H2 = H + + I -  + Ag - 7.613 sv ƒ 25.4 ± .5
0.5I2(s) + 0.5H2(g) = H+ + I - - 4.3 \ 25.2 ± .7
KCl(s) = K+ + Cl- 17.96 o° ƒ 24.2 ± .2
KBr(s) = K+ + B r- 21.4 O k+ \ 24.3 ± .8
BaCl2-2H20(s) = Ba++ + 2CI~ + 2H20(e) 14.2lg *S’°Ba+ + 2.3 ± .3
KNOj(s) = K+ + N 03- 27.4 Q ° ƒ35.0 =*= .3
Ba(N08)2(s) = Ba + + + 2N 03“ 21. llg N O 3 - \ 35.0 ± .3
NaCl(s) = Na + + Cl~ 10.4 [ 14.1 =•= .5
NaNOs(s) = N a+ + NOa- 21.5 ^ ° N a + 14.3 =*= .5
Na + H+ = N a+ + 0.5H2(g) 17.1 l 13.7 ± .5
CaC03(s) + 2H + = C a++ + H20(1) + C02(g) 34.2 5°Ca+ + 11.4 ± .3
SrCOa(s) + 2H+ = S r++ + H20(1) + C02(g) 37.47 5°Sr+ + - 7.3 ± 1.5
Na2SO4-10H2O(s) = 2N a+ + SO," + 10H2O(l) 57.7lb ' 4.4 =t 1.0
Ag2S04(s) = 2Ag+ + S04“ -  8.3 4.5 ± 2
CaS04-2H20(s) = Ca++ + S04“ + 2HaO(l) -21.8 5°80T 2.5 ± 2
PbS04(s) + 2H20  = Ha(g) + Pb02(s) + S04“ + 2H+ -16.08 3.2 =fc 2
Hg2S04(s) +  H2(g) = 2Hg +  2H+ +  S04“ - 3 7 .09  ̂5.2 ± 2
S04" +  H+ = HSO4- 26.310 5°hso4- 30.6 ± 2
C 02(g) +  H20(1) = PI2C03(aq) -22.7 -51 H 2CO 3 45.1 ± 0.7
H2C03 = H+ +  HCOs- —22.9lc *5,°hco3- 22.2 ±. .8
h c o 3-  = h + 4- c o 3- —35.2lc S°cc>3~ - 13.0 ± 1.0
H2S(g) = H2S(aq) -1 9 .7 S  H 2S (a q ) 29.4 ± 0.3
H2S(aq) = H + +  H S- -14.5 ►5,°hs- 14.9 d= 1.0
HCN(g) = H+ +  C N - -2 3 ‘S ' ° C N - 25 ± 5
NHj(g) +  HaO(l) = NH4OH(aq) -19.8 ^ ° N H 4 0 H 42.8 ± 0.4
n h 4o h  = n h 4+ +  O H - - 1 8 .9 10 ‘S'°nh4-1- 26.4 ± .5
S02(g) +  H20(1) = H2S03(aq) -2 1 .4 £ ° H 2 S 0 3 54.7 ± 1.0
h 2so3 = h + +  h s o 3- -22.1 ‘S,°hso3- 32.6 ± 1.5
h s o 3-  = h + +  s o 3- -3 0 S ° S 0 3~ 3 ± 3
Cl2(g) +  2 0 H - =  H20  +  Cl- +  CIO- - 8.1 S°GlO- 10.0 ± 2.0
Li2C03 =  2LÏ+ +  C03" —25. l lg S°u* 4.7 ± 1.0
KC10S =  K+ +  C103- 29.4 S° C1 0 3 - 39.4 ± 0.5
KC104 =  k + +  c io 4- 31.7 ‘S’°ci04- 43.6 ± .5
RbC103 =  R b+ +  CIO»- 32.010 o o ƒ 28.9 ± .8
RbC104 =  R b+ +  CIO4- 33.6U A  R b +

\  28.5 ± 1.0
CsC104 =  Cs+ +  CIO4- 33.5la 5 °cs+ 31.8 ± 0.6
T1N03 =  T1+ +  NO»“ 27.6lg c ° \ 31.0 ± .5
T1 +  AgCl =  Ag +  T1+ +  Cl- 15.3 O  T1+

\  30.1 ± .5
AgN02 =  Ag+ +  N 02- 16.8 ‘S ,° n o 2 - 29.9 ± 1.0
Ag2Cr04 =  2Ag+ +  C r04“ - 6.2 5 ° 0 r O 4 10.5 ± 1.0
AgC102 =  Ag+ +  C102“ 9.5 S ° C 1 0 i - 24.1 ± 0.5
KM n04 =  K+ +  M n04- 29.9 c°

O  M n O i“ 46.7 ± .4
KBr03 =  K+ +  B r03- 27.2

^ ° B r 0 3 "
ƒ 38.7 ± 1

Ba(Br03)2H20  =  Ba + + +  2Br03-  +  H20(1) 26.5 \ 38.1 ± 2

K I03 =  K+ +  IO»- 15.9 00 ƒ 27.9 ± 1
AglOj =  Ag+ +  I 0 3- 10.112 1 0 3 ” \ 28.3 ± 3
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T a b l e  I
Reaction

HF(g) =  H + +  F -  
BaF2 =  B a+ + +  2F~
CaF2 -  Ca++ +  2F~
Cu +  2H + =  Cu++ +  H2 
Cu +  2Ag+ = Cu++ +  2Ag 
Zn +  2H+ = Zn++ +  H2 
Cd +  2H+ = Cd++ +  H2 
Fe +  2H + = F e++ +  H2 
F e + + +  H + = F e+ + + +  0.5H2 
Sn +  2H+ = Sn++ +  H2 
2Hg +  2H + = Hg2++ +  H2 
PbCl2 = P b ++ +  2C1- 
Mg(OH)2 +  2H+ +  Mg++ +  2H20  
CsA1(S04)-212H20 (s) = Cs+ +  A l+++ +  2SO," +  12HaO(l) 
CaC20 4H20  =  Ca++ +  C20 4" +  H20(1)
Ag+ +  2NH3(aq) =  Ag(NH3)2+
Pb3(P04)2 +  2H+ = 3Pb + + +  2H P04-  
h p o 4-  +  H + = H2P 04~
H2P 0 4-  +  H+ = H3P 0 4(aq)
H P 04” =  H + +  P 0 4"

T a b l b  I I

E n t r o p ie s  o f  A q u e o u s  I o n s  a t  298.1°K.
Units: cal. per degree per mole.

H + 0.00
Li+ 4.7 =t= 1.0
Na + 14.0 =b 0.4
K + 24.2 =±= .2
Rb + 28.7 =fc .7
Cs+ 31.8 .6
Ag+ 17.54 .15
n h 4+ 26.4 =tr .5

ci- 13.50 d= 0.10
Br" 19.7 d= .2
I- 25.3 d= .5
cio- 10.0 db 2
C102“ 24.1 dr 0.5
C103“ 39.4 dr .5
CIO4- 43.6 dr .5
B r03" 38.5 db 1.0

(Concluded)
A 5298.1

-4 3 .9  
—21.5la 
-3 6 .2
-  2.7 
-4 9 .2
-  4.5

2.5
-  1.2
-1 9 .8

14.0
11.9

-  1.7 
-1 3 .3

2
- 2 2 . 5
— 11.9lf 
—77.3la

30.3
16.0 

-4 3

T l+ 30.5 ±  .4
Ag(NH3)2+ 57.8 ± 1 . 0
Mg++ -3 1 .6  ± 3
Ca++ -1 1 .4  ± 0 . 3
Sr++ -  7.3 ±  1.5
Ba++ 2.3 ±  0.3
Fe++ -2 5 .9  ±  1.0
Cu++ -2 6 .5  ±  1.0
Zn++ -2 5 .7  ±  1.0
Cd++ -1 6 .4  ± 1 . 5
Hg2++ 17.7 ±  3
Sn++ -  4.9 ±  1.0
Pb++ 3.9 ±  0.9
A1+++ -7 6  ±  10
Fe+++ -6 1  ±  5
OH" -  2.49 ±  0.06
F “ -  2.3 ± 2

Ion
f -  2.4 ± 2

S V -  0.4 ± 2
1[ -  4.2 ± 2
f -2 5 .9  ±  3

‘S°Gu++ |  ̂ - 2 6 .6  ± 1
S°Zn+ + -2 5 .7  ±  1
S ° cd++ -1 6 .4  ±  1.5
6,°Fe+ + -2 5 .9  ±  1
S°Tpe+ + + -  61 ±  5
s °  su+ + -  4.9 ±  1
‘S,°Hg2+ + 17.7 ±  3
5°pb++ 3.9 ±  0.9
*5*° M g+ + 31.6 ±  3

-7 6  ±  10
‘5°C204“ 9.6 ±  1
^0Ag(NH3)2+ 57.8 ±  1
‘5,°hpo4= -  2.3 ±  1.5
*5’°H2P04- 28.0 ±  1.5
‘S’°H3P04 44.0 ±  1.5
S °  PO4* -4 5  ±  2

io 3- 28.0 ±  1 . 0

HS“ 14.9 ±  1.0
h so 3- 32.6 ±  1.5
S0 3” 3 ±  3
HSO4- 30.6 ±  2
S04“ 4.4 ±  1.0
N 02“ 29.9 ±  1.0
NOs“ 35.0 ±  0.2
h 2po 4- 28.0 ±  1.5
HP0 4 - - -  2.3 ±  1.5
P04““’ -4 5  ±  2
HC03“ 22.2 ±  0.8
CO,— -1 3 .0  ±  1
C204 9.6 ±  1
CN" 25 ± 5

) Mn04" 46.7 ±  0.4
Cr04 10,5 ±  1.0

(6) Harned, Ke.ston and Donelson, T h i s  J o u r n a l , 58, 989 (1936); 
59, 1280 (1937).

(7) Heat of solution: Zimmerman, private communication.
(8) Hamer, T h is J ö u r n a l , 57, 9 (1935).
(9) (a) Harned and Hamer, ibid., 57, 27 (1935); (b) CS°Hg2S0 4  =* 

48.0 cal. per degree per mole); Schütz, Ph.D. Dissertation, Univ. of 
California, 1933.

(10) CS°RbC1 0 3  =  36.3 cal. per degree per mole), Ahlberg, Ph.D. 
Dissertation, Univ. of California, 1930.

(11) (*S°RbC1 0 4  =  38.5) estimated from values for CsClC>4,la 
KCIO4, RbC103 and KCIO3, using the formula of Latimer, T h i s  
J o u r n a l , 43, 818 (1921).

(12) (AF  of soln. of AglOs), Kolthoff and Lingane, J . Phys. Chem., 
42, 133 (1938).

(13) Owen, T h i s  J o u r n a l , 57, 1526 (1935).

Summary
The calculation of the entropies of aqueous ions 

have been completely revised and extended to in­
clude eleven additional ions.
B e r k e l e y , C a l i f . R e c e iv e d  M a r c h  30, 1938
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The Reactions between Silica and Calcium Oxide in Aqueous Solutions and their
Relation to Pozzolanic Action

By Alfred E. Beitlich1

Our modern conception of pozzolanas defines 
them as materials which, though not cementitious 
in themselves, contain constituents which will 
combine with calcium oxide a t ordinary tempera­
tures in the presence of water to form stable in­
soluble compounds possessing cementitious prop­
erties. M ost natural or artificial pozzolanic m a­
terials are generally composed of silica, alumina, 
iron oxide, and calcium oxide. There may also 
be present magnesia, potassium, and sodium 
oxides, and possibly other elements in very small 
quantities. In contrast to portland cement, no 
definite chemical composition can be ascribed to 
pozzolanas; the type of oxides present and their 
percentages vary within wide limits. They are 
materials of very complex mineralogie aspects, and 
complete petrographic researches are still lacking. 
Only one thing is common to all pozzolanas, 
and that is their ability to harden under water or 
in air in the presence of moisture when mixed 
with calcium oxide or a material which liberates 
calcium oxide.

Many investigations have failed to produce fun­
damental data because of the complexities of the 
systems studied. From previous work it has been 
established th a t the presence of water, silica, and 
calcium oxide is important for the development 
of pozzolanic action. I t  was decided, therefore, 
to confine the present study to the reactions be­
tween silica and calcium oxide in aqueous solu­
tions, thus eliminating many complicating factors.

Experimental Part
Apparatus and Procedure.—An electrical conductivity 

method was selected, since this gave promise of providing a 
ready means of following continuously the reactions taking 
place. All experiments were carried out at a constant 
temperature of 30 =*= 0.01 ° in a thermostatically controlled 
water-bath. For measuring the electrical conductivity, a 
precision slide wire Wheatstone bridge hookup was em­
ployed with a conductivity cell of the dip type. The 
constant of the cell was determined at 30° with 0.01 N  
potassium chloride solution and was found to be 0.1191. 
Conductivity water, prepared in a specially designed Pyrex 
still which produced a satisfactory water with a specific 
conductivity of less than 1.2 X 10 ~6 mho, was used in all 
experiments.

(t) Associate Chemist.

I t was necessary to determine the conductivities of cal­
cium oxide solutions at various concentrations, which was 
done over the range of from very dilute solutions to the 
saturation point. The stock solution with an excess of the 
oxide to ensure constant saturation was stored in a paraffin- 
lined glass bottle. The concentration of the solution was 
determined gravimetrically and by titration with standard­
ized hydrochloric acid.

For the conductivity measurements mentioned above, 
measured quantities of the stock solution were diluted with 
conductivity water so as to provide the desired range of 
concentration. The results were plotted on large-scale 
coordinate paper in terms of grams of calcium oxide per 
liter and the corresponding electrical conductivities of the 
solutions. With this graph it was possible to determine 
accurately and rapidly the concentration of any calcium 
oxide solution by determining its electrical conductivity.

The silica used in this study was c . p . silicic acid, con­
taining 80.00% Si02, ground to pass a 300-mesh sieve. In 
the first series of experiments, which were necessary to 
obtain information on the general nature and rate of reac­
tion and the best manner of proportioning the three react­
ing agents (silica, calcium oxide, and water), the reaction 
chamber consisted of a 3-necked Pyrex flask. One liter of 
calcium oxide solution of the desired concentration was 
transferred to the flask immersed in the water-bath. The 
center tubulature was provided with a mercury seal stirrer 
rotating a t a speed of 1000 r. p. m. Extreme care was 
taken to protect all calcium oxide solutions from exposure 
to air. The conductivity of the solution was determined 
after the solution had reached the bath temperature. 
Then a weighed amount of silica was introduced and con­
ductivity readings again taken immediately. While the 
solution was being agitated continuously, measurements 
were made a t short intervals until equilibrium was reached.

The conductivity method for determining the rate of 
combination of calcium oxide with silica proved very con­
venient and successful. The procedure permitted following 
accurately the reactions from the very earliest stages to 
final equilibrium without disturbing the system by the 
withdrawal of portions of the solution. The time required 
for one measurement was only thirty seconds. The 
method is distinguished by perfect reproducibility, and the 
entire course of the reactions can be plotted in small 
intervals over the entire range.

The amount of silica per liter of calcium oxide solution 
was kept constant at 0.8954 g. in this series of tests, and the 
concentration of the solutions ranged from 0.025 to 1.191 g. 
of calcium oxide per liter. In all cases the measurements 
showed a decided drop in electrical conductivity during the 
first few minutes of contact of the reacting agents, indicat­
ing a lowering of the calcium oxide content of the solution. 
As the time of agitation progressed, the rate of drop in 
conductivity became less, and finally a state was ap­
proached asymptotically in which there was no more
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change in conductivity. The more concentrated the 
initial calcium oxide solution was, the more slowly the final 
state of equilibrium was reached, requiring agitation peri­
ods of several months. Because of this slowness of reac­
tion aiid to enable several tests to be run at the same time, 
a shaker was installed in which eight Erlenmeyer flasks of 
500-cc. capacity were agitated simultaneously. To facili­
tate the interpretation of the results, silica and calcium 
oxide in the suspensions were proportioned on a molecular 
basis rather than on the gram basis used in earlier experi­
ments.

The second series included thirty-four samples in which 
the molecular ratios of CaO to Si02 at the beginning of the 
experiment (initial ratios) were varied from 0.05 to 3.75. 
The amount of calcium oxide ranged from 1.0 to 75.0 milli- 
equivalents (m. e.). The amount of silicon dioxide was 20.0 
m. e. in most cases, although some samples contained 10.0 
and 30.0 m. e. of silicon dioxide in order to broaden the 
field of investigation. In the range of high calcium oxide, 
above the point of saturation, solid calcium oxide was 
added, together with the silicon dioxide, to the saturated 
calcium oxide solution.

Equilibria in the System Calcium Oxide-Silica-Water.—
The data on equilibria secured in this system are best 
explained by means of Table I and Fig. 1. In the first two 
columns of Table I are recorded the amounts of calcium 
oxide and silica which were allowed to react in water until 
equilibrium had been reached. The term equilibrium in 
this report refers to an apparently steady state in which 
there is practically no further change in conductivity with 
time. I t is understood that such a state does not represent 
a true equilibrium, but the latter is attained exceedingly 
slowly at the temperature of the experiment, and the differ­
ences between apparent and true equilibria can be neg­
lected without affecting the findings of this investigation. 
The initial ratios of CaO to Si02 are recorded in the third 
column. The conductivities of the solutions when equi­
librium has been reached are given in the fourth column, 
and the amounts of uncombined calcium oxide remaining 
in solution at equilibrium (which were calculated from the 
conductivity data) are listed in the fifth column. The last 
column shows the ratio of combined CaO to Si02 at equi­
librium.

Interpretation of Results.—An attem pt was 
made to establish the nature of the combination 
of calcium oxide with silica, the question being 
whether it is a chemical reaction or an adsorption, 
or both. I t  was sought to determine whether 
the removal of calcium oxide from solution by the 
silica follows the Freundlich adsorption isotherm, 
which is generally taken as characteristic of a 
surface adsorption, or whether the observed data 
would suggest a different interpretation. Since 
the Freundlich adsorption isotherm is usually 
expressed by the equation

X  =  aC1/n or log X  =  log a +  l /n  log C (1) 
a straight line should result if the logarithms of 
the adsorbed quantities are plotted against the 
logarithms of the corresponding concentrations.

Table I
E quilibrium Data of the CaO-Si02 Reactions

M, e. per liter 
CaO SiOa

Ratio of 
CaO to 
Si0 2  at 
start

Conductivity 
of soln. at 

equil., 
mho

Uncombined Ratio 
CaO in soln. of comb.

at equil. CaO to SiOz 
m. e. per liter at equil.

1.0 2 0 .0 0 .0 5 0 .0 0 0 0 5 3 0 .2 1 0 .0 4 0  .
1.0 1 0 .0 .1 0 .000086 ,3 5 ,0 6 5
2 .0 2 0 .0 .1 0 .000110 ,4 4 .0 7 8
3 .0 3 0 .0 .1 0 .000115 ,46 .0 8 5
3 .0 2 0 .0 .1 5 .000160 .6 4 .1 1 8

4 .0 2 0 .0 ,2 0 .000215 .86 ,1 5 7
6 .0 3 0 .0 .2 0 .000237 .9 5 .1 6 8
5 .0 2 0 .0 .2 5 .000278 1 .1 2 .1 9 4
6 .0 2 0 .0 .3 0 .000327 1 .3 2 .2 3 4
9 .0 3 0 .0 .3 0 .000348 1 .3 9 .2 5 4

7 .0 2 0 .0 .3 5 .000362 1 .4 6 .2 7 7
8 .0 2 0 .0 .4 0 .000374 1 .5 0 .3 2 5

1 2 .0 3 0 .0 .4 0 .000374 1 .5 0 .350
9 .0 2 0 .0 .4 5 .000375 1 .5 0 .3 7 5

1 0 .0 2 0 .0 .5 0 .000370 1 .4 9 .4 2 6

1 5 .0 3 0 .0 .5 0 .000370 1 .4 9 .4 5 0
1 2 .0 2 0 .0 .6 0 .000368 1 .4 8 .526
1 4 .0 2 0 .0 .7 0 .000445 1 .7 9 .611
1 6 .0 2 0 .0 .8 0 .000548 2 .2 0 .690
1 8 .0 2 0 .0 .9 0 .000647 2 .6 0 .770

2 0 .0 2 0 .0 1 .0 0 .001056 4 .2 7 .7 8 2
2 2 .0 2 0 .0 1 .1 0 .001525 6 .2 4 .7 8 8
2 4 .0 2 0 .0 1 .2 0 .002001 8 .4 2 .7 7 9
2 6 .0 2 0 .0 1 .3 0 .002350 1 0 .0 6 .7 9 7
2 8 .0 2 0 .0 1 .4 0 .002576 1 1 .1 0 .8 4 5

3 0 .0 2 0 .0 1 .5 0 .002763 1 1 .9 5 .903
3 2 .0 2 0 .0 1 .6 0 .003068 1 3 .3 7 .9 3 2
3 4 .0 2 0 .0 1 .7 0 .003206 1 4 .05 .9 9 8
3 7 .0 2 0 .0 1 .8 5 .003453 15 .23 1 .0 8 9
4 0 .0 2 0 .0 2 .0 0 .003792 1 6 .83 1 .1 5 9

4 8 .0 2 0 .0 2 .4 0 .004834 2 1 .9 3 1 .3 0 4
5 6 .0 2 0 .0 2 .8 0 .005497 2 5 .3 2 1 .5 3 4
7 0 .0 2 0 .0 3 .5 0 .006908 3 2 .5 2 1 .8 7 4
7 5 .0 2 0 .0 3 .7 5 .007610 3 6 .0 9 1 .9 4 6

Figure 1 shows the results of the experiments 
entered on log-log paper. The concentrations of 
the calcium oxide solution a t equilibrium in milli- 
equivalents (C X 103) are plotted as abscissas and 
the ratios of combined C aO /Si02 (X) as ordinates 
(Columns 5 and 6, Table I). A graph consisting 
of several straight lines is obtained by connecting 
the points. The numerals accompanying these 
points give the molecular ratios of CaO/Si02 at 
the start of the experiments (Column 3, Table I).

The portion A-B represents equilibria attained 
with suspensions having initial ratios of C aO /Si02 
from 0.05 to 0.30. The fact th a t all points fall 
upon or very close to a straight line indicates th a t 
the Freundlich equation is applicable in th a t 
range and th a t the calcium oxide is adsorbed by
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the silica in suspension. Evaluating the con­
stants 1 / n  and a  yielded the equation

X = 159.6 C0-98 (2)
which enables the calculation of the adsorption 
of calcium oxide in the range A-B, that is, from
0.05 to 0.30 initial Ca0/Si02 ratios.

As the concentration is increased above the 
ratio of 0.30, the line connecting the points in the 
graph makes a sharp tu rn  upward and continues 
in a vertical straight line to point C. This indi­
cates th a t comparatively more of the available 
calcium oxide is combined with silica than in the 
range A-B, and equilibria are being attained 
when the concentrations of the calcium oxide 
solutions have been reduced to one containing ap­
proximately 1.5 m. e. of calcium oxide per liter. C, 
which is a t the end of this range, is located near 
a point where the ratio of combined CaO/Si02 is 
1 to 2. Therefore, it seems justified to assume 
that, after the first phase of adsorption reactions 
has been completed and an equilibrium concen­
tration of 1.5 m. e. of calcium oxide per liter has 
been reached, a further increase in calcium oxide 
concentration leads to chemical combination of 
calcium oxide and silica to form a hydrated

C aO 2Si02. This combination is completed when 
the initial ratio of C aO /Si02 has been raised to 
0.60.

From point C to point D the straight connecting 
line proceeds upward a t an angle, and Freund- 
lich's adsorption isotherm is again applicable for 

th a t range. I t  appears th a t further 
increases of the calcium oxide con­
centration lead to an adsorption of 
calcium oxide onto the newly formed 
CaO2Si02 hydrate. The adsorp­
tion equation for this range is

jy  =  44.95 co.68 (3)

Point D on the graph is reached 
with a sample having an initial 
CaO/SiC>2 ratio of 0.9, and the ratio 
of combined CaO/SiC>2 becomes 4 
to 5. On increasing the initial 
C aO /Si02 ratio from 0.9 to 1.3, no 
more adsorption is taking place. 
The line leads horizontally to point 
E. In  this range, D -E , the com­
bination of calcium oxide and silica 
proceeds to a state  in which the 
ratio of 4CaO to 5Si02 is main­
tained, and only after increasing the 
initial CaO/Si02 ratio above 1.3 is 
more calcium oxide being combined.

Beyond point E, the line proceeds 
upward again, indicating a third 
range of adsorption reactions. The 
calculation of the constants gives 
the adsorption equation

X = 23.38 C°-74 (4)
for the range of initial C aO /Si02 ratios from 1.3 
to 3.75. The ratio of combined C aO /S i02 in the 
adsorption product a t point F  is 1.946 to 1, and 
the solution in which it is stable a t equilibrium is 
very close to  the saturation point of calcium 
oxide a t th a t tem perature. This suggests th a t 
a hydrated 2 C aO Si02 exists in a saturated 
solution of calcium oxide. The exploration of 
the field with still higher concentrations of cal­
cium oxide is not possible with the conductivity 
method used in this investigation, since its use­
fulness ends when the solution a t equilibrium is 
saturated. .

Discussion
The study of the reactions of calcium oxide and 

silica in the presence of water revealed that, under 
the conditions of the experiment, definitely 
identified adsorption reactions take place. I t

Voi. 6Ö

0.1 0.2 0.4 0.6 1.0 2.0 4.0 6.0 10.0 20 40 60 100
Concn. of CaO at equilibrium in milliequivalents (C X 103).

Pig. 1.—Relationship between molecular ratio of combined CaO/Si02 and 
concentration of CaO in the liquid phase.
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also showed th a t chemical compounds are formed 
in which the ratios of calcium oxide to silicon 
dioxide are very close to 1:2, 4:5, and 2:1, cor­
responding to CaO -2Si02 -xH20 , 4CaO5Si02- 
aH 20, and 2C aO Si02-xH20.

The adsorptive capacity of hydrated silica for 
calcium oxide has been studied by Shaw and 
M aclntire2 in connection with a research on the 
components of soils. These investigators found 
th a t “ the adsorption of Ca(OH)2 by hydrated 
silica occurs in accordance with the Freundlich 
adsorption isotherm, when the final concentra­
tions of Ca(OH)2 are above 0.005 N .  When the 
final concentrations are less than  0.005 N , several 
inflections appear in the adsorption curve and 
these point to a series of chemical combinations 
between the Ca(OH)2 and the S i02.” No informa­
tion is given in their paper about the causes of 
these inflections and the nature of the chemical 
combinations. The adsorption isotherm calcu­
lated by Shaw and M aclntire does not agree with 
the equation established in this paper for the 
same range of concentrations. This discrepancy 
can be explained easily by the fact th a t the former 
equation expresses the adsorption phenomena for 
a contact period of only five days, while the latter 
was established after equilibrium had been a t­
tained. The chemical combinations in concen­
trations below 0.005 N  strength, or less than 5 
m. e. calcium oxide per liter, the existence of 
which was held possible by Shaw and Maclntire, 
have been established in the present paper, to ­
gether with the two additional ranges of adsorp­
tion reactions in the lower field of concentra­
tions.

The possibility th a t adsorption reactions can 
take place in the system C a0 -S i0 2-H 20  has been 
advanced also by Baylis,8 who stated that there 
may be a definite chemical reaction between cal­
cium hydroxide and hydrous oxides of silica form­
ing a compound closely approaching Ca0-Si02. In 
addition to this, considerable calcium hydroxide 
appears to be adsorbed by this compound when 
the concentration of calcium hydroxide in the sur­
rounding solution is increased over th a t necessary 
to form the definite compound. Although the pres­
ent investigation proves the existence of adsorp­
tion phenomena, a definite hydrated calcium 
silicate in which the ratio of calcium oxide to 
silicon dioxide is unity, was not found.

(2) W. M. Shaw and W. H. M aclntire, Soil Sci., 29, 429-56 
(1930).

(3) J. R. Baylis, J . Phys. Chem., 32, 1236-1262 (1928).

Flint and Wells4 carried out an extensive study 
of the reactions of calcium oxide and silica in the 
presence of water and state th a t the solid phase in 
equilibrium with solutions which contain only a 
few hundredths of a mole of calcium oxide per 
mole of silicon dioxide may consist of hydrated 
silica with a small amount of adsorbed calcium 
oxide. Determinations of the OH ion concentra­
tion showed th a t calcium oxide and silica in solu­
tion are combined in a ratio of less than ICaO to 
lS i02 a t low calcium oxide concentrations and a t 
a ratio greater than 1 to 1 a t high calcium oxide 
concentrations. I t  appeared th a t the molar ratio 
2C a0:lS i02 is approached when the solid phase is 
in equilibrium with a saturated calcium oxide so­
lution.

The findings of the present study support the 
assumption of Flint and Wells th a t calcium oxide 
is adsorbed by silica a t low concentrations and 
that a hydrated 2C aO Si02 is stable in saturated 
calcium oxide solution. There are, however, some 
differences in the findings about the formation of 
chemical compounds in the intermediate range. 
While Flint and Wells obtained data which they 
assume to represent compositions of the ratio 
lC a0 :2S i02 and lC aO :lS i0 2, the conductivity 
determinations revealed the formation of two 
hydrated silicates in which the ratios of calcium 
oxide to silicon dioxide are 1:2 and 4:5. No hy­
drated monocalcium silicate was found.

By agitating an excess of diatomaceous earth in 
calcium oxide solutions, Cummins and Miller5 
obtained in the solid phase a compound having 
a molecular ratio of CaO to Si02 of 5 :6, correspond­
ing to the formula 5CaO*6Si02.

The question concerning the types of hydrated 
calcium silicates which may exist in aqueous 
solutions was attacked in the opposite direction 
by Kühl and M ann6 by preparing anhydrous melts 
of calcium oxide and silica of various predeter­
mined compositions and agitating them in calcium 
oxide solutions of varying concentrations. These 
investigators found th a t a hydrated calcium 
silicate which is less basic than Ca0-Si02-xH20  
does not exist. A gel of the composition C aO  
Si02-aq. is stable in a solution containing 0.131 g. 
calcium oxide per liter, and a series of hydrated 
calcium silicates exists having ratios of calcium

(4) E. P. Flint and L. S. Wells, Bur. Standards J .  Research, 12, 
751-783 (1934).

(5) A. B. Cummins and L. B. Miller, Ind. Eng. Chem., 26, 688-693 
(1934).

(6) H. Kühl and A. Mann, Tonind. Ztg., 58, 862-5, 896-7, 918-19, 
930-2, 944-5, 955-7, 990-1, 1003, 1014-16 (1934).
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oxide to silicon dioxide ranging from 1:1 to 2:1. 
Since the materials used by Kühl and Mann were 
synthetic melts and the products a t equilibrium 
not formed by the combination of the basic con­
stituents calcium oxide and silica but by hydroly­
sis or hydration of the silicates, the results do 
not lend themselves to a direct comparison with 
the observations reported here.

Summary

On the basis of the results secured by means of 
the conductivity method and under the condi­
tions of the experiment, the reactions between 
calcium oxide and silica proceed in the following 
m anner:

W ith dilute solutions the silica adsorbs calcium 
oxide in accordance with the Freundlich adsorp­
tion isotherm. Above an initial ratio of Ca0/Si02 
of 0.30 and up to 0.60, chemical combination takes 
place, and a reaction product is formed in which

the ratio of CaO/SiC>2 is 1 to 2. This product is 
stable in a solution containing 1.5 m. e. of calcium 
oxide per liter.

On increasing the calcium oxide concentration 
further above an initial ratio of 0.60, adsorption 
takes place again, which proceeds until the initial 
ratio of C aO /Si02 is 0.90 and the ratio of com­
bined C aO /S i02 is 4 to 5.

The reaction product with the ratio of 4CaO 
to 5Si02 is stable up to an equilibrium concentra­
tion of 10 m. e. of calcium oxide per liter. W ith 
higher concentrations of calcium oxide and initial 
ratios from 1.3 to 3.75, a third range of adsorption 
reactions takes place. As the point of saturation 
of the calcium oxide solution a t equilibrium is 
reached, the ratio of CaO/Si02 in the reaction 
product approaches 2:1, indicating the probable 
existence of a hydrated 2 CaOSiC>2 in saturated 
calcium oxide solution.
C h ic a g o , I I I .  R e c e iv e d  A p r il  23, 1938

[C o n t r ib u t io n  fro m  t h e  G a t e s  a n d  C r e l l in  L a b o r a t o r ie s  o f  C h e m is t r y , C a l if o r n ia  I n s t it u t e  o f  T e c h n o l o g y
No. 648]

The Electron Diffraction Investigation of the Molecular Structures of (1) Phosphorus 
Oxytrichloride, Oxydichlorofluoride, Oxychlorodifluoride, Oxytrifluoride, 

Fluorodichloride, Pentafluoride, and Trifluorodichloride, and of 
(2) Disilane, Trichlorosilane, and Hexachlorodisilane

B y  L. O. B rockw ay1 and  J .  Y. B e a c h 2

The molecular structures of the halogen deriva­
tives of the non-metals are of special interest be­
cause of the systematic deviations from additivity 
of bond radii which are observed in many of these 
substances.3,4 W ith the exception of those of the 
first row elements, the observed distances in the 
halogen derivatives are all smaller than the sum 
of the corresponding radii for single covalent 
bonds. This decrease is apparently greatest in 
the silicon compounds and is less marked in the 
elements toward the right and in the lower rows 
of the periodic table. The effect, moreover, is 
greatest in the fluorides and decreases in order 
with the other halogens. While the regular way 
in which the effect varies from one element to an­
other suggests th a t the same causes are operating

(1) At present Fellow of the John Simon Guggenheim Memorial 
Foundation.

(2) At present National Research Fellow at Princeton University.
(3) L. O. Brockway and F. T . Wall, T h is  Jo urnal, 56, 2373 

(1934); L. O. Brockway and H. O. Jenkins, ibid., 58, 2036 (1936).
(4) A. H. Gregg, G. C. Hampson, G.T. Jenkins, P. L. F. Jones and 

L. E. Sutton, Trans. Faraday Soc., 33, 852 (1937).

in all of them, the nature of the causes is not en­
tirely certain. I t  seemed desirable to extend the 
investigation of phosphorus and silicon com­
pounds, where the effect is greatest, and we have 
determined the structures of a number of mixed 
fluorine and chlorine derivatives of phosphorus, 
including some oxygen compounds, as well as 
those of three silicon compounds.

The diffraction patterns were obtained in the 
usual way,5 whereby a beam of electrons tra ­
verses a sample of the vapor and the diffracted 
electrons are recorded on a photographic emul­
sion. The apparent maxima as well as some of 
the minima were measured visually on a compara­
tor, and the observed diameters were converted 
to the 5“0 values [equal to 4 ir (sin 6 /2)/A] listed in 
the tables below. The s0 values for the maxima 
were used with the visually estimated intensities, 
7k, in the calculation of the functions shown in 
Figs. 1 and 8 representing the observed radial

(5) L. O. Brockway, Rev. Modern Phys., 8 , 231 (1936).
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distributions6 of scattering matter for the various 
substances. In cases where the total range of 
estimated intensities was greater than ten to one, 
a “corrected intensity” was used, namely, 
s2e~~as2I k, with a given the value which made the 
range of “corrected intensities” equal to ten to 
one.7 The principal peaks in the distribution 
functions correspond to internuclear distances in 
the molecules. While the positions of the peaks 
are most reliable in the curves based on eight or 
nine measured maxima, curves are shown for all 
of the substances having more than three measur­
able maxima in the photographs. For the sake 
of comparison the vertical lines in Figs. 1 and 8  
mark the internuclear distances as determined 
with the aid of theoretical intensity curves; the 
heights of the lines show the relative scattering 
powers associated with the atom pairs.

The other figures show various theoretical in­
tensity curves calculated from the approximate 
scattering function, I  =  2# Z*Zy(sin sr^/sr^, 
in which the summation extends over all of the 
atoms in the molecule, Z* is the atomic number of 
the ith. atom and r# is the separation of the ith  
and j th  atoms. A choice wras made among the 
molecular models on the basis of the selection of 
the curve which best reproduces the qualitative 
features of the observed diffraction pattern. In 
the tables the 5 values, corresponding to the max­
ima and minima in the curve, are compared 
quantitatively with the sQ values, and the re­
values assumed in the model are multiplied by the 
average of the s /s 0 ratios to obtain the observed 
interatomic distances. Wherever the measured 
diameter is unreliable because of excessive back- 
intensity or a marked asymmetry in the maximum, 
the corresponding s/s0 ratio has been excluded in 
taking the average.

The samples of POF3, POF2Cl, P0FC12, and 
PFC12 were provided by Professor H. S. Booth, 
A. R. Bozarth, and Fred Dutton of Western Re­
serve University. For POCI3 the commercial 
product was used after fractional distillation. 
Preparations of PF5 and PF3C12 were made by V. 
Schomaker and J. B. Hatcher under the direction 
of Professor D. M. Yost in this Laboratory. The 
sample of S'i2Cl6 was prepared by Dr. Fred Stitt, 
and those of Si2H6 and SiHCl3 were furnished by 
Professor Warren C. Johnson of the University of 
Chicago.

(6) L. Pauling and L. O. Brockway, T h i s  J o u r n a l , 57, 2684 (1935).
(7) The significance of the correction factors will be discussed by 

V. Schomaker and C. Degard in a later paper.

Fig. 1.—Observed radial distribu­
tions of scattering matter in the 
phosphorus compounds. The verti­
cal lines represent the internuclear 
distances as determined by the com­
parison of the photographs with 
theoretical intensity curves.

T a b l e  I
P h o s p h o r u s  O x y t r ic h l o r id e

Max. Min. ik A0 Aa A* Aa /Ao sh/so

1 8 (2.54) 2.58 2.55
2 20 4.34 4.33 4.26 0.998 0.982
3 5.55 5.45 5.42 .982 .977
3 16 6.60 6.61 6.59 1.002 .998
4 4 (8.20) 8.44 8.09
5 12 10.18 10.25 10.11 1.007 .993

6 11.71 11.48 11.35 0.980 .969
6 10 13.04 12.80 13.50 .981 1.035

7 14.85 14.98 14.78 1.009 0.995
7 6 16.21 16.30 15.97 1.006 .985
8 2 19.25 19.77 19.64 1.027 1.020
9 1 22.21 22.09 21.86 0.994 0.984

Average 0.999 0.994
ci-ci, A. 3.207 3.240
P--Cl 2.018 2.008

“ Calculated for P-Cl = 2.02 A., P-O = 1.58 A., and 
ZC1PC1 = 105°. 6 Calculated for P-Cl = 2.02 A.,
P-O = 1.58 A., and ZC1PC1 = 107.5°.
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Phosphorus Oxytrichloride.—The photographs 
of P0C13 show nine rings with the relative intensi­
ties and So values given in Table I. With the ex­
ception of the first and fourth maxima the decline 
in intensity is fairly regular. The fourth maxi­
mum is very faint in comparison with the third 
and fifth, while the sixth is relatively broad with a 
slight shelf on the outer edge. The radial dis­
tribution curve (Fig. 1) shows two principal peaks. 
The first at 2.02 A. represents the P-Cl distance 
and the second near 3.2 A. represents the O-Cl 
and Cl—Cl distances unresolved.

Six theoretical curves were calculated having 
the assumed distances P-Cl =  2.02 A., P-O =
1.58 A., and ZC1PC1 =  90, 100, 105, 107.5, 110, 
and 120°, respectively. The first and last failed 
to reproduce any of the distinguishing features 
of the observed diffraction pattern. The other 
four are shown in Fig. 2. The 100° model is in-

Fig. 2.—Theoretical intensity curves for phosphorus 
oxytrichloride. The arrows show the positions of the 
maxima and minima as measured on the photographs.

correct because its curve shows a too strong fourth 
maximum and an extra maximum between the 
sixth and seventh. In the 110° curve the fourth 
maximum has turned into a shelf and an extra 
maximum appears between the fifth and sixth, 
and this, too, is incorrect. The best general 
agreement is given by a model lying between 
those for 105 and 107.5°; and on the basis of the 
observed appearance of the fourth and sixth 
maxima the C1PC1 angles are fixed at 106 =±= 1°. 
The data of Table I and the radial distribution 
curve lead to the distances P-Cl =  2.02 =*= 0.03 
A., and Cl-Cl =  3.22 =*= 0.03 A. A preliminary

value of 104 =±= 4° for the angle was reported pre­
viously.5

The low scattering power of the oxygen atom 
relative to that of the phosphorus and chlorine 
atoms means that its position cannot be as ac­
curately fixed. The value, 3.01 A., for the C l-0  
distance occurring in the model accepted above is 
supported by the position of the second strong 
peak in the radial distribution curve. The dis­
placement of this peak toward the Cl-Cl position 
is in agreement with the greater scattering power 
associated with the Cl-Cl terms. The corre­
sponding P-O distance, 1.58 A., is supported 
within 0.02 A. by the more direct determination 
in POF3.

Phosphorus Oxytrifluoride.—Photographs of 
POF3 were obtained over the same range of scat­
tering angle as observed for POCl3, but on ac­
count of the smaller size of the POF3 molecule 
only five maxima appeared. These are quite 
regular except for the shelf on the second. The 
five term radial distribution function shows peaks 
at 1.53 and 2.42 A., the first representing P -F  
and P-O and the second F-F  and O-F.

Fig. 3.—Theoretical intensity curves for phosphorus oxy­
trifluoride.

Thirteen intensity curves were calculated cover­
ing a range of the ratio P -O /P -F  from 0.90 to 
1.07° and a range of the FPF angle from 95 to 115°. 
The seven shown in Fig. 3 were calculated with 
the following parameter values: P -F  =  1.56 A.,
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in all curves; A, P-O =  1.67 A., ZFPF =  105, 
110°; B ,P -O  =  1.58A., ZFPF =  100,105,110°; 
C, P-O =  1.49 A., ZFPF =  105, 110°. Among 
those not shown three curves were calculated 
having P-O =  1.40 A. and P -F  bond angles from 
100 to 110°. These have two maxima instead of 
one between s = 14 and 19. The C curves with 
P-O =  1.49 A. are somewhat better but the fourth 
maximum still lacks the symmetrical shape ob­
served in the photographs. It may be noted 
that C-105° and C-llO0 are scarcely distinguish­
able because the change in angle has only the ef­
fect of interchanging the F -F  and O-F distances. 
In the B curves (P-O =  1.58 A.) the 100° model 
has no shelf on the second maximum, the 110° 
model has a faulty fourth maximum, while the 
105° curve is reasonably satisfactory. In the A 
curves (P-O =  1.67 A.) the small maximum pre­
ceding the fourth in the 110° model is incorrect, 
while the 105° curve is much better.

T a b l e  I I

P h o s p h o r u s  O x y t r if l u o r id e

Max. Min. lk *0 sa s/so

1 8 (5.63) 5.23 (0.929)
2 10 8.71 8.45 .970

3 11.82 11.29 .955
3 8 13.35 12.92 .968

4 15.27 • 14.67 .961
4 3 17.25 17.20 .997

5 19.43 19.11 .984
5 1 21.24 20.84 .981

Average 0.974
P-F, A. 1.519
P-O 1.568
F -F  2.442

° Calculated for P -F  = 1.56 A., P-O = 1.61 A., and 
ZFPF = 107°.

Phosphorus OxydifLuorochloride and Oxy- 
fluorodichloride.—Six rings were observed in 
the photographs of POF2Cl and POFCl2, but in 
each case a heavy background obscured the first 
three and only the outer ones were really distinctly 
resolved. Because of the lack of reliable measure­
ments on the inner rings radial distributions were 
not calculated. For the same reason it was 
scarcely possible to make a complete treatment of 
the several parameters required to fix the molecu­
lar model. On the other hand, the occurrence of 
the same bond angles in POCl3 and POF3 sug­
gested that there would be no appreciable varia­
tions in the structures of the two intermediate 
compounds. Accordingly, a theoretical curve 
was calculated for each with the distances and 
angles observed in the two previous cases, i. e., 
P-Cl =  2.02 A., P-F  =  1.52 A., P-O =  1.57 A., 
and ZFPF =  ZFPC1 =  ZC1PC1 =  106°.

Fig. 4.—Theoretical intensity curves for 
phosphorus oxydifluorochloride and -fluoro- 
dichloride.

A survey of all the models shows that among 
those definitely eliminated are all those with FPF 
bond angles as large as 110° and those in which 
the O-F distances are not larger than the F-F  
distances. On the other hand, the angle is not 
less than 105°, so that the P-O distance cannot 
be appreciably less than the P -F  distance. The 
most probable values for the P -O /P -F  ratio and 
the FPF bond angle chosen for the best qualita­
tive agreement between curve and photographs 
are 1.03 and 107°. In the table the 5 values for 
the model having these parameter values are com­
pared with the So values. The final results for the 
distances are P -F  =  1.52 =*= 0.02 A., P-O =
1.56 =*= 0.03 A., and F -F  =  2.44 =*= 0.02 A., with 
ZFPF =  107 =fc 2°.

The two curves in Fig. 4 represent very well the 
qualitative feature in the photographs. In par­
ticular, the third ring in POF2Cl is observed to be 
much weaker than the fourth, whereas in POFCl2 
the third and fourth rings are nearly equal. In 
the quantitative comparisons in Tables III and 
IV only the outer rings are used as indicated. 
Although the results for the two compounds differ 
by 1%, this is not significant in view of the proba­
ble experimental error which is estimated to be 
=*=2% in this case. The values for POF2Cl are 
P-Cl =  2.01 =*= 0.04 A., P-F =  1.51 =*= 0.03 A., 
P -0  =  1.55 ±  0.03 A.,and ZFPF =  ZFPC1 =  
106 ±  3°; for POFCl2, P-Cl =  1.99 ±  0.04 A., 
P-F =  1.50 ±  0.03 A., P-O =  1.54 ±  0.03 A., 
ZFPC1 =  ZC1PC1 =  106 ±  3°.
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Table III
P h o s p h q r u s  O x y d if l u o r o c h l o r id e

Max. Min. 50 s/.'0
1 (3.10) 3.00 (0.968)
2 (5.07) 4.94 ( -974)
3 (7.26) 7.11 ( .979)
4 (9.82) 9.42 ( .959)

5 11.82 11.67 .987
5 13.45 13.35 .993

6 15.07 14.88 .987
6 16.47 16.53 1.004

Average 0.993
p-ci, A. 2.006
P-F 1.509
P-O 1.549

“ Calculated for P-Cl = 2.02 A., P -F  = 1.52 A., P-O =
1.56 A.. ZFPF = ZFPC1 = 106°.

T a b l e  I V

P h o s p h o r u s  O x y f l u o r o d ic h l o r id e

Max. Min. 50 s a 5/50
1 (2.99) 2.75 (0.920)
2 (4.67) 4.53 ( .970)
3 (7.11) 6.86 ( .965)
4 10.08 9.80 .972

5 11.84 11.49 .970
5 13.45 13.39 .996

6 15.02 14.86 .989
6 16.36 16.18 .989

Average 0.983
P-Cl, A. 1.986
P-F 1.495
P-O 1.535

0 Calculated for P-Cl = 2.02 A., P -F  = 1.52 A., P-O = 
1.56 A., ZFPC1 = ZC1PC1 = 106°.

Fig. 5.—Theoretical intensity curves for phosphorus 
fluorodichloride.

Phosphorus Fluorodichloride.— The six term 
radial distribution function for PFCI2 (Fig. 1) has 
a sharp peak at 2.01 A., corresponding to the P-Cl 
distance in the molecule. The F-Cl and Cl-Cl 
distances are also represented but are not well 
enough resolved for distance determinations. In 
the calculation of theoretical curves the three 
bond angles were assumed to be equal and. were 
varied from 90 to 120° with P-Cl =  2.02 A. and 
P-F =  1.52 A. Angle values outside of the range 
97 to 107° (Fig. 5) were rejected because the 
curves showed extra maxima not observed in the 
photographs. The 97 and 107° curves are not 
satisfactory because they do not reproduce the 
rather broad fourth maximum followed by a sharp 
minimum. For the 102° curves the P-F  dis­
tance has the assumed values A, 1.42 A., B, 1.52 
A., C, 1.62 A. A shows a doubled fourth maxi­
mum, which is not observed. Comparison of B 
and C suggests that the correct model lies be­
tween the two but nearer to B.

The data of Table V show how little the posi­
tions of the maxima are affected by the change in 
P-F distance in going from 102°-B to 102°-C 
(Fig. 5). This distance may be fixed within rather 
broad limits by the qualitative comparison. The 
final values are P-Cl =  2.02 =±= 0.03 A., P-F  =
1.55 ± 0.05 A., ZFPC1 = ZC1PC1 -  102 ± 3°. 
These are consistent with the observed radial 
distribution curve. The preliminary value for 
P-Cl reported earlier5 has been increased by 0.02 
A. in the complete analysis.

T a b l e  V
P h o s p h o r u s  F l u o r o d ic h l o r id e

Max. Min. Ik 50 s a s b s a / i 0 s h/s o

1 5 4.40 4.42 4.38 1.005 0.995
2 7 7.08 6.93 6.92 0.979 .977
3 6 10.01 10.00 9.92 .999 .991

4 11.46 11.43 11.45 .997 .999
4 4 12.70 12.93 13.10 1.016 1.031

5 14.93 15.19 14.94 1.017 1.001
5 2 16.42 16.46 16.31 1.002 0.993
6 1 18.81 18.84 18.85 1.002 1.002

Average 1.002 0.999
P- Cl, A. 2.024 2.018
P-F 1.523 1.618
Cl-Cl 3.146 3.137
F-Cl 2.774 2.832

a Calculated for P--Cl = 2.02 A., P -F = 1.52 A., bond
angles = 102° . b Calculated for P-Cl = 2.02 A., P-F =
1.62 A., bond angles = 102°.

Phosphorus Pentafluoride.—In the six ring 
pattern observed in the P F 5 photographs the first 
ring is very heavy and broad and difficult to
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measure, while the fourth ring is the weakest of all 
those observed. The principal peak in the radial 
distribution function occurs at 1.58 A., and is to be 
identified with the P -F  distance.

Of the two types of molecular models considered 
the first is the trigonal bipyramid with the phos­
phorus atom at the center of an equilateral tri­
angle of three fluorine atoms and the other two 
fluorine atoms on opposite sides of the phosphorus 
atom on a line perpendicular to the triangle. 
Curve A (Fig. 6) represents this model with P-F  
=  1.60 A. The other models (designated B) are 
square pyramids with one fluorine atom at the 
apex and the other four at the corners of the 
square base. The angles between the P-F  bond 
directed toward the apex and the bonds directed to 
the corners of the base were varied from 90 to 120°.

The B models with bond angles greater than 
95° are unsatisfactory in that the fourth maximum 
is missing. Model B-90° and model A both show 
good agreement with the photographs; and since 
they differ only in the first maximum, which is 
poorly defined in the photographs, a choice be­
tween these two models cannot be made by means 
of the electron diffraction curves. It may be 
argued, however, that if the PF5 molecule were 
based on a square pyramidal model the angles be­
tween the apex bond and the other bonds would be 
greater than 90° because of the unbalanced repul­
sions between the fluorine atoms. A simplified 
calculation based on Coulomb forces between the 
fluorine atom pairs leads to an angle value of 105° 
for the configuration of minimum potential en­
ergy. Such a model is definitely eliminated by 
the observed diffraction pattern.

T a b le  VI
P hosph o r u s  P en ta flu o r id e

Max. Min. /  k 50 5° 5 / 5 0

1 10 (4.86) 4.96 (1.021)
2 8 9.17 8.98 0.979

3 11.02 10.72 .973
3 6 12.34 12.17 .986
4 2 14.29 14.00 .980

5 15.73 15.25 .969
5 4 17.18 16.86 .981

6 19.04 18.73 .984
6 3 20.43 20.45 1.001

Average 0.982
P-F, A. 1.571

a Calculated for trigonal bipyramid with P-F  = 1.60 A.

The dipole moment of the gas has been meas­
ured and found to be zero.8 This could be true

(8) R. Linke and W. Rohrraann, Z. physik. Chem., B35, 256 (1937).

of a square pyramidal model having equal bond 
moments only if the angle between the apex bond 
and the others were 104.5°, a value in disagree­
ment with the diffraction evidence. The tri­
gonal bipyramidal model, on the other hand, 
agrees both with the observed dipole moment and 
the electron diffraction pattern; and it may be 
concluded with certainty that this is the correct 
model for PF5. The quantitative comparison 
of Table VI leads to a value of P-F =  1.57 =*=
0.02 A. in excellent agreement with the radial 
distribution curve.

Fig. 6.—Theoretical intensity curves 
for phosphorus fluoride.

A preliminary report of this value was given in
1936.5 In the meantime Braune and Pinnow9 
have investigated PF5 by electron diffraction and 
have also chosen the configuration of the trigonal 
bipyramid. Their value for P -F  is 1.54 A., 2% 
smaller than reported in the present investigation.

Phosphorus Trifluorodichloride.—The eight 
rings observed in the PF3CI2 photographs lead to a 
radial distribution curve with a sharp peak at 2.57 
A. and less reliable ones at 2.07 A. and 1.63 A. 
These correspond to F-Cl, P-Cl, and P-F  dis­
tances. In the diffraction pattern the first five 
rings are much stronger than the last three. 
The third and fourth are weaker than the fifth, 
and the sixth is weaker than the seventh.

Because of the constancy of the bond angles in 
the PX3 and in the POX3 groups of compounds, it 
was assumed that the PX5 group would also show 
no variation. Accordingly, only models of the 
trigonal bipyramidal configuration were calcu-

(9) H. Braune and P. Pinnow, ibid., B35, 239 (1937).
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Fig. 7.—Theoretical intensity curves for phosphorus 
trifluorodichloride. The scale of the molecular models 
has been changed in plotting the curves by a factor of 
1.023.

fated. In the A models (Fig. 7) the three fluorine 
atoms are in the equatorial plane and the two 
chlorine atoms at the poles, with P-Cl =  2.00 A. 
and P-F =  1.50, 1.55, and 1.60 A., as indi­
cated. The B model has one chlorine atom in the 
equator with P-Cl =  2.00 A., and P-F =  1.55, A.,

T a b l e  VII
P h o s p h o r u s  T r if l u o r o d ic h l o r id e

Max. Min. Ik ■So sa 5/50
1 12 (3.70) 3.38 (0.914)
2 9 (5.70) 5.28 ( .926)

3 (6.80) 6.71 ( .987)
3 7 7.89 8.04 1.019

4 9.09 9.05 0.996
4 6 10.18 10.14 .996

5 11.47 11.69 1.019
5 9 12.61 13.06 1.036

6 14.05 14.59 1.038
6 1 (15.00) 16.12
7 2 16.88 17.58 1.041

8 18.27 18.85 1.032
8 2 19.63 20.53 1.046

Average 1.026
P-F, A. 1.589
P-Cl 2.050
F-Cl 2.593

a Calculated for trigonal bipyramid with fluorine atoms 
in equator and P -F  = 1.55 A., P-Cl = 2.00 A.

and the C model has both chlorine atoms in the 
equator with P-Cl =  2.00 A. and P-F  =  1.55 A.

The B and C models show pronounced qualita­
tive disagreements with the photographs through­
out the range observed; and it is evident that the 
agreement would not be much improved with any 
reasonable value for the P -F /P -C l ratio. Model 
A - 1.55 agrees quite well with the photographs; 
it is superior to A - 1.50 and A - 1.60 in the region of 
the sixth and seventh maxima. The final results 
based on the data of Table VII and the radial dis­
tribution curve are P-F  =  1.59 =*= 0.03 A., P-Cl 
= 2.05 ± 0.03 A., and F-Cl = 2.59 ± 0.03 A.

r, A.
Fig. 8.—Observed radial distribu­

tions of scattering m atter in disilane 
and trichlorosilane.

Disilane.—The seven maxima observed in 
photographs of Si2H6 with the s0 and intensity 
values shown in Table VIII give a radial distribu­
tion with a strong peak at 2.31 A. This repre­
sents the Si-Si bond distance.

T a b l e  VIII 
D is il a n e

Max. Min. Ik •?0 sa s/so

1 15 (3.56) 3.27 (0.918)
2 20 6.10 6.02 .987

3 7.52 7.41 .985
3 15 8.69 8.74 1.006
4 8 11.49 11.08 0.964

5 12.66 12.70 1.003
5 12 13.96 14.12 1.011

6 15.47 15.50 1.002
6 5 16.69 16.78 1.006
7 3 19.26 19.10 0.992

Average 0.995
Si-Si, A. 2.329
Si-H 1.473

a Calculated for Si-Si = 2.34 A., Si-H = 1.48 A.,
ZHSiSi = 109.5°.
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For comparison with theoretical intensity 
curves five models were assumed with Si-Si dis­
tances of 2.34 A., Si-H bond angles of 109.5°, and 
Si-H bond distances ranging from 1.35 to 1.55 A. 
The H -H  terms were neglected. The curves 
differ mainly in the fourth maximum, which is too 
strong in those corresponding to Si-H distances of
1.45 A. or less, and too weak in those correspond­
ing to Si-H distances of 1.50 A. or more. The 
intermediate curve in Fig. 9 shows good agree­
ment with the photographs. The final values for 
the interatomic distances are Si-Si =  2.32 =«=
0.03 A., Si-H =  1.47 ±  0.03 A.

Fig. 9.—Theoretical intensity curves for disilane.

Trichlorosilane and Hexachlorodisilane.—The
photographs of SiHCl3 are exceptionally clear, 
showing a characteristic pattern of nine rings. 
Two well-resolved peaks in the radial distribu­
tion curve occur at 3.28 and 2.00 A., correspond­
ing to Si-Cl bond angles of 110°. Intensity curves 
(Fig. 10) were calculated for the molecular models 
having Si-Cl distances of 2.00 A. and Si-Cl bond 
angles of 109.5 and 112°. The observed pattern 
is very well represented by the first of these, while 
in the second curve the third maximum is too 
strong relative to the second and the eighth is too 
strong relative to the seventh. While the bond 
angle may be 110° as suggested by the radial dis­
tribution curve, it can scarcely be as large as 112°.

In the comparison of s0 and s values in Table IX  
it will be noted that the observations on the second 
and third maxima are displaced in opposite direc­
tions with respect to the corresponding s values. 
This is in accordance with the St. John effect pre­
viously observed when two maxima lie close to­
gether and are separated by only a shallow mini­

mum. The s/s0 values from these maxima are 
not included in the average value of the ratio. 
The values reported on the basis of the radial dis­
tribution curve and the quantitative and qualita­
tive comparison of the intensity curves with the 
photographs are Si-Cl = 2.01 =*= 0.03 A., Cl-Cl 
=  3.29 ±  0.03 A., Z ClSiCl =  110 ±  1°.

T a b l e  IX  
T r ic h l o r o s il a n e

Max. Min. Ik So s/so
1 30 (4.36) 4.16 (0.954)
2 25 6.27 6.46 (1.031)
3 20 7.92 7.78 (0.982)

4 9.04 8.92 .987
4 25 10.06 10.08 1.002

5 11.11 11.27 1.015
5 10 12.04 12.15 1.010
6 15 13.82 13.71 0.992

7 14.85 14.85 1.000
7 10 15.82 16.09 1.017
8 4 17.60 17.48 0.993
9 8 19.29 19.66 1.020

Average 1.004
Si-Cl, A. 2.008
Cl-Cl 3.283

° Calculated for Si-Cl = 2.00 A., Z ClSiCl = 109.5°.

Since the preliminary report of this value was 
given,5 another electron diffraction investigation10 
has been made, with the reported values Si-Cl 
=  2.05 A., Cl-Cl =  3.39 A., ZClSiCl =  111 ±  
4°. The determination of the Cl-Cl distance is 
not affected by small uncertainties in the value of 
the bond angle, and the 3% difference between this

Fig. 10.—Theoretical intensity curves for trichlorosilane 
and hexachlorodisilane.

(10) M. de Hemptinne and J. Wouters, Nature, 138, 884 (1936); 
ibid., 139, 928 (1937).
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value for Cl-Cl and that found in the present in­
vestigation is larger than the experimental error of 
the present result.

A sample of Si2Cl6 was photographed some time 
ago with a diffraction camera allowing a range of 
pattern only to 5 =  11. Five rings were observed 
in this range although the last was too faint to be 
measured. Since the inner rings show the usual 
displacement characteristic of measurements made 
at s values below about five, only two maxima 
could be measured well, and the radial distribu­
tion function was not calculated.

Tests were made, however, on two models. In 
each the assumed Si-Cl distance, 2.00 A., was 
based on the observed values in SiHCl3 and SiCl4, 
the Si-Si distance was assumed to be 2.32 A. from 
the value observed in Si2H6, and tetrahedral 
angles were used throughout. In the “cis” model 
the SiCl3 groups were oriented so that the plane 
of each Si-Cl bond with the Si-Si bond also con­
tained an adjacent Si-Cl bond in the other half of 
the molecule. In the “trans” model one SiCl3 
group was rotated by 60° around the Si-Si bond 
direction. In the “cis” curve the third maximum 
is partially resolved into two. The “trans” 
curve (shown in Fig. 10) is superior in this respect 
and it reproduces the qualitative features of the 
photographs. The quantitative measurements 
(Table X) suggest a decrease in the lengths of the 
more important interatomic distances. The 
curves calculated for the mixture of “cis” and 
“trans” molecules, most of the molecules being 
“trans” give somewhat better quantitative agree­
ment with the photographs. This suggests that 
there is some freedom of rotation around the Si-Si 
bond. From the meager quantitative data it is 
impossible to determine the degree of freedom of 
internal rotation if the bond angles are different 
from the tetrahedral angle. A calculation of the 
steric repulsion of the six chlorine atoms indicates 
that the potential energy of the “cis” configura-

T a b l e  X
H e x a c h l o r o d is il a n e

Max. Min. so s° s/so
1 (2.32) 2.14 (0.923)
2 (4.05) 3.88 ( .959)

3 5.48 5.38 .982
3 6.40 6.32 .988

4 7.23 7.05 .975
4 7.96 7.74 .973

Average 0.980
a Calculated for “trans” model with tetrahedral bond 

angles, Si-Cl -  2.00 A., Si-Si = 2.33 A.

tion is 650 cal./mole higher than that of the 
“trans” model. It may be concluded that the 
“trans” model is approximately correct with Si-CJ 
= 2.00 ±  0.05 A. and Si-Si =  2.32 ±  0.06 A.

Discussion
The observed bond distances and angles in the 

phosphorus compounds including PF3 and PC133,0 
are collected in Table XI.

The P-F  bonds ranging in length from 1.50 to
1.59 A. represent three types of molecules, but 
the variations in bond length accompanying the 
change from one to another of these types are 
much smaller than those occurring among the 
molecules ordinarily classed together in the PX3 
type. The PX 3 molecules represent the normal 
valence compounds of phosphorus; there are ap­
parently two distinct types of bonding within this 
group according to whether the attached radical 
X has unshared electron pairs, which by “back 
coordination’ ’ to the phosphorus may under cer­
tain conditions produce a degree of double bond 
character in the P -X  bonds. When X  is a methyl 
radical or another phosphorus atom, the bond is 
a normal single covalent bond. The observed 
distances in P4 molecule, 2.21 A.,11 and in phos­
phorus trimethyl, 1.84 A.,12 give a phosphorus 
radius of 1.10 A. in agreement with the value in 
the table of covalent radii. The sum of this ra­
dius and that for fluorine, 0.64 A.,13 is 1.74 A. and 
is the length of a normal single covalent P -F  bond. 
The observed bond distances in PF3 and PFC12 
fall below this by 0.2 A. and indicate a consider­
able departure from the bond type occurring in P4 
and P(CH3)3. While the present results throw no 
new light on the nature of this change in bond 
type, it is evident that the change in going from 
PX3 to POX3 and PX5 with constant X  is less pro­
nounced than the change occurring among the 
different PX3 molecules. These effects are shown 
to a lesser degree by the observed P-Cl bond 
lengths, whose deviations from their average 
value, 2.01 A., are smaller than the fall below the 
P-Cl radius sum, 2.09 A.

The apparent difference in the P-F  bond lengths 
in PF3 and PFCb may have some significance in 
spite of the large experimental errors. It has

(11) L. R. Maxwell, S. B. Hendricks and V. M. Mosley, J . Chem. 
Phys., 3, 699 (1935).

(12) H. D. Springall and L. O. Brockway, T h is  Jo u r n a l , 60, 996 
(1938).

(13) This value for the fluorine radius is obtained both by extra­
polation of thé carbon, nitrogen, and oxygen radii and from the ob­
served distance in methyl fluoride.



Aug., 1938 Structures of Some Phosphorus and Silicon Compounds 1845

T a b l e  XI
B o n d  D is t a n c e s  a n d  A n g l e s  in  P h o s p h o r u s  C o m p o u n d s

P -F , A. p-ci, A. p-o, A. Z FPF Z ClPCl
p f 3 1.52 ±  0.04 104 ± 4°
PCla 2.00 =*= 0.02 101 ±  2 ‘
PFC12 1.55 ±  .05 2.02 ±  .03 102 ±  3(
p o f 3 1.52 =*= .02 1.56 ±  0.03 107 ±  2°
POCl3 2.02 ± .03 (1.58) 106 ±  1(
POF2Cl 1.51 ±  .03 2.01 ±  .04 1.55 ± 0 .0 3 106 ±  3°
p o f c i2 1.50 ±  .03 1.99 ±  .04 1.54 ±  .03 106 ±  3C
PF6 1.57 ±  .02 90°; 120°; 180°
p f 3c i2 1.59 ±  .03 2.05 ± .03 120° ±180°

been observed that in the fluoromethanes and 
fluorochloromethanes14 the C-F bond length de­
creases by about 0.05 A. in going from the mole­
cules with one fluorine atom to those with two or 
more. This effect may also occur in phosphorus 
compounds, but in the two substances investi­
gated here having only one fluorine atom per mole­
cule (PFC12 and POFCl2) the more powerfully 
scattering chlorine atoms interfere with a precise 
location of the fluorine atom. Investigations are 
to be made on more suitable substances.

In the POX3 compounds the P -X  bond dis- 
stances are not different from those in the PX3 
compounds for either fluorine or chlorine. From a 
comparison of the observed P-O distance, 1.56 A., 
with the P-O double bond radius sum, 1.57 A., 
and the P-O distances observed in phosphates, 
1.56-1.61 A., we conclude that the oxygen is held 
to the phosphorus atom by a double bond. The 
formation of the bond involves the previously 
unshared pair of electrons on the phosphorus atom 
and a pair from the oxygen atom, but in spite of the 
use of an additional bond orbital on the phosphorus 
atom the P -X  bonds are not disturbed seriously.

While the increase in coordination number from 
three to four has no effect, the increase to five 
lengthens the bonds by 0.05 or 0.06 A. In PF5 
the shortest F -F  distances are just equal to that 
in CH2F2, 2.22 A. This fact suggests that the 
mutual fluorine atom repulsions have lengthened 
the bonds in PF5, but the conclusion is not certain 
because the tetrahedral bond angle in CH2F2 shows 
that at 2.22 A. the fluorine atoms may not be as 
close as the critical distance of approach. In 
PF3C12 the P-F  and P-Cl bonds have both been 
lengthened, and the F-Cl distance, 2.59 A., is 
just that in CH2FC1; but here again the lack of 
an increase in the bond angle in the substituted 
methane leaves the conclusion in doubt. An al­
ternative explanation for the increase in the P-X

(14) L. O. Brockway, J . Phys. Chem., 41, 185, 747 (1937).

bond lengths is that the degree of double bond 
character in each bond is decreased with the for­
mation of additional bonds, i. e., some of the 3d 
orbitals on phosphorus are utilized more easily 
than others.

The change of bond angles in going from PX3 to 
POX3 is of interest especially in view of the con­
stant bond lengths. In the former compounds 
the XPX angles are close to 102° and in the latter 
they have risen to 106°. The angles between the 
P-O bond and the P -X  bonds are 112°. This is 
additional evidence that the four atoms are not 
held by ordinary tetrahedral bonds. The small 
importance of repulsions between the attached 
atoms here is illustrated by the 106° C1PC1 angle 
compared with the 112° OPC1 angle.

There are many questions about the nature of 
phosphorus-halogen bonds which cannot be an­
swered at the present state of information, and 
the problem remains of collecting data on many 
related substances before a complete discussion 
can be given.

The silicon compound measurements reported 
here illustrate the variation in bond type among 
the normal valence compounds of silicon. The 
Si-Si distance, 2.32 A., observed in Si2H6 agrees 
with that in the crystalline form of the element, 
and the bond is of the normal single covalent type. 
In SiHCl3 the SiCl bond is 2.01 A. or 0.15 A. less 
than the Si-Cl radius sum. The same situation 
exists in SiCU3,6 with bonds of 2.00 A. In Si2Cl6 
the silicon atoms show both bond types in the 
same molecule. The Si-H distance, 1.47 A., in 
Si2H6 leads to a hydrogen radius of 0.30 A. in 
agreement with the values from other non-metallic 
hydrides. The bond angle of 110 =*= 1° in SiHCl3 
does not show the increase above the tetrahedral 
value which is observed in CHC13. The increase 
in size of the central atom has increased the chlo­
rine atom separations from 2.93 to 3.29 A., and 
their mutual repulsions are not great enough to
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distort the bond angles in the silicon compound.
We are indebted for the furnishing of materials 

to Professor H. S. Booth of Western Reserve 
University, Professor Warren C. Johnson of the 
University of Chicago, Professor D. M. Yost of 
this Laboratory, Dr. Fred Stitt, and their asso­
ciates. We also wish to thank Messrs. V. Scho­
maker and K. J. Palmer for assistance in prepar­
ing some of the photographs. To Professor Linus 
Pauling we express our appreciation of unfailing 
encouragement and help.

Summary
The molecular structures of seven phosphorus 

compounds have been investigated with the re­
sults shown in Table XI. The P-F bond dis­
tances in the PX3 and POX3 molecules are all 
close to 1.52 A., and in PF5 and PF3C12 are 1.57 and
1.59 A. An increase in bond length with coordina­

tion number occurs at coordination number five 
but not four. The observed lengths are all 
smaller than the covalent radius sum, 1.74 A. 
The P-Cl bond lengths show similar variations 
but the decreases below the radius sum, 2.09 A., 
are only from 0.04 to 0.08 A.

The X PX  bond angles increase by 4° in going 
from PX3 (102°) to POX3 (106°). The P-O bond,
1.56 A. in length, is a double bond and stands at 
angles of 112° to the three P -X  bonds.

In Si2H6 the Si-Si bond length is 2.32 ±  0.03 A., 
within 0.02 A. of the length in elementary silicon. 
In SiHCl3 and Si2Cl6 the Si-Cl bonds are 2.01 ±
0.03 A., and 2.00 =*= 0.05 A.; the same value has 
been observed in SiCl4. This value is 0.15 A. be­
low the Si-Cl radius sum. The ClSiCl angle in 
SiHCl3 is distorted from the tetrahedral value by  
less than 1°.
P r in c e t o n , N. J . R e c e iv e d  M a y  31, 1938

[Co n t r ib u t io n  f r o m  t h e  G a t e s  a n d  Cr e l l in  L a b o r a t o r ie s  o f  C h e m is t r y , C a l if o r n ia  I n s t it u t e  o f
T ec h n o l o g y , N o . 650]

The Crystal Structure of Cesium Aurous Auric Chloride, Cs2AuAu C16, and Cesium
Argentous Auric Chloride, Cs2AgAuCl6

B y N orman E lliott  and L in u s  P a u l in g

The substances cesium aurous auric chloride, 
Cs2AuAuC16, and cesium argentous auric chloride, 
Cs2AgAuCl6, discovered by Wells,1 are of interest 
because of their jet black color, which has been 
ascribed2 to the presence of the same element or 
two closely similar elements in two valence states.3 
In a preliminary investigation carried out some 
time ago4 the substances were found to be dia­
magnetic, showing that they contain gold and 
silver in the univalent and trivalent oxidation 
states rather than the bivalent state. Powder 
photographs were also prepared with molyb­
denum X-radiation. These photographs, each 
with about fifteen lines, were interpreted as show­
ing the crystals to have a structure closely related 
to the cubic perovskite type, the unit cube, with 
a0 =  5.33 A. for each substance, containing 1 Cs 
at 000, 1 (Au,Ag) at and 3 Cl at J|0, 
iOj, 0|J. Although the agreement between 
the intensities of X-ray reflection calculated

(1) H. L. Wells, A m . J . Sci., 3, 315 (1922).
(2) . H. L. Wells, ibid., 3, 417 (1922).
(3) Norman Elliott, J . Chem. Phys., 2, 298 (1934); magnetic data 

fora(NH4)4Sbm Sbv Bri2.
(4) Norman Elliott, ibid., 2, 419 (1934).

for this structure and the observed values was 
good in general, there were one or two points of 
pronounced discrepancy for each substance, and 
the conclusion was reached that the structures 
are actually distorted somewhat from the ideal 
perovskite arrangement.

In the course of the investigation described be­
low X-ray powder photographs were prepared 
with copper and iron radiation, giving greater dis­
persion, and it was found that cesium aurous 
auric chloride is tetragonal, and contains the com­
plex ions [AuC12]~, which is linear, and [AuC14]~, 
which is square. A similar structure occurs for 
heat-treated samples of cesium argentous auric 
chloride, which also exists in a cubic modification 
involving some randomness in atomic arrange­
ment.

The Determination of the Structure of Cesium 
Aurous Auric Chloride.— Powder photographs of 
cesium aurous auric chloride were prepared with 
copper K a  radiation filtered through nickel and 
with iron K radiation, the camera radius being
5.005 cm. The photographs show about fifty 
well-defined lines, occurring as multiplets near
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the angles expected for reflections from a cubic 
crystal. This suggests that the unit of structure 
of the crystal is closely related to a cube. The 
observation that the cubic line {200} occurs as 
a doublet, with the outer component twice as 
strong as the inner one, suggests that the crystal 
is tetragonal. This is supported by the multiplet 
structure of the other lines, the octahedral re­
flections being single, reflections with two indices 
equal double, and those with all three indices 
different triple.

The tetragonal unit of structure with aQ =
7.49 =±= 0.02 A. and c0 = 10.87 =*= 0.02 A. accounts 
for the presence of all observed lines.5 The lat­
tice can be taken as body-centered, no reflections 
with h +  k +  l odd being observed. No classes 
of planes other than those indicated by the lat­
tice are absent on the photographs. The space 
group is accordingly D ll  — IA /m m m  or one of its 
subgroups with the same unit. It was found 
possible with the assumption of holohedry to de­
termine an atomic arrangement which accounts 
completely for the X-ray data; it is accordingly 
probable that the space group of the crystal is D ll.

The density of the substance was determined 
by displacement of benzene to have the value 4.57 
g./cc. This corresponds to 1.94 Cs2AuAuCl6 per 
unit, the calculated value of the density for two 
molecules per unit being 4.72 g./cc. There are 
4 Cs, 2 Au1, 2 Aum , and 12 Cl atoms to be lo­
cated. The sets of equivalent positions for D \l  
are6
2a: 000, M i 
2b: .00J, M0 
4c: OfO, *00, *0*, 0M 
4d: 0M, iOh JO I, 0 i |
4e: 00s, 00s, M i -f- s, M i — 2
8h: xxO, xxO, xxO, xxO, i  +  x * -f- x%, \  — x i  — x\,

i  +  M — x§, i  — x i  +  x i

together with 8f, 8g, 8i, 8j, and positions for sets 
of 16 and 32 equivalent atoms. The photographs 
show that the atoms are in positions close to those 
of the perovskite arrangement. This can be 
achieved only in the following way

2 Au111 in 2a 
2 Au1 in 2b 
4 Cs in 4d
4 Cl in 4e, with s =  1/4 

___________  8 Cl in 8h, with x ~  1/4
(5) This unit is obtained from the small pseudo-cubic unit by 

rotating about c through 45° and doubling Co. It corresponds to the 
dimensions ao =  5.28 A., Co — 5.44 A. for the small pseudo-unit, with 
axial ratio 1.03.

(6) “ International Crystal Structure Tables.”

(The assignment of Aum to 2b and Au1 to 2a 
leads to the same structures.)

The parameters x and z were evaluated from 
the intensity data given in Table I. The ob-

T a b l e  I
P o w d e r  P h o t o g r a p h ic  D a t a  f o r  C e s iu m  A u r o u s  A u r ic

C h l o r id e , C o p p e r  R a d ia t io n , A = 1.539 A.
hkl d obsd., A. d calcd., A. /obsd. /calcd.

002 5.46 5.43 100 128
110 5.28 5.22 200 250
112 200 3.76 3.75 2400 2230
103 3.28 3.26 13 16
121 3.21 3.20 9 7
202 3.11 3.08 16 14
004 2.71 2.72 300 340
220 2.645 2.647 600 660
114 301 2.414 2.420 2.425 50 52
310 222 2.369 2.370 2.390 100 106
204 2.200 2.200 300 315
312 2.169 2.177 600 660
105 2.097 2.112 4 2
224 1.892 1.910 450 420
400 1.868 1.872 200 209
006 1.804 1.809 10 10
411 314 1.790 1.793 1.787 26 27
402 330 1.774 1.772 1.767 26 30
116 1.712 1.735 200 191
332 420 1.678 1.698 1.674 300 333
404 1.537 1.546 200 214
226 235 1.498 1.508 1.510 18 18
334 501 1.483 1.485 1.483 13 13
510 1.466 1.467 13 13
136 1.439 1.450 200 213
244 1.423 1.430 • 175 172
152 1.415 1.417 175 185
008 1.360 1.358 30 32
118 440 1.320 1.335 1.323 110 131
208 530 1.276 1.292 1.283 50 50
336 1.262 1.272 75 76
600 352 1.248 1.230 1.250 200 214
228 1.207 1.220 100 87
444 620 1.190 1.192 1.184 200 188
156 1.140 1.147 100. 114
604 1.133 1.136 40 45
408 1.100 1.100 75 67
264 0-0-10 
338

1.085 1.086 1.086 
1.085

100 112

446 1.069 1.074 40 36
1-1-10 550 
710

1.059 1.063 1.060 
1.060

50 46

248 1.050 1.053 55 57
356 1.043 1.045 140 147
370 554 266 
3-1-10 714

0.986 0.983 0.988 
.955 .998 
.988

150 140

372 644 528 .966 .968 .971 
.976

150 136

448 4-0-10 .951 .948 .950 50 55
800 538 .937 .937 .939 35 32
3-3-10 802 .927 .924 .925 50 50
556 608 .917 .917 .917 75 87
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Fig. 1.—Calculated and observed intensities of reflections on powder photographs of cesium aurous 
auric chloride. The vertical lines show the observed values of the relative intensities, and the hori­
zontal crossbars the calculated values.

served intensity values / 0bsd. were obtained from 
microphotometer records of the photographs and 
from visual estimates made on a series of photo­
graphs taken under identical conditions except 
for varied time of exposure. Intensity values 
were calculated with the equation

in which h is the frequency factor and F the struc­
ture factor. F is given by the equation

F  — / au +  / au or Ag COS 2 t  --------------h

( -  i y 72 / c S j COS 2tt  ̂+  COS 2tt 11 +

2/ci {cos 2iru(h +  k) +  cos 2wu(h — k) +  cos 2irlv]
Screening-constant ƒ values were used,7 without 
temperature correction. The parameter values 
obtained in this way, with especial emphasis on 
comparisons between adjacent lines on the photo-

(7) L. Pauling and J. Sherman, Z. Krist., 81, 1 (1932).

graphs, are x — 0.228 =*= 0.003 and z — 0.288 =*=
0.003. The excellence of the agreement between 
observed and calculated intensities with these 
parameter values is shown in Table I and Fig. 1.

The Determination of the Structure of Cesium 
Argentous Auric Chloride.—Copper radiation 
photographs of samples of cesium argentous auric 
chloride which had been standing at room tem­
perature since their preparation two to three years 
before were found to show only reflections (about 
thirty in number) which could be explained by a 
cubic unit of structure with a0 =  5.28 =±= 0.01 A., 
containing J Cs2AgAuCl6. The lines on the 
photographs are sharp, and the absence of fine 
structure comparable in magnitude with the 
clearly resolved CuKc^-c^ doublet for the wide- 
angle reflections shows that the approximation 
to a cubic structure is within 0.1%.

After the sample had been heated in a sealed 
evacuated tube at 350° for seventy-two hours and
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cooled slowly to room temperature over a period 
of about five hours, it gave quite different X-ray 
photographs, the cubic lines being split into com­
ponents similar to those for the aurous-auric 
compound, but with still greater separation. The 
photographs could be indexed completely on the 
basis of a tetragonal unit with a0 =  7.38 =*= 0.02 
A. and Cq =  11.01 =*= 0.02 A. The unit is body- 
centered, and the observed reflections correspond 
to the space-group D ll  — J4/m m m  or one of its 
subgroups. The atomic arrangement described 
above for Cs2AuAuC16, with Ag1 replacing Au1 
and with the parameter values x  =  0.220 =*= 0.03 
and z =  0.285 =*= 0.003, accounts completely for 
the observed intensities, as shown in Table II and 
Fig. 2.

T a b l e  II

505 228 1.222 1.222
1.215

318 602 1.181 1.183 1.195 55 57
417 444 1.178 1.175
620 1.170 1.167 55 56
622 516 1.138 1.140 1.135 75 74
534 1.145
408 1.107 1.100 60 58
1 I-10 1.083 1.082 50 54
624 1.076 1.078 100 110
428 1.062 1.055 80 80
710 550 1.045 1.044 1.044 85 83
536 1.039
640 712 1.026 1.024 1.025 120 130
3-1-10 518 1.003 0.994 0.997 90 100
556 716 0.910 .905 .905 100 110
628 .890 .888 90 85
5-MO .880 .875 90 85
804 .876 .873 50 45
5-3-10 558 .830 .836 .836 90 93
718 .836

P o w d e r  P h o t o g r a p h ic  D a t a  f o r  C e s iu m  A r g e n t o u s  
A u r ic  C h l o r id e , C o p p e r  R a d ia t io n , X = 1.539 A .

hkl d obsd., A. d calcd., A. /obsd. /calcd.
101 6.12 6.10 40 50
002 5.50 5.50 25 26
110 5.24 5.22 50 46
112 3.77 3.77 600 637
200 3.685 3.690 250 270
103 3.275 3.280 50 49
202 3.055 3.054 50 44
004 2.750 2.750 170 163
220 2.601 2.598 260 290
114 301 123 2.436 2.430 2.393 30 29

2.440
222 310 2.329 2.350 2.325 18 15
204 2.206 2.203 150 136
105 132 2.145 2.107 2.140 265 270
321 303 2.050 2.05 2.06 30 36
224 1.896 1.890 250 220
006 400 1.842 1.830 1.835 125 105
215 1.825
314 411 1.783 1.775 1.760 35 36
323 1.780
330 402 1.735 1.732 1.740 135 145
116 1.678 1.690 25 21
332 420 1.655 1.652 1.644 160 170
206 1.640
107 226 1.530 1.536 1.500 120 126
325 404 1.494 1.525
316 510 1.444 1.440 1.442 120 117
217 424 1.415 1.418 1.412 100 105
512 1.400 1.395 100 107
415 433 1.382 1.384 1.380 25 20
503 1.381
008 1.373 1.375 16 20
440 1.305 1.300 40 36
406 208 1.293 1.295 1.288 25 29
514 442 1.267 1.277 1.265 50 52
530 336 ‘ 1.261 1.259
532 1.232 1.229 60 55
600 426 435 1.220 1.225 1.223 60 62

Discussion of the Structures.—The structure 
found for the tetragonal form of cesium argentous 
auric chloride (after heating at 350°) is shown in 
Fig. 3. The structure is closely related to the 
perovskite structure, the arrangement of the 
large cesium and chlorine atoms corresponding 
approximately to cubic closest packing, with the 
silver and gold atoms alternating in positions at 
the centers of chlorine octahedra. The distortion 
from the ideal perovskite structure is such as to 
show the presence of [AgCl2]~ and [AuCh]-  com­
plexes. Each silver atom has two closest chlorine 
atoms at the distance 2.36 A., which is just the 
sum of the covalent radii for silver (with coordina­
tion number two) and chlorine;8 the other four 
chlorine atoms of the distorted octahedron are 
2.92 A. from the silver atom. The [Cl-Ag-Cl]- 
complexes are linear, and are oriented parallel to 
the c axis of the crystal. Each gold atom has 
four nearest chlorine neighbors, arranged about 
it at the corners of a square, at the distance 2.30 
A., which is the sum of the covalent radii of tri- 
valent gold and chlorine. The distance from the 
gold atom to the two other chlorine atoms in its 
neighborhood is 3.13 A.

The linear configuration of the [AgCl2]~ com­
plex ion is expected, in view of the analogy of the 
complex to the linear [Ag(CN)2]“ complex in 
the crystal KAg(CN)2, studied by Hoard.9 The 
square configuration of the chloroaurate ion 
[AuCfi]-  is similar to that observed10 for the iso- 
electronic chloroplatinite ion [PtCh]^, and is ex-

(8) L. Pauling and M. L. Huggins, Z. Krist., 87, 205 (1934).
(9) J. L. Hoard, ibid., 84, 231 (1933).
(10) R. G. Dickinson, T h is J o u rn al , 44, 2404 (1922).
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Fig. 2.—Calculated and observed intensities of reflections on powder photographs of the tetragonal 
modification of cesium argentous auric chloride. The vertical lines show the observed values of the relative 
intensities, and the horizontal crossbars the calculated values.

pected from quantum mechanical considerations.11
From these results it is seen that cesium argen­

tous auric chloride is a compound of cesium di- 
chloroargentite, CsAgCl2, and cesium tetrachloro- 
aurate, CsAuCl4, with the stability of the com­
pound to be attributed to the close packing of the 
pseudo-perovskite arrangement. The formula 
of the compound might well be written as CsAg- 
C12-CsAuC14 or Cs2AgCl2AuCl4.

The cubic modification of the substance must 
involve some randomness of atomic arrangement, 
since the X-ray data show that silver and gold 
atoms are randomly distributed in such a way as 
to give no reflections requiring a larger unit. It 
is probable that the crystal contains linear [Ag- 
Cl2]“ complexes and square [AuC14]~ complexes 
with random distribution and random orientation 
relative to its three orthogonal axes.

The structure found for cesium aurous auric 
chloride is similar to that of the tetragonal modi-

(11) L. Pauling, T h is  J ournal , 53, 1367 (1931).

fication of the argentous auric compound. The 
structure involves linear [AuC12]~ groups, with 
Au^Cl =  2.31 A., and square [AuC14]~ groups, 
with Aum -Cl =  2.42 A. The longer Au-Cl 
distances are Au^Cl =  2.98 A. and Aum -Cl =  
3.13 A.

There is some evidence that the structure 
found for this substance represents some deviation 
from the ideal structure. The axial ratio c/a for 
tetragonal Cs2AgAuCl6 is 1.491, whereas that 
found for Cs2AuAuC16 is 1.452, which is consid­
erably closer to the value for no distortion from 
the cubic perovskite structure, 1.414. It is to be 
expected, however, because of the very small dif­
ference in radii of silver and gold atoms, that the 
structures of the substances would be identical. 
The low value of the axial ratio of the aurous 
auric compound suggests that in the sample of 
this substance used for preparing the photo­
graphs the ideal structure with completely 
oriented complex ions had not been achieved,
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and that some of the complexes were oriented in 
a random manner. Some further support for this 
idea is given by the value of the parameter x.y 

which makes the Aum -Cl distance 0.12 A. larger 
than in the argentous auric compound; it seems 
likely that the change in intensities of the lines 
caused by the partial randomness of the structure 
has caused a small error in the parameter deter­
mination. An effort to test this hypothesis was 
made by heating the sample of Cs2AuAuC16 to 
350° for twenty-four hours; the photograph ob­
tained of the sample after this treatment was iden­
tical with the earlier ones, however, showing that 
the partial randomness of structure, if it exists, 
represents the stable state at ordinary tempera­
tures and not a metastable state.

An investigation of cesium aurous auric chlo­
ride and cesium argentous auric chloride has been 
reported recently by Ferrari,12 leading to results 
different from ours. Ferrari reported the sub­
stances to give powder photographs (taken with 
iron radiation) corresponding to cubic units with 
<20 =  5.23 A. in each case, except that a few very 
faint lines were observed indicating the true units 
to have values of do twice as large. He suggested 
a structure involving distortion from the ideal 
perovskite arrangement such as to give [AuCh]^ 
complexes with the configuration of a regular 
octahedron. It seems to us improbable that this 
complex exists; and we believe that the samples 
studied by Ferrari represent random structures, 
as described above, with admixture of the tetrago­
nal ordered modifications in sufficient amounts to 
give the faint extra lines which he observed.

Summary
Crystals of tetragonal cesium aurous auric 

chloride have a body-centered unit of structure, 
with a0 =  7.49 =*= 0.02 A., and c0 — 10.87 =*= 0.02 
A. containing 2 Cs2AuAuCl6. The space group 
is D ll ~~ 1 4 /m m m , and the atoms are in the fol­
lowing positions of this space group: 2 Aum in 
2a; 2 Au1 in 2b; 4 Cs in 4d; 4 Cl in 4e, with z =
0.288 ±  0.003; 8 Cl in 8h, with x = 0.228 
=±= 0.003. Tetragonal cesium argentous auric 
chloride, Cs2AgAuCl6, has a similar unit, with

(12) A. Ferrari, Gazz. chim. ital., 67, 94 (1937).

O

Fig. 3 —The atomic arrangement in tetragonal 
crystals of Cs2AgAuCl6 and Cs2AuAuC16. Large full 
circles represent cesium atoms, large open circles chlorine 
atoms, and small circles gold and silver atoms.

a0 = 7.38 ± 0.02 A., and c0 = 11.01 =*= 0.02 A., 
and a similar atomic arrangement (with Ag1 re­
placing Au1), the parameter values being z —
0.285 ±  0.003 and x = 0.220 =*= 0.003. These 
crystals contain linear [AgCl2]~ and [AuCl2]~ 
ions, similar to [Ag(CN)2]~, and square co- 
planar [AuCfi]-  ions, similar to the [PdCl4]̂  
and [PtCl4]= ions.

In addition a metastable cubic modification of 
Cs2AgAuCl6, capable of conversion into the stable 
tetragonal modification by heating, was studied. 
The apparent unit of structure of this is cubic, 
with a0 =  5.28 =*= 0.01 A. It contains J Cs2Ag- 
AuC16, and appears to have the perovskite struc­
ture, with |(A g +  Au) at Cs at 000, 3 Cl at 
approximately | |0 ,  J0J, J|0. It is probable that 
the crystal contains [AgCl2]~ and [AuC14]~ com­
plexes with random distribution among the posi­
tions and orientations provided by the perovskite 
structure. Evidence for the existence of a similar 
modification of Cs2AuAuC16 is given by the work 
of Ferrari.
P a s a d e n a , C a l i f . R e c e iv e d  M a y  31, 1938
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[C o n t r ib u t io n  f r o m  t h e  G a t e s  a n d  C r e l l in  L a b o r a t o r ie s  o f  C h e m is t r y  o f  t h e  C a l if o r n ia  I n s t it u t e  o f
T e c h n o l o g y , No. 651]

The Electron Diffraction Investigation of Aluminum Chloride, Bromide, and Iodide

By K. J. P alm er  and N orm an  E llio tt

The unusual physical and chemical properties 
of aluminum chloride, bromide, and iodide lend 
considerable interest to the electron diffraction 
investigation of these compounds in the gas phase. 
Vapor density measurements have shown that in 
the gaseous state below approximately 400° the 
substances exist as the dimeric molecules AbCb, 
Al2Br6, and Al2l6.

The same configuration is suggested for these 
molecules by considerations based on the extreme 
ionic and the extreme covalent points of view. 
The radius ratio of the ions Al3+ and Cl~ is 0.40 
(ratio of univalent radii1), which corresponds to 
tetrahedral coordination. This can be achieved 
for a molecule A12X 6 by the sharing of an edge be­
tween two tetrahedra, as shown in Fig. 1. From 
the covalent point of view this configuration would 
be expected as the result of the tendency of the 
aluminum atoms to complete their octet valence 
shells, the electronic structure of the molecule 
being

•X
: x

. .x: .
V :

x;
x ;

The suggestion of this as a possible structure for 
the aluminum halides was made by Fajans.2

Fig. 1.—The spatial configuration of 
the dimeric molecule A12X6. Positions 
1 and 2 correspond to the aluminum 
atoms; the remaining positions are oc­
cupied by halogen atoms.

We have carried out the study of these sub­
stances by the electron diffraction method, and 
have verified the double-tetrahedral configura-

(1) Linus Pauling, T h is  J o ur n a l , 49, 765 (1927).
(2) K . Fajans, Z. Elektrochemie, 34, 502 (1928).

tion of Fig. 1, with some deformation of the tetra­
hedra, as described below.

Experimental
The electron diffraction photographs were ob­

tained and interpreted in the usual way.3 The 
wave length of the electrons was 0.0613 A. and 
the camera distance 10.85 cm. for the chloride and 
bromide and 20.16 cm. for the iodide.

The strong tendency of the aluminum halides to 
hydrolyze made it necessary to transfer the 
samples to the high temperature nozzle inside a 
moisture proof box. The nozzle4 could then be 
sealed and inserted into the electron diffraction 
apparatus, the sample not being allowed to come 
into contact with moist air. This procedure 
proved to be satisfactory, as was verified by in­
spection of the nozzle after the exposures were 
made. In no case was there any sign of decompo­
sition.

Merck c. p . aluminum chloride was used with­
out further purification. The aluminum bro­
mide was made by the method of Richards and 
Krepelka.5 The aluminum iodide was prepared 
by heating iodine with excess aluminum in an 
evacuated glass tube held in a vertical position. 
The temperature was maintained at 300° for six 
hours, in which time the color due to the iodine 
vapor had disappeared completely. The alumi­
num iodide which collected in the lower part of 
the tube along with the excess aluminum was sepa­
rated from the latter by distilling it to the upper 
part of the tube and then sealing the tube off at 
the center. The product appeared in the form of 
colorless highly refractive crystals. There was no 
evidence of any iodine vapor being present either 
during or after the distillation. These crystals 
were used without further purification.

Aluminum Chloride.—The photographs of 
aluminum chloride show nine maxima. The 
averaged values of s0,1  (the visually estimated in­
tensities), and C (equal to Is20e~ as°) are given in 
Table I. The qualitative appearance of the photo­
graphs is well represented by curve F of Fig. 3

(3) L. O. Brockway, Rev. Modern Phys., 8, 231 (1936).
(4) L. O. Brockway and K. J. Palmer, T h is Jo u r n a l , 59, 2181 

(1937).
(5) T. W. Richards and H. Krepelka, ibid., 42, 2221 (1920).
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A.
Fig. 2.—Radial distribution curves for (A) 

aluminum chloride, (B) aluminum bromide and 
(C) aluminum iodide.

which was calculated for the finally accepted 
model. The radial distribution curve,6 curve 
A of Fig. 2, calculated using the values of C 
(Table I) in place of / ,  shows principal peaks at
3.56 and 2.11 A. These values are interpreted as 
the Cl-Cl and the short Al-Cl distances, respec­
tively. The ratio of these, 1.69, is close to that 
(1.633) for a regular tetrahedral arrangement of 
chlorine atoms about the aluminum atoms. 
Strong support for this structure is provided by 
the simplified theoretical intensity curve calcu­
lated for the regular tetrahedral model (curve A 
of Fig. 3), which shows good, although not com­
plete, agreement with the characteristics of the 
photographs.

In order to find a model in which the ratio of 
Cl-Cl to Al-Cl is 1.69, all of the edges of the two 
tetrahedra except the shared edge were assumed 
to have the value 3.56 A., and the eight smallest 
Al-Cl distances the value 2.11 A. The shared 
edge would then have the value 2.58 A. Al­
though this distance is much less than the dis­
tance of closest approach (2.86 A.) observed for 
two non-bonded chlorine atoms, a theoretical in­
tensity curve was calculated for this model (curve 
B, Fig. 3), which again is in good but not complete 
agreement with the photographs. Curves C and

(6) L. Pauling and L. O. Brockway, T h is  J o urn al , 57, 2684 
(1935). The use of the values of C in place of 1 has been suggested 
by V. Schomaker and C. Degard. They will publish an account of 
their investigation soon in T h is Jo u r n a l .

Fig. 3.—Theoretical intensity curves for aluminum 
chloride.

D, Fig. 3, were calculated for models in which the 
shared edge has the value 2.75 and 2.85 A., respec­
tively. The other ten edges have the values 3.56 
A. in model C and 3.54 A. in model D and the 
smallest Al-Cl distances the values 2.12 and 2.11 
A., respectively. These curves do not agree with 
the photographs quite so well as does curve B.

A very large decrease in the value of the shared 
edge is necessary in order to obtain the ratio 1.69 
when at the same time one keeps the other edges 
of the tetrahedron about equal to 3.56 A. and the 
short Al-Cl distances all equal to 2.11 A. Thus 
it is evident that the models so far assumed have 
been oversimplified, and that the stable con­
figuration, although approximating two regular 
tetrahedra sharing an edge, is in reality consider­
ably distorted. In order to obtain an insight into 
the type of distortion to be expected the follow­
ing calculation was made.

The molecule is assumed to be completely ionic, 
and to be represented by the potential function

V — _  V ' fifi -j- V  Bijeiej 
Z^i!  Uj  rn

in which is the distance between the ith  and 
jth  atoms, Bij is the Born coefficient, n is a con­



1854 K. J. Palmer and N orman Elliöït Vol. 60

stant, taken to have the value 9 for this calcula­
tion, and ei} ej are the charges on the ith  and j th  
atoms, taken equal to — 1 and + 3  for chlorine and 
aluminum, respectively. It was further assumed 
that the ratio of the B ’s is given by the expres­
sion

B A l-C l _  ( R m  +  f l q ) 8

B ci-ci (2i?)ci8

where RA\ and Rci are the ionic radii of aluminum 
and chlorine, respectively. The absolute mag­
nitudes of the B ’s were obtained by setting 
bV/dr = 0 and using r# s corresponding to two 
regular tetrahedra with all short Al-Cl distances 
equal to 2.11 A. The values so obtained are 
^Ai-Ci =  48.15 and Bci-ci =  1755. These values 
were retained throughout the calculation.

A method of successive approximations was 
used to carry out the calculation. Each of the 
four independent parameters necessary to specify 
the structure was successively varied, the process 
being repeated once. The final values of the 
parameters so obtained indicate the type of dis­
tortion to be expected in such a structure. With 
a charge of + 3  assumed to reside on each of the 
two aluminum atoms the repulsion between them 
is very strong, and the most notable changes in 
going from two regular tetrahedra to the final 
equilibrium configuration are the decrease in the 
length of the shared edge and the increase in 
the Al-Al distance. This latter effect changes 
the values of the short Al-Cl distances by a large 
amount. The final values of the interatomic dis­
tances calculated in this way are Afi-Ab =  3.60, 
Ab-Cb =  1.99, A12-C18 =  2.31, Alr-Cle =  4.89, 
CI3-CI4 =  3.49, Cla-Cls =  3.57, C15-C18 =  2.90, 
C13-C17 = 5.52, C13-C16 = 6.52 A. The sub- 
scripts on the atomic symbols refer to the posi­
tion of the atoms as given in Fig. 1. The average 
of the four A12-C13 distances, equal to 1.99 A., and 
the four A12-C18 distances, equal to 2.31 A., (refer 
to Fig. 1) is 2.15 A., in fair agreement with the 
radial distribution peak at 2.11 A. However, if 
this were the correct model, the two shortest 
Al2—Cl distances probably would appear as sepa­
rate peaks in the radial distribution curve. More­
over, the intensity curve calculated for this model 
(curve E, Fig. 3) does not agree qualitatively with 
the photographs; the sixth maximum is too high 
and the eighth and ninth minima are not of equal 
depth.

Seven additional intensity curves were calcu­
lated for models in which the four parameters were

varied. The model finally Selected gives an in­
tensity curve (curve F, Fig. 3) which reproduces 
the qualitative features of the photographs in 
every respect. The values of the interatomic dis­
tances for this model are listed in Table II. Table 
I gives the values of 5 and s0 and their ratio, s/so, 
for model F.

T a b l e  I

E l e c t r o n  D if f r a c t io n  D a t a  f o r  A l u m in u m  C h l o r id e

Max. Min. I C So Sa s/so
1

2
5 2 2.24

3.08
2.35
2.91

(1.049)
(0.946)

2
3

10 14 4.08
4.96

3.93
4.91

( .963) 
( .989)

3
4

5 12 5.86
6.61

5.86
6.51

1.000
0.985

4
5

3 10 7.43
8.33

7.18
8.40

.967
1.008

5
6

4 16 9.23
10.11

9.32
10.20

1.009
1.009

6
7

1 4 10.98
11.90

10.90
11.91

0.993
1.000

7
8

3 12 12.71
13.42

12.77
13.71

1.005
1.022

8
9

1 3 14.47
15.22

14.60
15.41

1.009
1.013

9 2 5 16.07 16.30 1.014
Average 1.003
Average deviation 0.010

° Calculated for model F.

T a b l e  I I

I n t e r a t o m ic  D is t a n c e s  i n  A l u m in u m  C h l o r id e

Distance, A.

Number of 
times dis­

tance occurs 
in molecule

Ala-Cl* 2.06 ± 0.04 4
A12-C18 2 .2 1  ± .04 4
C16-C18 2.83 ± .1 0 1
CI3-C I4 3.53 ± .04 2
CIr-CIs 3.56 =*= .0 2 8
AI1-A I2 3.41 ± .2 0 1
CI3-C I 7 5.49 ± .05 2
C13-C16 6.52 ± .05 2
A12-C16 4.77 ± .15 4

Aluminum Bromide.—The photographs of 
aluminum bromide show seven well-defined rings 
and have the same qualitative features as those 
for aluminum chloride. The radial distribution 
curve has two well-defined peaks at 2.28 and 3.77 
A. The ratio of 3.77 to 2.28 is 1.65, indicating 
that the tetrahedra in this molecule probably are 
not distorted to so great an extent as for the chlo­
ride. Curve A of Fig. 4 was calculated for two 
regular tetrahedra sharing an edge. The curve 
is in good but not complete qualitative agree­
ment with the photographs. Curves B and C of
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Fig. 4 were calculated for models having the same 
type of distortion as that found for the chloride, 
but smaller in magnitude. The two models are 
essentially the same except for the length of the 
shared edge. In model B this edge was assumed 
to be 3.36 A. and in model C 3.20 A. The Al2~ 
Br3 and Al2-Br8 distances were taken equal to 2.21 
and 2.33 A., respectively, in model C, and 2.21 
and 2.35 A. in model B.

The qualitative agreement of curve C with the 
photographs is better than that of curve B in that 
the fifth maximum in the former is slightly more 
intense than the fourth, in agreement with the ap­
pearance of the photographs. The differences in 
these two curves are, however, very slight in spite 
of the fact that the Br5-Br8 distance has been 
changed by 0.16 A. The insensitiveness of the 
intensity curves to variations in this parameter 
makes it necessary to assign to it a large probable 
error. In Table III there are listed the values of 
I, C, So, s (for model C), and the ratio of s/so, and 
in Table IV there are given the values of the in­
teratomic distances for the molecule and their es­
timated probable errors.

T a b l e  III
E l e c t r o n  D if f r a c t io n  D a t a  f o r  A l u m in u m  B r o m id e

Max. Min. 1 C So S a $/so

1
2

5 2 2.11
2.85

2.11
2.87

1.000
1.007

2
3

10 11 3.78
4.68

3.72
4.61

0.998
.999

3
4

6 11 5.48
6.28

5.60
6.22

1.022
0.990

4
5

4 9 7.02
7.85

6.88
7.88

.980
1.004

5
6

5 13 8.73
9.59

8.78
9.68

1.006
1.009

6
7

1 2 10.38
11.19

10.35
11.17

0.997
.998

7 2 3 11.84 12.08 1.023
Average 1.003
Average deviation 0.009

° Calculated for model C.

T a b l e  IV
I n t e r a t o m ic  D is t a n c e s  i n  A l u m in u m  B r o m id e

Al2-B r3
Distance, A.

2.21 ±  0.04
Number

4
Ak-Bra 2.33 d= .04 4
Br5-B r8 3.20 d= .10 1
Br3-B r4 3.72 dt .03 2
Br3-B r8 3.78 .03 8
Ak-Ak 3.39 dt .1 0 1
Br3- Br7 5.76 db .1 0 2
Bt-Q-Bre 6.86 db .1 0 2
Ai -Br, 4.93 =b .1 0 4

Fig. 4.—Theoretical intensity curves for alumi­
num bromide.

Aluminum Iodide.—The photographs of 
aluminum iodide, taken with a camera distance of 
20.16 cm., show seven well-defined maxima, the 
general appearance of the photographs being 
closely similar to that for the chloride and bro­
mide. This similarity is strong evidence for the 
assumption that the structures of the three mole­
cules are similar in configuration.

The radical distribution curve (curve C, Fig.
2), shows principal peaks at 2.58 and 4.23 A. 
The ratio of the latter to the former distance is 
1.64, indicating that the structure is very nearly 
that of two regular iodine tetrahedra sharing an 
edge.

The ratio of the scattering due to the iodine 
atoms to that due to the aluminum atoms is very 
large in aluminum iodide; this makes the deter­
mination of the positions of the aluminum atoms 
with any degree of accuracy impossible. The 
intensity curves shown in Fig. 5 were calculated 
for models approximating those described for 
aluminum bromide. Curve A is for undistorted 
tetrahedra, and curves B and C for tetrahedra 
whose shared edge has the value 4.00 and 3.85 A., 
respectively, and for which the AI2- I 3 and Al2- I 8 
distances have the values 2.58 and 2.54 A., re­
spectively. Curve A does not agree with the 
photographs in that the relative intensities of the 
maxima are unsatisfactory. Curve C gives a
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somewhat better representation of the appear­
ance of the photographs than curve B, but the 
differences in these two curves, namely, the varia­
tion of the intensities of the third, fourth, and 
fifth maxima, are so small that, as in the case of 
the bromide, it is impossible to determine the 
length of the shared edge with much accuracy.

Fig. 5.—Theoretical intensity carves for alumi­
num iodide.

The values of the interatomic distances with their 
estimated probable errors are given in Table VI. 
The quantitative comparison of the s values ob­
tained from curve C with the observed s0 values is 
given in Table V.

T a b l e  V

E l e c t r o n  D if f r a c t io n  D a t a  f o r  A l u m in u m  I o d id e
Max, Min. I C so s a 6/ SO

1
2

9 3 1.88
2.51

1.87
2.52

0.995
1.004

2
3

10 9 3.32
4.14

3.33
4.08

1.003
0.986

3
4

7 10 4.85
5.56

4.99
5.65

1.029
1.016

4
5

6 9 6.29
7.03

6.26
7.00

0.995
.996

5
6

5 10 7.80
8.62

7.75
8.67

.994
1.006

6
7

2 3 9.27
9.95

9.29
9.89

1.002
0.994

7 1 1 10.67 10.70 1.003
Average 1.002
Average deviation 0.008

T a b l e  VI
I n t e r a t o m ic  D is t a n c e s  i n  A l u m in u m  I o d id e

Distance, A. Number

AI2-T3 2.53 ±  0 .04 4
AI2"-Is 2.58 ± .04 4
I5-T8 2.90 ± .15 1
I3-h 4.20 ± .03 2
I3-I8 4.24 ± .02 8
A1i-A12 3.24 ± . 15 1
I8-I7 6.24 ± .15 2
Ia-I« 7.54 ± . 10 2
Ala-Ifl 5.22 ± .15 4

Discussion
The only report on the structures of aluminum 

chloride, bromide, or iodide previous to the pres­
ent one is that of Ketelaar7 on the structure of 
aluminum chloride crystals. He found that the 
chlorine atoms are in hexagonal closest packing, 
this arrangement being compatible with that 
found for the gas molecule in this investigation. 
However, he chose to place two aluminum atoms 
inside an octahedron of chlorine atoms, and only
0.56 A. apart, rather than one each inside of two 
tetrahedra sharing an edge, both of these possi­
bilities being provided by the hexagonal closest 
packed arrangement. The extent to which the 
X-ray data can be accounted for by this latter con­
figuration is being investigated by one of us. 
Curve G, Fig. 2, is the simplified theoretical in­
tensity curve calculated for the “octahedral” 
model of Ketelaar; it is apparent from a compari­
son with curve F that this model cannot represent 
the structure of the gas molecule.

The large difference in electronegativity be­
tween aluminum and the halogen atoms leads one 
to expect that the A l-X  bond will be largely ionic, 
and this is confirmed by the observed contraction 
of the shared edge. The percentage decrease in 
length of the shared edge is found to be largest 
in the chloride and least in the iodide, which is in 
accordance with expectation.

The sums of the tetrahedral radius of aluminum 
and the normal radii for the halogen atoms are 
2.25, 2.40, and 2.59 A. for the chloride, bromide, 
and iodide, respectively. These values are to be 
compared with the observed values, 2.06, 2.21, 
and 2.53 A., which are the Al2-X 3 distances, and 
2.21, 2.33, and 2.58 A., which are the Al2-X 8 dis­
tances, for the chloride, bromide, and iodide, re­
spectively. The observed shortening in the case 
of the Al2-X 3 distances is probably due to the ex­
cited structures in which an X 3 halogen atom

(7) J. A. A. Ketelaar, Z. Krist., 90, 237 (1935).Calculated for model C.
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swings in a pair of electrons and forms a double 
bond with the aluminum atom. This type of 
resonance is not expected to occur to the same de­
gree for halogen atoms forming two bonds, which 
accounts for the fact that the observed Al2-X 8 
distances are nearly equal to the sum of the appro­
priate radii.

It is interesting to note that the observed values 
of the AI2-X3 distances show a greater tendency for 
the chlorine and bromine atoms to form double 
bonds than of iodine atoms; this is compatible 
with the results of other investigations.

We wish to express our thanks to Professor 
Linus Pauling for his aid and helpful criticism 
during the course of this investigation.

Summary
It is shown that in the gaseous state the dimeric

molecules of aluminum chloride, bromide, and 
iodide consist of two tetrahedra sharing an edge 
with six halogen atoms at the corners, each tetra­
hedron containing one aluminum atom. The 
final values of the interatomic distances are as 
follows

The subscripts on the atomic symbols refer to their posi­
tions in the molecule as given in Fig. 1.

AhCL ALBre Ahla

All—Ah 3.41 =*=0.20 A. 3.39 ± 0.10 A. 3.24 ±  0 .15 A.
ai2- x 3 2.06 ± .04 2.21 =*= .04 2.53 =*= .04
ai2- x 8 2.21 ± .04 2.33 ± .04 2.58 ± .04
ai2- x 6 4.77 =*= .15 4.93=*= .10 5.22 =*= .15
X3-X4 3.53 ± .04 3.72 ± .03 4.20 ± .03
x 3-x8 3.56 ± .02 3.78 =*= .03 4.24 =*= .02
x 5-x8 2.83 =■= .10 3.20 =*= .10 2.90 =*= .15
x 3-x7 5.49 =t .05 5.76 =*= .10 6.24 ± .15
x 3-x6 6.52 =*= .05 6.86 ± .10 7.54 ± .10
P a s a d e n a , C a l i f . R e c e iv e d  M a y  31, 1938

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

Photochemical Studies. XXVI. A Further Study of the Fluorescence of Acetone 
Vapor and its Relationship to the Photochemical Decomposition

B y  M ax  S. M atheson  and  W . A l b er t  N o y es , J r .

The fluorescence of acetone vapor was reported 
by Damon and Daniels,1 who stated that it is 
greenish and is changed to blue by the presence 
of small amounts of oxygen. The oxygen disap­
pears during illumination and this fact has been 
used as a means of determining small amounts of 
this substance.2

Two regions, one extending from 4100 to 4820 
A. (maximum 4580 A.) and the other from 4990 
to the limit of plate sensitivity (5210 A.), were 
found by Damon and Daniels.1 Norrish, Crone 
and Saltmarsh3 report three bands of fluorescent 
emission (all diffuse) with maxima at 5117, 5572 
and 6095 A. More recently Padmanabhan4 has 
found that the bands are not devoid of structure 
but consist of diffuse bands superimposed upon a 
continuous spectrum. Ten bands, two consid­
ered to be doubtful, were reported.

Herzberg5 first found a discrete structure in the 
near ultraviolet absorption of acetone vapor and

(1) Damon and Daniels, T h is  Jo u r n a l , 55, 2363 (1933).
(2) Damon, Ind. Eng. Chem., Anal. Ed., 7, 133 (1935); Fugassi, 

T h is  Jo u r n a l , 59, 2092 (1937); Fugassi and Daniels, ibid,, 60, 771 
(1938).

(3) Norrish, Crone and Saltmarsh, J . Chem. Soc., 1456 (1934).
(4) Padmanabhan, Proc. Ind . Acad. Sci., 5A, 594 (1937).
(5) For mention see Scheibe, Povenz and Linström, Z. physik. 

Chem., 20B, 292 (1933).

this has been confirmed by other workers.3,6 The 
detailed analysis of these bands and their inter­
pretation is still lacking, but the existence of such 
a structure is in conformity with the fact that 
fluorescence is observed. However, structure is 
difficult to observe in many polyatomic mole­
cules even though fluorescence is found. Such 
seems to be the case with ethyl methyl ketone7 
and diethyl ketone.8

All authors who have studied the quantum 
yield of acetone decomposition in the near ultra­
violet at room temperature agree that it is low.9 
The explanation of this fact is not complete. 
Damon and Daniels1 state that the fluorescence is 
too weak to be the primary cause of this effect. 
However Fisk and Noyes10 studied the fluores­
cence excited by the 3130 A. line of mercury and 
found (with the very low intensities used) a 
Stern-Volmer mechanism to be obeyed. At 
moderate pressures it was found that the number 
of quanta absorbed was roughly equal to the sum

(6) Noyes, Duncan and Manning, J . Chem. Phys., 2, 717 (1934); 
Noyes, Trans. Faraday Soc., 33, 1495 (1937).

(7) Duncan, Ells and Noyes, T h is  Jo u rn al , 58, 1454 (1936).
(8) J. W. Zabor, M.S. Thesis, Brown University, 1938.
(9) See refs. 1 and 3, Leermakers, T h is J o ur n a l , 56, 1900 (1934).
(10) Fisk and Noyes, J . Chem. Phys., 2, 654 (1934).
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of the three quantities: (a) number of molecules 
which fluoresce; (b) number of molecules which 
dissociate; (c) number of activated molecules de­
activated by collision. However, the mechanism 
used to accomplish this balance disagreed quite 
definitely with some of the photochemical facts, 
particularly with the supposed decrease in quan­
tum yield with acetone pressure.

That the mechanism of acetone photodecompo­
sition may be quite complex is suggested by the 
work of Spence and Wild.11 These authors find 
approximately one molecule of carbon monoxide 
for each molecule of ethane at 3130 A., but a con­
siderable deficiency of carbon monoxide at shorter 
wave lengths. This agrees with the fact, first re­
ported by Barak and Style,12 that appreciable 
amounts of biacetyl are formed at room tempera­
ture during photodecomposition of acetone. At 
60° the amount of biacetyl was found to be negli­
gible, due perhaps to the instability of the CH3CO 
radical at that temperature.

To attempt to elucidate the phenomenon of a 
low quantum yield coupled with a relatively small 
amount of fluorescence it was thought desirable 
to study the fluorescence over as wide a range of 
conditions as practicable. Unfortunately the 
absorption coefficient of acetone is so low at 3130 
A. that it did not prove feasible to use pressures 
low enough to permit a decision to be made as to 
the effect of collisions on this reaction.

Experimental
Purification of Acetone.—Reagent quality acetone was 

purified by the method of Shipsey and Werner13 by crys­
tallizing from an acetone solution of anhydrous sodium

(11) Spence and Wild, J . Chem. Soc., 352 (1937).
(12) Barak and Style, N ature , 135, 307 (1935); see Spence and 

Wild, ibid., 138, 206 (1936).
(13) Shipsey and Werner, J . Chem; Soc., 103, 1255 (1.913);

iodide. The acetone was distilled from the salt over a 
steam-bath and then carefully fractionated, the middle 
portion boiling at 55.8° (uncorr.) being retained. After 
placing in the vacuum line, it was refluxed for forty-eight 
hours over boron trioxide at low temperatures and then 
fractionated. No stopcocks or joints involving grease were 
present in the line.

Purification of Biacetyl.—Biacetyl (Eastman) was frac­
tionally distilled three times, the final middle fraction 
boiling at 87-88° being retained. After placing in the 
vacuum line, it was subjected to five low pressure frac­
tionations at room temperature, the first three condensa­
tions taking place at liquid air temperatures and the last 
two with dry ice.

The Fluorescence Cells.—Two all-quartz cells having a 
T shape were used at different times. These were sealed 
to the rest of the line with graded seals. The length of the 
main limb was 4 cm. and the windows were 2 cm. in 
diameter.

The Light Source.—A General Electric H3 quartz high 
pressure mercury arc operated at 85 watts was used. A 
hole was blown in the glass envelope surrounding the arc 
to permit the exit of wave lengths below 3500 A.

The light was passed through a water-cooled Red Purple 
Corex A filter and then through either one or two quartz 
plates lightly silvered (by sputtering) according to the 
directions given by R. W. Wood.14 A quartz lens was 
used to bring the radiation to a focus at the center of the 
cell, although the beam was nearly parallel.

The radiation transmitted by the optical system was 
photographed with an E3 Hilger spectrograph on Eastman 
33 plates. Microphotometer tracings15 showed the 
following distribution of radiation: (a) 3130 A., 79%; 
(b) 3340 A., 8%; (c) 3650 A., 12%; (d) all others less than 
1%. (No trace of lines below 3130 A. could be found on 
the plates which were microphotometered.)

The Measurement of the Incident Radiation.—For some 
runs the incident radiation was measured by a cesium 
oxide photoelectric cell with quartz envelope. For others 
a similar cell with Pyrex envelope was used. One or the 
other of these cells was placed on the exit side of the long 
limb of the T so that transmitted radiation was measured.

The current from this photoelectric cell was amplified 
and measured by the circuit shown in Fig. I .16 The 
photoelectric cell is shown at A. F is a Sylvania type 77 
vacuum tube. I is a 6E5 magic eye radio tube. D is a 
student potentiometer. C is a 10-megohm composition 
resistor and B is a 0.1 microfarad condenser. H is a 1 
megohm composition resistor and J is a 0.5 megohm com­
position resistor. G is a 105-ohm screen potentiometer. 
E is a battery of three dry cells. The figures at the bottom 
refer to voltages obtained by the use of four B batteries.

This amplifier was used as a null point indicator, the 
null point used being the just closed condition of the fan­
shaped shadow on the fluorescent screen of the 6E5 tube 
(I). The change in the reading of the student potenti­
ometer D necessary to just close the shadow gave a measure

(14) Wood, “Physical Optics,” The Macmillan Co., New York, 
N. Y., 1929, p. 15.

(15) The authors wish to  express their appreciation to Professor 
W. W. W atson of Yale University for his kindness in having the 
microphotometer tracings made.

(16) J. W. Tukey, M.S. Thesis, Brown University, 1937.
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of the intensity of light falling on the photoelectric cell. 
The linearity of amplification was tested by use of the 
inverse square law of intensities obtained from a filament 
lamp placed a t distances of two meters or greater.

Since the fraction of radiation transmitted by the exit 
window of the fluorescence cell was constant, it was possi­
ble to calculate quantities proportional to the incident 
intensity with the use of the known absorption coefficients 
of acetone vapor.17 Absorption of the mercury line at 
3130 A. was alone considered.

The Measurement of the Fluorescent Radiation.—-The 
fluorescent radiation was measured by a photoelectric 
cell with quartz envelope and having a plane window in 
front of the cathode. Current from this photoelectric 
cell was measured with a DuBridge circuit using an FP54 
tube.18

Sample Experiment.—The method of introducing ace­
tone from a cooled reservoir until it reached the desired 
pressure was used previously.10 Biacetyl, when used, was 
introduced from calibrated volumes where the pressure 
was known. At low pressures the ratio of pressures could 
be determined exactly even if the absolute pressure was 
uncertain.

Both amplifiers and the arc were turned on and a half 
hour allowed to elapse in order to obtain steady conditions. 
The DuBridge and Brown18 amplifier was balanced as 
described by these authors in order to minimize the drift of 
the galvanometer.

A shutter in front of the light source prevented any de­
composition of acetone vapor while the pressure of the 
latter was being adjusted. Since the DuBridge and Brown 
amplifier had a lag of about three minutes, the transmitted 
and the fluorescent radiation were both measured over an 
interval of four or five minutes at least. Table I shows a 
sample set of readings.

T a b l e  I
D a t a  o f  a  T y p ic a l  E x p e r im e n t

Time Gi Gt Operation
3:33 P. M. - 1 1 .4 0 1078.0 Light shut off from cell
3:34 - 1 1 .4 0 ( - 1 1 .4 0 ) 1078.5 (Pressure acetone =  

152.8 mm.)

3:35 +  14.00 (13.99) 972.0 Light on, P  =  152.8 mm.
3:36 14.72 (14.69) 971.0
3:37 15.12 (15.08) 971.5
3:38 14.99 (14.93) 972.0

3:39 4 .20 (4.13) 956.0 Light on, P  — 0 (liquid
3:40 3.25 (3.17) 954.5 air on trap)
3:41 3.00 (2.90) 954.5
3:42 3.05 (2.94) 954.5

3:43 - 1 0 .7 0 ( - 1 0 .8 3 ) 1077.5 Light off
3:44 - 1 1 .2 0 ( - 1 1 .3 4 ) 1077.5
3:45 - 1 1 .2 5 ( - 1 1 .4 0 ) 1077.5

Gi is measure of fluorescence intensity. Gt is obtained 
from measurements of transmitted intensity.

Under Gf it is seen that a drift of the readings 
toward more positive values has taken place dur­
ing the experiment. Experimentally this drift 
was found to be nearly uniform. The drift per 
minute is, therefore, (11.40-11.25)/11. The fig-

(17) Porter and Iddings, T h is  J o ur n a l , 48, 40 (1926).
(18) DuBridge and Brown, Rev. Sci. Instruments, 4, 532 (1933) i

ures under Gf are then corrected for drift with 
the results given in parentheses. The value 14.93 
obtained at 3:38 is due to scattered plus fluores­
cent radiation, while the value 2.94 obtained at 
3:42 is due to scattered radiation alone. The 
difference (11.99) is proportional to the intensity 
of the fluorescence. At low acetone pressures the 
scattered radiation may be a large fraction of the 
total measured, so that the accuracy is small.

The average of Gt at 3:34 and 3 :44 is 1078.0 and 
is the value with the light off. By subtracting 
the reading at 3:42 one obtains 123.5, which is 
proportional to the radiation transmitted when 
no acetone is in the cell.

Since the amount of 3130 A. radiation absorbed 
is small it will vary nearly linearly with the path 
length. From the geometry of the system the 
length of path from which radiation could be in­
cident on the photoelectric cell measuring the 
fluorescence is 2.8 cm., but since relative results 
only are necessary this figure is not very critical.

Let A  be the fraction of the radiation trans­
mitted by the back window, Dt the measured 
intensity at 0 acetone pressure (=123.5 above), 
Dt the intensity in front of the back window and 
Dt the intensity in back of the front window both 
with acetone in the cell.

Then
D{ = Dt/A  (1)

From Beer’s law
Dl = Dt exp.(—kcl) =  Dt/A  exp.(—kcl) (2)

where l is the cell length (4 cm.), c is the concentra­
tion in moles per liter and k =  6.63 for 3130 A. 
radiation.17 Using the perfect gas law one finds 
(omitting A  which is constant)

D' = Dt X 10“61-735 X 10"5j> (3)

where P  is in millimeters.
The effective path (2.8 cm.) begins 0.5 cm. back 

of the front window. Use of Beer’s law indicates 
that the absorbed intensity is given by 
7a = Dt X 10“61-735 x 10“5p (105-41 x 10-4p -

JQO.996 ><10- 4 P )  ^

where the quantity in parentheses is the fraction 
of the light absorbed in the effective path (2.8 
cm.).

In the above example
Ja = 17.28 (5)

and
I  J i t  *= 1.44 (at P  «  152.8 mm.) (6)

A series of values of I J I i  could be made. As 
shown previously10 the intensity units cancel



1860 M a x  S. M a t h e s o n  a n d  W. A l b e r t  N o y e s , J r . Vol. 60

when a plot is made of this quantity against the 
pressure and the slope is divided by the intercept.

The estimated accuracy of IJIi is about =*=5%, 
although this tends to increase at low pressures of 
acetone where the fluorescence is very weak.

When biacetyl was mixed with the acetone or 
used alone the procedure was exactly similar to 
that described above, except that with pure bi­
acetyl the fraction of light absorbed was assumed 
to be proportional to the pressure since accurate 
absorption coeflicients of this substance have not 
been obtained.

Discussion of Results
It should be kept in mind that the incident in­

tensity in the present work was much larger (100 
to 1000 times) than that used in the previous ex­
periments.10

Since it was the object of the present work to 
ascertain what effect collisions have in deactivat­
ing acetone molecules, values of IJIi  were desired 
over a large pressure range and particularly at low 
pressures. However, it became evident quite early 
that measurements below pressures of 1 to 2 cm. 
were unreliable due to the small absorption by the 
acetone and consequent weak fluorescence.

Attempts to verify the previous work10 at higher 
pressures by plotting I J I i  against pressure and 
dividing the slope by the intercept gave not only 
results differing from those published, but the re­
sults were erratic and not reproducible. Figure 
2 shows plots of IJIi  vs. P  (cm.) for two different 
runs in which each point involved an exposure of 
the acetone to the radiation during ten minutes. 
Both of these runs were made by starting at low 
acetone pressures and adding acetone for each 
successive point without, however, evacuating 
the line between points.

As stated above, experiments at low pressures 
are accompanied by a large error, although it may 
be significant that IJIi  apparently increased at 
pressures of a centimeter or below as indicated 
roughly by the dotted lines.

In the previous work it was found that
Slope/Intercept = 0.052 (Av.)10 (P in cm.) (7)

In the present experiments many values of slope/ 
intercept were found which agree approximately 
with this figure providing one considers only 
points at low pressures obtained before the acetone 
had been subjected to a long exposure to the radia­
tion. Thus in Fig. 2, 0.134 and 0.036 (approxi­
mately) were obtained for slope/intercept for the 
lower points. It seems evident that the conclu­
sions of Fisk and Noyes10 need not be seriously 
modified, although they were based on data ob­
tained over a limited range of experimental con­
ditions.

However, it should be pointed out that in every 
case the IJIi vs. pressure curve passes through a 
maximum (see also Fig. 3). Although the data 
obtained previously indicate that the slope tends 
to become less at higher pressures, this fact had 
not been observed.

Fig. 3.—F, 2-minute exposure; G, Dt one-fourth 
that for F, same exposure tim e; H, A  same as for F, 
4-minute exposure, fresh acetone used for each point.

The following observations are also important:
(1) As the intensity is increased the value of 

IJIi  decreases, this effect being more noticeable 
with long than with short exposures. Previously 
it had been found (for very low intensities) that 
IJIi  was approximately independent of inten­
sity, although the data were not very satisfactory 
on this point.

(2) At a given pressure and a given intensity 
IJIi  decreases with increasing time. However, ifFig. 2.
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the acetone is condensed with liquid air the value 
of this ratio returns almost exactly to its initial 
value. This indicates that some relatively non­
volatile substance is responsible for this phenome­
non, since the mere interposition of a shutter did 
not produce this effect.

(3) When short exposures were used for the 
measurement of each point (curves F, H and G, 
Fig. 3) the point of inflection tended to come at 
higher pressures than was the case with long ex­
posures. A greater displacement was observed 
with low intensities (curve G). (It should be 
kept in mind that with the exception of H (Fig. 3) 
successive points were obtained by adding ace­
tone without intervening evacuation.)

(4) If the line was evacuated between succes­
sive points (curve H, Fig. 3) the maximum was 
displaced toward higher pressures even though 
high intensities were used.

(5) Results obtained by starting at a high pres­
sure and removing acetone to reduce the pressure 
between points did not agree with those obtained 
by the procedure normally used.

All of these facts point to the formation during 
illumination of some substance which has a 
marked effect in increasing the fluorescence.

Neglecting secondary reactions of relatively 
minor importance at room temperature, the 
photochemical decomposition of acetone proceeds 
mainly in two ways

(CH3)2CO = C2H6 +  CO1*3'11 (8)
2(CH3)2CO = (CH3CO)2 +  CVEte11’12 (9)

(In the presence of water Damon and Daniels1 
state that diacetone alcohol may be formed.)

Of the products in (8) and (9) biacetyl would be 
the least volatile and from other considerations 
might be expected to be the one responsible for 
the phenomena discussed above. It was decided, 
therefore, to examine the effect of biacetyl on the 
fluorescence of acetone.

Table II presents results obtained during one 
run in which the acetone pressure and the incident 
intensity were maintained nearly constant.

T able II
E ffect of Diacetyl on F luorescence of Acetone 

Acetone
press., mm. 69 .6  

Biacetyl
69 .8 69 .0 69.2 69.9 70.7 68.7

press., mm. 0 .50 0.34 0 .23 0.16 0.11 0.07 0
ft 29 .08 23.22 24.05 25.68 25.24 25.41 4.68
{D 148.0 142.0 141.0 137.5 135.3 135.75 133.0
Dt/ I i  5 .1 6.1 5 .9 5 .4 5 .4 5 .3 28.4
(£>t//f is very closely proportional to I a/I i)

Biacetyl alone at the pressures shown in Table 
II would absorb an amount of radiation too small 
to measure and yet it seems to increase the appar­
ent amount of fluorescence five or sixfold. This 
large effect at once raises the question as to 
whether acetone itself fluoresces.

The decisive answer to the question here raised 
cannot be made at once, but the following facts 
point to a fluorescence of acetone itself:

(1) After condensation by liquid air the fluores­
cence diminishes and reproduces the value ob­
tained at the beginning of illumination. Several 
minutes of illumination are necessary, except at 
higher acetone pressures where the absorption is 
high, before the fluorescence begins to increase 
markedly.

(2) The fluorescence changes from green to 
blue when oxygen is present.1 The interpretation 
of this fact is tentative and will be discussed later.

The conclusions to which the above experimen­
tal evidence seemed to lead necessitated an inves­
tigation of the fluorescence spectrum. The 
spectrum was photographed both with a small 
Hilger glass prism spectrograph and with an E3 
spectrograph with glass train. The silvered 
quartz plates were removed from the optical sys­
tem (see above) so that the incident radiation was 
less monochromatic than in the rest of the experi­
ments. Cramer Iso Presto and Wratten and 
Wainwright panchromatic plates were used.

The following results were obtained:
(1) With pure acetone (102 mm.), frozen down 

every seven minutes to lessen the effect of biacetyl 
and a three-hour exposure with the small spectro­
graph, two bands at approximately 5100 and 5600 
A. were observed. These are almost certainly 
the bands at 5117 and 5572 A. reported by Nor­
rish, Crone and Saltmarsh.3 When photographed 
with the larger spectrograph the band at 5117 A. 
seemed to consist of several maxima as found by 
Padmanabhan.4

(2) With pure biacetyl (45 mm.), two-hour ex­
posure with the small spectrograph, the same 
bands as in (1) appeared and in addition a faint 
band about 6100 A. The latter is probably the 
band at 6095 A. reported by Norrish, Crone and 
Saltmarsh.3

(3) Acetone (65 mm.) and biacetyl (0.5 mm.) 
and a two-hour exposure with the small spectro­
graph showed the same bands as in (1).

No trace of the region extending from 4100 to 
4800 A. reported by Damon and Daniels1 could be
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found, but this means in all probability that it is 
weak compared to the fluorescence at longer wave 
lengths. (The plates used by Damon and 
Daniels were not sensitive at wave lengths longer 
than 5200 A.) The blue color of the fluorescence 
when oxygen is present indicates that wave lengths 
below 5000 A. must be present. The observed 
bands at longer wave lengths, which were alone 
observed by Norrish, Crone and Saltmarsh,3 are 
evidently much more intense than any fluorescent 
emission in the blue region.

These results seem to indicate beyond any ques­
tion that the supposed emission of acetone is the 
same as that of biacetyl with the possible excep­
tion of wave lengths below 5000 A. The effect 
of oxygen on the fluorescence of biacetyl and of 
acetone was observed visually. With acetone 
oxygen weakened the fluorescence considerably 
and changed its color from greenish to blue in 
agreement with the results of Damon and Dan­
iels.1 With biacetyl the fluorescence was weak­
ened and became less yellow although it did not 
acquire the characteristic blue of acetone. At the 
same time biacetyl gave a heavy deposit on the 
windows.

If the emitter is the same for both biacetyl and 
acetone the following possibilities suggest them­
selves :

(1) Acetone may dissociate into CH3 and 
CH3CO, the latter being either formed in an ex­
cited state or raised to an excited state by colli­
sions of the second kind with excited molecules. 
Biacetyl would perhaps dissociate to give two 
CH3CO radicals.

The energy required to dissociate acetone by 
the equation

(CH3)2CO = CH3CO +  CHs (10)
is uncertain, but is probably not less than 75 kcal. 
Quanta of 3130 A. radiation correspond to about 
91 kcal. per mole. Thus neither free radical could 
possess enough potential energy to be capable of 
fluorescing in the visible spectrum (approximately 
50 kcal. per mole would be required at 6000 A.). 
Roughly the same discrepancy would exist for dis­
sociation and subsequent fluorescence of biacetyl.

Thus if emission by the CH3CO radical takes 
place this must follow an activation by a collision 
of the second kind. A detailed mechanism con­
sidering the possible secondary reactions leads to 
a kinetic expression too complex to be capable of 
any sort of rigorous test. The enhancement of 
the fluorescence due to the addition of small

amounts of biacetyl would have to be due to the 
dissociation of the latter into CH3CO radicals by 
collisions of the second kind with excited acetone. 
Thus two excited acetone molecules would be nec­
essary in each sequence of events leading to fluo­
rescence. Whether or not the incident intensity 
would appear as the square in the expression for 
the fluorescent intensity would depend on other 
steps used in the mechanism.

(2) The major portion of the fluorescence may 
be due to excited biacetyl molecules. This sub­
stance absorbs19 at least to 4700 A. If excited 
biacetyl molecules are reduced to the zero vibra­
tion level by collisions prior to fluorescence,20 the 
operation of the Franck-Condon principle m i g h t  

cause the maximum intensity of fluorescent emis­
sion to lie at longer wave lengths than the long 
wave absorption limit at room temperature.

If (2) is the correct explanation, the effect of 
oxygen is to prevent the formation of biacetyl and 
the weak blue fluorescence observed with oxygen 
present1 would be due to acetone itself. The 
second explanation may be expressed by the fol­
lowing mechanism

h i Ac +  h > =  Aci ( i p
h Aci =  M (12)
h Aci =  Ac +  h v \ (13)
k i Aci +  Ac =  2Ac (14)
k b Ad +  B =  B 1 +  Ac (15)
k(j B, +  Ac =  B T  Ac (16)
h B 1 =  B -j- hv% (17)
k s Bi =  N (18)

Ac represents a normal and Aci an excited acetone 
molecule. B is a normal and Bi an excited bi­
acetyl molecule. M and N are dissociation prod­
ucts. These equations lead to
T/T = (fea +  h  +  H A c) +  fe6(B))(fe«(Ac) +  k7 +  k8) 

klks(ke(Ac) T  h  - j-  ksj - j-  kikbh{B)
(19)

Since biacetyl has a very large effect on the fluores­
cence, this equation probably reduces to

k j / l i  =  (&e(Ac) +  h  +  h ) / h  (20)
and I/If is independent of biacetyl pressure unless 
the latter is very low. This is in accord with the 
facts.

In order to find an expression for the effect of 
intensity and time on the ratio of I/If, it is neces­
sary to introduce a rate of biacetyl formation. If 
this is assumed to be of such a nature that 
___________ (B) = K I0(Ac)t (21)

(19) Cf. Sponer, “Molekülspektren,” Verlag von Julius Springer, 
Berlin, 1935, Vol. I, p. 117.

(20) Cf. Gradstein, Z, physik. Chem., 22B, 384 (1933).
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where J0 is the incident intensity and t is the time, 
equation (19) becomes
j U  = (k2 +  h  +  H A c)  +  k5KIo(Ac)t)(h(Ac) +  h  -f ks) 

kikz(ka(Ac) T ^7 T k%) T î̂ 5̂ 7-̂ 1 o(Ac)/
( 22)

This equation is a quadratic in (Ac) divided by a 
first order expression in (Ac) and may be made to 
fit the data presented. When 14 is very small, 
(22) reduces to

k j/li -  1 +  (k2 +  h(Ac))/k3 (23)
which is the equation used by Fisk and Noyes.10

Therefore it is possible to explain the observed 
facts by means of the mechanism included in 
equations (11) to (18), but it is unsafe to conclude 
that fluorescence of the acetyl radical does not 
take place or may not be mainly responsible for the 
phenomena described.

The Raman spectrum of biacetyl has not been 
investigated very completely.21 Except, possibly, 
for the line at 1725 cm.-1, no close agreements are 
found with differences in wave numbers among 
the bands found by Padmanabhan.4 However, 
this is not evidence at present against the inter­
pretation given since the electronic spectrum of 
this molecule has not been analyzed.

Acetone seems to have no effect on the fluores­
cence of biacetyl, when the latter is at a pressure 
of about 50 mm. and the former at a pressure 
of a few millimeters. Thus the seemingly good 
resonance for deactivation of acetone by biacetyl 
does not carry over to the deactivation of biacetyl 
by acetone. This is not incompatible with the 
mechanism suggested.

The various facts concerning the photochemical 
decomposition of acetone and the fluorescence 
phenomena discussed above, indicate that the 
following reactions take place

(CH3)2CO +  hv = ((CH*)2CO)i (24)
((CH3)2CO)i = (CH3)2CO +  hvx (25)

= CH3CO +  CH3 (26)
CH3CO -f CH3CO = (CH3CO)2 (27)

CH3 +  CH3 = C2H6 (28)
CH3CO = CH3 +  CO (29)

((CH3)2CO)i +  (CH3CO)2 = ((CH3CO)2)! +  (CH3)2CO
(30)

((CH3CO)2)i = 2CH3CO (31)
= (CH3CO)2 +  hv2 (32)

(CH3)2CO +  ((CH3CO)2)i = (CH3CO)2 +  (CH3)2CO
(33)

(CH3)2CO +  ((CH3)2CO)i = 2(CH3)2CO (34)

It is possible that methyl radicals may react with 
acetone

CH3 +  (CH3)2CO = C2H6 +  CH3CO (35)
(21) Kohlrausch and Pongratz, Ber., 67B, 976 (1934).

Direct dissociation instead of the formation of ac­
tive molecules doubtless takes place in the con­
tinuum.

That the CH3CO radical is relatively unstable 
is indicated by the almost total absence of biacetyl 
formation at 60°11 and the fact that the photo­
chemical decomposition of biacetyl at 100° gives 
almost solely ethane and carbon monoxide.22

Spence and Wild11 find the ratio of ethane to 
carbon monoxide to increase with intensity when 
radiation in the continuum is absorbed by acetone, 
approaching a limiting value of 2.5. This is to be 
ascribed to the influence of reaction (27). In the 
full arc this ratio passes through a maximum and 
then decreases toward a limiting value of about
1.5. This would be due to (30), (31) and (29). 
In the banded region also the C2H6/CO ratio is 
nearly one, which would be ascribed to the high 
efficiency of (30) and the subsequent reactions 
(31) and (29). Thus biacetyl would have little 
chance of continued existence in the presence of 
excited acetone molecules.

While reactions (24) to (35) account for many 
of the experimental facts, the resulting kinetic ex­
pression would be so complex that it cannot be 
tested with data now available.

The effect of biacetyl formation is to tend to 
lower the ratio of slope to intercept in the pre­
vious work.10 The calculated mean life for ex­
cited acetone would be, if anything, too small and, 
as concluded previously for other reasons, the 
value of 4 X 10 ~10 sec. is a lower limit.

In conclusion the authors wish to express their 
appreciation to Dr. C. F. Fisk, who built the Du­
Bridge and Brown amplifier and made some pre­
liminary runs on the work herein presented.

Summary
1. An apparatus for studying the fluorescence 

of gases is described.
2. The ratio of absorbed to fluorescent inten­

sity of acetone is a function both of incident in­
tensity and of time of exposure. Only at very 
low intensities is a Stern-Volmer equation obeyed.

3. The fluorescence spectra of acetone and of 
biacetyl are identical at wave lengths longer than 
5000 A. The fluorescence in the blue, which 
alone appears when oxygen is present, is much 
weaker than the fluorescence at longer wave 
lengths and could not be photographed.

(22) Porter, Ramsperger and Steel, T h is Jo urn al , 45, 1827 
(1923),
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4. Small amounts of biacetyl greatly increase 
the fluorescence of acetone.

5. It is concluded that the fluorescent emit­
ters are the same for both acetone and biacetyl, at 
least as regards the bands at 5000 A. and longer 
wave lengths.

6. Mechanisms to account for these facts are

advanced. An adequate explanation is based on 
a very probable deactivation of excited acetone 
molecules by biacetyl, the excited biacetyl being 
responsible for the fluorescence. However, 
fluorescence of the CH3CO radical cannot be 
excluded.
P r o v id e n c e , R h o d e  I s l a n d  R e c e iv e d  M a y  6, 1938

[C o n t r ib u t io n  fro m  t h e  M e t c a l f  C h e m ic a l  L a b o r a t o r y  o f  B r o w n  U n i v e r s i t y ]
o

The Absorption Spectrum of Biacetyl between 1500 and 2000 A.

B y V ictor  R . E lls

In connection with work on the spectroscopy 
and photochemistry of ketones it was thought ad­
visable to study the absorption spectrum of bi­
acetyl. This substance is formed during the 
photochemical decomposition of acetone1 and is a 
possible product, along with other diketones, dur­
ing the irradiation of ethyl methyl ketone. Since 
absorption coefficients of the ketones below 2000
A. are far higher than in the near ultraviolet, it 
was hoped that the absorption spectrum might be 
used to detect even small amounts of biacetyl.

As would be expected the juxtaposition of two 
chromophoric groups causes a displacement of 
the absorption spectrum toward longer wave 
lengths. Thus in the near ultraviolet biacetyl 
vapor absorbs to 4670 A.,2 whereas acetone3 and 
ethyl methyl ketone4 show absorption to only be­
tween 3200 and 3300 A. Below these absorp­
tion regions both biacetyl and the other ketones 
show a broad zone of transmission extending to 
below 2000 A., where an intense absorption takes 
place.

Biacetyl shows bands with fine structure from 
4670 to 4400 A. at which point the bands become 
diffuse. Continuous absorption is observed be­
low 2800 A.2 and extending to about 2500 A.

Lardy5 and Luthy6 have investigated the spec­
tra of biacetyl and of glyoxal, respectively, in 
hexane solution. In biacetyl four bands occur 
between 4512 and 4054 A., a wide band at 2800

(1) Barak and Style, Nature, 135, 307 (1935); Spence and Wild, 
ibid., 138, 206 (1936).

(2) Cf. Sponer, “Molekülspektren,” Verlag von Julius Springer, 
Berlin, Vol. I, 1935, p. 117.

(3) Noyes, Duncan and Manning, J . Chem. Phys., 2, 717 (1934). 
This paper contains references to earlier work. See also Noyes, 
Trans. Faraday Soc., 33, 1495 (1937).

(4) D uncan, Ells and Noyes, T his Jo urn al , 58, 1454 (1936).
(5) Lardy, Compt. rend., 176, 1548 (1923).
(6) Luthy, ibid„ 176, 1547 (1923).

and another at 1950 A. being observed also. 
Glyoxal between 4613 and 3119 A. shows seven­
teen bands and in addition there are bands at 
2800 and 1950 A. The substitution of a CH3 
group for a hydrogen atom widens the narrow 
bands, reduces their number and increases the 
absorption coefficient.

Experimental
The biacetyl (Eastman) was fractionated several times 

before being introduced into the storage bulb, after which 
it was again fractionated three times at low pressures in the 
vacuum line. Calcium chloride was used as a drying 
agent and the boiling point of the fraction taken was 87- 
88 °. The freezing point was approximately — 4 °, although 
no value is recorded in the literature. No vapor pressure 
data could be found, but the observed vapor pressures were 
about 0.01 mm. at —70°, 1mm. at —30° and 13 mm. at 0°.

A quartz cell with relatively thin windows was inter­
posed between the hydrogen discharge tube and the slit of 
the vacuum spectrograph to avoid introducing the bi­
acetyl directly into the spectrograph. Thus an absorbing 
column about 15 cm. in length and vapor pressures from 
0.01 to 15 mm. were used. The spectrograph has been 
described.3 Ilford I plates were used.

The dispersion of the spectrograph with the setting used 
was found to be 8.48 A. per mm. in the first order. The 
1931.027 A. line of C III  and a number of the fourth posi 
tive bands of carbon monoxide were used7 as wave length 
standards. Since a quartz cell was employed, the lower 
limit of observation was about 1550 A.

Results
Twenty-six bands of biacetyl were found in all. 

These are listed in Table I, together with rough 
estimates of the intensities based on the pressure 
at which the bands appeared and their visually 
estimated intensities on the plates. The red 
edges of the bands appeared to be most sharp and 
are reported. Most of the bands were sufficiently

(7) Read, Phys. Rev., 46, 571 (1934).
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sharp so that the error should not exceed ten wave 
numbers, although a few of the more diffuse bands 
may not be accurate to better than 30 cm."1. 
Bands measured only once may be considered to 
be somewhat doubtful.

T a b l e  I
B ia c e t y l  B a n d s , 1600-2000 A.

Wave length,
A.

Wave number 
cm.-1

Relative
intensities

No. times 
measured

1691.45 59121 75 8
1705.09 58648 50 8
1720.13 58135 20 2
1730.88 57774 40 8
1745.35 57295 100 9
1883.77 53085 2 3
1905.45 52481 3 5
1928.08 51865 4 3
1951.07 51254 12 11
1960.78 51000 1 1
1962.44 50957 4 5
1963.56 50928 4 4
1964.64 50900 4 4
1965.95 50866 5 8
1967.30 * 50831 1 1
1968.16 50809 3 1
1969.05 50786 3 1
1970.06 50760 4 3
1970.99 50736 8 8
1972.08 50708 6 12
1973.09 50682 12 12
1974.45 50647 12 15
1975.82 50612 2 3
1977.14 50578 2 2
1982.87 50432 1 1
1984.40 50393 1 1

One upper electronic state probably leads to all 
the bands in the table except the first five. These 
twenty-one bands are found in three regions, as 
are those from 50,634 to 53,119 cm.-1 in ethyl 
methyl ketone4 and those from 51,000 to 54,954 
cm.-1 in acetone (four regions). The bands pre­
sent many similarities in all three compounds.

In biacetyl, as in the other two ketones, the 
structure is sharpest in the region of longest wave 
length and very diffuse in the other two.

From intensity considerations the 50,647 band 
is probably the origin of the system. Absorption 

* is practically complete above 56,000 cm.-1 at the 
optimum pressure for observing the bands from 
50,600 to 54,000.

The prominent bands in the three regions re­
ferred to above are separated by about 1200 cm. ~l 
as follows :

50,647 51,865 • 53,085

It is true that frequency differences very close to 
this seem to be found in other ketones,8 but it is 
less clear with biacetyl whether this difference is 
significant, since it is possible to put five of the 
important bands in a progression using a fre­
quency approximately half as great:

50,647 51,254 51,865 52,481 53,085
607 611 616 604

However, similarities to the spectra of the other 
ketones would indicate the 1200 cm.-1 frequency 
to be characteristic of the upper state of the car­
bonyl group, especially since the bands 50,647, 
51,865 and 53,085 belong in different regions.

The Raman spectrum of biacetyl is probably 
not known in detail, although Kohlrausch and 
Pongratz9 have found the following frequencies 
(intensities in parentheses): 375 (0), 690 (2),
1275 ( y 2), 1444 (0), 1725 (2), 2940 (3), 3023 (V*). 
Frequency differences of 375 and 690 do not oc­
cur prominently, if at all, in the bands in Table 1. 
Therefore it is impossible to identify, even tenta­
tively, any transitions from upper vibration levels 
in the ground state.

Some eight differences of approximately 220 
em u 1 occur. This is rather low to be a funda­
mental frequency of either the upper or lower 
state and may possibly be ascribed to a difference 
between upper and lower state fundamentals. 
Further attempts at a vibration analysis seem in­
appropriate at present.

The first five bands in Table I doubtless involve 
a second upper electron state as do the bands 
60,086 to 62,529 in acetone and 58,110 to 59,360 
in ethyl methyl ketone. 1350 occurs twice and 
475 occurs twice as frequency differences among 
these bands, but the significance of these numbers 
is uncertain.

Since a quartz cell was used, the spectrum be­
low 1550 A. was not investigated. In acetone 
Duncan10 found a Rydberg series among the bands 
at shorter wave lengths, but such a series, if it 
exists, could not have been found in the present 
experiments.

As the pressure is increased continuous absorp­
tion appears at the shorter wave lengths studied 
and gradually spreads until it reaches 2000 A. 
In this respect biacetyl somewhat resembles the 
other ketones.

(8) Henri, Compt. rend., 199, 849 (1934); 203, 67 (1936); East- 
wood and Snow, Proc. Roy. Soc. (London), A149, 434 (1935); see 
Noyes, J . Phys. Chem., 41, 81 (1937).

(9) Kohlrausch and Pongratz, Ber., 67B, 976 (1934).
(10) Duncan, J . Chem. Phys., 3, 131 (1935).1218 1220
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Certain of the bands of biacetyl occur, as would 
be expected, at longer wave lengths than similar 
bands for the other ketones hitherto investigated. 
Since absorption coefficients in the absorption 
regions below 2000 A. are, generally speaking, 
very high, it probably would be possible to use 
these bands for a semi-quantitative as well as a 
qualitative estimate of the amount of biacetyl 
present along with acetone and ethyl methyl 
ketone.

In conclusion the author wishes to express his 
appreciation to Dr. W. A. Noyes, Jr., who sug­
gested this problem.

Summary
The absorption spectrum of biacetyl vapor has

been investigated with a vacuum grating spectro­
graph between 2000 and 1550 A. Absorption 
regions are found which correspond in general to 
those in acetone and ethyl methyl ketone, al­
though they are displaced to longer wave lengths 
as would be expected due to the juxtaposition of 
two carbonyl groups. A prominent frequency 
difference of about 1220 cm.-1 is found in the 
upper state, although the presence of another 
difference almost exactly half as great renders the 
interpretation ambiguous. Certain bands occur 
at wave lengths sufficiently displaced from those in 
acetone and ethyl methyl ketone to permit them 
to be used for the identification of biacetyl in the 
presence of these other substances.
P r o v id e n c e , R . I. R e c e iv e d  M a y  6 , 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , S t a n f o r d  U n i v e r s i t y ]

Phase Rule Studies of Soap Systems.
I. Applicability of the Phase Rule

B y  J. W. M cB a in , R. D.

The purpose of this introductory paper is to 
justify the application of the phase rule to soap 
systems.

It has been shown1 that many colloid systems 
are formed spontaneously from their crystalloidal 
components, and exhibit properties which are 
independent of previous history and are solely de­
pendent upon composition and temperature, and 
that they are thermodynamically stable in the 
same sense as are crystals or solutions of sugar or 
salts. It will be shown that therefore the phase 
rule in its usual form, (F =  C +  2 — P), must 
apply to all thermodynamically stable colloid 
systems, without the introduction of any new 
variable.

Empirically, it has been found in many contri­
butions since that of McBain and Burnett in 1922 
that the behavior of systems of soap, water and 
electrolytes can be represented quantitatively on 
the usual Gibbs triangular diagram.2 A large 
body of knowledge has been thus assembled and

* Née M. J. Young.
(1) J. W. McBain and A. J. Burnett, J .  Chem. Soc., 121, 1320 

(1922); J. W. McBain, Fourth Colloid Symposium Monograph, 4,
7 (1926); Kolloid-Z., 40, 1 (1926); T h is  J o urn al , 58, 2610 (1936); 
60, 223 (1938).

(2) See also J. W. McBain and E. Walls, Fourth Colloid Report 
of the British Association for the Advancement of Science, 1922, 
p. 244.

VOLD AND M . J . VOLD*

the work of previous authors3 also has been found 
to fit into the same systematic description and 
analysis. The results have led to a greatly clari­
fied understanding of the processes and phenom­
ena of soap-boiling.

The same phases occur for sodium palmitate,4 
potassium laurate,5 and potassium oleate.6 The 
observations of temperatures at which phase 
changes occur and the analytical data on the com­
position of separated phases fit into the phase rule 
diagrams. Similar results have been obtained in 
experiments on the mixed fatty acids from coco­
nut oil and in the experiments of Elford with 
commercial oils and fats on a full commercial 
scale. Ferguson and Richardson7 likewise found 
that the phases of commercial soaps are the same 
as those in soaps from a single fatty acid.

(3) F. Merklen, “ Études sur la Constitution des Savons du 
Commerce,” Marseilles, 1906; German edition by F. Goldschmidt, 
Halle-a.S., 1907; T. Richert, Diss., “Über das Aussalzen von Seifen,” 
Karlsruhe, 1911; F. Batz, Diss., Karlsruhe, 1918; M. Thörl, Diss., 
Karlsruhe, 1918.

(4) J. W. M cBain and G. M. Langdon, J . Chem. Soc., 127, 852
(1925) ; also J. W. McBain, L. H. Lazarus and A. V. Pitter, Z. physik. 
Chem., A147, 87 (1930); this paper contains an extensive bibliog­
raphy.

(5) J. W. M cBain and M. C. Field, J . Phys. Chem., 30, 1545
(1926) .

(6) J. W. M cBain and W. J. Elford, J . Chem. Soc., 421 (1926).
(7) R. H. Ferguson and A. S. Richardson, Ind . Eng. Chem., 24, 

1329 (1932).
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It was an important finding,2 confirmed by all 
subsequent work, that for practical purposes, 
apart from processes involving graining or salting 
out, the complex contents of the soap kettle may 
be regarded as a three-component system of soap, 
water and electrolyte.7,8

All this work together with the papers which 
presently are being communicated illustrates the 
utility of the phase rule in giving a comprehensive 
quantitative description of the behavior of soap 
systems. The very different methods used in 
these studies: namely, analysis of separated
phases, visual observation of temperatures and 
concentrations at which phases appear and dis­
appear, observations with the microscope and 
the polarizing microscope with heating stage,9 
vapor pressures, and dilatometer, are all in com­
plete agreement.

The Phase Rule and Colloids
Theoretically, the phase rule may be regarded 

as an extension to chemistry of the algebraic prin­
ciple that n equations are needed for a unique 
determination of n independent variables. In 
heterogeneous equilibria the variables are tem­
perature, pressure and composition of the phases, 
and the relations between them are derived from 
the thermodynamic criterion of equilibrium that 
the chemical potential or partial molal free energy 
of each component must be the same in all 
phases throughout the system. The phases must 
be effectively homogeneous, uninfluenced by 
“capillarity,” and in true equilibrium with each 
other.

No phase is homogeneous on an atomic or 
molecular scale, and the difficulty is often felt to 
be accentuated when colloidal particles are pres­
ent. Büchner10 has given a satisfactory answer 
by pointing out that heterogeneity has only a 
relative and not an absolute meaning and that 
heterogeneous systems are not necessarily two- 
phase systems. Even optically heterogeneous 
colloid systems become homogeneous in the Gibb­
sian sense if the volume element selected is large 
compared with the micelle instead of the molecule.

A colloid is thermodynamically a single phase 
only if its external properties such as vapor pres­
sure, freezing point, distribution ratio, etc., etc., 
are solely and completely defined by temperature,

(8) J . W. M cBain and A. V. Pitter, J . Chem. Soc., 893 (1926); 
R. H. Ferguson, Oil and Soap, 14, 115 (1937).

(9) K. MacLennan, J. Soc. Chem. Ind ., 42, 393T (1923).
(10) E. Büchner, “ Colloids as One-Phase Systems,” in Alexander’s 

“ Colloid Chemistry,” Vol. I, 1926, Chapter 4, p. 126.

pressure and composition. Although the effects 
of capillarity are explicitly excluded in the deduc­
tion of the phase rule,11 yet since temperature, 
pressure and concentration in a stable reversible 
colloidal system coincidentally determine the cap­
illary state of the system, there is no effect upon 
the application of the phase rule to external equi­
libria.12

Attainment of Equilibrium
It is a prerequisite for the legitimate applica­

tion of the phase rule that true reversible equilib­
rium is attained and is thereafter independent of 
time. The same final state should be attainable 
from higher and lower concentrations or from 
higher and lower temperatures. Of course, the 
phase rule applies to reversible metastable equilib­
ria as well, just as it applies to the solubility curve 
of anhydrous sodium sulfate or even of the slowly 
hydrolyzing substance ethyl acetate where hy­
drolysis is slow in comparison with the measure­
ment. It is essential to show not only that the 
system has been brought into equilibrium but 
that this has not been displaced or distorted by  
the method of examination. Mere cooling of a 
soap system may introduce a phase which only 
slowly disappears again and may thus be mislead­
ing. This is one source of the experimental dis­
crepancies which have been discussed at length 
in the German literature.12

Phases and Nomenclature in Soap Systems
Apart from false “equilibria/’ much of the de­

nial of the applicability of thermodynamics to 
soap systems has arisen from the great confusion 
in the terminology employed in describing them, 
especially in translation. For clarity, therefore, 
the phases of soap systems will be listed.13 It is 
helpful to refer to the two component diagram of 
Fig. 1, and to the schematic three component dia­
gram, Fig. 2, where the corners represent soap, 
water and salt, respectively, and the composi-

(11) Scientific Papers of J. Willard Gibbs, Vol. I, Longmans, 
Green and Co., 1906, pp. 62 and 96.

(12) Compare the voluminous literature summarized by W o, 
Ostwald and H. Erbring, Kolloidchem. Beihefte, 31, 291 (1930). 
Likewise, Kruyt and de Jong hesitate to give the name phase to  the  
liquid layers separating out in colloid systems, rejecting the phase 
rule and terming the process “coacervation,” the colloid richer 
liquid “coacervat” and the liquid poor in colloid “liquide d ’équi- 
libre” ; H. G. Bungenburg de Jong, “La Coacervation, les Coacervats, 
et leur Importance en Biologie,” Tomes I and II, Actualités Scien- 
tifiques et Industrielles No. 397, Herman et Cie., Paris, 1936.

(13) For full descriptions, see J. W. M cBain in Alexander’s 
“Colloid Chemistry,” Vol. I, 1926, Chapter 5, p. 138; J. W. M cBain  
and M. C. Field, T h is J o u r n a l , 55, 4776 (1933). For examples 
of German terms, see E. L. Lederer, “Kolloidchemie der Seifen ,” 
Th. Steinkopff, Dresden, 1932, p. 299.
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tions are proportional to the distances from these 
corners.

1. Clear Isotropic Solution. Nigre. Lye.—
It is seen from Fig. 1 that there is only one body 
of isotropic solution which at sufficiently high tem­
peratures embraces all proportions of soap and 
water, as they are completely miscible above the 
true melting point of the soap. Nevertheless in

Fractional proportion of KOI.
Fig. 1.—Equilibrium diagram for the two- 

component .system potassium oleate-water (from 
McBain and Elford6).

Fig. 2, which refers to a single temperature, it is 
evident that there is a region, which may be called 
the isotropic bay region,14 where two portions of 
the isotropic solution may exist in equilibrium 
with each other as separate liquid phases. The 
one containing much salt with but little soap is 
called lye, or “Unterlauge,” or “dtinne Lauge,” 
The other containing a moderate concentration 
of soap is the soap boilers’ nigre, or “Leimnieder­
schlag,” “schwarzliche Fliissigkeit,” “Leimseife,” 
or “Leim.” The isotropic solution in general is 
commonly called soap solution, “isotrope Seifen- 
lösung,” “isotrope homogene Lange,” or “Seifen- 
s o l”

In the middle of the isotropic region some soaps 
become highly viscous or set to an isotropic

(14) A similar bay is found for gelatin, F. Kellogg and J. W. 
M cBain, J . Gen. Physiol., 12, 1 (1928). A diagram rather similar 
to  Fig. 2 is also obtained for serum globulin with pseudoglobulin and 
euglobulin occupying the positions of neat and middle soap; J. W. 
McBain and E. Jameson, Trans. Faraday Soc., 26, 768 (1930).

jelly.15 This is not a separate phase and has no 
separate boundary. The jelly is clear, transpar­
ent and elastic, and may flow slowly. It is un­
fortunate that the term “Seifen-Gallerte” has 
been employed to designate a wholly different 
opaque mixture of phases leaving no German term 
to indicate the true soap jellies. Soap jellies,15 
like middle soap,4 were previously unknown.

Soap

Fig. 2.—Schematic equilibrium diagram for a 
system soap-salt-water near 100°.

2. Neat Soap.— Neat soap is a doubly re­
fracting clear or translucent liquid crystalline 
soap phase. It includes the soap boilers’ fitted 
and settled soap (while hot), or “geschliffene 
Kernseife,” “Kernseife auf Leimniederschlag,” 
“abgesetzte Kernseife,” “klare Seife,” or “glatte 
Kernseife.” Curd soap, or “Kernseife auf Unter­
lauge,” is, when hot, the same phase, neat soap; 
except where the concentration of electrolyte is so 
high as to cause separation of curd fibers, which 
anyway appear on cooling (see below).

3. Middle Soap.—This is another conic 
anisotropic liquid or clear doubly refracting liquid 
crystalline phase, immiscible with neat soap, and 
of lower soap content. It sometimes has been 
mistakenly confused with “Leimniederschlag” or 
nigre which is wholly different.

4. Crystalline Phases. A. Lamellar Crys­
tals.—These very thin six-sided transparent 
colorless crystals, giving a highly developed X- 
ray pattern, occur sometimes with sodium soaps, 
or sediments of acid soaps, but more frequently 
with potassium, ammonium and hydrogen soaps, 
forming the fig in soft soaps. Since they gen­

u s )  M. E. Laing and J. W. McBain, J . Chem. Soc., 117, 1506
(1920); Kolloid-Z., 35, 18 (1924).
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erally are not found as a stable phase in the case 
of sodium soaps they do not appear on any of the 
phase-rule diagrams in this or the following paper.

B. Curd Fibers.—This second crystalline 
phase, showing with X-rays16 a three-dimensional 
spacing, is the same as the curd phase of Void and 
Ferguson.17 It is the common crystalline form of 
sodium soaps and is the phase which is referred to 
as hydrated crystals on many of the diagrams. 
They are white fibers, “Kernfasern,” often several 
centimeters long, but usually consisting of bundles 
of fibers which are ultramicroscopic except in 
length. They have been photographed in the 
ultramicroscope by Zsigmondy and Bachmann18 
and by McBain, Darke and Salmon.19 Curd 
fibers may be anhydrous but usually contain 
water. It is not certain whether they form defi­
nite hydrates or are of continuously variable com­
position. Although submicroscopic fibers may 
be present, this crystalline phase is sometimes 
granular in appearance rather than fibrous.

Soap Systems: Multiphase Equilibria
According to the phase rule, in any three com­

ponent system, three liquid or solid phases may 
coexist at any one temperature, with vapor, as is 
shown by the triangles within Fig. 2, whose corn­
ers represent the phases in contact; at least one 
of these four phases will be of continuously vari­
able composition or concentration with change in 
temperature. Ostwald and Erbring12 have mis­
takenly regarded the coexistence of three con­
densed phases over a temperature range as a dis­
proof of the applicability of the phase rule. The 
coexistence of pairs of phases, both of variable 
composition at any one temperature, is likewise 
shown in Fig. 2 in the areas shaded with tie lines 
whose ends connect the phases in contact. Five 
phases of fixed composition are required for any 
invariant three component system.

(16) S. H. Piper, J . Chem. Soc., 234 (1929); P. A. Thiessen and 
J. Stauff, Z. physik. Chem., A176, 397 (1936); P. A. Thiessen and 
R. Spychalski, ibid., A156, 435 (1931).

(17) R. D. Void and R. H. Ferguson, communication submitted 
to T h is  J o ur n a l .

(18) R. Zsigmondy and W. Bachmann, Kolloid-Z., 11, 152 (1912).
(19) W. F. Darke, J. W. McBain and C. S. Salmon, Proc. Roy. 

Soc. (London), A98, 395 (1921).

Soap curd, or simply curd (not to be confused 
with commercial curd soap boiled on lye, espe­
cially not with curd fibers) is a mixture of phases 
which occurs in the curd region indicated on Fig. 
2, and consists of a white, more or less opaque, 
mass of solid containing curd fibers, with or with­
out solution or liquid crystalline material. Dry 
curd consists entirely of curd fibers. Curd has 
been variously designated “geronnener Kern,” 
“kristallines hydratisiertes Gerinnsel,” “Gerinn- 
sel,” “Koagel,” “Kernseife,” or “ Seif engel ” ; 
it is not “Kernseife,” which is neat soap. The 
formation of curd has been called “Erstarrung” or 
“Gelatinierung,” which has been confusing be­
cause gelatinization is usually reserved for the 
formation of true jellies.

Curiously, McBain’s suggestion that soap curd 
may consist of a mixture of definite hydrates of 
crystalline curd fibers has been regarded12 (see 
also Lederer13) as evidence that the phase rule 
does not apply to soap systems. It is supposed 
that the water content of curd fibers varies con­
tinuously, with the non sequitur that McBain’s 
suggestion leads to the conception of curd fibers 
as consisting of an infinite number of phases. 
The correct alternative is a single phase of con­
tinuously variable composition. The confusion 
may be due to failure to distinguish between curd 
and curd fibers, the former being the heterogene­
ous masses indicated in Fig. 2 in the curd region 
and the latter consisting either of a few definite 
crystalline hydrates or of one or two series of 
crystals containing variable amounts of water, as 
in the zeolites.

Summary
1. It is shown that the phase rule is applicable 

in its usual form to thermodynamically stable 
colloid systems in true equilibrium.

2. It is pointed out that the phase rule does 
in fact describe the actual behavior of soap sys­
tems.

3. Since reported discrepancies appear to have 
been due to misunderstanding of the phases and 
systems discussed, these are listed and defined.
S t a n f o r d  U n i v e r s it y , C a l i f . R e c e iv e d  A p r il  12, 1938
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Phase Rule Studies of Soap.
II. The System Sodium Laurate-Sodium Chloride-Water

By J. W. M cBain, G. C. Brock, R. D. Vold and M. J. Vold

In the preceding paper a review has been made 
of existing phase rule studies of soap systems. 
This paper, extending the work begun by one of us 
in collaboration with A. J. Burnett1 adds the sys­
tem sodium laurate-sodium chloride-water to the 
list of those whose behavior has been investigated 
over a wide range of temperature and composition. 
In the present work emphasis has been placed on 
verifying the strict applicability of the phase rule 
and on ascertaining the experimental conditions 
necessary for establishing true reversible equilib­
rium.

Experimental Procedure
Three different standard methods have been employed. 

The first, the synthetic method, consists of observing the 
temperatures at which phase changes occur in systems of 
known composition. The second, the delimiting method, 
is an isothermal procedure having the consequent advan­
tage that observations on the same tube can be made at 
intervals over a period of time. I t  consists of preparing, 
by trial and error, pairs of systems whose compositions lie 
very close together, one on each side of the boundary to be 
determined, and placing the boundary between them. 
The third method consists of analyzing the separated 
phases.

The sodium laurate used was a special preparation made 
for us by Kahlbaum (it contained less than 0.3% excess 
fatty acid). The soap was dried in an air oven at 105° 
from time to time and periodic checks made of its water 
content, which was always taken into account in making 
up tubes. Kahlbaum dry sodium chloride 'Tor analysis” 
was used throughout. The water was freshly distilled, and 
in the case of dilute systems special precautions were taken 
to exclude carbon dioxide.

In all cases the calculated quantities of salt, water and 
soap, in the order named, were weighed into heavy-walled 
Pyrex glass tubes which were sealed off immediately to 
prevent changes in composition.

For application of the synthetic method the following 
procedure was adopted. The tube was first heated to a 
temperature such that its contents formed a homogeneous 
isotropic solution. A “Mazola” oil-bath was employed 
for temperatures up to 230°. Temperature was measured 
by means of a calibrated mercury thermometer. Above 
230° an electrically heated oven provided with mica win­
dows was used. Temperature was measured by means of 
a calibrated thermocouple pyrometer. Then the tube was 
allowed to cool slowly and the temperature (TV) recorded 
at which the first turbidity appeared due to the formation 
of droplets of a second phase. Finally, the tube was

(1) J. W. McBain and A. J. Burnett, J. Chem. Soc., 121, 1320 
(1922).

cooled to room temperature and the temperature (7 c) 
recorded a t which, on slow reheating, the last trace of 
crystal or curd fibers just disappeared.

For application of the delimiting method, the following 
procedure was found to be most desirable. Spurious 
results that may be obtained by superficially innocent 
variations of this procedure are described later. First the 
tube was heated to homogeneity as described under the 
synthetic method. I t  was then cooled to the desired tem­
perature and allowed to stand for a few days, undisturbed 
except for periodic gentle mixing of the separated phases. 
The number and nature of the phases present was deter­
mined by inspection.

For the analytical work larger samples were used; conse­
quently, because of the increased danger of explosion, 
these tubes were not heated to homogeneity. The tubes 
were allowed to stand at 90° for three months. Since the 
results obtained were in good agreement with those ob­
tained by the other two methods, we are confident that 
equilibrium was reached. The analyses were carried out 
in the following manner. A tube was removed from the 
thermostat and quenched by immersion up to the level 
of the soap sample in a salt-ice-water freezing mixture. 
Each of the separated phases was analyzed for soap content 
by decomposition with a known amount of sulfuric acid, 
extraction with ether and titration with sodium hydroxide 
solution of the weighed lauric acid recovered from the 
ether extract, as well as back titration of the acid in the 
aqueous layer. Salt content was determined by titrating, 
with silver nitrate, the neutralized aqueous layer from 
which the fatty acid had been extracted.

The System Sodium Laurate-Water
In the two component system sodium laurate- 

water, the observations of temperatures at which 
phase changes occur can be plotted directly on a 
temperature-composition diagram. The data ob­
tained are recorded in Table I and Fig. 1. Curve 
ABCD is drawn through points representing the 
upper temperature limit of existence of liquid 
crystalline soap phases (7|). Curve EFGHDJO 
is drawn through points representing the upper 
temperature limit of the existence of crystalline 
soap (Fc).

At all points above the curve ABCDJ the soap 
system consists of homogeneous isotropic solution. 
In the composition range from F to G and also 
that from H to D, the temperature of disappear­
ance of crystalline soap is constant. Conse­
quently, by direct application of the phase rule, 
four phases are present in each of these regions. 
These phases are crystalline soap, middle soap,
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T a b l e  I

T h e  T w o  C o m p o n e n t  S y s t e m  S o d iu m  L a u r a t e - W a t e r
NaL  

wt. % Ti Tc
NaL  

Wt. % Ti Tc
2.17 — 24 43.44 145 51
2.68 — 25 44.31 144 51
2.87 — 26 46.19 149 54
3.53 — 28 46.75 149 55
5.20 — 32 49.39 139 57

10.89 — 38 51.12 141 59
18.77 — 41.5 51.29 153 60
28.77 — 42 53.21 182 61
31.19 — - 42 57.34 236 61.5
31.91 — 42 58.40 237 62.5
32.69 — 42 60.60 242 6 6
35.09 85 44 60.89 247 66
36.80 100 44 62.30 266 —

42.50 142 50 71.16 290 76
43.63 144 51 100 310 226

neat soap and vapor in the case of region FG;
and crystalline soap, middle soap, isotropic solu­
tion and vapor in the case of region HD.

A

|E

ISOTROPIC SOLUTION

c n F A

CR
YS

TA
L

NEAT L
tz

Ld \ A

HY
DR

AT
ED

il
l EE

h. E

-i vAO B  Q
2  p i

= = = £ * 0

75 50 25
Weight per cent, of sodium laurate.

Fig. 1.—The system sodium laurate-water.

These observations make the further course of 
the diagram clear even though the boundaries 
that have not been quantitatively determined 
throughout are drawn with dashed lines. No 
conclusion concerning the constitution of the 
crystalline form or forms can be drawn from the 
work included in the present communication, but 
it is a definite result from vapor pressure studies at 
90° (which will be communicated shortly) that it 
does not consist of anhydrous sodium laurate. 
Further vapor pressure measurements designed 
to ascertain the number and nature of the crystal­
line phases are now under way in this laboratory.

Meanwhile, to facilitate interpretation of the dia­
gram, a tentative boundary has been drawn in 
(dotted line, Fig. 1).

Fig. 2.—The boundaries of the field of aqueous iso­
tropic solutions at definite temperatures (curves), as 
deduced from Ti determinations (circles) made at inter­
mediate temperatures.

The phase behavior of sodium laurate and water 
is entirely similar to that of other soap systems.2 
The nature of the phases and the various equilibria 
have been described in these earlier communica­
tions. At point C middle soap is in equilibrium 
with an isotropic solution of the same composition 
(NaL +  14.4 H20, or 3.85 Nw solution). This 
point does not indicate compound formation; 
it has the same nature as a maximum point of

Fig. 3.—The limiting solubilities of hydrated crystal­
line soap at definite temperatures (curves), as deduced 
from the Tc determinations (circles) made at inter­
mediate temperatures,

(2) McBain, Lazarus and Pitter, Z. -physik. Chem., A147, 87 
(1930); McBain and Elford, J . Chem. Soc., 421 (1926); McBain 
and Field, J . Phys. Chem., 30, 1545 (1926).
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tangency of an ordinary solidus and liquidus 
curve.3

wt. % Wt. % Ti wt. % Wt. % Ti
A. Middle Soap is Formed C. Neat Soap is Formed

37.78 2.00 58 33.72 5.48 70
42.56 2.09 76 29.11 7.37 106
42.74 2.09 77 22.66 9.96 130
37.40 1.15 92 17.65 10.34 108
45.89 1.66 92 15.81 12.67 168
44.37 1.54 107 16.29 11.01 120
42.22 1.20 118 19.39 11.20 137
44.90 0.95 127 44.04 4.90 171
34.7 1.72 51 46.94 3.76 179

B. “Lye” is Formed
1.58
9.58 

16.90
0.63
6.73 
7.97 
4.84 
1.35 
2.14 
7.56

11.71
3.73 

12.13 
12.29

10.41
11.11
9.04

10.20
12.00
11.53
12.54
12.89 
12.76 
13.6 
12.99 
14.20
13.89 
15.36

65
67
71
76

113
93

128
132
133 
160 
160 
161 
183 
208

33.88
42.52
47.96
36.12 
30.18 
12.87
7.55

51.91
55.85
47.44
57.78
63.68
64.72
65.13 
73.35 
78.81 
79.34 
12.59

8.92
6.51
4.52 
8.61

11.57
16.28
17.65
6.91 
1.64
9.92 
4.46 
2.02  
0.46 
0.81 
0.84 
1.21 
0.68

10.97

T a b l e  III
T h r e e  C o m p o n e n t  S y s t e m  S o d iu m  L a u r a t e - S o d iu m  
C h l o r id e - W a t e r . T e m p e r a t u r e s  a t  w h ic h  S o a p  C r y s ­

t a l s  o r  C u r d  F i b e r s  C o m p l e t e l y  D is s o l v e

Weight per cent, of sodium chloride.
Fig. 4.—The system NaL-NaCl-H20 : equilibria at 60°.

The System Sodium Laurate-Sodium Chloride 
-Water.—Typical isothermal diagrams, hori­
zontal sections of the right triangular prism neces-

T a b l e  II
T h e  S y s t e m  S o d iu m  L a u r a t e - S o d iu m  C h l o r id e - W a t e r . 
T e m p e r a t u r e s  a t  w h ic h  I so t r o p ic  S o l u t io n  S e p a r a t e s  

a  L iq u id  C r y s t a l l in e  o r  a  S e c o n d  L iq u id  P h a s e
Composition Composition

NaL NaCl _  NaL NaCl

B.

C.

NaL NaCl NaL NaCl
wt. % wt. % T c wt. % wt. % To

A. Isotropic Solution d . :Neat Soap and
Remains “Lye” Remain

0.69 12.93 61 2.04 12.76 66
1.35 12.89 65 55.85 1.64 66
0.63 10.20 58 4.84 12.54 67
0.75 9.85 56 6.73 12.00 67
0.66 6.85 52 7.97 11.53 67
1.58 10.41 59 12.59 10.97 72
4.35 0.95 36 7.56 13.60 73
6.18 1.91 42 29.11 7.37 74
3.41 2.81 43 44.04 4.90 74

10.17 2.93 46 47.96 4.52 75
2.89 4.72 48 19.39 11.20 78
6.57 5.33 50 22.66 9.96 77

17.06 5.73 57 11.71 12.99 77
14.97 6.03 57 12.13 13.89 78
16.75 6.26 58 15.81 12.67 78
27.31 5.97 63 16.29 1 1 .0 1 78

9.90 6.91 58 3.73 14.20 78
37.91 3.25 59 42.52 6.51 79
. Middle Soap Remains 32.88 8.92 80
37.6 1.10 58 36.12 8.61 84
37.4 1.15 50 30.18 11.57 87
42.20 1.20 54 12.87 16.28 91
44.37 1.54 59 17.65 10.34 76
44.90 0.95 55 57.78 2.52 180

51.91 6.91 198
. Middle Soap and Nigre 47.44 9.92 209

Remain 33.72 5.48 64
37.44 1.98 55 9.58 1 1 .1 1 64
45.89 1.66 59 16.90 9.04 66
38.78 2.00 56
42.56 2.09 58

175
185
192
198
198
226
226
246
247 
250 
252 
267 
275 
275 
290 
296 
295
93

(3) A. Findlay, “The Phase Rule,” Longmans, Green and Co., 
New York, N . Y., seventh edition, 1931, p. 120.

sary for complete representation of the tempera­
ture dependence of the phase behavior of a ternary 
system, are given in Figs. 4 to 9. These diagrams 
are derived from the data of Tables II and III.

Table II gives the temperatures, Tif at which, 
on cooling, tubes having the indicated composi­
tion first separated a second phase. The table 
has been subdivided according to the nature of the 
separating phases. The data in this table deter­
mine the boundary of the field of isotropic solu­
tion except at temperatures and compositions such 
that the isotropic solution is in equilibrium with a 
crystalline soap phase. In Fig. 2 all these data 
have been plotted on a single triangular diagram.4 
The number of points is sufficient to permit draw­
ing in the isotherms. Since such a procedure in-

(4) The right triangle used in place of the more customary equi­
lateral triangle retains all the geometrical properties of the latter 
except that the water content is derived by subtracting from 100 
the sum of the percentages of soap and salt.
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Weight per cent, of sodium chloride.
Fig. 5.—The system NaL-NaCl-H20 : equilibria at 80 °.

volves a certain degree of arbitrary choice, as does 
any purely graphical method, a uniform method of 
extrapolation was devised and used in the con­
struction of the isotherms appearing in Fig. 2. 
A given isotherm is made to pass as closely as 
possible through all points obtained by linear in­
terpolation or extrapolation from the composi­
tions of pairs of points found to lie on the same 
boundary, although at somewhat different tem­
peratures. For example, as is indicated in Fig. 2,

Fig. 6.—The system NaL-NaCl-H20 : equilibria at 100°.

a tube containing 12.5% soap and 11% salt sepa­
rates neat soap at 93°; a tube containing 17% 
soap and 9.1% salt separates neat soap at 71°; 
consequently the neat-nigre boundary at 80° 
passes through the point 15.2% soap, 9.9% salt. 
Even where the experimental points are quite 
widely separated, the isotherms can be drawn in 
correctly. For example, it can be seen that a ni- 
gre-lye bay must exist in this system even at 250°.

The course of the neat-nigre boundary at salt 
contents up to 9%, which is accurately deter­
mined by the experimental points, precludes the 
possibility of nigre's containing, for example, 18% 
each of salt and soap existing in equilibrium with a 
neat soap of any composition whatsoever, since the

Fig. 7.—The system NaL-NaCl-H20 : equilibria at 140°.

line corresponding to such an equilibrium cannot 
reach the soap axis below 100% soap without cut­
ting across the established field of homogeneous 
solution.

Table III gives the temperatures, Tcy at which, 
on slow heating, the last trace of crystal just dis­
solves in systems of indicated composition; the

Fig. 8.—The system NaL-NaCl-H20 : equilibria at 180°.

points have been sorted according to the number 
and nature of the phases remaining. All these 
data have been plotted on a single triangular dia­
gram in Fig. 3. The isotherms are of three types. 
Below 42° the solubility isotherms are identically 
the isotropic solution boundaries. Above 61° the
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solubility isotherms trace out the neat-lye edge 
of the triangle, hydrated crystal-neat soap-lye, 
and a part of the neat soap boundary. At tem­
peratures between 42 and 61° the crystalline soap 
phase dissolves to form either middle soap or 
middle soap and isotropic solution. The iso­
therms were constructed in the same manner as 
those of Fig. 2.

Fig. 9.—The system NaL-NaCl-H20 : equilibria at 250°.

On the basis of the data derived from Tables 
II and III, the diagrams appearing in Figs. 4 to 9 
were constructed. Boundaries that have not been 
delimited experimentally are dotted in. The 
authors wish to emphasize the tentative nature of 
the boundaries given for the crystalline soap re­
gion. They are based entirely on analogy with 
the course of this boundary in the case of sodium 
palmitate at 9005 and the determination by Mc­
Bain and Salmon6 of the water content at the apex 
of the triangle, salt-lye-crystalline soap, at 90°.

The phase behavior of the system at 90° is given 
in Fig. 10. For this one temperature, the exact 
courses of the crystalline soap boundary and upper 
neat soap boundary are the only uncertainties. 
The additional data available at this temperature 
are summarized in Tables IV and V. The results 
of the delimiting experiments fix the position of the 
triangle, neat-nigre-lye. They also substantiate 
the validity of the neat-nigre boundary obtained 
by the synthetic method. The analytical results 
confirm the correctness of the composition of lye 
in the triangle, neat-nigre-lye, found using the 
delimiting method, and also establish the direc­
tions of the tie lines in the neat-lye region. The

(5) R. D. Void and R. H. Ferguson, to be published.
(6) J. W. M cBain and C. Sr Salmon, J . Chem, Soc., 119, 1374 

(1921),

T a b l e  IV
R e s u l t s  o f  D e l im it in g  E x p e r im e n t s  a t  9 0 °

Composition 
NaL NaCl 

wt. % wt. %
Phases present 
at equilibrium

5.01 10.2 Nigre
9.95 11.1 Nigre
2.92 10.6 Nigre
2.96 10.8 Nigre

14.0 10.2 Nigre
20.0 9.10 Nigre

5.01 11.02 Nigre and lye
10.1 11.3 Nigre and lye
2.96 12.0 Nigre and lye
3.02 12.45 Nigre and lye
2.96 12.8 Nigre and lye
4.87 12.30 Nigre and lye
7.53 11.92 Nigre and lye
7.47 11.52 Nigre and lye

20.0 9.42 Neat and nigre
28.0 7.51 Neat and nigre
14.1 12.6 Neat and lye
14.1 12.78 Neat and lye
14.1 12.93 Neat and lye
14.0 12.0 Neat and lye
14.0 12.30 Neat and lye
14.0 11.51 Neat and lye
9.92 12.33 Neat and lye
3.01 13.6 Neat and lye
7.48 12.6 Neat and lye

14.0 11.02 Neat, nigre and lye
9.95 11.45 Neat, nigre and lye
9.95 11.70 Neat, nigre and lye
9.97 12.0 Neat, nigre and lye
7.50 12.20 Neat, nigre and lye
7.45 12.35 Neat, nigre and lye

13.95 10.8 Neat, nigre and lye
28.0 8.00 Neat, nigre and lye

T a b l e  V
R e s u l t s  o f  A n a l y s is  o f  S e p a r a t e d  P h a s e s

Total system Neat soap layer® Lye layer
NaL  

wt. %
NaCl 

wt. %
NaL  

wt. %
NaCl NaCl 
wt. % wt. %

14.0 11.51 52.2 3.24 14.2
14.0 12.01 51.3 3.60 15.15
14.10 12.78 53.9 3.89 15.90
14.05 12.93 53.8 3.86 16.17
14.0 13.4 65.4 1.69 16.69
14.0 13.9 68.3 1.23 17.28
14.0 14.4 65.9 1.83 17.78
14.0 15.3 68.5 1.52 18.79
14.026 11.02 14.07
® These points lie on the tie-lines but usually not on the 

neat soap boundary because of incomplete separation of 
phases. 6 This tube contained 3 layers, neat, nigre and 
lye. Only the lye layer could be obtained free from con­
tamination. In addition to salt, it was found to contain 
only 0.2% soap.

compositions of the two phases and that of the 
total system lie in each case on a straight line, as is 
required if the analyses are accurate; the slope of
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the tie lines is consistent with the slope of the 
neat-lye edges of the triangles, neat-nigre-lye 
and neat-crystalline soap-lye.

The work at 90° shows how well results ob­
tained by entirely independent experimental 
methods fit together in complete harmony on a 
standard phase rule diagram, and gives further 
weight to the assertion7 that the phase rule does in 
fact apply to soap systems.

Experimental Tests of the Applicability of the 
Phase Rule.—We have emphasized7 that the 
applicability of the phase rule to any system is 
conditioned by whether or not the state of the 
system is completely fixed by temperature, pres­
sure and composition, independent of time and of 
the previous history of the particular specimen ex­
amined. The experiments of Ostwald and Er- 
bring,8 of Lester Smith,9 and of Ferguson,10 as 
well as some results obtained in this Laboratory, 
had led to the supposition that such a reversible 
equilibrium might not be realizable in all soap 
systems. The work of Smith was concerned with 
metastable equilibria that exist in systems super­
saturated with respect to curd fibers. Both Ost­
wald and Erbring and Ferguson were concerned 
with the nigre-lye bay and the triangle neat-nigre- 
lye at temperatures around 90°. The following 
experiments also deal with these latter regions.

Experiment 1.—Salt, water, and soap were weighed into 
tubes in the order named, the salt being all dissolved before 
the soap was added. The tubes were then sealed off, 
mixed thoroughly and suspended in a thermostat at 90°. 
After three hours, during which they were twice mixed 
gently, the nature of the phases present was entirely in 
accord with the equilibrium diagram (Fig. 10). The tubes 
were then allowed to stand undisturbed, except for periodic 
momentary removal from the thermostat for observation, 
for a period of three weeks. During this period the volume 
of the nigre layer in some systems lying within the triangle 
changed gradually, and a layer of neat soap formed on the 
surface of all systems lying within the nigre-lye two phase 
region. Their final condition could not be made to har­
monize with any equilibrium phase diagram. Hence fur­
ther experiments were planned to elucidate the behavior.

Experiment 2.—Our diagram for the phase behavior of 
the system sodium laurate-sodium chloride-water at 100° 
showed that Tube No. 14 (Table VI) should consist of 
homogeneous nigre. At 90° it consisted initially of nigre 
over lye and had acquired a small surface layer of neat 
soap on standing for three weeks. I t  was found that the 
neat soap layer persisted for at least a day at 100°, but that

(7) J. W. McBain, R. D. Void and M. J. Void, This J o u r n a l , 
60, 1866 (1938).

(8) Wo. Ostwald and H. Erbring, Kolloidchem. Beihefte, 31, 291 
(1930).

(9) E. Lester Smith, J . Phys. Chem., 36, 2455 (1932),
(10) R. H. Ferguson, private communication,

it could be destroyed by gentle mixing with the nigre and, 
once destroyed, did not form again at 100°.

Experiment 3.—The lesson of Experiment 2, that the 
highly viscous neat soap, once formed, can persist over long 
periods, suggested that the changes observed in Experiment 
1 might have been due to the f ormation of a small amount 
of neat soap from nigre in the brief interval during which 
the tubes were removed from the thermostat for observa­
tion, with the gradual accumulation into a visible layer of 
the neat soap formed during successive observations. All 
tubes were therefore subjected to periodic gentle mixing 
carried out with the tubes out of the thermostat for not 
longer than ten seconds. The neat soap layers that had 
formed disappeared, and all the tubes returned to their 
original condition. No further change in the nature or 
relative volumes of the phases took place over a period of 
ten days.

I t appears that neat soap forms easily from nigre, and 
disappears only with difficulty. This single simple fact 
may be in large measure responsible for the results re­
ported above,8,10 to the effect that variations with time 
occur and that results of analysis of separated phases are 
not in accord with the boundary determined by the de­
limiting method.

Fig. 10.—The system NaL-NaCl-H20 : equilibria at 
90°. (O ), Points derived from the data of Tables I, II 
and III. (A), Points from Table V. Insert: the
nigre-lye bay. Tie lines plotted from Table VI.

Experiment 4.—The technique described in Experiment 
3 as “gentle mixing” was adopted primarily to minimize 
the formation of foam. However, *the final equilibrium 
state is completely independent of the mechanical treat­
ment of the sample as long as adequate mixing is achieved, 
as is proved by the following result. Gentle mixing was 
replaced by violent vertical shaking which produced com­
plete emulsification of the separated phases in each other 
and filled the tubes with a macroscopically homogeneous 
foamy mass. Although there were considerable differences 
in the rates of settling out of different phases, every tube 
returned within twenty-four hours to the same state11 as

(11) In tubes such as No. 14 containing nigre nearly saturated 
with respect to neat soap, the foam proved very persistent. When 
it did finally collapse, a small ring of neat soap was deposited on the 
glass above the nigre meniscus. This trace of neat soap could be 
dissolved in the nigre by patient gentle agitation,
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was reached under "gentle mixing” conditions both with 
respect to the phases present and their relative volumes.

Experiment 5.—It was demonstrated that in every tube 
(23 in all) the same final state was reached on cooling to 90° 
from such a temperature (160°) that the contents had 
formed a single homogeneous isotropic liquid, as was 
reached on heating to 90° from room temperature.

Discussion
The isothermal diagrams shown in Figs. 4 to 

10 are for representative temperatures over the 
complete range from 60° to the melting point of 
anhydrous sodium laurate. Similar diagrams at 
any desired temperatures could be drawn on the 
basis of the data given in Tables II and III. The 
changes in phase behavior that occur as the tem­
perature is raised have been described fully2a for 
the case of sodium palmitate. The behavior of 
sodium laurate is entirely similar as can be seen di­
rectly from the diagrams.

In experiments 1 to 5 the fact that the number 
and relative volumes of the separated phases was 
determined only by temperature and composition 
was regarded as sufficient proof of the applica­
bility of the phase rule to this portion of the sys­
tem. However, the measurements of relative 
heights of the different phases can be used in an 
approximate calculation verifying in further de­
tail the conformity of the observed behavior to 
the requirements of the phase rule.

In the two phase “bay” the relative weights 
of the nigre and lye are inversely proportional to 
the distances measured along the tie line from the 
point representing the total composition of the 
system. Consequently, since the phases have 
nearly the same density, the relative volumes of 
nigre and lye can be used to deduce the direction 
of the tie lines in this region. Systems no. 14 and 
no. 23 happen to lie on nearly the same tie line. 
That the relative volumes of nigre and lye are in 
accord with the number calculated from the de­
limiting curve cam be taken as verification of con­
formity with the requirement of the phase rule 
that systems lying on the same tie line must sepa­
rate into phases of the same composition. An 
enlarged section of the “bay” is inserted in Fig. 10, 
and the numerical data on which the tie lines are 
based appear in Table VI.

From any point in a three-phase triangle, such 
as neat-nigre-lye, the relative weights of the three 
phases can be calculated from the compositions of 
the corners. Since the neat-nigre-lye triangle is 
very narrow, the values of the relative weights are

T a b l e  V I

T i e  L i n e s  i n  t h e  N ig r e - L y e  B a y

No.

Total 
NaL  

wt. %

system  
NaCl 

wt. %

Nigre (A) 
NaL NaCl 

wt. % wt. %

Lye (B) 
NaCl 

wt. %

Wt. A 
W t. B 
Calcd.

Vol. A° 
Vol. B
Obsd.

14 10.0 11.3 10.9 11.13 13.36 12.5 12
23 3.0 12.80 10.9 11.13 13.36 0.34 0.25
R6 4.9 12.30 10.8 11.12 13.23 .81 .6 8
22 3.0 12.45 10.3 11.10 12.96 .39 .34
21 3.0 12.00 9.0 11.06 12.38 .43 .45

a The relative volumes of the phases were estimated by 
measuring their heights in the tube.

extraordinarily sensitive to very small changes in 
composition. Nevertheless, these calculated rela­
tive weights are in accord within the limits of ex­
perimental error 0.1% in salt content) with the 
relative volumes observed, as can be seen in Table 
VII.

T a b l e  V I I

C o m p a r is o n  o f  C a l c u l a t e d  a n d  O b s e r v e d  V o l u m e s® 
o f  N e a t , N ig r e  a n d  L y e &

Total 
NaL 

wt. %

system  
NaCl 

wt. %
Vol. neat 

Calcd. Obsd.
Vol. nigre 

Calcd. Obsd.
Vol. lye  

Calcd. Obsd.

10.0 11.45 0.024 Trace 0.88 0.78 0.10 0.22
10.0 11.7 .047 0.068 .67 .53 .27 .41
10.0 12.0 .15 .12 .01 .17 .83 .71
14.0 11.0 .18 .15 .27 .32 .54 .53
7.5 12.2 .024 .07 .51 .34 .46 .59
7.5 12.35 .071 .10 .26 .20 .67 .70
a The relative volumes of the phases were estimated by 

measuring their heights in the tube.
b The compositions of the triangle corners are (a) nea t: 

60.0% sodium laurate, 1.50% sodium chloride, (b) nigre: 
11.15% sodium laurate, 11.15% sodium chloride, (c) lye: 
0.20% sodium laurate, 14.07% sodium chloride.

Summary

1. Diagrams have been constructed showing 
the phase behavior of the two component system, 
sodium laurate-water, and of the three component 
system, sodium laurate-sodium chloride-water, 
at various representative temperatures from 60° 
to the melting point of anhydrous sodium laurate 
(310°). Data are tabulated that make possible 
construction of the diagram at any intermediate 
temperature.

2. Results obtained by synthetic, delimiting 
and analytical methods are in quantitative agree­
ment.

3. It has been shown experimentally that true 
reversible equilibrium independent of time is 
reached in this system, and that this equilibrium 
is described exactly by the phase rule.
S t a n f o r d  U n i v e r s it y , C a l i f . R e c e iv e d  A p r il  12, 1938
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[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H o w a r d  U n i v e r s i t y ]

Kinetics of the Pyrolysis of Isobutyl Iodide

B y J .  L e s l ie  J o n es

This work concerns the kinetics of the thermal 
decomposition of gaseous isobutyl iodide in the 
temperature range of 550 to 600°K. Jones and 
Ogg1 investigated the pyrolysis of n-propyl io­
dide and w-butyl iodide in the temperature range 
of 584 to 627°K. They found that the rate­
determining step could be represented in the case 
of 77-propyl iodide by the equation

-  d(C^ - - = *(C,H7I)(I2)1/a (1)

The kinetics of the decomposition of the n-butyl 
iodide was qualitatively the same but could not 
be treated quantitatively. The same authors2 
found that the rate of disappearance of isopropyl 
iodide was governed by a unimolecular rate ex­
pression

-  d(C^ 7l) = £(C3HrI) (2)

Ogg3 studied the thermal decomposition of gase­
ous 5-butyl iodide in the temperature range 511 
to 549°K. He found that the results were best 
fitted as a combination of a unimolecular reaction 
plus an iodine catalyzed decomposition of the 
iodide

-  d(C^ 9l)- = £i(C4H9I) +  W C4H9I)(I2)V2 (3)

In view of the varying rate determining equa­
tions found for the various homologs, it seemed 
profitable to investigate additional members of the 
series with the view of correlating the possible 
mechanisms involved in the several decomposi­
tions. The possibility of certain reactions of free 
radicals has been strengthened by this generali­
zation of mechanisms. Much evidence indicates 
that the dissociation energy of the C-I linkage is 
approximately equal to the activation energy of 
the above unimolecular reaction,4 e. g., 43,000 cal.

Experimental Section
The isobutyl iodide employed was an Eastman product. 

I t  was dried over calcium chloride and phosphorus pent­
oxide, then distilled in vacuo. The product remained 
colorless.

The apparatus and procedure employed were described 
in a previous publication.1 A slight change was made in

(1) Jones and Ogg, This Journal, 59, 1931 (1937).
(2) Jones and Ogg, ibid., 59, 1939 (1937).
(3) Ogg, Trans . Faraday Soc., 31, 482 (1934).
(4) See also^Ogg,|THis J o u r n a l , 56, 532^(1934).

this apparatus, substituting a small bore greased stopcock 
for the Bodenstein greaseless valve. The capillary tubing 
leading out of the thermostat to the stopcock was heated 
electrically to prevent condensation of iodine. There was 
apparently no effect on the rate of decomposition of the 
alkyl iodide due to this change in apparatus.

Homogeneity of the Thermal Decomposition.—In order 
to test the homogeneity of the reaction the surface-volume 
ratio of the system was changed. The major number of 
experiments were carried out in a 500-cc. Pyrex bulb. 
Two sets of rate measurements were made in a 280-cc. 
Pyrex bulb packed with Pyrex glass tubing. The bulbs 
had surface-volume ratios of 0.63 cm.-1 and 8.8 cm.-1, 
respectively. No increase in the rate of reaction was found 
for the experiments carried out in the packed bulb. As 
will be shown later, the rate-determining step in the de­
composition is of the one-half order with respect to iodine; 
therefore the agreement of the rate constants for the 
packed bulb with those in the unpacked bulb indicates the 
absence of appreciable wall reaction. This result is in 
agreement with the investigations previously cited for the 
homologous alkyl iodides.1’3

Experimental Results
Nature of the Over-all Reaction.—Glass and 

Hinshelwood5 made two runs on the decomposi­
tion of isopropyl iodide and analyzed the products 
of complete reaction. They found that the re­
action proceeded in accordance with the equa­
tion

2 C3H7I — >  C3H8 +  C3H6 +  I2 (4)

This was proved by a determination of the iodine 
formed in the reaction and an analysis of the per­
manent gases. The ratio of final to initial pres­
sure, P J P o ,  was 1.54 at 351° and 1.45 at 301°. 
The ratio of P m/Po was 1.47 for 5-butyl iodide,
1.55 for w-propyl iodide and 1.49 for isopropyl 
iodide. The present work yielded 1.55 as the 
value of P ^/P q for isobutyl iodide. There was 
no apparent trend of the ratio with temperature, 
although it was difficult to determine accurately 
the values of Po at the highest temperatures em­
ployed.

No gases were formed which were not condens­
able in liquid air, thus eliminating the possibility 
of appreciable amounts of methane and hydrogen 
as products. The amount of iodine formed on 
complete decomposition was determined by two 
methods which checked with the above equation. 
The first method was the direct titration of the

(5) Glass and Hinshelwood, J . Chem. Soc., 1817 (1929).
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iodine formed while the second involved the con­
densation of all products in the side-arm of the 
reaction vessel by liquid air, then allowing the 
;side-arm to warm to room temperature during 
evacuation of the reaction vessel. Thus the 
butylenes and butanes were removed from the 
vessel, but the iodine, due to its low vapor pres­
sure, remained condensed in the side-arm. The 
stopcock was closed and the iodine vaporized. 
Various experiments were frozen out before com­
pletion and tested for hydrogen iodide. In most 
cases none was found, but a few per cent, at most, 
If the reaction mixtures were allowed to stand for 
several hours after practical completion, hydrogen 
iodide formed to the extent of 5 to 10% of the 
iodine.

100 200 300
Time, sec.

Fig. 1 — Run 24, P0 = 42.0 mm. T  =  319.5°.

All evidence points to the same over-all reaction 
for the decomposition of ^-propyl iodide, iso­
propyl iodide, w-butyl iodide, 5-butyl iodide and 
isobutyl iodide. This is quite remarkable in view 
of the fact that the rate determining step varies 
from case to case.

The Rate-Determining Step of the Thermal 
Decomposition of Isobutyl Iodide.—A rate ex­
pression fitting the data was obtained by testing 
various empirical equations which seemed likely. 
The data obtained fitted most closely the simple 
expression

-  d ( ^ I )  = ^ C4H9l)(I?),/2 (5)

The pressure of isobutyl iodide at any time t was 
given by

and in the absence of initial iodine concentration

%öS)(iWo) <7>
if it was assumed that all iodine was present as 
butyl iodide or free iodine. On integration and 
evaluation of the integration constant, the rate 
constant k was given by

b = 1 lfl j (0.55Po)y» +  (Pt -  Po)1/»!
0.953(0.55)iY /^ ( ( 0 . 5 5 P 0y/2  -  ( P t -  P 0)V2 J

(8)

The rate constants were determined by plotting 
the value of the logarithmic factor of equation
(8) against the time. However, the slope of the 
line was not constant initially, generally being 
greater over the first 10%. A typical example is 
given in Fig. 1, where a well-fitting straight line 
was obtained after the first 10% decomposition. 
It was noted that the slope of the initial section 
of the curves fell off more rapidly with increasing 
temperature and in the majority of experiments 
well fitting straight lines were obtained after not

T a b l e  I

Run
Temp.,

°K.
Po,

mm.

k X 104 
mm. V2 
sec.-1

&(mole/
C C .)  “V«
sec.-1 . Log k

20 548.5 23.4 1.43 0.834 -0 .0788
23 550.2 34.8 1.09 .639 -  .195
22 550.2 54.9 1.18 .692 -  .160
28“ 556.7 28.5 1.19 .702 -  .154
29“ 556.7 100.0 1.09 .642 -  .193
14 560.1 102.3 1.75 1.03 .0128
17 560.7 89.8 1.74 1.03 .0128
19 561.1 96.0 2.37 1.40 .146
13 563.1 62.5 2.19 1.30 .114
18 563.1 63.7 2.65 1.57 .196
15 564.4 27.5 3.51 2.08 .318
16 564.6 63.3 2.27 1.35 .130
5 577.0 53.7 4.99 3.01 .479
6 577.0 110.0 5.07 3.06 .486
4 577.3 74.8 6.10 3.68 .566
3 579.8 28.4 6.65 4.01 .603
2 579.8 58.0 6.57 3.97 .599

10 580.2 93.4 6 .8 8 4.14 .617
7 581.3 40.1 7.82 4.71 ,673

11 582.4 79.4 6.57 3.96 .598
12 583.3 77.7 7.22 4.36 ,640
9 584.3 136.0 6.49 3.92 .593
8 585.9 82.3 7.92 4.79 .680

24 592.6 42.0 12.4 7,54 .877
26 592.8 25.5 13.2 8.03 .905
25 593.6 33.8 13.1 7.96 .901
27 594.4 132.0 12.0 7.31 •864
“ Runs in packed flusk,
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more than 10% decomposition. The ordinate 
intercepts tended toward zero with increasing 
temperature, indicating that the initial rate deter­
mining step has a lower activation energy than 
the slow reaction predominating after 10% de­
composition. Those experiments at the higher 
temperatures and pressures had zero intercepts. 
There was no definite trend to the values of k 
with increasing initial pressure. The experimen­
tal values of k are listed in Table I. All results 
have been included with the exception of the 
first experiment.

To obtain the activation energy for the rate­
determining step, the term (log k) was plotted 
against l / T  and the best fitting straight line 
drawn through the experimental points (Fig. 2). 
The activation energy was 37,800 cal./mole with 
an estimated accuracy of =*=2000 cal./mole.

Discussion
As in the case of w-propyl iodide the rate-de­

termining expression (5) may be written as

-  d(C^ 9l) = ii-Kj2/2(C4H9I)(I) (9)

where K u is the equilibrium constant for the dis­
sociation of iodine. Two probable mechanisms 
based upon equation (9) can be rejected as con­
tradictory to experimental facts. The mecha­
nisms are

M e c h a n is m  (a )
C4H9I +  I — >  C 4H 8I  +  HI (slow) (a-1)

C4H8I  ^  C4H 8 +  I (a-2)
C4H 9I +  H I --->  C4H io +  I2 (a-3)

21 +  M --^  I2 +  M (a-4)
M e c h a n is m  (b )

C4H9I +  I  ^  C4H 9 +  I2 (b-1)
C4H9 +  I2  C4H 8 +  HI +  I (b-2)

HI +  C4H9I --- >- C 4H io +  I2 (b-3)
21 +  M ---> I 2 +  M (b-4)

In each case these mechanisms are intended to 
represent the main reaction occurring after about 
10% decomposition of the alkyl iodide. In each 
mechanism reactions (a-1) and (b-1) are the slow 
rate-determining steps, accounting for the de­
pendence of the experimental rate upon the square 
root of the iodine concentration.

Consideration of reaction (a-3) or (b-3) in­
dicates that both of these mechanisms are prob­
ably invalid. Ogg4 studied the reaction for the 
case of methyl, ethyl and w-propyl iodides. He 
found that the rate of reaction decreased in going 
from the ethyl iodide to the ^-propyl iodide, 
hence the rate of reaction in the case of isobutyl

1.70 1.80
loy T.
Fig. 2.

iodide would be slower. If Ogg’s value of the 
bimolecular constant (his k value) is corrected by 
a factor of 10-1, the error arising in conversion of 
the concentration units from mm. to (mole/cc.), 
the value of the absolute rate of the reaction 
(a-3) or (b-3) may be calculated. Since the rate 
of the reaction for the case of ethyl iodide is ap­
proximately 0.43 that of n-propyl iodide, it will be 
assumed that the rate of the corresponding reac­
tion for isobutyl iodide is 0.43 the rate of the 
reaction for w-propyl iodide. At 550°K. the 
rate constant for ^-propyl iodide is 37.6 (mole/ 
cc.)-1 sec.-1. Assuming an alkyl iodide concen­
tration of 40 mm. and a hydrogen iodide pressure 
of 10 mm., the absolute rate of ^-propyl iodide 
disappearance is 1.28 X 10-11 mole/cc./sec. At 
550°K. the value of k for isobutyl iodide is 0.637 
(mole/cc.) 1/2 sec.-1. Assuming an alkyl iodide 
concentration of 40 mm. and an iodine concen­
tration of 10 mm., the absolute rate of disappear­
ance of isobutyl iodide is 3.95 X 10-10 mole/cc./ 
sec. Hence one may consider the experimental 
rate of disappearance of isobutyl iodide as 72 
times the rates of disappearance as calculated for 
reaction (a-3) or (b-3). Assuming the same con­
centration values at 585°K., the absolute rate of 
reaction (a-3) for ^-propyl iodide is 5.18 X 10-11 
mole/cc./sec. and the experimental rate of disap­
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pearance of isobutyl iodide is 2.86 X 10“9 mole/ 
cc./sec. Therefore, at 585°K. the experimental 
rate of disappearance of isobutyl iodide is 127 
times the rate of disappearance as calculated for 
the reaction (a-3) or (b-3).

Evidence2,4 indicates that the energy required 
to break the C-I linkage is 43 kcal., and the heat 
of dissociation of hydrogen iodide is 70.7 kcal. 
The reverse of reaction (a-1) (for ^-propyl iodide) 
is thought to possess an activation energy3 of 
14 kcal. These data yield a value of the carbon- 
hydrogen linkage of 74.7 kcal. This value is 
quite low in comparison with the value of 94.5 
kcal. calculated by Kistiakowsky and Gershino- 
witz6 from the dissociation of cyanogen into cya­
nide radicals. Such a low value for the C-H 
bond does not seem plausible even in the possible 
case of a secondary hydrogen linkage. This con­
stitutes a second serious objection to mechanism 
(a).

M e c h a n is m  ( c)

C4H9I + 1 -— >■ C4H9 -f- 12 (c-l)
C4H9 +  C4H9I — ^  C4H10 +  c 4h 8i (c-2)

C4H8I — >  C4H8 +  I Co-8)
2 1  +  M ---- >  I2 +  M (c-4)

This mechanism is quite probably the one which 
prevails in the decomposition of 5-butyl iodide 
(with the addition of a simple unimolecular rate 
determining step). The absolute rate of the 
iodine atom catalyzed reaction for 5-butyl iodide 
at 549°iC. and the previous concentration units 
is 1.86 X 10~10 mole/cc./sec. Compare this with 
the experimental absolute rate of disappearance 
of isobutyl iodide, e. g., 3.95 X 10“10 mole/cc./sec. 
at 550°K. The structure of isobutyl iodide with 
regard to the carbon-iodine bond is similar to 
the normal alkyl iodide. In the case of ^-propyl 
iodide4 the reaction between free propyl radical 
and iodine molecule is more rapid than reaction 
(c-2). Hence, on the basis of the similar rate­
determining steps one can rule out this mecha­
nism as it is also improbable for ^-propyl iodide.

Mechanism (d).—A mechanism was pre­
sented in the paper on ^-propyl iodide which 
adequately described the decomposition. This 
mechanism may be generalized to account for 
the pyrolysis of isobutyl iodide.

The reaction rate constant is comparatively 
high for the first 10% decomposition, decreasing 
meanwhile to give a constant value over the re­
mainder of the pyrolysis. Comparison of the

(6) Kistiakowsky and Gershinowitz, J . Chem. Phys., 1, 432 (1933).

unimolecular rate data for 5-butyl iodide and n- 
propyl iodide yields some interesting results. 
At 550°K. and the given concentration units, 
the absolute rate of disappearance of 5-butyl 
iodide is 2.42 X 10-10 mole/cc./sec. and for n- 
propyl iodide 2.62 X 10~10 mole/cc./sec. On 
this basis one can account for the rate of the 
initial decomposition of isobutyl iodide by the 
mechanism proposed for w-propyl iodide, e. g.

C4H9I — >- C4H9 -1 - 1 (d-1)
C4H9 +  C4H9I — >- C4H10 +  C4H8 +  I (d-2)

Reaction (d-2) is a comparatively slow reaction, 
the rate constant of the reaction of the free radi­
cal with iodine molecule probably being larger.

Due to the reaction between ^-propyl radicals 
and iodine molecules the equilibrium (d-3) is 
established quite rapidly. On this basis the main 
mechanism is

*-C4H9I i - C4H9 -f V 2 12(equil.) (d-4)
/-C4H4 +  I2  C4H9I -f  I(slow) (d-5 )

*-C4H8 -j- C4H 9I ----^  C 4H10 -f  C4IÏ8 +  I(rapid) (d-6)
2 1  -j- M ---- >  I2 +  M

The formula C4H9I represents an activated mole­
cule whose spatial configuration is not necessarily 
that of isobutyl iodide. This activated molecule 
reacts with an isobutyl radical, simultaneously 
losing a hydrogen atom and an iodine atom to 
form butene. Calculations below indicate that 
reaction (d-4) has a steric factor of about 10“4. 
This factor can represent the infrequent occur­
rence of the proper internal phase conditions nec­
essary for the formation of the activated mole­
cule which has the opportunity of colliding with 
an isobutyl radical. In the case of n-propyl io­
dide it was considered1 that the slow step (d-4) re­
sulted in the formation of isopropyl iodide whose 
rate of decomposition is known2 to be faster than 
that of w-propyl iodide. Calculations which are 
presented above indicate that the absolute rate 
of decomposition of 5-butyl iodide is less than 
that of isobutyl iodide; hence, 5-butyl iodide could 
not be a possible isomerization product of iso­
butyl iodide. In ad dition the isomerization would 
involve a shift of a carbon atom, a process re­
quiring high activation energy. Isomerization to 
/-butyl iodide would require only the shift of a 
hydrogen atom; however, /-butyl iodide decom­
poses7 to form isobutylene and hydrogen iodide 
and the hydrogen iodide would accumulate in con­
centrations greater than the experimental values.

(7) Jones and Ogg, T h is  J o ur n a l , 59, 1942 (1937).
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Some interesting calculations can be made con­
cerning the rate of reaction (d-5). Since the 
equilibrium constant K  for (d-4) is

(I2)7 <f-C 4H 9) =
(*-C4H 9I)

then
_  d(«-CtH,I) =  £6(j-.C4H9)(l2) = h K {i.C4h 9I)(I2)'A

The experimental value k is equal to faK. As 
the equilibrium constant K  is given by K  = eAS°/R 
e Q/RI\ where AS0 is the standard entropy change 
for reaction (d-4), the rate constant fa can be cal­
culated if the entropies of the compounds in­
volved in the reaction are known.

The value of AS0 is calculated at 570°K. 
The entropy of the iodine molecule at 570°K. 
(62.53 e. u.) is calculated from the spectroscopic 
data of Murphy8 and the Sackur-Tetrode equa­
tion. As an approximation, the entropy of the 
isobutyl radical is taken to be that of isobutane, 
the data of Pitzer9 being used to calculate the 
translational plus rotational entropy of the mole­
cule. The value is 65.64 e. u. at 570°K. Since 
the calculation of AS0 is primarily concerned with 
the breaking of the carbon-iodine bond, it will be 
assumed that the remaining vibrational entropy 
of isobutyl iodide and isobutyl radical will cancel 
in the reaction. Hence, only the vibrational en­
tropy ascribed to the carbon-iodine bond is cal­
culated,10 using 503 and 260 cm.-1 (doubly de­
generate) as the proper frequencies. The total 
value of the vibrational entropy ascribed to the 
bond is 4.41 e. u. The rotational and transla­
tional entropy of isobutyl iodide is calculated as
74.01 e. u. where the moments of inertia are taken 
as 9.0 X 10“39, 61.0 X 10~38 and 61.0 X 10-38 
g. cm.2.

The value of AS0 is 15.52 e. u. at 570°K. and 
the value of eASG/R is 2.48 X 103. The data of 
Murphy give the heat of dissociation of iodine 
at 570°K. as 36.65 kcal./mole. The probable heat 
of dissociation of the primary carbon-iodine bond 
is 43 kcal. Hence, the value of the heat of reac­
tion Q for the equilibrium (d-4) is 24.7 kcal. So

K  =  2.48 X 10%“24>700/22r (m ole/cc.)1/*

The critical increment Eg for the reaction (d-4) 
is related to the true activation energy Q5 by the 
relation Eg = Qg +  V2R T  (simple bimolecular

(8) Murphy, J . Chem. Phys., 4, 344 (1936); Tolman, “Statistical 
Mechanics as Applied to Physics and Chemistry,” Chemical Catalog 
Co., New York, N. Y., 1927.

(9) Pitzer, J . Chem. Phys., 5, 473 (1937).
(10) Halford, ibid., 2, 694 (1934); Mayer, Brunauer and Mayer, 

T h is  J o urn al , 55, 37 (1933).

reaction theory). As Eg is 13.1 kcal./mole, Qh is
12.5 kcal./mole. The temperature dependent 
equation for fa is given by fa = 3.39 X 109 
jV2̂ -i2,5oo/ r t  (moie) - 1 /(cc.) sec.-1. This equation
gives an effective collision diameter of 9.1 X 
10-10 cm. Assuming a “true collision diame­
ter” of 6 X 10-8 cm., this corresponds to a steric 
factor of approximately 2.3 X 10-4. This value 
of the steric factor is probably accurate to a factor 
of 102.

On the basis of the above experimental data the 
reaction

i-C4H9 +  I2 — ^  *-C4H9I +  I 
may be considered to have the same activation 
energy as (d-5). Previous work indicates that 
the reaction

s-C4H9 +  I2 — ^  s-C4H9I +  I 
has an activation energy of 14.2 kcal. and the 
reaction

C2H4I +  I2 — ^  C2H4I2 +  I
has an activation energy of 11.2 kcal. On the 
basis of the above discussion the reaction

n-C3H7 +  I2----^  n-C3H7I +  I
has an activation energy of 12.6 kcal.

On the whole a consistent interpretation can 
be given to the thermal decomposition of the 
alkyl iodides based upon a large amount of ex­
perimental data. It is felt that the work indi­
cates that the reactions of free radicals require ap­
preciable activation energy, in accord with other 
existing experimental evidence. At the present 
there is no evidence which indicates that the 
strength of the primary carbon-iodine bond is not 
approximately 43 kcal.

Summary
An experimental study is presented on the ki­

netics of the thermal decomposition of gaseous 
isobutyl iodide in the temperature range of 550 
to 600°K. The rate of disappearance of iso- 
butyl iodide is expressed by

-  d(C,H?l) = £(C4HiI)(l!)Vs

Several proposed mechanisms are shown to be 
invalid. A mechanism consistent with the ex­
perimental data and also explaining the decom­
position of 72-propyl iodide is in the main

i-C4H9I £-C4H9 +  V2 h(equil.) (d-4) 
*-C4H 9 +  I2 — ^  C4H9I +  I (slow) (d-5)

*-C4H9 +  C4H9I — ^  C4H9 +  C4H io +  I(fast) (d-6)
21 +  M — ■> I2 +  M

The equilibrium constant K  for reaction (d-4) is
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calculated from certain assumptions and spectro- (d-5) also has been calculated.
scopic data; the rate constant h  for reaction W a s h in g t o n , D .  C . R e c e iv e d  A p r il  1 8 ,  1 9 3 8

[C o n t r ib u t io n  f r o m  t h e  B a k e r  L a bo r a t o r y  o f  C h e m is t r y  a t  C o r n e l l  U n i v e r s it y ]

The Synthesis of Disubstituted A cetylenes

By John R. Johnson, A. M. Schwartz and Thomas L. Jacobs

In pursuing an investigation of the reactions of chloroethylphenylacetylene from the bromomag- 
certain acetylenic systems, a number of disubsti- nesium derivative of phenylacetylene and fi- 
tuted propynes of the type R—C=C—CH2—R' chloroethyl ^-toluenesulfonate. We have em-
were required. The present paper reports a 
study of synthetic methods for the preparation of 
pure individuals of known structure.

The alkylation of monosubstituted acetylenes 
was investigated as a promising preparative 
method. Nef1 reported the methylation of 
phenylacetylene by heating it with methyl iodide 
and potassium hydroxide, and Morgan2 effected 
ethylation of phenylacetylene by heating the 
sodium derivative with ethyl iodide. Both re­
actions were carried out in sealed tubes at rela­
tively high temperature (140°) and the yields 
were low. Preliminary studies of these methods 
indicated that neither would be satisfactory for 
preparative purposes. In attempting to employ 
the method of Morgan, it was found that the 
sodium derivatives of typical alkyl- and aryl- 
acetylenes were surprisingly inert toward alkyl 
halides. At temperatures sufficiently high to 
bring about a reaction, vigorous deep-seated de­
composition occurred. The substituted acetyl- 
ides are evidently much less reactive than the 
monosodium derivative of acetylene itself, which 
reacts smoothly with alkyl halides at low tempera­
tures.3 Attempts to effect metathetical reactions 
between alkyl halides and other metallic deriva­
tives of monosubstituted acetylenes (such as the 
bromomagnesium, cuprous, silver, and mercuric 
compounds), in a variety of solvent media, were 
also unsuccessful.4

In an investigation of the action of alkyl p- 
toluenesulfonates on organomagnesium halides, 
Gilman and Beaber5 reported the synthesis of fi-

<1) Nef, A nn., 310, 333 (1900).
(2) Morgan, J . Chem. Soc., 29, 162 (1876).
(3) Picon, Compt. rend., 169, 32 (1919).
(4) A few exceptionally active halides do react with phenylethynyl- 

magnesium bromide to give substituted phenylacetylenes; e. g., allyl 
bromide [Grignard and Lapayre, ibid., 192, 250 (1931)], benzohydryl 
bromide [Wieland and Kloss, A nn., 470, 217 (1928)], a-furfuryl 
chloride [Gilman, Van Ess and Burtner, T h is Jo urn al , 55, 3461 
(1933)].

(5) Gilman and Beaber, ibid., 4 5 , 839 (1923),

ployed their method with excellent results for the 
preparation of several alkyl derivatives of phenyl­
acetylene. However, the modification of Tru- 
chet,6 in which the sodium derivatives of the 
acetylenes are used, is advantageous in one re­
spect. When the organomagnesium halide is 
used, two moles of the sulfonic ester is consumed 
in producing one equivalent of the alkylated 
acetylene, since one mole of the ester is converted 
to the corresponding alkyl bromide (reaction I) ;7 
but with the sodium acetylides only one equiva­
lent of the sulfonic ester is required (reaction
II).
R—C=C—MgBr +  2R '—OS0 2—C7H7 —

R—C = C —R ' +  R '—Br +  Mg(OS02—C7H7)2 (I) 
R—C = C —Na +  R '—OS02—C7H7 — ^

R—C=C —R ' -j- Na0 S0 2C7H7 (II)

The sodium derivatives were used with satis­
factory results for the alkylation of phenylacety­
lene and n-octylacetylene, to obtain the following 
disubstituted acetylenes; ethyl-, 77-butyl-, and 
y-chloropropylphenylacetylene; ethyl-and y-chlo- 
ropropyl-77-octylacetylene. The sodium deriva­
tives appeared to be particularly advantageous 
in the aliphatic series, but there are certain 
limitations. Attempts to effect syntheses using 
phenylethynylsodium and benzyl or ^-chloroethyl 
^-toluenesulfonate were unsuccessful. In these 
instances, however, the desired compounds were 
obtained by the use of phenylethynylmagnesium 
bromide.

The structures of the disubstituted acetylenes 
were checked by several methods. In some in­
stances oxidation with aqueous potassium per­
manganate was employed and the resulting acids

(6) Truchet, Compt. rend., 191, 854 (1930); A nn , chim., [10] 16, 
309 (1931).

(7) Marvel and Rossander, T h is  J o ur n a l , 50, 1491 (1928). The 
correctness of this equation was confirmed in the present work by 
the isolation of ethylene chlorobromide and benzyl bromide from the 
reactions in which /3-chloroethyl and benzyl ^-toluenesulfonates were 
used.
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were identified; in others, the hydrocarbons were 
hydrated with mercuric sulfate and sulfuric acid 
to the corresponding ketones. The halogenated 
hydrocarbons were identified by replacement of 
the halogen atom by carboxyl, by way of the 
nitrile, and oxidation of the resulting acetylenic 
acid.
R—C =C —(CH2)n—Cl — ^
R—C =C —(CH2)r.—C = N  — >  R—C =C —(CH2)n—C02H 
R—C = C —(CH2) n—CÖÖH +  H20  +  3 [O] —

R—COOH +  HOOC—(CH2)„—COOH

In all cases the compounds behaved like pure 
individuals and the structures corresponded with 
those anticipated.

Experimental
Ethylphenylacetylene (1 -Phenylbutyne-1).—In a three­

necked flask fitted with a mechanical stirrer, reflux con­
denser and separatory funnel, Were placed 75 cc. of anhy­
drous ether and 4.6 g. (0.2 mole) of clean sodium wire. 
With vigorous stirring, 21 g. (0.2 mole) of phenylacetylene 
was added slowly. The reaction started spontaneously 
and the phenylacetylene was added at such a rate that the 
ether refluxed gently. The mixture was refluxed for two 
hours and the ether was then removed completely by warm­
ing on a steam-bath. The solid phenylethynylsodium was 
covered with 75 cc. of anhydrous di-w-butyl ether, the 
mixture was warmed to 60°, and 40 g. (0.2 mole) of freshly 
distilled ethyl ^-toluenesulfonate was added dropwise, 
while stirring vigorously. A spontaneous exothermic 
reaction occurred and the temperature was maintained 
below 70° by external cooling. After two hours at 60-70°, 
the reaction mixture was cooled and treated with a large 
volume of water. The upper layer was separated, washed 
with dilute hydrochloric acid and finally with water. After 
drying, the product was fractionated Under reduced pres­
sure. After removal of a small quantity of unreacted 
phenylacetylene and of di-w-butyl ether, the ethylphenyl- 
acetylene distilled sharply a t 82-83° (5 mm.). After re­
distillation the product weighed 20 g. (77% yield); b. p. 
82° a t 5 mm., d2\  0.9210.

This preparation Was also carried out using toluene as 
the reaction medium; in this modification the phenyl­
ethynylsodium was prepared directly in toluene. Using 
the quantities of reactants given above, about 5 g. of 
phenylacetylene was recovered and 18-20 g. of ethyl- 
phenylacetylene was obtained.

The structure of this compound was checked by hydra­
tion to w-butyrophen one. Five grams of the hydrocarbon 
in 15 cc. of ethyl alcohol was treated with 2 g. of mercuric 
oxide, and 15 g. (8 cc.) of coned, sulfuric acid was added 
dropwise with shaking. After cooling to 20°, the mixture 
was poured into water and the product extracted with 
ether. The resulting ketone distilled at 220-223° (740 
mm.), and was identified as w-butyrophenone through the 
oxime, m. p. 47°, and the semicarbazone, m. p. 187-188°.

/3-Chloroethylphenylacetylene ( l-Phenyl-4-chlorobutyne- 
l) .5—An ethereal solution of phenylethynylmagnesium 
bromide was prepared by refluxing 21 g. (0.2 mole) of 
phenylacetylene with slightly more than the calculated

quantity of ethylmagnesium bromide (in approximately 
molar solution). The resulting solution was added drop- 
wise, with vigorous stirring, to 94 g. (0.4 mole) Of /?-chlo- 
roethyl . ̂ -tohienesulfonate. The mixture was refluxed 
gently for eight hours and after cooling was decomposed by 
iced hydrochloric acid. The ethereal layer Was separated 
and washed successively with water, sodium bicarbonate 
solution, and water. After drying over calcium chloride 
the ether was removed and the residue Was fractionated 
under reduced pressure. A large fraction which distilled 
below 50° at 25 mm., was refractionated at atmospheric 
pressure and gave 5 g. of phenylacetylene and 25 g. of 
ethylene chlorobroniide (86% of the calculated amount). 
The remainder gave 15 g. (46% yield) of /Fchloroethyl- 
phenylacetylene: colorless liquid, b. p. 95° (3 mm.); d2{\\ 
1.0763, n2Qd  1.5724, n20c  1.5657, »*°f  1.5882; MRt> calcd.,
47.6, obsd. 50.52.

Anal. Calcd. for CioH9C1:C1, 21.58. Found: Cl, 21.52,
21.56.

This compound was not obtained when phenylethynyl­
sodium was used in place of phenylethynylmagnesium 
bromide. In this case the phenylacetylene was recovered 
unchanged after the reaction mixture was hydrolyzed, but 
none of the sulfonic ester was recovered.

Y-Chloropropylphenylacetylene ( l-Phenyl-5-chloröpen- 
tyne-1).—This substanée Was prepared according to the 
procedure given under ethylphenylacetylene, using 50 g. 
(0.2 mole) of Y-chloropropyl ^-toluenesulfonate instead of 
the ethyl ester. The yield of purified product was 27 g. 
(75% yield). When toluene was used as the reaction 
medium, a large quantity of phenylacetylene was recovered 
and only 9 g. (25% yield) of the disubstituted acetylene 
Was obtained.

A redistilled specimen of Y-chloropropylphenylacetylene 
had the following constants: b. p. 125-127° (4 mm.); d2% 
1.0576, n20D 1.5615, n2Qc 1.5555, n20f 1.576i; M Rd calcd.,
52.2, obsd. 54.70.

Anal. Calcd. for CuHuCl: Cl, 19.88. Found: Cl,
19.76, 19.84.

The structure of this compound was checked by con­
version to 6-phenyl-5-hexynoic acid, and oxidation of the 
latter to benzoic and glutaric acids. A solution of 5 g. of 
the chloropropylphenylacetylene in 50 cc. of 90% alcohol 
was refluxed with 10 g. of pulverized potassium cyanide for 
thirty hours. After cooling, the mixture was poured into 
a large volume of water and the oily layer of nitrile was 
separated. This was refluxed with an excess of 10% 
potassium hydroxide solution until no oily drops remained. 
After cooling, the solution was poured into an excess of 
iced hydrochloric acid, whereupon the acetylenic acid 
separated as an oil. The latter was extracted with ether 
and the solvent was distilled off. No attempt was made to 
purify the intermediate acid. The crude acid was allowed 
to stand for twenty-four hours at room temperature with a 
slight excess of 1 % aqueous potassium permanganate, with 
occasional shaking. Oxidation occurred readily and a 
clear colorless solution was obtained after filtering off the 
manganese dioxide. The solution was concentrated to a 
small volume and poured into an excess of iced acid. An 
oily mixture of acids was precipitated, from which benzoic 
and glutaric acids were isolated by repeated partition be­
tween ether and water. Benzoic acid was identified by a
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mixed melting point with an authentic specimen. The 
glutaric acid melted at 97-98°; neutralization equivalent, 
6 8  (calcd., 6 6 ); anilide, m. p. 218-219°.

rc-Butylphenylacetylene (1 -Phenylhexyne-1 ) Phenyl- 
ethynylsodium was prepared by adding slowly 51 g. (0.5 
mole) of phenylacetylene to 11.5 g. (0.5 gram atom) of 
sodium wire in toluene at 35-40°. Higher temperatures 
must be avoided or the sodium derivative is converted to a 
gelatinous mass in the presence of toluene. To the sus­
pension of the sodium derivative, 114 g. (0.5 mole) of n- 
butyl ^-toluenesulfonate was added slowly, with stirring, 
while the temperature was maintained at 70°. The reac­
tion mixture was treated in the usual way and the product 
was fractionated through a 30-cm. heated Vigreux column 
under reduced pressure. A small amount of phenyl­
acetylene was recovered and 51-55 g. (65-70% yield) of n- 
butylphenylacetylene was obtained. The redistilled prod­
uct had the following constants: b. p. 94-95° at 4 mm. 
(bath 110-115°), 109-110° at 12 mm. (bath 129-133°); 
d2°40.9024; n 20c 1.5292, n 20D 1.5347, w20f 1.5485, »20G 1.561; 
MRd calcd., 52.0, obsd. 54.8.

On hydration in the usual way there was obtained n- 
amyl phenyl ketone (w-caprophenone), m. p. 24°, b. p. 137- 
139° (15 mm.); the semicarbazone of the ketone, after one 
crystallization from 50% alcohol, melted at 131.5-132° 
(reported, 127-128° and 131-1320).8

Ethyl-w-octylacetylene (Dodecyne-3).—Twenty-eight
grams (0 . 2  mole) of pure w-octylacetylene9 in 80 cc.'of di-n- 
butyl ether was treated with 8  g. (0 . 2  mole) of sodamide, 
previously pulverized under di-w-butyl ether. The mix­
ture was heated at 1 0 0 ° for two hours, with stirring, to 
complete the formation of the sodium derivative, and after 
cooling to 60° was treated dropwise with 40 g. (0.2 mole) 
of ethyl ^-toluenesulfonate. The reaction mixture was 
heated at 70° for three hours, cooled and treated with cold 
water. The product was isolated by fractionation under 
reduced pressure. There was obtained 21 g. (63% yield) 
of ethyl-w-octylacetylene, b. p. 95° (12 mm.); J 204 0.7871,

(8) Truchet (ref. 6b, p. 400) reported that the semicarbazone of 
the ketone obtained by hydration of w-butylphenylacetylene melted 
at 164-165°, in agreement with the reported value for the semi­
carbazone of n-amylacetophenone. This is evidently an error since 
the acetylene in question .should yield the lower homolog, w-butyl- 
acetophenone, as we have found.

(9) Johnson and McEwen, T h is  Jo ur n a l , 48, 473 (1926).

n20d  1.44415, n20c  1.44236, u 20f 1.45162; MRd calcd., 5 5 .6 , 
obsd. 55.65.

Anal. Calcd. for Ci2H22: C, 86.65; H, 13.35. Found: 
C, 86.59, 86.63; H, 13.33, 13.35.

The structure of this hydrocarbon was checked by 
oxidation with 1 % aqueous potassium permanganate, as 
described above, which gave propionic and pelargonic 
acids. The former boiled at 138°, and gave propion- 
anilide, m. p. 105°; this anilide showed no depression of 
the m. p. when mixed with an authentic sample of propion- 
anilide. Pelargonic acid was identified by formation of 
the amide, m. p. 90°, which showed no depression when 
mixed with the amide obtained from a sample of synthetic 
pelargonic acid.

3-Chloropropyl-w-octylacetylene ( l-Chlorotridecyne-4).
—This compound was prepared according to the directions 
given for ethyl-w-octylacetylene, using 50 g. (0.2 mole) of 
7 -chloropropyl ^-toluenesulfonate in place of the ethyl 
ester. The yield of purified product was 65% of the 
theoretical. A redistilled sample of 3-chloropropy 1-w- 
octylacetylene had the following constants: b. p. 123-
124° (3 mm.), d2\  0.9275, n2Qd 1.47073, n20c 1.46810, n 20F 
1.47749; M Rd calcd., 65.1, obsd. 65.0.

Anal. Calcd. for Ci3H2 3C1: Cl, 16.54. Found: Cl,
16.40, 16.48.

The structure of this compound was checked by conver­
sion to 4-tetradecynoic acid, and oxidation of the latter 
with 1 % aqueous permanganate, following the procedure 
given under 7 -chloropropylphenylacetylene. There were 
obtained pelargonic and glutaric acids, which were identi­
fied as described above.

Summary

A study has been made of the alkylation of me­
tallic derivatives of monosubstituted acetylenes. 
The action of alkyl ^-toluenesulfonates on the 
sodium or bromomagnesium derivatives of alkyl 
or arylacetylenes has been found to be a satis­
factory procedure for the preparation of a variety 
of disubstituted acetylenes.
I t h a c a , N. Y. R e c e iv e d  A p r il  25, 1938
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A Study of Propyne-Allene Tautomerism. 
1,3-Diphenylpropyne (Benzylphenylacetylene) and Related Compounds

By John R. Johnson, Thomas L. Jacobs and A. M. Schwartz

The best known examples of prototropic triad 
systems are those involving a double bond, and 
the tautomeric change can be expressed by a 
simple general equation

H—X—Y—Z X = Y —Z—H

in which X, Y and Z represent atoms of carbon, 
nitrogen or oxygen (occasionally, sulfur). An­
alogous prototropic systems containing a triple 
bond are encountered less frequently and have not 
been studied extensively. These may be repre­
sented by means of two general equations, cor­
responding to the presence of one or two mobile 
protons in the particular system.1

H—X—Y = Z  rjT*. x = Y = Z —H
H2X—YeeeZ H—X = Y = Z —H XeeeY—ZH2

This type of prototropic system is of particular 
interest in view of the circumstance that one of 
the tautomeric forms is a 1,2-dienoid structure of 
the allene or ketene type.

The existence of proton mobility in the system 
R—CH2—CeeeN is well recognized, and the metal­
lic derivatives of these compounds exist largely in 
the ketene-imine form. The reverse change is 
demonstrated by the observation that the Hof­
mann degradation of phenylpropiolic amide 
(C6H5—Ce=C—CO—NH2), which would be ex­
pected to produce phenylethynylamine, actually 
yields benzyl cyanide.2
C6H6— 0==C—NH2 — ^  C6H6—C H = C = N H  —

ethynylamine ketene-imine
C6H5— CH2—C^eeN 

nitrile
The present investigation deals with the prepara­
tion and reactions of several 1,3-diarylpropynes, 
which contain a potentially prototropic system of 
the type C6H5—CH2—C =C —C6H5. This system 
is related structurally to the arylpropynes studied 
by Bourguel,3 and to certain trisubstituted pro- 
pynes that have been observed to undergo pro- 
pyne-allene transformations.4

(1) These prototropic transpositions are the counterpart of the
analogous aniontropic changes of the type: R 2CBr— C = C R  >-
R 2C = C = C R B r , and R 2COH— C = C R  >- R2C = C H — CO—R.

(2) Rinkes, Rec. trav. chim., 39, 704 (1920).
(3) Bourguel, Compt. rend., 192, 686 (1931); Bourguel and Piaux, 

Bull. soc. chim., [4] 51, 1042 (1932).
(4) Stampfli and Marvel, T h is  J o u r n a l , 53, 4057 (1931); Ford, 

Thompson and Marvel, ibid., 57, 2619 (1935).

The first compound chosen for study was the 
parent structure itself, 1,3-diphenylpropyne (ben­
zylphenylacetylene). Owing to the identity of 
the terminal substituents in this particular com- 
pound, the possible prototropic change involves 
only two individuals: 1,3-diphenylpropyne (I)
and 1,3-diphenylallene (II).
C6H5—CH2—Ce=C— C6H5 CeHö—c h = c= c h —c6h 6

1 n
The desired disubstituted acetylene could not be 
prepared by the action of benzyl halides on sodium 
phenylacetylide but was finally obtained by the 
reaction of phenylethynylmagnesium bromide 
with an excess of benzyl ^-toluenesulfonate.5 
Subsequently, another specimen of the hydro­
carbon was prepared by the interaction of phenyl- 
magnesium bromide and phenylpropargyl bro­
mide, according to the general method of Lai,6 
and this sample was found to be identical with the 
other.

1,3-Diphenylpropyne reacted with two atoms 
of bromine or iodine (in carbon tetrachloride solu­
tions) to give a dihalide, and underwent auto­
oxidation slowly in the air. The hydrocarbon 
was unaffected by heating with metallic sodium 
in an inert medium and gave a negative result in 
the Zerewitinoff test for active hydrogen,7 using 
ethylmagnesium bromide in di-n-butyl ether.

To obtain evidence bearing upon the subject of 
propyne-allene tautomerism, the hydrocarbon 
was hydrated to a ketone by means of sulfuric 
acid and mercuric oxide, and was subjected to 
oxidation. The product of hydration proved to 
be benzylacetophenone (1,3- diphenyl -1 - propa- 
none), which would be expected from the acetylenic 
form since all of the known alkyl phenylacetyl- 
enes produce ketones of the type C6H5—CO— 
CH2—R upon hydration. None of the isomeric 
compound, dibenzyl ketone, which might have 
been produced from 1,3-diphenylallene, could be 
detected in the reaction product. The fact that 
the hydrocarbon does not polymerize readily may

(5) Johnson, Schwartz and Jacobs, ibid., 60, 1882 (1938).
(6) Lai, Bull. soc. chim., [4] 53, 687, 1533, 1537 (1933).
(7) It is of interest to note that Grignard and Lapayre [Compt. 

rend., 192, 250 (1931)] obtained a positive Zerewitinoff test with 
compounds of the type R —C = C —CH2—C = C —R, and other re­
lated structures.
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be taken as further evidence against the allene 
structure, since allenes of this general type are 
'known to. form dimers with great ease.4

'Oxidation of the hydrocarbon with cold 1% 
potassium permanganate solution gave a large 
amount of benzoic acid (0.96 equivalent) and a 
much smaller quantity of phenylacetic acid (0.15 
equivalent). Ozonation of the hydrocarbon and 
hydrolysis of the ozonide gave benzoic acid (1.2 
equivalents) and phenylacetic acid (0.10 equiva­
lent). Treatment of the ozonide with aqueous 
potassium iodide, followed by sodium thiosul­
fate, gave benzyl phenyl diketone in 25% of the 
theoretical yield.8 The allene form would have 
been expected to give benzaldehyde upon ozonoly- 
sis, but it is not certain that a small quantity of 
benzaldehyde would have survived the experi­
mental procedure.

The chemical evidence indicates that 1,3- 
diphenylpropyne exists largely, if not entirely, 
in the acetylene form but the possibility of a 
small proportion of the allene form is not ex­
cluded. Conclusive evidence on this point was 
obtained through the study of a pair of isomeric 
derivatives of 1,3-diphenylpropyne, in which the 
terminal aryl groups were not identical. Owing 
to the circumstance that both of the isomeric 
propynes (III and V) would give rise to the same

Br C6H4—CH2—C =C —C6H5
III

BrC6H4—C H = C = C H —C6H6
IV

BrC6H4—C =C — CH2— C6H5
V

allene (IV), it is evident that active prototropy 
in the system would result in an interconversion 
of the two propynes. Pro to tropic change in the
1,3-diarylpropenes and 1,3-diarylmethylene-azo- 
methines has been investigated in this way by 
Ingold and his collaborators,9 who found that 
isomeric diarylpropenes possessing structures VI 
and VII existed as separate static individuals.

CH30 —C6H4—CH2T-C H = C H —C6H5
VI

c h 3o—c6Hc—c h = c h —c h 2—c 6h b
VII

Each gave rise only to its own oxidation products 
but interconversion (equilibration) could be ef-

(8) Jacobs, T h is  Jo u r n a l , 58, 2272 (1936).
(9) For an excellent survey of this subject, and a discussion Of 

electronic theories of tautomeric change, see J. W. Baker, “ Tautom­
er ism,” George Routledge and Sons, Ltd., London, 1934.

fected by heating with alcoholic sodium ethoxide 
at 85°.10

The compounds chosen for the present study 
were ^-bromobenzylphenylacetylene (III) and 
benzyl-/?-bromophenylacetylene (V). If inter­
conversion did not occur, the former should result 
from the interaction of £>-bromobenzyl ^-toluene- 
sulfonate and phenylethynylmagnesium bromide 
(reaction A) and the latter from benzyl p-toluene- 
sulfonate and ^-bromophenylethynylmagnesium 
bromide (reaction B).
(A) 2BrC6H4CH2—OS02T +  C6H5C=C —MgBr — >- 

BrC6H4GH2—G^G—G6H5 +  BrG6H4GH2Br +
III M g(0S02T)2

(B) 2 C6H5CH2—OSO2T +  BrC6H4G=C—MgBr — >- 
CeHöCHü—G=G—C6H4Br +  C6H5CH2Br +

V M g(0S02T)2

Thé two syntheses were carried out successfully, 
and the products were examined carefully to 
establish their constitution and to discover 
whether interconversion had occurred.

The compound (III) obtained by reaction A 
was a crystalline solid which melted at 42-44°. 
It gave a dibromide, m. p. 108-108.5°, and on 
hydration produced a ketone which was shown to 
be ^-bromobenzylacetophenone, m. p. 68.5-69°. 
The isomer (V) obtained by reaction B was a

h 2s o 4
I I I ---- —^ BrG6H4CH2GH2COC6H5

HgO
H2S04

V — ---- >- CéHöCH2CH2COC6H4Br
HgO

liquid that could not be crystallized. Its di­
bromide melted at 87°, and the ketone obtained 
by hydration was identified as benzyl-^-bromo- 
acetophenone, m. p. 98-99°. The structure of 
the isomeric ketones was established by the syn­
thesis óf authentic specimens, and mixed melting 
point determinations with the ketones and with 
suitable derivatives.

The chemical evidence therefore indicates that 
the three-carbon system of the simple 1,3-diaryl- 
propyïies is not actively prototropic, and that 
these compounds are distinct individuals which 
do not exist in dynamic equilibrium with the 
isomeric allenes. Proton mobility in the 1,3- 
diarylpropyne system is evidently quite low, since 
the isomeric bromodiphenylpropynes were not 
interconverted by contact with a Grignard re-

(10) Ingold and Piggott, J . Chem. Söc., 121, 2381 (1922); Ingold 
and Shoppee, ibid., 447 (1929). See also Shoppee, ibid., 968 
(1930); 1225 (1931).
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agent nor with hot aqueous potassium hydroxide 
solution.

A consideration of structural features of the 1,3- 
diarylpropyne system, on the basis of current 
electronic theories of tautomeric change,9 affords 
a suitable explanation of the observed low proton 
mobility. The ability of the aryl group at Ca 
to facilitate dynamic electron release toward the 
acetylenic system, leads to the inference that the 
significant activation of the molecule involves 
withdrawal of an electron pair of the multiple 
bond by the central atom (Ĉ ). This view is in 
agreement with the fact that hydration of aryl- 
acetylenes to ketones invariably leads to a com­
bination of protons at and oxygen at Ca.

<— -j- —-f
C6H5— OH,—C=C— CeHö t =ï : c 6h 5—c h 2—c= c- c6h 5

7 /3 a
active configuration

The direction of this displacement is favorable 
for the transfer of an anion from C7 to Ca but is 
definitely unfavorable for the shift of a proton to 
Ca, since the increased electron density at C7 
tends to hold the available protons more firmly 
and the active configuration fails to provide an 
unshared electron pair at Ca to serve as a seat 
for available protons. This view of the 1,3- 
diarylpropynes is supported by comparison with 
benzyl cyanide and 3-phenyl-1-propyne.

r \  f
C6H5—CH2— C =N : C6H5—CH2—C=N:

r \i
C6H6—CH2-  C=CH C6H5—CH2—C=CH

In these structures the activation involves 
electron withdrawal from and results in a 
configuration that is favorable for prototropic 
change.11 The decrease of electron density at CT 
increases the proton escaping tendency, and an 
unshared electron-pair is available to furnish a 
proton-seat at the a-position; consequently these 
systems are relatively mobile.

The behavior of the 1,3-diarylpropynes indi­
cates that they are less mobile than benzyl 
cyanide or 3-phenyl-1-propyne, and that the 
group —C=C—C6H5 has less activating effect 
on a methylene group than —C =N  or —C=CH.

Experimental
Benzylphenylacetylene (1,3-Diphenylpropyne)

Preparation.—An ethereal solution of 0.6 mole of 
phenylethynylmagnesium bromide was added dropwise,

(11) The predicted direction of electron displacement is confirmed 
by the fact that hydration of benzyl cyanide and 3-phenyl-1-propyne 
yields, respectively, phenylacetamide and phenylacetone.

with stirring, to a gently refluxing solution of 330 g. (1.25 
moles) of benzyl ^-toluenesulfonate in 900 cc. of absolute 
ether. After the addition was completed (about two and 
one-half hours), the mixture was refluxed gently for six 
hours and hydrolyzed with cold dilute hydrochloric acid. 
The ethereal layer was washed with water, sodium carbon­
ate, and finally with water. After removal of the solvent 
the residual oil was treated with 15% aqueous potassium 
hydroxide solution and the whole subjected to steam dis­
tillation. The distillate, containing benzyl bromide and 
benzyl alcohol, was discarded. The residual oil was taken 
up in ether, washed thoroughly with water, dried over 
anhydrous potassium carbonate, and distilled in an atmos­
phere of nitrogen. There was obtained 84 g. (72% yield) 
of benzylphenylacetylene, b. p. 150-160° (4 mm.). Re­
distillation gave a pale yellow, highly refringent liquid; 
b. p. 128-129° (1-2 mm.), d2\  1.0273, n20d 1.5946, n20c 
1.5881, n20f 1.6113; MRd, calcd. 62.2, obsd. 63.5.

Anal. Calcd. for Ci5Hi2: C, 93.7; H, 6.3. Found: C, 
93.68, 93.50; H, 6.44, 6.45.

Benzylphenylacetylene was prepared also by the general 
procedure of Lai,*5 but this method is much less convenient. 
A filtered solution of 0.32 mole of phenylmagnesium bro­
mide was added dropwise over a period of two hours to a 
stirred solution of 62.5 g. (0.32 mole) of phenylpropargyl 
bromide in 150 cc. of absolute ether. The mixture was re­
fluxed for three hours and hydrolyzed with cold dilute 
hydrochloric acid. Repeated fractionation under reduced 
pressure, under nitrogen, gave 14 g. (27% yield) of benzyl­
phenylacetylene; b. p. 134-135° (1-2 mm.), d204 1.0408, 
n 20D 1.607. This specimen, although slightly less pure, 
was substantially identical with that obtained by the first 
method. Both samples gave the same ketone, benzyl- 
acetophenone, when subjected to hydration with sulfuric 
acid and mercuric oxide.

Benzylphenylacetylene absorbs oxygen slowly from the 
air but no definite product was isolated. Oxidation of 5 g. 
of the acetylene with cold 1 % aqueous potassium per­
manganate solution gave 3.0 g. (48%) of benzoic acid and 
0.5 g. (15% yield) of phenylacetic acid. Details of the 
ozonization experiments have been reported . 8

Hydration to Benzylacetophenone (1,3-Diphenyl-1-pro­
pan one).—Two grams of mercuric oxide was mixed with a 
solution of 5 g. of benzylphenylacetylene in 10 cc. of 95% 
ethyl alcohol, and 15 g. ( 8  cc.) of cold coned, sulfuric acid 
was added slowly with shaking. The hot solution was al­
lowed to cool to 2 0 ° and poured into a large volume of cold 
water. The resulting ketone, after two crystallizations 
from ethyl alcohol, weighed 3 g. (50% yield) and melted 
at 72-73°; the oxime melted at 82-83°. Benzylacetophe­
none is reported to melt at 72-73°, and its oxime at 82°.

Conversion to the Dibromide (1,2-Dibromo-l ,3-di- 
phenyl-l-propene).—A solution of 3 g. of the acetylene 
in 1 0  cc. of carbon tetrachloride was treated with a solution 
of 1 g. of bromine. Evaporation gave a mass of white 
needles; after crystallization from methyl alcohol and 
from petroleum ether, the product melted at 60°.

Anal. Calcd. for CisHfiBr^ Br, 45.41. Found: Br, 
45.38, 45.41.

The acetylene readily absorbed two atoms of iodine in 
carbon tetrachloride solution but the resulting product was 
a viscous oil which could not be induced to crystallize.
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Benzyl-^-bromophenylacetylene
Preparation.—^-Bromophenylacetylene was obtained 

conveniently from ^-bromoacetophenone by the procedure 
of Dufraisseand Desquesnes.12 The product boiled at 71- 
72° (3 mm.) and melted at 62-63°.

^-Bromophenylacetylene (64 g., 0.35 mole) was con­
verted to the bromomagnesium derivative by warming with 
a slight excess of ethylmagnesium bromide, and the resulting 
homogeneous solution was added slowly to an excess (185 
g., 0.7 mole) of benzyl />-toluenesulfonate in ether solution. 
The procedure was essentially the same as that employed 
for benzylphenylacetylene. There was obtained 25 g. 
(26% yield) of crude benzyl-/>-bromophenylacetylene, b. p. 
170-180° (3 mm.); redistillation gave a pale yellow 
liquid, b. p. 175-180° (3 mm.). The product was charac­
terized by means of the solid dibromide, and by hydration 
to a solid ketone.

A solution of 2 g. of the acetylene in 10 cc. of carbon 
tetrachloride was treated with slightly more than two 
equivalents of bromine in the same solvent. The solvent 
was evaporated at 20° and the crude product recrystallized 
from ethyl alcohol. There was obtained 2 g. (63% yield) 
of the dibromide; white needles, m. p. 87°.

Anal. Calcd. for Ci5HnBr3: Br, 55.66. Found: Br, 
55.70, 55.71.

Hydration to Benzyl-^-bromoacetophenone.—In the
usual way 5 g. of benzyl-£-bromophenylacetylene was 
treated with sulfuric acid and mercuric oxide, in the 
presence of ethyl alcohol. The resulting ketone after 
crystallization from ethyl alcohol weighed 2 g.; white 
leaflets, m. p. 98-99°. The semicarbazone of the ketone 
crystallized from alcohol in white needles, m. p. 163-164°. 
The ketone formed an oxime which crystallized readily 
from alcohol but showed a wide melting range; m. p. 115— 
125°. The ketone produced in the hydration reaction was 
shown to be the expected compound, benzyl-£-bromo- 
acetophenone, by direct comparison with an authentic 
.specimen, as described below.

Synthesis of Benzyl-^-bromoacetophenone.—A solution 
of 18.2 g. (0.1 mole) of pure ^-bromobenzonitrile in abso­
lute ether was added with stirring to a solution of 2-phenyl 
ethylmagnesium bromide (0.1 mole) and the mixture was 
refluxed gently for three hours. The reaction mixture was 
treated with a large excess of cold 15% sulfuric acid and 
the ether was distilled off without separating the aqueous 
acidic layer. The oily reaction product crystallized on 
cooling and after recrystallization from ethyl alcohol 
formed glistening white plates, m. p. 98-99°. The melting 
point was not changed by admixture with the ketone ob­
tained by hydration of benzyl-^-bromophenylacetylene.

Anal. Calcd. for CisHisOBr: Br, 27.67. Found: Br, 
27.62, 27.65.

The semicarbazone of the synthetic ketone melted at 
164-165°, and showed no depression when mixed with the 
specimen obtained from the acetylene.

^-Bromobenzylphenylacetylene
Preparation.—A mixture of 54 g. (0.3 mole) of pure 

^-bromobenzyl alcohol (m. p. 77-78°), 54.5 g. (0.3 mole)

(12) Dufraisse and Desquesnes, Bull. soc. chim., [4] 49, 1880 
(1931).

of redistilled and recrystallized ^-toluenesulfonyl chloride, 
and 500 cc. of anhydrous ether was cooled to —10° and 
treated with 24 g. (0.43 mole) of finely powdered potassium 
hydroxide, in small portions and with good stirring. The 
mixture was stirred vigorously for several hours, removed 
from the cooling bath, and treated with water. The 
ethereal layer was washed with water, dried over anhydrous 
potassium carbonate, and concentrated under reduced 
pressure. The crude />-bromobenzyl />-toluenesulfonate 
was precipitated by the addition of petroleum ether and 
was purified by recrystallization from ether and petroleum 
ether. The purified product (55% yield) formed large 
transparent plates, m. p. 74-75°.

An ethereal solution of 79.5 g. (0.23 mole) of p-bromo- 
benzyl ^-toluenesulfonate was treated with 0.115 mole of 
phenylethynylmagnesium bromide, and the reaction and 
purification were carried out as described for benzylphenyl­
acetylene. There was obtained 15.5 g. (50% yield) of a 
pale yellow liquid boiling at 167-171° (1-2 mm.). Re­
distillation gave 12.5 g. of pure ^-bromobenzylphenyl- 
acetylene; b. p. 166-169° (1-2 mm.), m. p. 42-44°.

Anal. Calcd. for CisHnBr: Br, 29.49. Found: Br, 
29.88, 30.05.

Treatment of the acetylene with two equivalents of 
bromine in carbon tetrachloride gave a crystalline di­
bromide, which melted at 108-108.5° after two crystalliza­
tions from ethyl alcohol.

Hydration to ^-Bromobenzylacetophenone.—To a solu­
tion of 5.8 g. of ^-bromobenzylphenylacetylene in 10 cc. of 
ethyl alcohol, 2 g. of yellow mercuric oxide was added and 
15 g. (8 cc.) of coned, sulfuric acid was introduced drop- 
wise, with cooling and stirring, over a period of ten min­
utes. The temperature of the flask was raised to 50° for 
thirty minutes and finally to 95° for fifteen minutes. The 
reaction mixture was cooled and poured into 250 cc. of cold 
water. The crude ketone (5.2 g.) was recrystallized from 
ethyl alcohol and finally from methyl alcohol; m. p. 68.5- 
69°. The semicarbazone melted a t 161-162°. A mixture 
of this compound with the semicarbazone of the isomeric 
ketone from benzyl-^-bromophenylacetylene, m. p. 163- 
164°, was found to melt a t 133-142°.

The identity of the product of hydration of p-bromo- 
benzylphenylacetylene was established by comparison of 
the ketone and of its semicarbazone with a synthetic 
specimen of ^-bromobenzylacetophenone and its semi­
carbazone.

Synthesis of ^-Bromobenzylacetophenone.—Several 
methods were investigated before a satisfactory synthesis 
of this ketone was found. The preparation was finally 
effected in an unequivocal manner by the interaction of p- 
bromophenylpropionyl chloride and diphenylzinc. We 
are greatly indebted to Mr. Stephen Hubard for carrying 
out the following preparations.

/?-Phenylpropionic acid was brominated according to 
the general directions of Goring13 and the mixture of bromi­
nated products was crystallized three times from 50% 
alcohol and once from a 1:1 mixture of benzene and 
petroleum ether. The resulting ^-bromophenylpropionic 
acid melted a t 131.5-134° (reported, 135°). The consti­
tution of the acid was confirmed by oxidation with aqueous

(13) Goring, Chem. Centr., (3) 8, 795 (1877); Glaser, A n n ., 143, 
341 (1867).



Aug., 1938 Cleavage of Ethyl a , a'-DiBROMOadipate by D iethylamine 1889

potassium permanganate, which produced ^-bromobenzoic 
acid, m. p. 245-246.5°.

Twenty-five grams of ^-bromophenylpropionic acid was 
refluxed gently for five hours with four equivalents of 
thionyl chloride, and the excess of thionyl chloride was 
removed by distillation. The residual acid chloride was 
taken up in 75 cc. of benzene and the solution was added 
slowly, with stirring, to an excess of diphenylzinc. The 
latter was prepared by the addition of 27 g. (0.2 mole) of 
anhydrous zinc chloride in 25 cc. of absolute ether, to 0.45 
mole of phenylmagnesium bromide.14 After the reaction 
had been completed the mixture was hydrolyzed with 
dilute acid; the benzene-ether layer was separated, 
washed with dilute alkali, and finally with water. After 
removal of the solvent the crude product was recrystallized 
from ethyl alcohol, and finally from methyl alcohol. The 
purified ketone formed white needles, m. p. 68-69°. This 
material was identical with a small sample of the ketone 
which had been obtained by treating the sodium derivative 
of ethyl benzoylacetate with ^-bromobenzyl bromide and 
saponifying the resulting ethyl benzoyl-/>-bromobenzyl- 
acetate.

Anal. Calcd. for Ci5Hi3OBr: C, 62.30; H, 4.50. 
Found: C, 61.89; H, 4.78.

(14) Job and Reich, Bull. soc. chim., [4] 33, 1428 (1923).

The semicarbazone of the synthetic ketone melted a t 
160-161.5°, and the 2,4-dinitrophenylhydrazone a t 67- 
67.5°. The synthetic ketone and its semicarbazone 
showed no depression of the melting point when mixed 
with the specimens obtained from ^-bromobenzylphenyl- 
acetylene.

Summary

1,3-Diphenylpropyne (benzylphenylacetylene) 
and two isomeric bromo derivatives have been 
prepared, and their chemical reactions investi­
gated.

It has been shown that active prototropy of the 
propyne-allene type does not occur in these 
compounds, and that the 1,3-diarylpropynes ex­
hibit low proton mobility.

Comparison with benzyl cyanide and 3-phenyl-
1-propyne indicates that the phenylethynyl group 
has less activating effect than —-C==N or —C =  
CH, which is in agreement with the anticipated 
order.
I t h a c a , N. Y. R e c e iv e d  A p r i l  25, 1938

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

The Mechanism of the Cleavage of Ethyl ^«'-Dibromoadipate by Diethylamine
By Reynold C. Fuson and Wm. E. Lundquist

The cleavage of ethyl a,a'-dibromoadipate (I) 
by secondary amines, discovered by von Braun, 
Leistner and Mtinch,1 may be interpreted in the 
light of Criegee’s recently proposed theory of 
chain cleavages.2 This postulate suggests that 
the cleavage may be explained by the formation 
of a 1,4-biradical. According to Criegee such 
radicals may stabilize themselves in two ways:
(1) by closure to a four-membered ring or (2) by 
chain fission between atoms 2 and 3 to give two 
molecules of olefinic character. Applied to the 
cleavage of ethyl o^'-dibromoadipate (I) by 
diethylamine this theory suggests that the biradi­
cal (III) may be produced from the intermediate 
bromoamino ester (II) by the loss of hydrogen 
bromide. The biradical might be expected to 
decompose to give ethyl acrylate (V) and ethyl 
a-diethylaminoacrylate (VI). The products ac­
tually isolated were ethyl /3-diethylaminopro- 
pionate (VII) and ethyl pyruvate (VIII)—com­
pounds which may be regarded as transformation 
products of V and VI, respectively. The forma-

(1) Von Braun, Leistner and Münch, Ber., 59, 1950 (1926).
(2) Criegee, {hid., 68B, 665 (1935).

tion of these compounds constitutes an example 
of the second mode of stabilization of the biradical.
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If the biradical stabilized itself by the first 
mode, i. e.y by closure to a four-membered ring, 
the product would be ethyl l-diethylamino-1,2- 
cyclobutanedicarboxylate (IV). Although none 
of this compound was isolated, it was important 
to determine whether it might be a possible in­
termediate in the cleavage as was suggested by 
Fuson3 in 1928. We have made this compound
(IV), and have tested its thermal stability. The 
synthesis was carried out by the following se­
quence of transformations
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The amino ester was analyzed, and its molecular 
refraction and parachor were determined as a 
check on its identity. Its picrate was also pre­
pared and characterized. The amino ester was 
found to be stable toward aqueous acid and alkali 
and could be distilled under diminished pressure 
without decomposition. It is therefore extremely 
unlikely that it is an intermediate in the cleavage 
of ethyl a, a'-dibromoadipate by diethylamine.
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This conclusion lends support 
to Criegee's theory.

It is interesting to note that 
on the strength of his original 
theory—a theory which is no 
longer tenable—Fuson pre­
dicted that ethyl a,</-di- 
bromoadipate should react 
with sodium cyanide to give 
a cyclobutane derivative, 
and experiments showed that 
good yields of a stable cy- 
clized product (IX) could be obtained.4 This for­
mation of a four-membered ring appears to be an 
example of thé stabilization ot a 1,4-biradical by 
ring closure. Thus the reactions of ethyl a,a'-

(3) Fuson, T his Jo urn al , 50, 1444 (1928).
(4) Fuson and Kao, ibid., 51, 1536 (1929),
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It might be expected that ethyl a-bromo-a'- 
diethylaminoadipate (II), postulated as the first 
product of the reaction, would tend to form the 
corresponding pyrrolidinium bromide. Ethyl 
a, a'-dibromoadipate reacts with dimethylamine 
in alcohol to give a pyrrolidinium bromide (X),5 
and with aniline,6 ethylaniline,7 and diethyl- 
aniline8 at 100° or above to give ethyl 1-phenyl-
2,5-pyrrolidinedicarboxylate (XI). The work of 
Menschutkin9 on the velocity of the reaction of 
triethylamine with ethyl iodide in various solvents 
suggests that ethyl a, a '-dibromoadipate might 
be converted to a pyrrolidine derivative (XII) if 
the treatment with diethylamine were carried out 
in a suitable solvent.
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The reaction was therefore repeated using ace­
tone, ethyl alcohol and benzene as diluents in

(5) Fuson and Connor, ibid., 52, 2985 (1930).
(6) Von Braun and Seemann, Ber., 56B, 1840 (1923).
(7) Le Sueur, J . Chem. Soc., 95, 273 (1909).
(8) Le Sueur and Haas, ibid., 97, 173 (1910).
(9) Menschutkin, Z. physik. Chem., 6, 41 (1890).
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comparable runs. The ethyl alcohol and acetone 
would be expected to hasten the formation of the 
intermediate, II, and the further reaction of II 
with more diethylamine to give the diamino 
product (XIV) or with itself by ring closure to 
give the quaternary pyrrolidinium salt (XII). 
The reaction in benzene would be expected to 
proceed in much the same manner as if there were 
no solvent;10 that is, cleavage should result. It 
was found that the solvents had the expected 
effect. In ethyl alcohol the pyrrolidine derivative 
(XII) was formed with no evidence of any cleav­
age. In acetone the pyrrolidine derivative was 
also obtained but there was evidence of a small 
amount of cleavage. In benzene only a small 
amount of pyrrolidine was formed and both of 
the cleavage products (VII and VIII) were found. 
The salt, XII, was not isolated as such but rather 
as its thermal decomposition product, XIII.

The effect of solvents on the course of the reac­
tion between diethylamine and ethyl a,a'- 
dibromoadipate made it seem necessary to rein­
vestigate the reaction of the ester with dimethyl­
amine. It had been carried out in benzene solu­
tion by von Braun and Münch11 who obtained a 
20% yield of ethyl cx,a'-tetramethyldiamim> 
adipate (XV). Fuson and Connor5 using alcohol 
obtained small amounts of the diamino ester 
(XV) and the pyrrolidinium bromide (X). To 
favor cleavage the reaction was carried out rapidly 
and without a solvent. Dimethylamine and ethyl 
a, a'-dibromoadipate were heated in a sealed tube 
on a steam-bath for one-half hour and the crude 
reaction product was distilled. In this way there 
was obtained a 35% yield of ethyl 1-methyl-2,5- 
pyrrolidinedicarboxylate (XVI) with no evidence 
of any cleavage products.

(10) Moelwyn-Hughes and Hinshelwood, J . Chem. Soc., 230 (1932).
(11) Von Braun and Munch, Ber., 59B? 1941 (1926).

Experimental
Ethyl 1 -Diethylamino-1,2-cyclobutanedicarboxylate.—

The anhydride of 1,2-cyclobutanedicarboxylic acid1 2  was 
treated with bromine and red phosphorus1 3  and then with 
ethyl alcohol to produce ethyl l , 2 -dibromo-l,2 -cyclobutane- 
dicarboxylate. Dehalogenation with zinc in ether14  gave 
ethyl A'-l,2-cyclobutenedicarboxylate. 15 The properties 
found for this substance are: b. p. 92-94° (2 mm.); n 20D 
1.4610; d™4 1.081; 7 20 33.8 dynes/cm . ; 16 Md 50.3; P, 
442.1. Calcd. for CioHu04: Md 49.51 ; 1 7  P, 442.2.18

Diethylamine was added to this unsaturated material 
by the method of Körner and Menozzi. 1 9  Two grams of 
ethyl A'-l^-cyclobutenedicarboxylate, 2  g. of diethyl­
amine, and 5 cc. of absolute alcohol were heated at 100° in 
a sealed tube for five hours. The alcohol and excess di­
ethylamine were removed by distillation, and the amine 
was then dissolved in ether leaving the amide behind. 
The amine was extracted from the ether with cold dilute 
sulfuric acid, and the aqueous solution was washed well 
with ether. Sodium hydroxide liberated an oil which 
was removed by ether extraction. The ethereal solution 
was washed well with water to remove much of the coloring 
matter, and was then dried with magnesium sulfate. Re­
moval of the ether left a red oil which distilled under 
diminished pressure to give a clear colorless oil; b. p. 1 0 0 -  
101° (2 mm.); n 20D 1.4540; d2\  1.016; 7 20 29.7 dynes/ 
cm . 16

Anal. Calcd. for Ci4H260 4N: C, 61.97; H, 9.28; M d 
72 .56;17 P, 638 .8 .18 Found: C, 62.25, 62.25; H, 9.43, 
9.27; Md 72.3; P, 623.4.

The picrate of the amine was prepared by adding 1 g. 
of ethyl l-diethylamino-l,2 -cyclobutanedicarboxylate to a 
saturated solution of 1  g. of picric acid in ethyl alcohol. 
The yellow crystals which soon appeared were recrystal­

(12) Ellingboe and Fuson, T h is J o urn al , 56, 1774 (1934).
(13) Perkin, J . Chem. Soc., 65, 950 (1894).
(14) Michael and Schulthess, J . prakt. Chem., [2] 43, 587 (1891).
(15) Kon and Nandi, J , Chem. Soc., 1628 (1933).
(16) Surface tension measurements were made by the capillary 

rise method.
(17) Calculated from values found in Gilman “Organic Chemis­

try,” Vol. II, John Wiley and Sons, Inc., New York, N . Y., 1938, 
p. 1739.

(18) Calculated from Sugden’s values found in Gilman, ref. 17, p. 
1733.

(19) Körner and Menozzi, A tti accad, Lincei, Rome, V, 5, I, 456
(1896),
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lized several times from ethyl alcohol; m. p. 125-130.5°. 
The crystals are sensitive to direct sunlight.

Anal. Calcd. for-C20H28O1 1 N4 : C, 48.00; H, 5.64; N,
11.20. Found: C, 47.96; H, 5.67; N, 11.22.

Ethyl 1-Ethyl-2,5-pyrrolidinedicarboxylate.—This sub­
stance was prepared by the method of von Braun and 
Seemann.6 Thirty-six grams (0.1 mole) of ethyl meso- 
«,a '-dibromoadipate and 50 g. of dry benzene containing
13.5 g. (0.3 mole) of ethylamine were placed in a sealed 
tube. The tube soon became warm, and ethylamine 
hydrobromide began to separate. After standing at room 
temperature for twenty-four hours the bomb was warmed 
in a steam-bath for four hours. I t  was then cooled and the 
solution was filtered to remove ethylamine hydrobromide. 
The filtrate was diluted with ether and was extracted with 
an excess of cold dilute sulfuric acid to remove the basic 
fraction. The aqueous solution was washed with ether 
and was then made alkaline with sodium bicarbonate. 
The oil which separated was removed by ether extraction, 
the ethereal solution was washed with water and dried, and 
the ether was removed by distillation. Vacuum distilla­
tion of the residual oil gave 7 g. (30% of the theoretical 
amount) of a colorless oil, b. p. 108-114° (2 mm.). Re­
distillation gave a fraction boiling a t 108-109° (2 mm.); 
«20d 1.4508; d204 1.052; 7 20 32.5 dynes/cm . 16

Anal. Calcd. for C12H2 10 4N: C, 59.24; H, 8.70; M d 
62.84;17 P , 557.7. 18 . Found: C, 59.33, 59.34; H, 8.56, 
8.63; Md 62.2; P , 552.2.

The chloroplatinate of the pyrrolidine was prepared by 
treating 0 . 8  g. of ethyl 1 -ethyl-2 ,5-pyrrolidinedicarboxylate 
with 0.7 g. of platinic chloride and 1  cc. of coned, hydro­
chloric acid in 20 cc. of ethyl acetate. The product was 
recrystallized from a mixture of equal volumes of ethyl 
alcohol and ethyl acetate to obtain pale orange crystals; 
m. p. 133.5-135.5°.

Anal. Calcd. for (C12H2i0 4N)2 -H2PtCl6: Pt, 21.77. 
Found: Pt, 21.70, 21.70.

Reaction of Diethylamine with Ethyl a, a'-Dibromoadi­
pate . Reaction in Alcohol.—Thirty-six grams of ethyl a, a '- 
dibromoadipate and 60 cc. of diethylamine were added to 
150 cc. of 95% ethyl alcohol and the mixture was allowed 
to stand at room temperature. At the end of one day all 
of the dibromo ester had not dissolved so the mixture was 
warmed until solution was complete. The solution was 
then let stand at room temperature for an additional forty 
hours. The solvent and excess diethylamine were re­
moved from the solution by distillation through a 1 2 -in. 
(30-cm.) Widmer column, and the residue was then heated 
under diminished pressure to liberate as much material as 
possible from the diethylamine hydrobromide. The 
crude distillate obtained in this way was redistilled to ob­
tain 6.5 g. (27% of the theoretical amount) of ethyl 1- 
ethyl-2,5-pyrrolidinedicarboxylate, boiling at 113-114° 
(3 mm.).

Reaction in Acetone.—Thirty-six grams of ethyl 
dibromoadipate and 60 cc. of diethylamine were dissolved 
in a mixture of 145 cc. of acetone and 5 cc. of water, and 
the solution was allowed to stand at room temperature for 
two days. The solvent was then removed by distillation 
and the residue was distilled under reduced pressure. The 
crude distillate obtained was redistilled to get about 0 . 5  cc.

of a product boiling at 90-95° (18 mm.) and 3 cc. of ethyl
l-ethyl-2,5-pyrrolidinedicarboxylate, boiling at 143-145° 
(18 mm.).

Reaction in Benzene.—Thirty-six grams of ethyl «,«'- 
dibromoadipate and 60 cc. of diethylamine were dissolved 
in 150 cc. of benzene and the solution was allowed to stand 
at room temperature for sixty hours. I t was then filtered 
to obtain 30 g. of crude diethylamine hydrobromide (the 
theory calls for 30.8 g. of diethylamine hydrobromide). 
The diethylamine and benzene were removed from the 
filtrate by fractional distillation through a 12-in. (30 cm.) 
Widmer column. The residue was then distilled under 
diminished pressure to obtain 7 g. of a product boiling at 
83-88° a t 16 mm. pressure. This was allowed to stand 
with a slight excess of cold dilute hydrochloric acid for an 
hour, and it was then extracted with ether. Evaporation 
of the ether from this extract left a small quantity of an oil 
which was shown to be ethyl pyruvate by conversion to its 
phenylhydrazone.

The acid solution was made alkaline with sodium hy­
droxide and the liberated amine was removed by extraction 
with ether. The ether solution was dried and the ether 
was removed by distillation. The residual oil was distilled 
under diminished pressure to give 3.5 g. (20% of the theo­
retical) of ethyl jft-diethylaminopropionate boiling at 85- 
8 6 ° (15 mm.); n2QD 1.4268.

The crude diethylamine hydrobromide was heated 
under reduced pressure to yield a small amount of an oil 
which on redistillation gave about 0.5 cc. of ethyl 1-ethyl- 
2,5-pyrrolidinedicarboxylate boiling a t 110° (2-3 mm.).

Reaction of Dimethylamine with Ethyl a, a'-Dibromo- 
adipate.—Eighteen grams of ethyl a,«'-dibromoadipate 
was placed in a glass tube and the tube was cooled in a dry 
ice-acetone bath. Dimethylamine, prepared by dropping 
a commercial aqueous solution on solid potassium hydrox­
ide and dried by passing the gas over solid potassium hy­
droxide, was condensed and added to the tube until the 
weight of the tube had increased by 13.5 g. The tube was 
then sealed and allowed to warm up to room temperature. 
A spontaneous reaction occurred and after fifteen minutes 
the tube had become hot. I t  was heated for an additional 
half hour in a steam-bath, cooled and opened. The excess 
dimethylamine quickly vaporized and the remainder of the 
product was then distilled under diminished pressure. Re­
distillation of the crude product obtained gave 4 g. (35% 
of the theoretical) of ethyl 1 -methyl-2 ,5-pyrrolidinedi­
carboxylate boiling a t 138-141° (20 mm.). This when 
redistilled had the following properties: b. p. 114-115° 
(4 mm.), n 20D 1.4515, d 2\  1.072.

Summary
Ethyl l-diethylamino-l,2-cyclobutanedicarbox- 

ylate has been prepared and found to be stable 
at ordinary temperatures. I t is therefore con­
cluded that this ester cannot be an intermediate 
in the cleavage of ethyl a ya '-dibromoadipate by 
diethylamine.

The reaction of diethylamine a, a'-dibromo­
adipate has been carried out using ethyl alcohol, 
acetone and benzene as solvents in comparable
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runs. It has been found that the solvent affects 
the course of the reaction; ethyl l-ethyl-2,5- 
pyrrolidinedicarboxylate is produced in these 
solvents. It is therefore concluded that 1,1- 
diethyl-2,5-dicarbethoxypyrrolidinium bromide
cannot be an intermediate in the cleavage.

The 1,4-biradical theory of Criegee offers a

satisfactory explanation of the facts.
The reaction of dimethylamine and ethyl a,a'~ 

dibromoadipate carried out without a solvent 
gives a 35% yield of ethyl 1-methyl-2,5-pyrroli- 
dinedicarboxylate with no evidence of any cleav- 
age.
U r b a n a , I l l in o is  R e c e iv e d  M a y  2, 1938

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

Substitution Reactions and Meso Derivatives of 1,2-Benzanthracene
By Louis F. Fieser and E. B. Hershberg1

Among various miscellaneous observations re­
ported in this paper is a study of the action of 
lead tetraacetate on 1,2-benzanthracene and two 
related carcinogenic hydrocarbons. The idea of 
investigating the action of this oxidizing agent 
on polynuclear aromatic hydrocarbons was sug­
gested by an observation of K. H. Meyer2 which 
heretofore has attracted little attention. Schulze3 
at an early date had investigated the action of 
lead dioxide on anthracene in acetic acid solution, 
but it remained for Meyer to interpret the reaction 
correctly and to show that with two moles of 
oxidizing agent the^chief product is hydroxyan- 
throne acetate. Using one mole of lead dioxide, 
Meyer obtained anthranyl acetate in 40-50% 
yield and noted that this was the first instance of 
the direct oxidation of a hydrocarbon to a phenol 
derivative. It occurred to us that this method 
of hydroxylation might have preparative value, 
that it might afford a useful method of probing 
for centers of reactivity in polynuclear com­
pounds, and that the reaction would form an in­
teresting model for a possible hydroxylation of 
carcinogenic hydrocarbons introduced into the 
animal organism.

In trial experiments lead tetraacetate was 
found to act as well as lead dioxide and it is a 
generally superior reagent. The reaction of one 
mole of lead tetraacetate with 1,2-benzanthra­
cene in glacial acetic acid is complete after short 
heating on the steam-bath, and the purified reac­
tion product, isolated in 52% yield, was found to 
be identical with synthetic 1,2-benzanthranyl-10- 
acetate4 (II). The chief point of attack in the

(1) Research Fellow on funds from the National Cancer Institute 
and the Ely Lilly Company.

(2) K. H. Meyer, A n n ., 379, 73 (1911).
(3) Schulze, Ber., 18, 3036 (1885).
(4) Fieser and Hershberg, T h is  J o ur n a l , 59, 1028 (1937).

oxidation therefore is at the less hindered meso 
position 10.

P b (O A c )4

OCOCH3
II

Little previous work has been done on the 
orientation of 1,2-benzanthracene in monosub­
stitutions. Cook and Hewett5 found that the 
chief product of the Friedel and Crafts reaction 
with acetyl chloride at a low temperature is a 
meso ketone, but a distinction between the 9- and 
10-positions was not made. With oxalyl chlo­
ride, Dansi6 obtained besides a diketone a small 
amount of an acidic substance regarded as 1,2- 
benzanthracene-10-carboxylic acid. Barnett and 
Matthews7 prepared a mononitro compound which 
they regarded as a 9- or 10-derivative, but they 
did not investigate the structure. We prepared a 
sample of the nitro compound by their method and 
reduced it to the amine. The same amine was 
obtained in good yield from 1,2-benz-lO-anthra- 
nol4 by the Bucherer reaction, from which it is 
evident that the nitration product prepared by 
Barnett and Matthews is 10-nitro- 1,2-benzan­
thracene. The nitration of the hydrocarbon thus 
follows the same course as the oxidation with 
lead tetraacetate. Since 10-substituted deriva­
tives of 1,2-benzanthracene are of particular in­
terest in connection with the problem of carcino­
genesis, it is significant that such compounds are 
available by the route of direct substitution reaC-

JS) Cook and Hewett, J . Chem. Soc., 1408 (1933).
(6) Dansi, Gaza, chim Hal., 67, 85 (1937).
(7) Barnett and Matthews, Chem. News, 130, 339 (1925).
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tions.8 Two additional 10-derivatives described 
in the Experimental Part are 3,10-dimethoxy-
1,2-benzanthracene, prepared by methylation of 
the MgBr-salt of the corresponding 10-hydroxy 
compound, and a glycol dibenzoate resulting 
from the action of the silver benzoate-iodine 
compound9 on 10-allyl-1,2-benzanthracene.

Lead tetraacetate reacts somewhat less 
smoothly with 10-methyl-1,2-benzanthracene than 
with the parent hydrocarbon, but a crystalline 
reaction product (m. p. 151°) was isolated in a 
pure condition if in rather low yield. The sub­
stance has the composition of a monoacetoxy 
compound, and it seemed possible that oxidation 
had occurred in the available meso position 9. 
The hitherto unknown 9-acetoxy-10-methyl-1,2- 
benzanthracene (IV) was therefore synthesized 
for comparison by the acetylative cyclization4 of 
the previously described10 acid III with zinc chlo­
ride catalyst in acetic acid-anhydride, but the 
synthetic acetate (m. p. 154°), gave a marked

/ \
HOOC j 1

/ \
CHsCOO

f1 X(%( ? /xAA/
V UyJ

1
CH3 c h 3
III IV

depression when mixed with the product of 
oxidation. We next prepared the 3-acetoxy 
derivative of 10-methyl-1,2-benzanthracene, since 
a sample of the hydroxy compound was available 
from earlier work,4 but this acetate melted much 
higher (215°) than the compound in question. 
The substance was finally identified as 10-acetoxy- 
methyl- 1,2-benzanthracene (VI) by direct com­
parison with a sample of this substance kindly 
provided by Professor J. von Braun, who in 
unpublished work has prepared the acetoxy com-

fl
Pb(OAc)4 / \ / \ / \ /

v V v /
CH2OCOCH3

VI
(8) Dr. J. L. Hartwell of this Laboratory has prepared 1,2-benz^ 

anthracene-10-aldehyde, m. p. 147.3-148°, corr., by direct substitu­
tion.

(9; Prévost, Compt. rend., 196, 1129 (1933); 197, 1661 (1933); 
Hershberg, Helv. Chim. Acta, 17, 351 (1934).

(10) Fieser and Newman, T h is  J o urn al , 68, 2376 (1936).

pound by a method leaving no doubt as to the 
structure. The oxidation of an alkyl side chain 
is not without parallel, for Dimroth and Sch- 
weizer11 obtained benzyl acetate in about 12% 
yield on refluxing toluene with lead tetraacetate 
for four hours, and Criegee12 found that tetralin 
is converted by the reagent into the 1-acetoxy 
derivative (one hour). The oxidation of the 
hydrocarbon V is complete after fifteen minutes, 
but whether or not this indicates a special reac­
tivity of the 10-methyl group cannot be deter­
mined until more data are available. At all 
events it is very surprising that the methyl group 
is attacked in preference to oxidation at the free 
meso position. In comparison with the meso re­
activity of anthracene, and that manifested at the
10-position in 1,2-benzanthracene, the 9-position 
of the hydrocarbon in question appears to be 
definitely inert. We are inclined to attribute this 
effect to steric hindrance, and it may be noted that 
the 9-position of 1,2-benzanthracene corresponds 
to position 4 in the phenanthrenoid system pres­
ent in the molecule and that there are definite 
indications of hindrance at this position in phen- 
anthrene.13 While 4-substitution is not un­
known,14 it is extremely rare.

In 1,2,5,6-dibenzanthracene both meso posi­
tions should be subject to any blocking effect 
which may be exerted by an angular ring and, in 
line with the expectations from the behavior of 
10-methyl-1,2-benzanthracene, it was found that 
the tetracyclic hydrocarbon is more resistant to 
attack by lead tetraacetate than 1,2-benzan­
thracene. From the reaction of the pure, color­
less hydrocarbon with one mole of reagent we in­
variably recovered some unchanged material, and 
no homogeneous reaction product was isolated. 
In the course of the experiments it was observed 
that the yellow chrysogen (1,2,6,7-dibenzanthra­
cene15,16) present in crude 1,2,5,6-dibenzanthra­
cene is oxidized more readily than this hydro­
carbon by lead tetraacetate and converted into 
more soluble products. This suggested a method 
for the purification of the widely used carcino­
genic hydrocarbon which has been found very 
convenient and efficient. The yellow material

(11) Dimroth and Schweizer, Ber., 56, 1375 (1923).
(12) Criegee, A n n ., 481, 263 (1930).
(13) Fieser, “The Chemistry of Natural Products Related to  

Phenanthrene,” 2d ed., Reinhold Publishing Corp., New York, 
N. Y., 1937, pp. 13-14.

(14) Bachmann and Kloetzel, T h is  J o u rn al , 59, 2207 (1937).
(15) Cook, et al., Proc. Roy. Soc. (London), B i l l ,  469 (1932).
(16) Winterstein and Sehön, Z. physiol. Chem., 230, 146 (1934).
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is refluxed for a short time in benzene-acetic acid 
with about 0.1 mole of lead tetraacetate, and 
after concentrating and cooling the solution there 
is obtained very satisfactory, colorless 1,2,5,6- 
dibenzanthracene in over 80% yield. In our ex­
perience this method is considerably more rapid 
and sparing of material than preferential sulfona- 
tion of the chrysogen,17 reaction with maleic 
anhydride,15,18 or chromatographic adsorption.16

The lead tetraacetate reaction offers promise of 
providing information of value concerning the 
reactivity of various types of polynuclear aro­
matic hydrocarbons, with or without side chains 
and alicyclic rings, and the investigation of the 
reaction is being extended. The conversion of
3,4-benzpyrene and methylcholanthrene into 
monoacetoxy derivatives, m. p. 208.5-209°, 
corr., and m. p. 179.5-180.5°, corr., will be de­
scribed at a later date.

In connection with the acetylative cyclization 
of the acid III, mentioned above, to an enol 
acetate (IV), the present paper reports a few 
additional observations concerning the applica­
tion of this method4 of ring closure. The most 
novel result is the cyclization of Y-(3-acenaph- 
thyl)-butyric acid19 by the catalytic method to 
1 -keto-1,2,3,4-tetrahydro-8,9-acephenanthrene18 in 
78% yield. Reference is also made below to a di- 
molecular product previously obtained4 from 1,2- 
benz-10-anthranol.

Experimental Part20
Oxidation of 1,2-Benzanthracene.—A solution of 0.5 g. 

of colorless 1,2-benzanthracene and 1.5 g. of lead tetra­
acetate in 20 cc. of glacial acetic acid (distilled from per­
manganate) was warmed on the steam-bath for fifteen 
minutes and diluted with water to the point of saturation. 
On cooling there was obtained 0.43 g. (69%) of crude 1,2- 
benz-10-anthranyl acetate, m. p. 130-140°, which yielded 
0.33 g. (52%) of pure material, m. p. 160-163°, on crystal­
lization from benzene-ligroin. This did not depress the 
melting point of the previously described sample.4

10-Acetoxymethyl-1,2-benzanthracene (VI).—The reac­
tion was conducted as above at the steam-bath tempera­
ture, using 1.2 g. of 10-methyl-1,2-benzanthracene in 50 cc. 
of glacial acetic acid and 2.2 g. of lead tetraacetate in 50 cc. 
of this solvent. After fifteen minutes the solution was 
cooled well and diluted with two volumes of ice water. 
The precipitated material was collected and washed in the 
cold (otherwise it becomes gummy), dried in vacuum at 
50 °, and taken into ether-petroleum ether. An amorphous 
solid was obtained after concentrating the solution, and on

(17) Cook, J . Chem. Soc., 487 (1931).
(18) Cook, ibid., 3273 (1931).
(19) Fieser and Peters, T h is  J o urn al , 54, 4373 (1932).
(20) All melting points are corrected. Analyses by Mrs. G. M.

Wellwood, Mrs, Verna R, Reevil, and the Arlington Laboratories.

three crystallizations from methanol the product formed 
pale greenish-yellow needles, m. p. 150.5-151.5°; yield, 
0.25 g. (17%).

Anal. Calcd. for C2 1H 16O2 : C, 83.98; H, 5.37. Found: 
C, 83.95; H, 5.53.

The substance did not depress the melting point of a 
sample of 10-acetoxymethyl- 1,2-benzanthracene (of nearly 
identical m. p.) obtained from Professor J. von Braun.

Cyclization Experiments.—Following the exact pro­
cedure described4 for the cyclization of 2-( a-naphthyl- 
methyl)-benzoic acid, o-benzylbenzoic acid gave satis­
factory anthranyl-10-acetate in 73% yield. I t was not 
found easy to obtain material of constant melting point 
either from this source or from a sample prepared from 
anthrone; the best material melted at 134.5-135.5°. 
With 2-(4,-methyl-l/-naphthylmethyl)-benzoic acid21 (5 
g.), the amount of acetic anhydride was cut in half and the 
time of heating extended to one and one-half hours; the 
yield of 3-methoxy-10-acetoxy-l,2-benzanthracene,21 m. 
p. 193-194°, was 4.15 g. (86%). Two further crystal­
lizations from glacial acetic acid gave colorless needles, m. 
p. 194-194.5°. Using the standard procedure,4 y-(3- 
acenaphthyl)-butyric acid19 was converted in 78% yield 
into 1-keto-l ',2',3 ',4'-tetrahydro-8,9-acephenanthrene,19
m. p. 143-145°, and 2-(o;-methylbenzyl)-l-naphthoic acid10
(III) afforded 9-acetoxy-10-methyl-l ,2-benzanthracene 
(see below), m. p. 152.5-153.5°, in 95% yield.

9-Acetoxy-l 0-methyl-l ,2-benzanthracene (IV).—R e­
crystallization of the cyclization product just mentioned 
from methanol gave small, colorless prisms, m. p. 153.5- 
154°. When mixed with 10-acetoxymethyl-l,2-benz­
anthracene the m. p. was depressed to 130-133°.

Anal. Calcd. for C2iH i60 2: C, 83.98; H, 5.37. Found: 
C, 83.77; H, 5.33.

3 - Acetoxy -10 - methyl -1,2 - benzanthracene.—The free 
hydroxy compound4 was refluxed with acetic anhydride 
and fused sodium acetate and the product crystallized 
from methanol. I t formed pale yellow prisms, m. p. 214- 
215°.

Anal. Calcd. for C2iH i60 2: C, 83.98; H, 5.37. Found: 
C, 83.55; H, 5.49.

3,10-Dimethoxy-1,2-benzanthracene.—A mixture of 2.5 
g. of 3-acetoxy-10-methyl-l,2-benzanthracene in 50 cc. of 
benzene and the Grignard reagent from 4.3 g. of «-butyl 
bromide in ether was refluxed for one hour, treated with 12 
g. of dimethyl sulfate in 50 cc. of benzene, and refluxed for 
three hours. After hydrolysis with dilute acid a benzene 
solution of the product was passed through a tower of 
alumina to remove any hydroxy compound escaping 
methylation and the filtrate was evaporated. The residual 
material was very soluble in methanol or petroleum ether 
(b. p. 20-40°) and from the latter solvent it separated as 
transparent yellow cubes, m. p. 84-87 °; yield, 1.2 g. (53%). 
This appeared to be a metastable form of the compound, 
for on being rubbed it changed to an opaque solid consider­
ably less soluble than before. On recrystallization from 
ligroin (b. p. 60-70°) there was obtained 0.95 g. of light 
yellow, diamond-shaped prisms, m. p. 145-146.5°. Two 
more crystallizations from this solvent and one from 
methanol brought the melting point to 146-146.5°.

(21) Fieser and Dietz, T h is  J o u r n a l , 51, 3141 (1929).
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Anal. Calcd. for C20H 16O2 : 0,83.31; H, 5.60. Found: 
C, 83.08; H, 5.80.

9- Methoxy-l 0-methyl-l ,2-benzanthracene.—This was 
prepared from the acetoxy compound IV (0.85 g.) by 
cleavage with the Grignard reagent from w-butyl bromide 
(1.95 g.) and methylation ( 8  cc. of dimethyl sulfate, several 
hours), as above, except that at the end of the reaction the 
mixture was treated with alkali and stirred for two hours 
and then acidified. From the benzene solution there was 
obtained material which after one crystallization from 
methanol melted at 143-144°; yield, 0.46 g. (60%). The 
substance formed thin, pale greenish-yellow, square plates 
and recrystallization did not alter the melting point.

Anal. Calcd. for C20H i6O: C, 88.20; H, 5.92. Found: 
C, 88.11; H, 6.00.

Purification of Yellow 1,2,5,6-Dibenzanthracene.—A
warm solution of 0.6 g. of lead tetraacetate in 150 cc. of 
glacial acetic acid was added in small portions to a solution 
of 3 g. of bright yellow commercial hydrocarbon in 150 cc. 
of benzene. The addition must be made slowly to prevent 
precipitation of the hydrocarbon. After refluxing for one- 
half hour, the solution was concentrated in the course of 
one hour to a volume of about 1 0 0  cc. and allowed to cool. 
There was obtained 2.5 g. (83%) of 1,2,5,6-dibenzanthra­
cene in the form of colorless leaflets melting at 265-266° 
and having a blue fluorescence in ultraviolet light. In 
other experiments in this Laboratory with larger amounts 
of a new lot of crude hydrocarbon the recovery has been 
somewhat lower. On comparing samples of hydrocarbon 
purified and recrystallized in various ways, the best ma­
terial was found to melt at 266-266.5°.

10- Amino-1,2-benzanthracene. (a) From the Nitro 
Compound.—The hydrocarbon (4.6 g.) was nitrated at 
room temperature according to Barnett and Matthews7 

and the crude product ( 2  g.) crystallized twice from alcohol 
(100 cc. per g.). There was obtained 1.38 g. (25%) of 10- 
nitro-1,2-benzanthracene, m. p. 164-165°.

Hydrogenation of the nitro compound (1.26 g.) in ethyl 
acetate (75 cc.) was conducted in the presence of Adams 
catalyst (25 mg.), and the filtered solution was concen­
trated and treated with ligroin. The solid which sepa­
rated afforded on recrystallization from ether-ligroin 0 . 6  g. 
(54%) of the amine in the form of yellow leaflets, m. p. 17L- 
175°. This did not depress the melting point of the ana­
lytical sample described in the next section.

(b) From the Hydroxy Compound.—A mixture of 0.5 
g. of l,2-benz-10-anthranol, 5 cc. of concentrated ammonia 
solution, 2.5 g. of sodium bisulfite in 5 cc. of water, and 2 
cc. of dioxane was heated in a sealed tube at 150° for fifty 
hours. After dilution with water the precipitated solid 
was dried in vacuum and crystallized from ether-ligroin, 
giving in all 0.37 g. (74%) of product melting in the range 
163-168°. Three more crystallizations gave material 
melting constantly at 174.5-175.5°. Depending on the 
relative proportions of ether and ligroin, the amine sepa­
rated as yellow leaflets or as long yellow needles.

Anal. Calcd. for C18H 13N: N, 5.76. Found: N, 6.00.
3-( 1,2-Benz-10-anthryl)-l ,2-propylene Glycol Diben­

zoate.—A mixture of 0.93 g. of 10-allyl-l,2-benzanthra­
cene, 1.59 g. of silver benzoate, and 0.88 g. of iodine in 25 
cc. of dry benzene was refluxed for fifteen hours on the 
steam-bath, the solution was filtered, concentrated, and

treated with ligroin. This gave 1.5 g. (85%) of satisfac­
tory material, m. p. 148-151°. Two further crystalliza­
tions from benzene gave clusters of fluffy, colorless needles, 
m. p. 152.5-153.5°.

Anal. Calcd. for C36H2604: C, 82.33; H, 5.13. Found: 
C, 82.44; H, 5.03.

?-Chloro-l,2-benz-10-anthrone(ol?).—A suspension of 1 
g. of powdered l,2-benz-10-anthranol in 10 cc. of dry ether 
was treated with 0.6 cc. of /-butyl hypochlorite and shaken 
for about ten minutes, when the orange solid had been 
converted into a yellow microcrystalline product. Col­
lected and washed with ether, in which it is practically in­
soluble, the material weighed 0.87 g. (76%) and melted at 
about 125-130° with decomposition. After three crystal­
lizations from ethyl acetate it melted constantly at 197- 
198°, dec., when inserted in a bath at 193° and heated 
rapidly. The substance contains chlorine and forms 
colorless, highly refractive prisms. I t  becomes yellow on 
storage or on being heated.

Anal. Calcd. for Ci8H i8OC1: C, 77.58; H, 3.98. 
Found: C, 77.37; H, 3.94.

Dimolecular Product from 1,2-Benz-lO-anthranol.22—
The above chloro compound was converted on attempted 
crystallization from methanol into a sparingly soluble 
chlorine-free product. The same substance was obtained 
on shaking a suspension of 0.5 g. of l,2-benz-10-anthranol 
in 20 cc. of methanol with 0.3 cc. of /-butyl hypochlorite for 
fifteen minutes and boiling the mixture for five minutes. 
The sparingly soluble material which precipitated (0.25 g.) 
on crystallization from acetic acid and from toluene formed 
fine, colorless needles, m. p. 261-263°, dec.

Anal. Calcd. for C36H 24 0 2: C, 88.49; H, 4.94. Found: 
C, 88.23; H, 4.73.

The substance gave no depression when mixed with the 
' ‘condensation product” (m. p. 265-267°, dec.) previously 
described. The present method of preparation suggests 
that the substance is an oxidation product, and the com­
position, particularly as indicated by the earlier analyses, 
appears to be approximately that of a dianthrone (calcd. 
forC36H220 2: C, 88.86; H,4.56).

Summary
1,2-Benzanthracene reacts with lead tetra­

acetate to give the 10-acetoxy derivative, while 
with 10-methyl-1,2-benzanthracene the reagent 
attacks the methyl group and the product is 
10-acetoxymethyl-1,2-benzanthracene. A very
simple and effective method of removing the 
yellow impurity accompanying 1,2,5,6-dibenzan- 
threne prepared by the Elbs reaction consists in 
preferential oxidation with lead tetraacetate.

Various miscellaneous w esp-substituted deriva­
tives of 1,2-benzanthracene are described in this 
paper, and it is shown that nitration of the hydro­
carbon gives the 10-nitro compound.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s a c h u s e t t s  R e c e iv e d  J u n e  10, 1938

(22) Ref. 4, pp. 1034-1035.
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Sterols. XLI. Reduction of Naphtholic Steroids to Phenolic Steroids. Equilenin
By Russell E. Marker

Some time ago we reported the preparation of 
oestrone from ergosterol.1 Although no details 
of the synthesis could be included in that short 
note, we felt that since the entire synthesis had 
been checked by two of us, and since the oestrone 
was shown to be identical in all respects with the 
natural hormone, no doubt could exist as to the 
validity of our preparation. However, soon after 
the appearance of our note, Windaus and Deppe2 
reported that they had been unable to duplicate 
our preparation of the phenolic tetrahydrodehy- 
droneoergosterol by the reduction of dehydroneo- 
ergosterol with sodium and amyl alcohol; in fact, 
they claimed to find almost no phenolic products 
in the reduction mixture. As a result of this 
paper, a number of authors3-6 have questioned 
our claim to have prepared synthetic oestrone.

We are now prepared to present a series of 
papers showing that, contrary to the claims of 
Windaus and Deppe, /3-naphtholic steroids can be 
reduced to give substantial yields of phenolic 
steroids as well as larger amounts of neutral 
steroids. These reductions, which have been 
carried out by the same general procedure as 
that used to prepare the phenolic steroid used in 
our synthesis of oestrone, are actually an ex­
tension of the classic studies of Bamberger and 
co-workers,7 studies which apparently were over­
looked by Windaus.

In this paper we shall describe the reduction of 
equilenin and of the isomeric 17-dihydroequilenins. 
The accompanying chart shows the transformation 
involved.

Since the products sought for in the reduction 
experiments included oestrone derivatives, great 
care was taken to purify the equilenin used in

(1) Marker, Kamm, Oakwood and Laucius, T h is  Jo urn al , 58, 
1503 (1936).

(2) Windaus and Deppe, Ber., 70, 76 (1937).
(3) Marrian, “The Chemistry of the Oestrogenic Hormones,” in 

“Ergebnisse der Vitamin und Hormon-forschung,” Ruzicka and 
Stepp, AkademisChe Verlagsgesellschaft m. b. H., Leipzig, pp. 
446 ff.

t4) Remesov, Rec. trav. chim., 56, 1093 (1937).
(5) Strain, “ The Sterols and Related Compounds,” in Gilman’s 

“Organic Chemistry,” John W iley and Sons, Inc., New York, N. Y., 
1938, Chap. 15, pp. 1316 ff.

(6) Freedman, “Sterols and Related Compounds,” Chemical 
Pub. Co., New York, N. Y ., 1938.

(7) For example, Bamberger and Kitschelt, Ber., 23, 885-7 (1890), 
obtained ar-tetrahydro-/3-naphthol by the reduction of /3-naphthol 
with sodium and amyl alcohol (8% yield of purified product).

OH OH

II. /3-Oestradiolti
O

Neutral
product

OH

V. oï-17-Dihydroequilenin VI. a-Oestradiol

this work. Equilenin, m. p. 252°, obtained by 
repeated crystallizations was first converted into 
its picrate, and then into its benzoate. Hydroly­
sis of the equilenin benzoate after repeated re­
crystallization finally gave equilenin, m. p. 257- 
258°, [ a ] 25D +  89°, of very high purity.

We have reported in a short note8 that when 
equilenin is reduced with aluminum isopropylate 
and isopropyl alcohol, a mixture of a- and 0- 17- 
dihydroequilenins is formed. The /3-17-dihydro - 
equilenin, m. p. 215°, has been isolated as one 
component of the 5-follicular hormone, from 
mares’ pregnancy urine, by Wintersteiner, 
Schwenk, Hirschmann and Whitman.9 Since 
this substance does not precipitate with digitonin 
they suggested that it is configurationally related 
to jS-oestradiol, for the latter, unlike a-oestradiol, 
also does not precipitate digitonin. Since Winter­
steiner10 has also suggested, on the basis of a com-

(8) Marker, Kamm, Oakwood and Tendick, T h is  J o urnal , 59, 
768 (1937).

(9) Wintersteiner, Schwenk, Hirschmann and Whitman, ibid., 58, 
2652 (1936).

(10) Wintersteiner, ibid., 59, 765 (1937).
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parison of physiological activities and melting 
points, that a-oestradiol and a-testosterone (trans - 
testosterone) are configurationally related, it 
follows that Wintersteiner’s j3-17-diliydroequi­
lenin, m. p. 215-217°, has the structure I. We 
find that our /3-17-dihydroequilenin, m. p. 215°, 
has the same properties as the natural hormone 
isolated by Wintersteiner; it forms a monoben­
zoate, m. p. 204°, and does not precipitate with 
digitonin. The less soluble a-17-dihydroequi­
lenin, m. p. 248°, (V) forms a monobenzoate, m. p. 
215°, and a diacetate, m. p. 124°. However, in 
contrast to the behavior of a-oestradiol, a-17- 
dihydroequilenin does not precipitate with digi­
tonin. Tests11 show that /5-17-dihydroequilenin 
has an oestrogenic potency of 75-100 R. U. per 
mg. while the a-epimer has a somewhat greater 
potency, 250 R. U. per mg. Thus the two epimers 
are about one-fortieth to one-thirtieth, and one- 
twelfth as active as oestrone. This relatively 
low physiological activity of a-17-dihy droequi­
lenin is contrary to the predictions of Winter­
steiner, who thought he had isolated, in impure 
form, “a-dihydroequilenin” from mares’ preg­
nancy urine. His product had a higher melting 
point than /3-17-dihy droequilenin, and a high 
oestrogenic activity. Obviously, his product was 
contaminated with some highly active substance, 
possibly a-oestradiol. It is now evident that Win- 
tersteiner’s correlation of (3-17-dihydroequilenin 
with jS-oestradiol is correct, but his arguments 
—the non-precipitability with digitonin and low 
physiological activity of this, the lower melting 
epimeric 17-dihydro equilenin—have little bearing 
on the configuration, since the higher melting 
a-epimer is also not precipitated by digitonin, 
and also shows low oestrogenic potency. In this 
connection it should be emphasized that assign­
ments of configuration based on a comparison of 
melting points are always to be regarded as only 
tentative, for the melting point relationships in a 
given type of epimeric steroids may be reversed 
by the introduction of double bonds. Thus while 
the melting points of e^i-stigmastanol, epi- 
cholestanol, and similar ^-saturated  steroids 
are considerably higher than for the correspond­
ing /3-epimers, this relationship is reversed in 
steroids of the type of cholesterol, sitosterol and 
stigmasterol, where the epi-forms melt some­
what lower than the /5-forms. In most cases

(11) Unpublished results from the laboratories of Parke, Davis & 
Co.

valid correlations of configurations can be made 
today only by actual chemical interconversions.

Accordingly, to establish the relationship of the 
17-dihy droequilenin to the oestradiols, and to pro­
vide additional examples of the reduction of 
naphtholic steroids to phenolic steroids, the 17- 
dihydroequilenins were treated with sodium in 
boiling amyl alcohol according to the procedure 
developed by Bamberger7 and used by us in the 
preparation of oestrone from dehydroneoergos- 
terol.1 By this method a-dihydroequilenin gave 
a-oestradiol, m. p. 176°, as proved by comparison 
of the product and its benzoate with authentic 
a-oestradiol and its monobenzoate. In addition, 
a small amount of another phenolic substance, 
m. p. 151-154°, was isolated in an impure state. 
The non-phenolic fraction from the reduction 
constituted the major portion of the reaction 
products, and yielded a substance of m. p. 172°, 
which will be described in a subsequent paper. 
Similarly, the reduction of /5-17-dihydroequilenin 
yielded, besides larger quantities of non-phenolic 
material, /5-oestradiol. The mother liquors, after 
conversion to the monobenzoate, on oxidation 
yielded oestrone monobenzoate. From the 
mother liquors of this experiment and a similar 
experiment using the a-epimer, a phenolic ketone, 
m. p. 222-225°, which analyzed for four double 
bonds was obtained. This may be equilin or 
one of its isomers. When equilenin was reduced 
with sodium in amyl alcohol, and the phenolic 
reduction product benzoylated and oxidized, 
oestrone benzoate was obtained.

In connection with the reduction of equilenin 
it should be noted that David12 found that the 
action of sodium in amyl alcohol gave an oil of 
high oestrogenic potency. Since the 17-dihy­
droequilenins have very little potency it seems 
likely that he had also obtained reduction to 
phenolic substances, oestradiols, which gave 
his oil its high activity.

The details of our preparation of oestrone, 
which have been repeated many times in this 
Laboratory by different workers, will be reported 
as the last paper of this series on the reduction of 
naphtholic steroids.

I wish to thank Dr. Oliver Kamm and Parke, 
Davis & Company for their generous help and 
assistance in various phases of this work. I also 
express my thanks to Drs. Elmer J. Lawson, 
Eugene L. Wittle, Thomas S. Oakwood, Harry

(12) David, Acta brevia Neerland, 4, 63 (1934).
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M. Crooks, Ewald Rohrmann, Frank H. Tendick 
and David M. Jones.

Experimental
Purification of Equilenin.—The equilenin used in this 

work was separated from oestrone as well as possible by 
crystallization to give a product melting at 252°. Five 
grams of this product was dissolved in benzene and an 
equal volume of benzene saturated with picric acid was 
added. The solution was evaporated to one-half volume 
and let stand overnight in a refrigerator. The red picrate 
was filtered and recrystallized from a benzene solution 
saturated with picric acid. The picrate was dissolved in 
ether and shaken with ammonia diluted with an equal 
volume of water until it was washed free of picric acid. 
The ether was evaporated and the residue after one crys­
tallization from 60% alcohol was shaken with 300 cc. of a 
10% sodium hydroxide solution. At intervals benzoyl 
chloride was added until an excess was present. The in­
soluble benzoate was filtered, washed with water and re­
crystallized from ethanol to a melting point of 225°. This 
gave a depression in melting point when mixed with oestrone 
benzoate, m. p. 215°.

The purified equilenin benzoate was dissolved in ethanol 
and hydrolyzed by refluxing with an excess of potassium 
hydroxide for one hour. The equilenin was recrystallized 
from ethanol and then melted a t 257-258° (uncorr.), 
[ a ] 25D +89°.

The Dihydroequilenins.—To a solution of 4 g. of purified 
equilenin in 70 cc. of dry isopropyl alcohol was added 4 g. 
of powdered aluminum isopropylate. The mixture was 
refluxed for five hours and then concentrated to 2 0  cc. by 
slow distillation over a five-hour period. While the 
mixture was still warm, 2  g. of potassium hydroxide dis­
solved in 60 cc. of methanol was added. The mixture was 
let stand for thirty minutes, and then was poured into 
water and acidified with hydrochloric acid. The product 
was extracted with ether, the solvent removed and the 
residue crystallized from 100 cc. of 80% ethanol. After 
three crystallizations a constant melting point of 248° was 
reached which did not increase upon further crystalliza­
tion. When mixed with equilenin it gave a depression in 
melting point to 215°. This compound is designated as a- 
dihy droequilenin.

Anal. Calcd. for Ci8H2o02: C, 80.5; H, 7.5. Found: 
C, 80.3; H, 7.6.

Diacetate of a-Dihydroequilenin.—a-Dihy droequilenin 
(100 mg.) was refluxed for thirty minutes with 5 cc. of 
acetic anhydride. After removal of the excess acetic anhy­
dride, the residue was crystallized from 50% ethanol to 
give needles melting a t 124°.

Anal. Calcd. for C22H 240 4: C, 74.9; H, 6.9. Found: 
C, 74.8; H, 7.0.

Monobenzoate of a-Dihydroequilenin.—a-Dihydro- 
equilenin (25 mg.) was shaken with 6  cc. of 1 0 % sodium 
hydroxide solution and an excess of benzoyl chloride for 
twenty minutes. The benzoate was filtered and recrystal­
lized from ethanol; m. p. 215°.

Anal. Calcd. for CasH^Os: C, 80.4; H, 6.7. Found: 
C, 80.5; H, 6.7.

j8-Dihydroequilenin (5-Follicular Hormone).—The
mother liquor from the crystallization of a-dihydro- 
equilenin was diluted while hot with water until a concen­
tration of 50% alcohol was reached. I t  was allowed to 
cool slowly to room temperature for one hour, and the pre­
cipitate filtered. This consisted chiefly of some additional 
a-dihydroequilenin. The filtrate was cooled in a freezing 
mixture of ice and hydrochloric acid. The product was 
filtered and recrystallized from 50% ethanol to give a 
product melting at 215°, which gave a depression in melting 
point to 180° when mixed with a-dihydroequilenin.

Anal. Calcd. for Ci8H 2o02: C, 80.5; H, 7.5. Found: 
C, 80.4; H, 7.7.

Monobenzoate of /3-Dihydroequilenin.—This was pre­
pared in a way similar to that described for the a-form. 
I t was crystallized from alcohol to a constant melting point 
of 204°.

Anal. Calcd. for C25H 24O3 : C, 80.4; H, 6.7. Found: 
C, 80.4; H, 6.7.

Reduction of a-Dihydroequilenin by Sodium in Amyl 
Alcohol.—To a solution of 1 g. of a-dihydroequilenin, 
m. p. 248°, dissolved in 1 0 0  cc. of n -amyl alcohol (dry) was 
added 8  g. of sodium. The amyl alcohol was refluxed until 
the sodium had dissolved (two hours). W ater was added, 
and the alkaline solution was acidified with hydrochloric 
acid. The product was extracted with ether, and the 
solvent removed in vacuo. The residue was dissolved in 
ether and the ethereal solution was washed well six times 
with 1 0 0 -cc. portions of 2 % sodium hydroxide solution. 
The alkaline solution was acidified and extracted with 
ether. The ether was evaporated and the phenolic residue 
was sublimed in a high vacuum at 175° bath temperature. 
The sublimate weighed 194 mg. A small amount of tarry  
phenolic material did not sublime. The sublimate was 
crystallized from dilute ethanol to give a product melting 
a t 176°. This was purified only with difficulty as there 
was present a second phenolic product which could not be 
crystallized beyond 151-154° (unsharply) because of the 
small amount of product and some difficulty of separation. 
This product is being investigated further. „ The 176° 
product gave no depression in melting point when mixed 
with oestradiol, m. p. 178°.

The total product was converted to its monobenzoate by 
shaking with sodium hydroxide solution and benzoyl chlo­
ride. The product after crystallization from dilute 
ethanol melted a t 194°. When mixed with the mono­
benzoate of a-dihydrooestrone it gave no depression in 
melting point; yield 41 mg.

Anal. Calcd. for C25H 28O3 : C, 79.5; H, 7.5. Found: 
C, 79.5; H, 7.5.

The neutral fraction from the reduction which was not 
extractable with alkali from an ethereal solution was re­
crystallized from acetone-water to give a product melting 
at 172°. A study of this compound will be reported later.

Reduction of /3-Dihydroequilenin with Sodium in Amyl 
Alcohol.—One gram of /3-dihydroequilenin was reduced 
with sodium in amyl alcohol as described for the a-com- 
pound. The phenolic material was removed by shaking an 
ethereal solution of the reduced product with 2 % sodium 
hydroxide. This phenolic fraction was sublimed in high 
vacuum at 175° (bath temp.) to give 205 mg. of sublimate.
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As there was present in the sublimate a product other than 
/3-dihydrooestrone, separation by direct crystallization 
could not be accomplished. The total product was con­
verted into the benzoate by shaking with sodium hydroxide 
and benzoyl chloride. This was crystallized from dilute 
ethanol to give a substance of indefinite melting point; 
upon hydrolysis of this product with potassium hydroxide 
in ethyl alcohol a product was obtained which after crystal­
lization from dilute ethanol gave a melting point of 215- 
219°. When this substance was mixed with /3-dihydro- 
oestrone, m. p. 222°, no depression in melting point was 
observed. Only 11 mg. of this product was obtained. It 
gave a depression in melting point of 24° when mixed with 
/3-dihydroequilenin, m. p. 215°.

The total mother liquors from this product was con­
verted again into the benzoate and this was oxidized with 
40 mg. of chromic oxide in acetic acid for one hour. Water 
was added and the product extracted with ether and 
washed with water and sodium carbonate solution. After 
removal of the ether, the residue was dissolved in 50 cc. of 
ethanol and refluxed for thirty minutes with 1 g. of Girard’s 
reagent. Water and ether were added, the layers sepa­
rated and the aqueous layer heated on a steam-bath for a 
few minutes with an excess of hydrochloric acid. The 
ketonic material was extracted with ether, and the residue 
after removal of the ether was hydrolyzed with alcoholic 
potassium hydroxide. The product thus obtained was 
sublimed in high vacuum at 160°. From the sublimate 
after crystallization from ethanol was obtained 28 mg. of 
oestrone, m. p. 255°. When it was mixed with authentic 
oestrone it showed no depression in melting point.

Anal. Calcd. for C18H 22O2 : C, 79.9; H, 8.2. Found: 
C, 79.9; H, 8.3.

The mother liquors of this gave a product which after 
several crystallizations from dilute ethanol melted un­
sharply a t 222-225°. This gave a depression in melting 
point when mixed with both oestrone and equilenin. The 
same product was obtained by the oxidation of the mother 
liquors from the «-dihydroo estrone obtained from the 
reduction of a-dihydroequilenin. This gave an analysis 
for a compound more unsaturated than oestrone, and is 
being studied further.

Anal. Calcd. for Ci8H2o02: C, 80.5; H, 7.5. Found: 
C, 80.3; H, 7.5.

Reduction of Equilenin by Sodium in Amyl Alcohol.—
One gram of equilenin was reduced by sodium in amyl 
alcohol as described for dihydroequilenin. The phenolic 
product of reduction was distilled in high vacuum, giving 
123 mg. of distillate. This was converted to the benzoate 
and oxidized by chromic acid to give 31 mg. of oestrone 
after hydrolysis. I t  melted at 250-251°, and gave no 
depression in melting point when mixed with oestrone.

Reduction of Oestrone Benzoate with Aluminum Iso- 
propylate.—To a solution of 500 mg. of oestrone benzo­
ate dissolved in 20 cc. of dry isopropyl alcohol was added 1 
g. of aluminum isopropylate and the reduction was carried 
out as described for the reduction of equilenin. The 
product which was obtained was dissolved in 25 cc. of 
ethanol and a solution of 2 g. of digitonin in 100 cc. of 65% 
alcohol was added. After standing overnight, the digito- 
nide was filtered and washed with 70% ethanol. This 
after drying was warmed with pyridine on a steam-bath 
for thirty minutes. After removal of the pyridine and 
digitonin the product was crystallized from dilute ethanol 
and then melted a t 195°. Upon hydrolysis it gave oestra- 
diol of m. p. 178°.

The mother liquors from the digitonide of the a-form 
were concentrated to a small volume and shaken with 
water and ether. The ethereal solution was filtered and 
concentrated. The residue was hydrolyzed with alcoholic 
potassium hydroxide and gave after crystallization from 
dilute ethanol a product melting at 222°, which was (3- 
óestradiol as shown by mixed melting points.

Summary
The reduction of equilenin by aluminum iso­

propylate gives a mixture of a- and /3-dihydro- 
equilenin which can be separated readily by 
crystallization. The latter compound is identical 
with the 5-follicular hormone. Upon reduction 
of either isomeric dihydroequilenin by sodium in 
amyl alcohol about 20% of phenolic substances 
are formed and from the a-form is obtained 
a-oestradiol whereas the /3-dihydroequilenin yields 
/3-oestradiol. Both yield about 75% of non- 
phenolic products which are being studied.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  15, 1938
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Sterols. XLII. The Isolation of Oestranediols from Human Non-Pregnancy
Urine

By R u s se l l  E . M a r k e r , E wald R o hrm ann , E lm er  J. L aw son  and  E u g e n e  L. W ittl e

In an earlier paper in this series1 it has been 
proposed that the numerous steroids present in 
urines and glandular extracts arise by reductive 
processes in the course of utilization of the sex and 
cortical hormones. On the basis of new experi­
mental information to be presented in this paper, 
it now appears that the oestrogenic hormones 
suffer these same reductive processes when they 
are utilized as hormones in the non-pregnant 
woman, for from the urines of such subjects we 
have isolated two isomeric oestranediols.2

The mode of isolation of these diols was essen­
tially the same as that described in earlier papers. 
Two hundred gallons (755 liters) of non-preg­
nancy human urine was extracted with butanol, 
and hydrolyzed with acid and alkali to yield a 
neutral fraction which was separated by means 
of succinic anhydride and Girard's reagent into 
carbinols, ketones, and inert substances. The 
carbinol fraction, corresponding to 40 mg. per 
gallon of urine, was treated with digitonin to sepa­
rate the 3-/30H and 3-a:OH sterols. The 3-jdOH 
sterol fraction proved to be mainly cholesterol. 
From the carbinol fraction not precipitable by 
digitonin two alcohols, C18H30O2, m. p. 242 and 
204°, were isolated by fractional crystallization 
after removal of a small amount of pregnanediol. 
The structures of these diols as stereoisomeric 
oestranediols are proved by the following facts. 
Both diols form diacetates melting at 160° which 
show a decided depression in admixture. Both 
diols, when heated with platinum black, are de­
hydrogenated to give equilenin, although in poor 
yields because of the polymerization of the latter 
to equilenin red. Furthermore, the catalytic 
hydrogenation of oestrone in alcoholic solution 
containing a little hydrochloric acid3 gives an 
oestranediol, m. p. 205°, identical with oestranedi-
ol-B, m. p. 204°. Since this oestranediol yields a 
different diketone, 170°,3a from the diketone, 
m. p. 124°, formed by oestranediol-A the two car-

(1) Marker, T h i s  J o u r n a l , 60, 1725 (1938).
(2) The name oestrane for the saturated hydrocarbon related to 

oestrone has been suggested by Adam, Danielli, Dodd, King, Mar- 
rian, Parkes and Rosenheim, Nature, 132, 205 (1933).

(3) Dirscherl, Z. physiol. Chem., 239, 53 (1936).
(3a) The value of 148° reported in  Sterols X X X IV , T h i s  

J o u r n a l , 60, 1512 (1938), should b e  170°.

Equilenin 
Fig. 1.

binols must differ at least in regard to their con­
figuration at C5 or C10. Ample opportunity for 
isomerism is of course possible since the reduction 
of oestrone generates new asymmetric centers at 
C3, C5, and C 10. We have, indeed, indications 
of the presence of other possibly isomeric car­
binols in the mother liquors from which the diols 
were isolated. Neither oestranediol-A, nor the 
less abundant and more soluble oestranediol-B, 
precipitates with digitonin, but this cannot be 
taken as indicating that these diols contain 3- 
aDH groups, for neither neoergosterol nor epi- 
neoergosterol form insoluble digitonides,4 ap­
parently, the presence of an angular methyl 
group at Cio is essential for the formation of in­
soluble digitonides.

The isolation of these stereoisomeric oestrane­
diols from the urine of non-pregnant women 
throws considerable light on the manner of utili­
zation of oestrone when it functions as a hormone 
in the organism. Large quantities of oestrone 
are excreted by the pregnant woman, probably be­
cause the hormone is not being utilized while the 
oestrus cycle is suspended. During this same 
period, however, no appreciable amount of pro­
gesterone is excreted for the latter is being used 
to control the development of pregnancy; instead 
large quantities of carbinols and ketones, which 
are reduction products of progesterone, are elimi-

(4) Unpublished observations in this Laboratory.
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nated. In the mature non-pregnant female, on 
the other hand, oestrone is being utilized to con­
trol the oestrus cycle, so almost none of this hor­
mone is excreted in the urine;5 instead, its re­
duction products, the oestranediols formed in the 
course of utilization of the hormone are excreted. 
In complete harmony with these facts is the small 
amount of pregnanediols in non-pregnancy urine. 
Furthermore, the oestranediols are not present in 
pregnancy urine, for their relative ease of isolation 
makes it highly improbable that they could have 
been overlooked in our extensive investigation 
of its steroid fraction.6

The presence of the oestranediols in non-preg­
nancy urine but not in pregnancy urine shows 
that they are formed, not by merely enzymatic 
processes, but in the actual utilization of oestrone. 
This view is supported by the results of some 
experiments on the enzymatic reduction of oes­
trone by the methods of Mamoli, Vercellone and 
Ercoli.7 Enzyme extracts of hog ovaries, beef 
suprarenal glands and bull testes were mixed 
with oestrone and allowed to stand for thirty 
days. In none of these cases was any reduction 
product formed, the oestrone being recovered un­
changed.

The investigation of steroids from non-preg­
nancy urine is being continued on a much larger 
scale. We wish to thank Dr. Oliver Kamm and 
Parke, Davis & Company for their generous help 
and assistance in various phases of this work. 
The micro-analyses were done by Dr. George H. 
Fleming of this Laboratory.

Experimental Part
Isolation of Total Sterol Fraction.—Two hundred gallons 

(756 liters) of human non-pregnancy urine was extracted 
thoroughly with butanol before hydrolysis. The aqueous 
portion was then hydrolyzed by heating with hydrochloric 
acid, and after hydrolysis this was again thoroughly ex­
tracted with butanol. The butanol was evaporated in 
vacuo from both extracts and the products worked up 
separately.

The product from the extraction of the non-hydrolyzed 
urine was heated on a steam-bath with 5 kg. of sodium 
hydroxide dissolved in 20 liters of water for one hour, then 
steam distilled until no more volatile material came over.

(5) Loews and Lange, K lin. Wochr., 5, 1038 (1926), found very- 
little oestrogenic activity in concentrates from non-pregnancy urine.

(6) At present we have worked over the steroid fraction of over 
100,000 gallons (378,000 liters) of human pregnancy urine, whereas 
the oestranediols are easily isolated from small amounts of non­
pregnancy urine.

(7) Mamoli and Vercellone, Z. physiol. Chem., 245, 93 (1937); 
Ber., 70B, 470 (1937); Vercellone and Mamoli, Z. physiol. Chem., 
248, 277 (1937); Ercoli and Mamoli, Ber., 71, 156 (1938); Ercoli, 
Ber., 71, 650 (1938).

This required six hours. The residue remaining in the flask 
was thoroughly extracted with ether, and the solvent 
evaporated. The residue was rehydrolyzed with alcoholic 
potassium hydroxide, and the neutral product so obtained 
weighed 17 g. after removal of the solvent.

The residue was dried by distillation with benzene. To 
this was added 25 g. of succinic anhydride and 50 cc. of 
pyridine and the mixture was heated for one hour on a 
steam-bath. Ice and ether were added and the pyridine 
was removed by shaking with dilute hydrochloric acid. 
The succinic esters were then removed from the ether solu­
tion by shaking with sodium carbonate solution. The 
aqueous layer was acidified and the succinic esters of the 
carbinols were extracted with ether. The ether was 
evaporated and the residue was hydrolyzed by heating 
with an excess of alcoholic potassium hydroxide solution. 
The hydrolyzed carbinol fraction weighed 8 g. after re­
moval of the solvent. This residue was dissolved in 100 cc. 
of ethyl alcohol and 5 g. of Girard’s reagent was added. 
The solution was heated for twenty minutes on a steam- 
bath, water was added and the product was well extracted 
with ether. The aqueous layer upon heating with hydro­
chloric acid gave only a small amount of ketones which 
were reserved for future investigation. The solvent was 
removed from the ethereal extract from the Girard’s re­
agent treatment and the residue was dissolved in a small 
amount of ethyl alcohol. To this was added 250 cc. of a 
2% digitonin solution in 90% ethyl alcohol, and the mix­
ture allowed to stand overnight. The digitonide was 
filtered and dried. I t  gave 3.7 g. of digitonide which upon 
hydrolysis gave mainly cholesterol. The alcohol was dis­
tilled from the filtrate from the digitonide and the residue 
was thoroughly extracted with ether and filtered. The 
ether was evaporated giving a residue weighing 5 g.

The sterol fraction from the acid hydrolyzed fraction of 
the non-pregnancy urine was worked up to this point in a 
similar manner. This fraction was similar to the other in 
all respects, except that the cholesterol content appeared to 
be less. Four grams of carbinols remained after removal 
of the cholesterol, ketones and non-carbinol material.

Oestranediol-A.—The above sterol fractions were 
sublimed separately using a mercury vapor pump and the 
fraction subliming at 110-135° was collected over a period 
of twenty hours. The distillates upon cooling in acetone 
gave in both cases a crude crystalline product melting at 
200- 210° which did not depress in melting point when 
mixed, so the total distillates, weighing 3.9 g., were com­
bined. This was dissolved in 15 cc. of acetone, cooled 
overnight in a refrigerator and then filtered. This fraction 
was principally pregnanediol. The filtrate was cooled in a 
mixture of ice and hydrochloric acid for two hours. The 
crystalline product was filtered and the mother liquors 
reserved for future investigation.

The crystalline material (1.2 g.) was recrystallized from 
acetone to give a substance of a constant melting point 
242°; yield 295 mg. This, when pure, is quite insoluble 
in acetone and can also be crystallized from a mixture of 
benzene and ligroin. I t  gave a depression in melting point 
of 30° when mixed with pregnanediol and 25° when mixed 
with alio-pregnanediol.

Anal. Cakd. for Ci8H3o02: C, 77.6; H, 10.9. Found: 
C, 77.4; H, 10.8.
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Diacetate of Oestranediol-A.—A solution of 25 mg. of
oestranediol-A in 5 cc. of acetic anhydride was refluxed for 
thirty minutes. The acetic anhydride was evaporated 
and the residue was recrystallized from methanol to a 
constant melting point of 160°.

Anal. Calcd. for C22H34O4: C, 72.9; H, 9.5. Found: 
C, 73.2; H, 9.7,

Oestranedione-A.—To a solution of 50 mg. of oestrane­
diol-A in 20 cc. of acetic acid was added 40 mg. of chromic 
anhydride in 5 cc. of 90% acetic acid. After standing at 
room temperature for one hour, water was added and the 
product was extracted with ether. The ethereal solution 
was freed of acids by shaking with water and 2% sodium 
hydroxide solution, and evaporated. The residue was sub­
limed in high vacuum and the fraction distilling at 120° 
was recrystallized from 50% acetone to give 36 mg. of 
oestranedione-A, m. p. 124°.

Anal. Calcd. for Ci8H2602: C, 78.8; H, 9.5. Found: 
C, 79.2; H, 9.8.

Equilenin from Oestranediol-A.—A mixture of 150 mg.
of oestranediol-A and 100 mg. of platinum black was 
melted in a stream of nitrogen. The temperature was then 
lowered to 215-225° and kept there for one hour, during 
which time bubbles of hydrogen were given off. The 
product was dissolved in ether and filtered. The ether was 
evaporated and the residue dissolved in 10 cc. of benzene. 
To this was added 10 cc. of a benzene solution saturated 
with picric acid and the solution concentrated to 10 cc. 
After standing in a refrigerator overnight the red crystal­
line picrate was collected and dissolved in ether. The 
ether solution was shaken with ammonia diluted with an 
equal Volume of water until the color of picric acid was no 
longer present. The ether solution was then shaken with 
5% sodium hydroxide solution. The alkaline solution was 
acidified and the product was filtered and washed with 
water. I t  was recrystallized from 50% alcohol to give 14 
mg. of a product melting a t 247-249°, giving a bright red 
color characteristic of equilenin when melted in the pres­
ence of oxygen. I t  gave no depression in melting point 
when mixed with an authentic sample of equilenin, m. p. 
256°. I t  gave a depression in melting point to 233° when 
mixed with oestrone.

Oestranediol-B.—The mother liquors from the crys­
tallization of oestranediol-A were concentrated to about 20 
cc. and cooled in a refrigerator overnight. The crystalline 
material was filtered and the filtrate was evaporated to 
about 10 cc. and cooled in ice-hydrochloric acid mixture. 
The crystalline product was filtered and crystallized from 
benzene-ligroin mixture. I t  was then crystallized from 
acetone to a constant melting point of 204°, yield 43 mg.

A sample of octahydro-oestrone was prepared by the 
method of Dirscherl3 by the catalytic reduction of oestrone 
in alcoholic-hydrochloric acid solution using platinum 
oxide as a catalyst. This melted at 204-205°, and gave no 
depression in melting point when mixed with oestranediol- 
B isolated from non-pregnancy urine. Oestranediols-A

and -B gave a depression in melting point when mixed with 
each other.

Anal. Calcd. for Ci8H3o02: C, 77.6; H, 10.9. Found: 
C, 77.6; H, 10.8.

Diacetate of Oestranediol-B.—A solution of 25 mg. of
oestranediol-B in 5 cc. of acetic anhydride was refluxed for 
thirty minutes. The acetic anhydride was evaporated and 
the residue was crystallized from methanol to a constant 
melting point of 160°.

Anal. Calcd. for C22H 34O4: C, 72.9; H, 9.5. Found: 
C, 72.8; H, 9.5.

Oestranedione-B.—A solution of 30 mg. of oestranediol- 
B (prepared by the reduction of oestrone) was oxidized by 
30 mg. of chromic anhydride as described for oestranediol- 
A. The product was sublimed in vacuo and the sublimate 
was recrystallized from 50% acetone to a melting point of 
170°.

Anal. Calcd. for Ci8H2602: C, 78.8; H, 9.5. Found: 
C, 79.0; H, 9.6.

Equilenin from Oestranediol-B.—One hundred and fifty 
mg. óf oestranediol-B (from oestrone) was dehydrogenated 
as described for oestranediol-A. The product was isolated 
and purified as described before. I t  melted a t 247° with 
the formation of a red color. Mixed with equilenin of 
known purity its melting point was raised to 250-254°. 
Mixed with oestrone it depressed to 230°.

Attempted Enzymatic Reduction of Oestrone.—Fresh 
hog ovaries were autolyzed according to the procedure used 
by Mamoli with stallion testes.7 Three hundred cc. of the 
resulting extract (equivalent to 150 g. of ovaries) was 
mixed with 200 mg. of oestrone and the mixture was al­
lowed to stand at 37° with frequent shaking for a period of 
thirty days. Then the mixture was extracted with ether, 
the solvent was evaporated to a volume of 50 cc. and 
washed with a 5% sodium hydroxide solution. The sepa­
rated aqueous washings were then acidified with hydro­
chloric acid and the crystalline precipitate filtered, thor­
oughly washed with water and dried. The weight of the 
dried precipitate was 140 mg. I t melted at 240-250° and 
showed no depression in melting point with an authentic 
sample of oestrone.

Similar results were obtained with extracts from supra­
renal glands of beef, and bull testes.

Summary

Two stereoisomeric oestranediols have been 
isolated from non-pregnancy urine. The occur­
rence of these oestranediols in non-pregnancy 
urine but not in pregnancy urine indicates that 
they are formed by non-enzymatic reductive 
processes in the course of utilization of oestrone 
as a hormone.
S t a t e  C o l l e g e , P a . R e c e iv e d  J u n e  15, 1938
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On the basis of a theory of the origin and inter­
relationships of the sex and cortical steroids1 we 
have predicted the absence in glandular extracts 
and urines of 3 ((f)■-hydroxy saturated steroids of 
the coprostanol type. The absence of this type 
of steroid from mare pregnancy tyrine already has 
been reported.2 As further verification of this 
prediction, we are now able to report the absence 
of this type of steroid in human pregnancy urine. 
Our examination of the 3 (0)-hydroxy steroid 
fraction from 1000 gallons (3780 liters) of human 
pregnancy urine has revealed the presence, in 
more than mere traces, of only cholesterol (4* mg. 
per gallon) and a/Zö-pregnanediol-3(jö),20(a) (1-
1.5 mg. per gallon).

The carbinol fraction of 1000 gallons (3780 
liters) of human pregnancy urine from which 
pregnanediol-3 (a), 20 (a), and a//tf-pregnanediol-3 
(ce),20(a) had been removed was treated with 
digitonin solution to isolate the 3 (/3)-hydroxy- 
steroids. The 3 (jö)-hydroxysteroid fraction thus 
obtained was distilled and the fraction subliming 
up to a bath temperature of 170° was investi­
gated. (The residue which did not distil, con­
sisting of triols, tetrols and so forth, was too 
small to warrant investigation.) The distillate, 
consisting of mono- and dihydroxy steroids was 
separated into a saturated and unsaturated 
steroid fraction, making use of the fact that the 
unsaturated sterol dibromides do not precipitate 
with digitonin. Crystallization of the unsatu­
rated sterol fraction yielded cholesterol, and an 
examination of the mother liquors from this 
showed the presence of only small amounts of 
other substances. Similarly, the saturated sterol 
fraction proved to be almost entirely allo-preg- 
nanediol-3(/3),20(a). To prove the absence of 
pregnanediol-3(0),20(a) and similar coprostanol 
derivatives, the sterols in the mother liquors from 
the isolation of a//tf-pregnanediol-3(/3),20(a) were 
epimerized with sodium in boiling xylene, the 
cholestanol derivatives precipitated with digi­
tonin, and the filtrate examined for the presence 
of ^'-coprostanol type derivatives, but none 
were found present.

(1) Marker, T h i s  J o u r n a l , 60, 1725 (1938).
(2) Marker, Rohrman and Wittle, ibid ., 60, 1561 (1938).

We wish to thank Dr. Oliver Kamm and 
Parke, Davis & Company for their generous help 
and assistance in various phases of this work.

Experimental Part
The carbinol fraction from 1000 gallons (3780 liters) of 

human pregnancy urine after removal of the preganediol, 
alio-pregnanediol and ketones was dissolved in a small 
amount of ethyl alcohol. To this was added a solution of 
40 g. of digitonin in 2 liters of 90% ethyl alcohol. I t  was 
allowed to stand overnight; then the insoluble digitonide 
was filtered and washed with ethyl alcohol until colorless. 
After drying it weighed 38 g.

The digitonide was decomposed by heating for thirty 
minutes on a steam-bath with 150 cc. of pyridine and pour­
ing into 2 liters of ether. The digitonin was filtered and 
the pyridine was removed by washing with hydrochloric 
acid. The ether was evaporated, giving a residue of 9.8 g. 
of sterols. This residue was sublimed in vacuo up to 170° 
using a mercury vapor pump for forty hours. Only mono- 
and dihydroxysterols distil up to this temperature. The 
distillate, weighing 7.0 g., was dissolved in 500 cc. of ethyl 
alcohol, cooled to 0° and enough bromine added to give a 
permanent yellow color. Then an excess of a 1% solution 
of digitonin in 90% alcohol was added. After standing 
overnight, the digitonide was filtered. Upon drying this 
weighed 6.4 g. From the filtrate was obtained, after de- 
bromination with zinc dust, 3.2 g. of cholesterol. The 
filtrate contained a considerable amount of cholesterol in 
addition to some other unsaturated steroids in smaller 
amounts. The insoluble digitonide was decomposed by 
pyridine as previously described. Upon crystallizing the 
liberated sterol from acetone, 0.8 g. of a product was ob­
tained melting a t 216°, which gave no depression in melting 
point when mixed with a//o-pregnanediol-3(|3),20(a) (m.
p. 216°).

Anal. Calcd. for C2iH3602: C, 78.8; H, 11.3. Found: 
C, 79.9; H, 11.4.

Oxidation of this gave &//<?-pregnanedione of m. p. 200° 
which showed no depression in melting point when mixed 
with a known sample.

To see whether the filtrate from the a//<?-pregnanediol-3- 
(/3),20(a) contained any carbinols of the pregnane series 
with 0-OH groups in the 3-position, the residue after 
evaporation of the solvent was epimerized by refluxing for 
nine hours with 5 g. of sodium in 100 cc. of xylene. The 
sodium was destroyed with aqueous alcohol and the prod­
uct was extracted with ether. The solvent was removed 
and the residue dissolved in a small amount of alcohol. 
An excess of digitonin in 90% alcohol was added, and 
after standing overnight the digitonide was filtered. The 
alcohol was removed from the filtrate and the residue was 
extracted for twenty-four hours with ether. No residue 
remained after evaporating the ethereal solution, showing 
that all of the sterols in human pregnancy urine precipi-
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table by digitonin and containing one or two hydroxyl 
groups are either unsaturated sterols or belong to the allo- 
saturated series, with none t>f the regular pregnane series 
present.

Summary
Cholesterol and a//tf-pregnanediol-3(/3),20(a)

were isolated from the digitonin precipitable frac­
tion of human pregnancy urine sterols. No 
mono- or dihydroxy-steroids of the pregnane con­
figuration at C-5 with 3(j3)-OH groups were found 
present.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  15, 1938

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

The Rearrangement of Vinyl Allyl Ethers

B y  C h a r les  D . H urd  and  M a x w ell  A. P ollack

That phenyl allyl ether undergoes thermal re­
arrangement into ö-allylphenol has been known 
for several years. Recent investigations have 
demonstrated the intramolecular nature of the 
process, 1 the inversion of the allyl group, 2 the 
failure of a, a-disubstituted allyl ethers to re­
arrange, 3 and the unusual rearrangement of 7 - 
ethylallyl phenyl ether. 4

That part of the aryl allyl ethers which is 
concerned in the rearrangement possesses the 
skeleton C==C—0 —C—C=C

C—O—CH2—CH

C—OH

c —c h 2—c h 2= c h 2

There is no previous mention in the literature 
of vinyl allyl ether, the simplest compound to 
possess this structure. It seemed important, 
therefore, to prepare it so that its pyrolytic be­
havior might be studied. If a comparable re­
arrangement occurred, allylacetaldehyde would 
be anticipated.

CH—O—CH2C H =C H 2 C H = 0
II — > I •

c h 2 c h 2—c h 2—c h = c h 2

The enol modification of this aldehyde, CH2=  
CH—CH2—CH=CHOH, would be analogous 
to the o-allylphenol.

Since neither vinyl allyl ether nor any of its 
simple analogs are known, several synthetical ap­
proaches were tested. One of these methods 
consisted in the condensation between allyl 
bromoacetal and sodium. A similar reaction had

(1) Hurd and Schmerling, T h i s  J o u r n a l , 59, 107 (1937).
(2) Claisen and Tietze, Ber., 58, 275 (1925).
(3) Claisen and co-workers, J . prakt, chem., 105, 67 (1922); Hurd 

and Cohen, T h i s  J o u r n a l , 53, 1919 (1931).
(41 T auer and Filbert, ibid., 58, 1388 (1936).

been employed successfully by Wislicenus5 in the 
preparation of vinyl ethyl ether: BrCH2CH-
(OC2H5)2 +  Na —^  CH2=CHOC2H5 +  NaBr 
+  C2H5ONa, but in the present adaptation, the 
yield was trivial. When only one-fifth of the 
theoretical amount of sodium was added to the 
acetal, the reaction mixture became a thick brown 
mass, to which further addition of alkali metal 
proved ineffectual. No improvement was real­
ized with xylene as solvent. Somewhat similar 
results were obtained by Hibbert and Hill6 from
the reaction between sodium and 3-bromo-l,2-pro-

/O—CH—CH2Br
panediol bromoacetal, BrCH2CH<

CH2
Another procedure tried was related to the last step 
in Boord’s7 synthesis of a-olefins from /3-bromo 
ethers: BrCH2CHROC2H5 +  Zn —> CH2=  
CHR +  BrZnOC2H5. Here again, however, the 
analogy was misleading for only slight yields of 
vinyl allyl ether were obtained following the action 
of zinc on allyl bromoacetal, BrCH2CH(OC3H5)2. 
With no solvent, very little reaction occurred below 
148°, and above that temperature the violence of 
reaction led to the formation of a black tar. When 
boiling alcohol was used as a medium, it was found 
that the rate of reaction was very slow, only a small 
amount of ether being obtained in six hours.

Another approach to the synthesis of this ma­
terial was based on the fact that enol ethers may 
be prepared by heating certain ketals in the pres­
ence of an acid catalyst.8 When allyl acetal 
was heated with a trace of ^-toluenesulfonic acid, 
a small amount of vinyl allyl ether was obtained, 
but most of the material remained unreacted.

(5) Wislicenus, A nn., 192, 106-112 (1879).
(6) Hibbert and Hill, T h i s  J o u r n a l , 45, 746 (1923).
(7) Dykstra, Lewis and Boord, ibid., 52, 3401 (1930).
(8) Johannissian and Akunian, Bull. univ. etat R. S. S.-Arm enie  

No. 5, 245-249 (1930); C. A . 25, 921 (1931); Killian, Hennion and 
Nieuwland, T h i s  J o u r n a l , 57, 544 (1935).
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H
I ArSOaH

CH3— COC3H5--------- - >  CH2= C H O C 3H5 +  C3H5OH

OC3H5

Killian, Hennion and Nieuwland were unable to 
obtain vinyl ethers by similar treatment of ethyl 
and propyl acetals.

One method which was found to be fairly ser­
viceable involved heating allyl acetal with phos­
phorus pentoxide in a solvent such as quinoline 
or dimethylaniline.
CH3CH(OC3H5)2 +  P2O5 —

C H 2=C H — O— C3H5 +  2HPO3

Yields of 12-19% were obtained. Claisen9 used 
this general method in 1898 in preparing vinyl 
ethyl ether.

The best synthesis of vinyl allyl ether was found 
to be the reaction between /3-bromoethyl allyl 
ether and powdered potassium hydroxide. A 
51% yield was realized.
BrCH2CH2OCH2CH==CH2 +  KOH — >

CH2= C H O C H 2CH==CH2 +  KBr +  H 20

Bromoethyl allyl ether was prepared for this 
purpose by condensing the sodium salt of ethylene 
glycol with allyl bromide (77-81% yields), and 
treating the resulting j3-hydroxyethyl allyl ether 
in pyridine with phosphorus tribromide.
HOCH2CH2ONa +  BrCH2CH==CH2 ---->

PBr3
HOCH2CH2OCH2C H =CH 2------>■

BrCH2CH2OCH2CH==CH2.

Yields of 35-45% were obtained in this last reac­
tion. There was considerable splitting of the 
ether during this treatment, which accounted for 
the low yield.

It will be recalled that the attempts to prepare 
vinyl allyl ether from allyl acetal were unsuccess­
ful. A similar reaction with allyl dimethylketal, 
however, yielded acceptable quantities of a- 
methylvinyl allyl ether. For this synthesis, ethyl 
dimethylketal, (CH3)2C(OC2H5)2, was required. 
It was obtained readily when acetone was con­
densed with ethyl orthoformate and ethyl al­
cohol in the presence of ^-toluenesulfonic acid. 
When this ketal was heated for a few minutes with 
an excess of allyl alcohol and the same catalyst, 
an interchange of groups occurred and allyl di­
methylketal was isolable from the reaction mix­
ture in 38% yield. A smaller amount (12%) of 
the mixed ketal was also obtained.

(9) Claisen, Ber., 31, 1021 (1898).

ArS03H
(CH3)2C(OC2H5) 2 +  2 C3H5OH < >

(CH 3)2C(OC3H5)2 +  2 C2H 5OH 
(CH 3)2C(OC2H 5)2 +  C3H5OH

/OC3H5
(CH3)2C< +  C2H6OH

X)—C2H5

When either of these allyl dimethylketals was 
distilled slowly from .^-toluenesulfonic acid, a- 
methylvinyl allyl ether was obtained.

CH3
I ArS03H

CH3COCH2CH=CH 2 ---------->  CH3

OC2H5 (C3H5) CH2==COCH2CH===CH2
+  C2H5OH 

(C3H5 0 H)

The work of Boord and Lauer and their co­
workers10 on the preparation of vinyl ethers was 
adapted to this synthesis. a-Chloro-/3-bromo- 
ethyl allyl ether, prepared by allowing dry 
hydrogen chloride and allyl alcohol to react with 
a mixture of bromoacetaldehyde and its trimer, 
was condensed with phenylmagnesium bromide. 
In this way, a-phenyl-/Tbromoethyl allyl ether 
was formed.

H
C3H5OH I C6H5MgBr

BrCH2CHO ---------->  BrCH2COC3H5 ------------- >-
HCl

Cl
H

BrCH2COC3H5

C6H5

When it was heated with powdered potassium 
hydroxide, a-phenylvinyl allyl ether was pro­
duced.

KOH
BrCH2CHOC3H5 > CH2=C O C 3H5

C6H5 c 6h 5

Acid Hydrolysis of the Vinyl Ethers.—It is
known11 that allyl ethers hydrolyze readily when 
exposed to aqueous solution of acid. The three 
new vinyl ethers were also subjected to acid 
hydrolysis for purposes of characterization. Acet­
aldehyde, acetone and acetophenone were formed 
in turn.

HCl
CH2==CHOCH2C H =C H 2 -f h 2o  — >-

CH3CHO +  CH2= C H C H 2OH
c h 2= c o c h 2c h = c h 2 -1- H20  — >

CHs
____________  CH3COCH3 +  C H r= C H  CH20  H

(10) Swallen and Boord, T h i s  J o u r n a l , 52, 651 (1930); Dykstra, 
Lewis and Boord, ibid., 52, 3396 (1930); Lauer and Spielman, ibid., 
53, 1533 (1931).

(11) Lauer and Spielman, ibid., 53, 1533 (1931).
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T a b l e  I

P r o p e r t ie s  o f  N e w  C o m p o u n d s

Compound B. p., °C.
Press.,

mm. m2°d d*°4
,-------- Mol. ref.--------
Found Caled.

Vinyl allyl ether 65.0-65.2 733 1.4115 0.805 25.98 26.00
a-Methylvinyl allyl ether 87.5-88.0 745 1.4191 0.808 30.67 30.62
a-Phenylvinyl allyl ether 104-105 12 1.5402 1.007 49.91 50.34
/3-Hydroxyethyl allyl ether 63-64 18-19 1.4356 0.958 27.84 27.99
j8-Bromoethyl allyl ether 68.5-69.0 36 1.4668 1.336 34.22 34.23
a'-Phenyl-jS-bromoethyl allyl ether 129-130 12 1.5421 1.299 58.40 58.61
Allyl acetal" 148-149 753 1.4242 0.877 41.41 41.50
Allyl dimethylketal 61 26 1.4254 .870 45.93 46.11
Ethyl allyl dimethylketal 43-45 26 1.4090 .852 41.85 41.96
Allyl bromoacetal 102-104 23 1.4729 1.269 48.86 49.38
Allylacetaldehyde 103-104 749 1.4191 0.852 24.92 24.83

° Nieuwland and co-workers, T h i s  J o u r n a l , 45, 1552 (1923), and 52, 2892 (1930), obtained materials with the boiling 
points of 162° (atm.) and 90-93° (16 mm.), n 28D 1.4351, which he considered to be allyl acetal. However, in view of the 
discrepancies between these values and the ones found here, and the fact that no other constants or analyses were given 
by Nieuwland, it seems possible that the material obtained by him either was not the acetal or was a very impure sample.

CH2=C O C H 2CH==CH2 + ' HaO ---->-
I

c 6h 5
c h 3c o c 6h 5 +  CH2=C H C H 2OH

Pyrolysis of the Ethers.—Heating in the liquid
phase to 200-250° is the general method of bring­
ing about the rearrangement of aryl allyl ethers 
into phenols. Whether or not vapor phase heat­
ing of vinyl allyl ether, necessitated by the low 
boiling point of the latter, would be comparable, 
could not be predicted. It was found, however, 
that the anticipated rearrangement into allyl­
acetaldehyde occurred to the extent of 40-50% 
at 255°.

CHa=CHOCHa*CH=CH2 — ^  CH2=C H C H 2CH2CHO

No other products were formed, the remainder of 
the material being unchanged ether. At 215°, 
no rearrangement was observable. The identity 
of allylacetaldehyde was confirmed by analyses 
and by treatment with ozone, which gave rise to 
formic and succinic acids.

Os / ° 3\  h 2o
CH2= C H (C H 2)aCHO—- > c h 2—c h c h 2c h 2c o o h ----->

Ag20
HCOOH +  (CH2COOH)2

a-Methylvinyl allyl ether was found to be some­
what less stable to heat. There was practically 
complete conversion into allylacetone by heating 
in the vapor phase at 255°.

c h 2= c o c h 2c h ==c h 2 — c h 2= c h c h 2c h 2c = o
I I

c h 3 c h 3

Indeed, a small amount of this ketone was iso­
lated during the preparation of the ether, in which 
process the bath temperature reached 200°.

a-Phenylvinyl allyl ether appeared to be the

least stable of these ethers. Mere distillation 
under reduced pressure (temperature below 175°) 
caused rearrangement into w-allylacetophenone, 
and brief refluxing under atmospheric pressure 
brought about this reaction in a high yield.

CH2=CO CH 2CH=:CH2 — ^  c h 2= c h c h 2c h 2c ==o
I I

c 6h 5 c 6h 5

Experimental Part
Bromoacetaldehyde.—Paraldehyde (125 g.) was bromi- 

nated at —5 to —10° with bromine (360 g.) according to the 
directions of Hibbert and Hill.12 The yields of the lach­
rymatory mixture of bromoacetaldehyde and its trimer 
were 39-53%.

Allyl Bromoacetal.—Seventy grams of the above 
bromoacetaldehyde mixture was placed in a 500-cc. three­
necked flask, equipped with a mercury-sealed stirrer and a 
reflux condenser which was protected from moisture by a 
calcium chloride tube. To this were added 69 g. of allyl 
alcohol (b. p. 93-95°) and 0.4 cc. of 40% sulfuric acid. 
The resulting solution was refluxed, with constant stirring, 
for nine hours on the steam-bath. After cooling, it was 
taken up in an equal volume of ether and neutralized by 
shaking with a dilute sodium hydroxide solution. I t was 
further washed with a small amount of sodium bisulfite 
solution, then washed with water, and dried over anhy­
drous sodium sulfate.

The ether solution was filtered and the ether removed 
under diminished pressure. The reddish-brown residual 
liquor was distilled under reduced pressure. Redistilla­
tion gave pure allyl bromoacetal, boiling at 102-104° at 23 
mm. The material was colored slightly yellow when 
freshly distilled, but became colorless on standing. Con­
stants for this compound, and for the other compounds to 
be described in this paper, are collected in Table I.

Anal. Calcd. for C8Hi30 2Br: Br, 36.16. Found: Br, 
35.94.

The yield obtained in this way was 20.5%. The yield

(12) Hibbert and Hill, T his J o u r n a l , 45, 746 (1923).
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was increased to 26.4% by removal of the water formed 
in the reaction. An experiment using 91.5 g. of the alde­
hyde, 90 g. of dry allyl alcohol and 0.55 cc. of 40% sulfuric 
acid was carried out. During a similar heating period of 
nine hours, 24 cc. of an alcohol-water constant-boiling 
mixture was removed, while 40 cc. of the alcohol was added. 
On working up the products as before, 43.4 g. of the acetal 
was obtained. If the allyl alcohol (53% of calcd.) was 
added directly to the bromination product of paraldehyde 
as soon as the color of bromine had disappeared from the 
solution, the yield of the acetal was 25%. In this reac­
tion, stirring a t —5° was maintained for two and a half 
hours before allowing the flask to warm up to room tem­
perature. The lower layer was separated, dissolved in 
ether and purified as before.

Effect of Metals on Allyl Bromoacetal
Sodium.—Small pieces of sodium were added to 9.6 g. 

of allyl bromoacetal a t 140-145°. About four drops of 
water-insoluble, odoriferous liquid, w20d 1.4105, was col­
lected as distillate, which was identified later as vinyl 
allyl ether. When only 0.4 g. of sodium was added the 
reaction mixture set to a brown mass from which half of 
the original bromoacetal was recoverable (b. p. 103-105° 
at 27 mm.). Additional sodium rested on the surface of 
the brown mass without reacting. Xylene, as diluent, did 
not prevent the formation of this brown sludge.

Zinc.—Little or no reaction occurred between allyl 
bromoacetal and zinc dust up to 148°, but a t this tempera­
ture a violent exothermic reaction ensued. A black tar 
was the only product.

A mixture of 20 g. of allyl bromoacetal, 50 cc. of alcohol 
and 14.7 g. of zinc dust was heated to reflux temperatures 
and stirred for three hours. Then 20 cc. of distillate (A) 
was taken off and 20 cc. of alcohol added for another re­
fluxing period of three hours, after which all that would 
distil over (B) on the steam-bath was collected. Both A 
and B smelled strongly of allyl vinyl ether. When A was 
mixed with an equal volume of water, about 0.5 cc. of it 
separated, n 20D 1.4101. No separation occurred when B 
was diluted. Much allyl bromoacetal was recovered from 
the higher boiling residue.

Allyl Acetal.—Twenty grams of dry calcium chloride 
was dissolved in 132 g. of allyl alcohol (b. p. 93-96°) by 
shaking in a tightly stoppered bottle. This solution was 
cooled to 0° and 50 g. (1.14 moles) of cold acetaldehyde 
was added. The bottle was restoppered and the mixture 
was shaken vigorously for ten minutes, a t the end of which 
time two layers had formed.

The mixture was allowed to stand for thirteen and one- 
half hours with occasional shaking, before separating the 
clear upper layer. This was washed with 100 cc. of dis­
tilled water in three portions. The washed oil was al­
lowed to stand for three hours to permit more water to 
settle out, and was then dried over anhydrous potassium 
carbonate for eighteen hours. After filtering, the material 
was distilled. Refractionation gave a total of 110.5 g. 
(68.2% yield) of allyl acetal which boiled between 146- 
150°. Other runs gave yields of 62.4 and 64.7%. The 
pure material boiled at 148-149°.

Anal. Calcd. for C8Hi40 2: C, 67.61; H, 9.88. Found: 
C, 67.14, 67.37; H, 9.88, 9.95.

Decomposition of Allyl Acetal in the Presence of p- 
Toluenesulfonic Acid.—A mixture of 16 g. of allyl acetal 
and 0.045 g. of ^-toluenesulfonic acid was heated to reflux­
ing on an, oil-bath. A small amount of tar appeared and 
the solution became red-brown in color. Subsequently, 
the material was heated a t 305° for two and one-half hours 
and then a t 130-140° for ten hours. During this latter 
heating period, 3 g. of liquid distilled over. Redistillation 
of this distillate gave 1.82 g. of crude vinyl allyl ether, col­
lected between 48-98°. The usual ethereal odor was ob­
served with this material. Its index of refraction n 20D was
I. 4107 (n20d for the pure ether, 1.4115). Evidence for its 
structure was obtained by hydrolysis of a small portion 
with dilute hydrochloric acid. To this resulting solution 
was added 5 cc. of an alcoholic solution of 2,4-dinitro- 
phenylhydrazine. The hydrazone melted (without re­
crystallization) a t 151-152°; mixed melting point with an 
authentic sample of the acetaldehyde derivative (m. p. 
161-163°) was 157-158°.

Reaction between Allyl Acetal and Phosphorus Pent­
oxide.—Sixty grams of dimethylaniline (b. p. 190-191°) 
and 60 g. of phosphorus pentoxide were mixed thoroughly 
in a 500-cc. flask, after which 59 g. of allyl acetal was 
added. A 25-cm. empty Hempel column was placed on 
top of the flask and was connected to a condenser set for 
distillation. The mixture was heated slowly and kept at 
gentle refluxing until all of the easily-volatile material had 
distilled over. During this period a considerable amount 
of tarring occurred. The total weight of distillate was 
28.8 g. Fractionation of this material through a 25-cm. 
Widmer column gave 6.8 g. (19.3%) of crude vinyl allyl 
ether (b. p. 56-70°). The other fractions consisted mainly 
of allyl alcohol (app. 60% of total), some allyl acetal and 
1 g. of an unidentified substance boiling at 40-42°.

Other runs gave essentially the same products. The 
yields of vinyl allyl ether obtained in these other cases 
were: 15.5% (crude, using dimethylaniline as solvent) and
II . 5% (pure, using quinoline as solvent). One redistilla­
tion through a good column sufficed for the purification of 
the ether, b. p. 65.0-65.2°.

Anal. Calcd. for C5H80 : C, 71.38; H, 9.59. Found: 
C, 71.30; H, 9.39.

/3-Hydroxyethyl Allyl Ether.—To 158 g. of redistilled 
ethylene glycol 23.4 g. of sodium was added slowly in small 
pieces. After the reaction was over, the solution was 
heated with stirring on the steam-bath while 124 g. of 
allyl bromide was slowly added. The mixture was heated 
for two hours after the addition. The sodium bromide 
was filtered off and the filtrate distilled under reduced 
pressure. Redistillation through a 60-cm. Vigreux column 
gave 79.6 g. of pure material boiling between 63-64° a t 18- 
19 mm., yield 77%.

Anal. Calcd. for C6Hi0O2: C, 58.81; H, 9.87. Found: 
C, 58.45; H, 9.79.

Another run using 0.91 mole of sodium and 1.2 moles of 
allyl bromide wherein the ethylene glycol was separated 
from the /3-hydroxyethyl allyl ether by ether-water parti­
tion, and the last of the hydroxy ether recovered by ex­
tracting the aqueous solution with ether, gave an 81% 
yield after the usual procedures of drying and distilling.

/3-Bromoethyl Allyl Ether.—To 75.3 g. (0.278 mole) 
of phosphorus tribromide in a flask surrounded by an ice-
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bath was added slowly, with constant stirring, a mixture of 
71 g. (0.695 mole) of j3-hydroxyethyl allyl ether and 12.5 g. 
(0.156 mole) of dry pyridine. The mixture was stirred 
for one horn: and then allowed to stand for an equal interval 
before distilling under reduced pressure. The distillate 
was washed twice with dilute sodium hydroxide, twice 
with dilute sulfuric acid, and once with water. After 
drying over anhydrous sodium sulfate, distilling and redis­
tilling through a 60-cm. Vigreux column, a 40% yield of /3- 
bromoethyl allyl ether was obtained. I t boiled at 68.5-690 
(36 mm.).

Anal. Calcd. for CsHgOBr: Br, 48.43. Found: Br, 
48.19.

Using the Palomaa and Kenetti procedure,13 which con­
sists of the addition of the alcohol-pyridine mixture to cold 
phosphorus tribromide and allowing the reaction mixture 
to stand for a few hours, unmodified except that the crude 
bromide was distilled off under reduced pressure as soon as 
the addition was over, a 45% yield was obtained.

In another run, wherein the phosphorus tribromide was 
added to the mixture of /3-hydroxyethyl allyl ether and 
pyridine at 0°, and the whole allowed to stand overnight, a 
35% yield was realized.

Reaction between /3-Bromoethyl Allyl Ether and Potas­
sium Hydroxide.—Into a 125-ec. distilling flask was 
placed 42.5 g. of /3-bromoethyl allyl ether, after which 43 g. 
of finely powdered potassium hydroxide was added. The 
mixture was heated slowly on an oil-bath to 110°, at which 
point volatile material began to distil. The bath tempera­
ture was raised slowly. When no more would come over 
(bath temperature was 174°), the heating was stopped. 
The distillate weighed 11.1 g. That this material was vinyl 
allyl ether was shown by the fact that practically all of it 
distilled at 65-66° (741 mm.). The refractive index, n u D 

1.4101, was also in good agreement. The yield was 51%.
Upon taking up the residue in the flask with water, 12 

cc. of impure bromoethyl allyl ether was recovered.
Ethyl Dimethylketal.—A mixture of 39 g. (0.26 mole) 

of ethyl orthoformate, 13 g. (0.23 mole) of dry acetone, 58 
g. (1.3 moles) of absolute alcohol and 0.055 g. of ^-toluene- 
sulfonic acid was refluxed for ten minutes, neutralized with 
sodium ethoxide, cooled with running water and diluted 
with 400 cc. of distilled water. The upper layer which 
separated was washed three times with 50-cc. portions of 
distilled water and then allowed to dry over anhydrous 
potassium carbonate. After filtering, the material was 
distilled and the portion boiling between 113-115° was 
collected. The yield was 22.6 g. (75%).

Allyl Dimethylketal and Ethyl Allyl Dimethylketal.— 
To a mixture of 54 g. (0.41 mole) of ethyl dimethylketal 
and 160 g. of dry allyl alcohol was added 0.1 g. of toluene- 
sulfonic acid. The whole was refluxed for ten minutes 
and then the color was discharged with sodium ethoxide. 
The alcohol mixture was distilled off slowly (up to a tem­
perature of 97°), using a 60-cm. electrically heated 
Vigreux column with partial condensation head. The 
remainder was fractionated through this same column 
under reduced pressure. Refractionation gave 7 g. 
(12%) of ethyl allyl dimethylketal boiling at 43-45° at 26 
mm., and 24 g. (38%) of allyl dimethylketal, boiling at 61° 
a t 26 mm. (also 46-48° a t 13-14 mm.).

(13) Palomaa and Kenetti, Ber., 64, 799 (1931).

Anal, of ethyl allyl dimethylketal. Calcd. for C8H i60 2: 
C, 66.62; H, 11.19. Found: C, 67.00; H, 11.23.

Anal, of allyl dimethylketal. Calcd. for C9Hi602: C, 
69.19; H, 10.31. Found: C, 69.18; H, 10.35.

a-Methylvinyl Allyl Ether.—To 25 g. of allyl dimethyl­
ketal was added 0.1 g. of ^-toluenesulfonic acid in a 50-cc. 
flask topped with a short Vigreux column connected to a 
water condenser set for distillation. The material was 
heated to gentle refluxing on an oil-bath, whereupon 21 g. 
of a volatile distillate was collected during a period of five 
hours. The bath temperature changed from 145 to 200° 
during this time. The distillate was shaken with four 
times its volume of distilled water, and the separated 
upper layer washed twice more with equal volumes of dis­
tilled water, after which the weight was 12 g. After drying 
over anhydrous potassium carbonate, the material was 
filtered and distilled through a 60-cm. Vigreux column. 
Three and one-half grams of a-methylvinyl allyl ether was 
collected, boiling at 87.5-88° (745 mm.). A small amount 
(1.5 g.) of allylacetone was separated at 126-129°. The 
residue was mainly unreacted allyl dimethylketal.

The allylacetone was characterized by its semicarbazone, 
m. p. 102-103° (reported14 as 100-102°). The ether was 
analyzed.

Anal. Calcd. for C6H ioO: C, 73.41; H, 10.28. Found: 
C, 73.02; H, 10.03.

Decomposition of Ethyl Allyl Dimethylketal in the 
Presence of ^-Toluenesulfonic Acid.—A mixture of 6.4 g. 
of ethyl allyl acetonal and 0.04 g. of />-toluenesulfonic acid 
was heated as in the previous experiment. Five grams of 
material was collected while the bath temperature was 
raised slowly from 120 to 180°. The distillate was shaken 
with 50 cc. of distilled water, and the resulting upper layer 
washed twice with 10-cc. portions of water before drying 
over anhydrous potassium carbonate. After filtering, the 
material was distilled in a 2-cc. modified Claisen distilling 
flask at atmospheric pressure.

Fraction B. p„ °C. W t., g. W20D
1 82-88 0 . 1 0

2 88-90 .53 1,4155
Residue .24

This distillate was chiefly a-methylvinyl allyl ether.

a -Chloro-/3-bromoethyl Allyl Ether.—To 43.7 g. of a 
mixture of bromoacetaldehyde and tribromoparaldehyde 
at 0° was added 20.6 g. of dry allyl alcohol. At this tem­
perature, dry hydrogen chloride was introduced with con­
stant stirring until a 17.5 g. increase in weight was noted. 
At the end of the reaction two colorless layers had formed. 
The lower one was placed over anhydrous calcium chloride 
and the excess hydrogen chloride was evaporated under 
reduced pressure. A light-brown color appeared after 
standing for two days. After filtering, the a-chloro-/3- 
bromoethyl allyl ether weighed 44 g. (62% yield).

In another run crystals of tribromoparaldehyde settled 
out during the reaction. The yield in this case (59.3%) 
was based on the unrecovered aldehyde.

a-Phenyl-/3-bromoethyl Allyl Ether.—Phenylmag-
nesium bromide was prepared in the usual way from 176 g. 
(1.12 moles) of bromobenzene, 27 g. of magnesium and 400

(14) Von Braun and Stechele, ibid., 33, 1472 (1900).
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cc. of dry ether. After cooling to 0°, a 1:1 dry ether solu­
tion of 134 g. of a-chloro-j8-bromoethyl allyl ether was 
added with constant stirring. The material was added 
slowly enough so that the mixture remained cold. After 
the reaction was over, stirring at 0° was continued for 
twenty minutes before hydrolyzing with dilute hydro­
chloric acid. The ether layer was separated and dried 
over anhydrous calcium chloride.

After filtering, the ether was distilled off on the steam- 
bath, 3.5 g. of solid sodium hydroxide was added and the 
residue distilled under reduced pressure. Sixty-six grams 
(41% yield) of a-phenyl-jS-bromoethyl allyl ether was ob­
tained, distilling between 130-142° a t 18-21 mm. Several 
refractionations were necessary in order to obtain a pure 
product, b. p. 129-130° (12 mm.). The major impurity 
was diphenyl.

Anal. Calcd. for CnHi3OBr: Br, 33.16. Found: Br, 
32.99. Analysis for unsaturation.15 Subs., 0.2623; cc. of 
0.5017 N  KBrCVKBr soln. added, 6.43. Cc. of 0.1768 N  
Na2S203 req. to back-titrate, 5.54. Double bonds per 
molecule, 1.03.

a-Phenylvinyl Allyl Ether.—To 18 g. of a-phenyl-0- 
bromoethyl allyl ether in a small distilling flask was added
4.5 g. of finely-powdered potassium hydroxide and the 
mixture allowed to stand for two hours. Heat was 
evolved during the addition and a red-brown color was 
developed. The system was placed under a pressure of 4 
mm. and the bath was slowly heated up until gentle reflux­
ing occurred. After one-half hour’s refluxing, distillation 
was permitted to occur and 9 g. of material was collected. 
Since this gave a positive test for bromine in the sodium 
fusion test, it was treated further with 1.7 g. of finely 
powdered potassium hydroxide in a 12-cc. distilling flask. 
Under a pressure of 12 mm., the material was slowly 
heated up to refluxing, and maintained for one-half hour. 
Upon distillation, it was found that the entire distillate (3 
g. or 25% yield) came over at 104-105° (12 mm.). A very 
small amount of water was collected also. The distillate 
was dried over anhydrous sodium sulfate and filtered 
therefrom. This unsaturated, colorless liquid gave no 
halogen test when fused with sodium.

Anal. Calcd. for C11H12O: C, 82.45; H, 7.56. Found: 
C, 82.01; H, 7.36.

Acid Hydrolysis of Vinyl Ethers
Vinyl Allyl Ether.—A few drops of vinyl allyl ether 

was dissolved in 5 cc. of 95% alcohol and two drops of con­
centrated hydrochloric acid was then added in order to 
hydrolyze the ether. After the addition of 5 cc. of a satu­
rated solution of 2,4-dinitrophenylhydrazine in 95% 
alcohol, the mixture was boiled for one minute. Water 
was added to incipient cloudiness, and the hydrazone was 
permitted to crystallize. After two recrystallizations, the 
melting point of the orange crystals was 164-164.5°. A 
mixed melting point with authentic acetaldehyde 2,4- 
dinitrophenylhydrazone (m. p. 166°) showed the two 
materials to be identical (mixed m. p., 165-165.5°). A 
mixed melting point with the corresponding formaldehyde 
derivative (m. p. 165°) gave a thirty-degree depression.

(15) Davis, Crandall and Higbee, Ind , Eng. Chem., A m i,  E4., 3, 
108 (1931).

a-Methylvinyl Allyl Ether.—This ether was treated 
in an identical manner. The 2,4-dinitrophenylhydrazone, 
after two crystallizations from alcohol, melted at 125°. 
The mixture m. p. with authentic acetone 2,4-dinitro­
phenylhydrazone (m. p. 125°) was 125°.

a-Phenylvinyl Allyl Ether.—A small amount of the 
ether was dissolved in dilute alcohol and semicarbazide hy­
drochloride was added. After gentle heating, the semi­
carbazone was permitted to form. The melting point, 
after one recrystallization from dilute alcohol, was 198- 
199°. A mixed melting point (199-200°) with authentic 
acetophenone semicarbazone (m. p. 200- 201°) showed 
these two materials to be identical.

Pyrolysis of the Ethers
Vinyl Allyl Ether.—The method used here consisted in 

passing the vapors of the ether through a tube (16 X 0.7 
cm.) which was heated to a constant temperature by the 
refluxing vapors of a proper bath material.

When naphthalene was used to provide a temperature of 
215-218°, no rearrangement was observed. When 6.7 g. 
of vinyl allyl ether was passed through the tube during a 
period of twenty minutes, the 6.5 g. of recovered material 
proved to be unchanged ether.

When phenyl ether (b. p. 252-255°) was used, however, 
definite rearrangement was observed.

Run
Ether used, 

g- Product
Time of run, 

min.

1 3.92 3.64 50
2 1 1 . 0 1 0 . 6 115

In these runs, 40-50% of a higher-boiling substance (b. 
p. 99-104°) was isolated from the recovered material, while 
the rest proved to be unreacted vinyl allyl ether. After 
several refractionations, 2.5 g. (approx. 50% of the com­
bined fractions, b. p. 99-104°) came over constantly be­
tween 103-104° (749 mm.). This material had a pungent 
aldehyde-like odor and reacted immediately with Schiff’s 
reagent. I t  was found to be much more soluble than vinyl 
allyl ether upon shaking with water. This fraction had 
the following constants: d 204 0.852; w20d  1.4191.

Anal. Calcd. for C5H 80 : C, 71.38; H, 9.59. Found: 
C, 70.99, 71.08; H, 9.53.

The dimethone16 derivative of allylacetaldehyde was 
prepared, and melted sharply at 98° after several recrystal­
lizations from alcohol.

Anal. Calcd. for C2iH3o0 4: C, 72.79; H, 8.73. Found: 
C, 72.94; H, 8.62.

The 2,4-dinitrophenylhydrazone of allylacetaldehyde 
also was prepared. After three recrystallizations from 
alcohol, the melting point remained unchanged at 120°.

a-Methylvinyl Allyl Ether.—The same apparatus was 
used as in the case of vinyl allyl ether. The vapors of 3.6 
g. of a-methylvinyl allyl ether were passed through the 
tube, which was heated to 255° by the refluxing vapors of 
phenyl ether, during the course of one hour. Three and 
three-tenths grams of material was recovered. On distilla­
tion, practically all of this distilled at 126-127° a t 745 mm. 
Properties of allylacetone: w20d  1.4199; d204 0.842; MR  
(found) 29.47, M R  (calcd.) 29.45.

(16) Klein and Linser, Mikrochemie, Pregl Festschrift, 204 (1929) 
"Methone” is a trade name for dimethyldihydroresorcinol.
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The presence of the CH3CO- group was indicated by 
the good iodoform test obtained from a drop of this ma­
terial. Preparation of the semicarbazone (m. p. 103°) 
and the 2,4-dinitrophenylhydrazone17 (m. p. 108-108.5°) 
further confirmed its identity.

a-Phenylvinyl Allyl Ether.—When 1.31 g. of this ether 
was refluxed gently under atmospheric pressure for fifteen 
minutes, a red-brown color developed. After cooling, the 
system was distilled at 12-13 mm. The entire volatile 
portion (0.93 g.) came over between 105-116°. A small 
amount of a deep red-brown, viscous material remained as 
residue. The refractive index n2QD of the distillate was 
1.5417.

The semicarbazone was prepared in the usual manner 
and found to melt, after two recrystallizations, at 156- 
157°. The oxime was also recrystallized twice and had 
the melting point of 53 0.18 A mixed m. p. with a sample of 
authentic acetophenone oxime (m. p. 57-58°) showed 
definitely tha t these two materials were different. Simple 
mixing gave a sticky mass, which was completely melted at 
45.5°. This distillate is, therefore, identified as 7-butenyl 
phenyl ketone.

Ozonolysis of Allylacetaldehyde.—One gram of allyl­
acetaldehyde was dissolved in 100 cc. of dry carbon tetra­
chloride and an excess of a 5% ozone-in-oxygen stream 
passed into the solution at 0°. The resulting ozonide was 
hydrolyzed in the presence of the solvent with 70 cc. of 
water and the reaction completed by refluxing for one 
and one-half hours. At this point, the freshly-prepared 
and well-washed silver oxide from 15 g. of silver nitrate 
was added and the mixture was further refluxed for one 
hour. After the evaporation of the carbon tetrachloride 
by gentle heating on the steam-bath, the mixture was 
filtered.

Most of this filtrate was distilled, the distillate made up 
to 110 cc., and a determination of the Duclaux values 
made.

(17) A llen, T h is  J o u r n a l , 52, 2958 (1930), reports m. p. of 104°
(18) Helferich and Lecher, Ber., 54, 930 (1921), report the m. p. 

of the semicarbazone of 7 -butenyl phenyl ketone as being 156-157°, 
and that of the oxime as 53-54°.

Cc. alkali required
Original 10 cc. 2.90
First 10 cc. distilled 1.20
Second 10 cc. distilled 1.30
Third 10 cc. distilled 1.40

Duclaux values found: 4.14, 4.48, 4.83. The theoretical 
values for formic acid are: 3.95,4.40 4.55. This distillate 
slowly decolorized potassium permanganate solution.

After the formic acid had been distilled off, the residue 
was treated with excess of hydrochloric acid to precipitate 
the remaining silver. After filtering, the filtrate was 
evaporated to dryness.

A small amount of this residue was dissolved in water 
and neutralized with dilute sodium hydroxide. The p- 
bromophenacyl ester of the acid was prepared in the usual 
manner and was recrystallized from an alcohol-acetone 
mixture; m. p. 209-210°. A mixed melting point with 
authentic ^-bromophenacyl succinate (m. p. 213.5-214°) 
showed the identity of the two materials. The value was 
212-212.5°.

Summary
A number of methods of preparing vinyl allyl 

ethers have been investigated.
These ethers were found to rearrange smoothly 

upon heating at temperatures of 175-255°. Only 
one product was found to any appreciable extent 
in each case, indicating a clean-cut reaction. It 
was shown that allylacetaldehyde, allylacetone, 
and co-allylacetophenone were formed in this 
way, respectively, from vinyl allyl ether, a-methyl 
vinyl allyl ether, and a-phenylvinyl allyl 
ether. These three ethers are listed in the order 
of decreasing thermal stability.

The rearrangement of vinyl allyl ether to allyl­
acetaldehyde is analogous to the rearrangement 
of phenyl allyl ether to o-allylphenol.
E vanston, Illinois R eceived May 31, 1938

[Contribution from the Sterling Chemistry L aboratory, Y ale University]

The Polycondensation of Acrolein

By Everett E. Gilbert1 and John J. D onleavy

It has been shown2 that in the presence of dilute 
aqueous alkalies, a-methylacrolein polycondenses 
by a Michael mechanism to yield hydroxy polyal­
dehydes. The purpose of this communication is 
to report a similar reaction for acrolein.

Several investigators have recorded the precipi­
tation of a white solid upon the addition of al-

(1) This communication describes work done by Everett E. Gilbert 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Chemistry.

(2) Gilbert and Donleavy, T h i s  J o u r n a l , 60, 1737 (1938).

kalies to an aqueous solution of acrolein. Mc­
Leod3 obtained a product softening at 83° and 
decomposing with evolution of gas at 94-95°. 
The substance was soluble in alcohol, but insol­
uble in water and in hydrocarbon type solvents. 
Upon heating, thermal depolymerization oc­
curred with the formation of acrolein. Another 
observer4 obtained a white powder softening at

(3) McLeod, A m . Chem. J ., 37, 34 (1907).
(4) Nef, Ann., 335, 220 (1904).
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115° and decomposing at 128-130°. A third 
group5 described the powder as being converted 
to a viscous mass upon heating to temperatures 
between 80-110°; the solubilities were the same 
as those recorded above. No attempt ever has 
been made6 to characterize any of the acrolein 
polymers.

A series of samples of the solid was prepared 
under widely varying conditions. They gave an 
immediate precipitate with Tollens’ reagent, a 
definite although delayed test with SchifPs rea­
gent, and an immediate precipitate of manganese 
dioxide with neutral aqueous permanganate at 
room temperature. The samples did not possess 
sharp melting points; decomposition tempera­
tures were noted as low as 80° and as high as 125°.

Fig. 1.

Analyses upon specimens variously prepared 
checked one another in being 4% lower in carbon 
than calculated for (CH2=CHCHO)w; the 
hydrogen was slightly higher than calculated. 
By analogy to the type of product similarly ob­
tained from a-methylacrolein, it was concluded 
tentatively that the polyacrolein was a hydroxy- 
polyaldehyde formed from five acrolein molecules 
and one water molecule. This was established 
by the preparation of a monoöxime (in the cold), 
and by the preparation of a tetra-2,4-dinitro- 
phenylhydrazone (in the hot). A polyacrylic 
acid also was obtained by cautious oxidation 
with permanganate in the cold—followed by de­
hydration. Direct determinations of the molecu­
lar weight in freezing dioxane gave values which 
fell between one and two times the calculated

(5) C. Moureu and C. Dufraisse, Chemistry & Industry, 40, 858A 
(1921).

(6 ) C. Ellis, “The Chemistry of Synthetic Resins,” Reinhold 
Publishing Corporation, New York, N. Y., 1935, p. 502.

molecular weight. Molecules possessing hy­
droxyl groups and such high densities of strongly 
polar aldehyde groups might be expected to as­
sociate.

Acrolein polycondenses by a Michael reaction in 
a manner similar to a-methylacrolein. The ad­
dition of water to acrolein yields hydracrylic al­
dehyde, the active methylene group of which con­
denses with acrolein by a Michael reaction pro­
ducing a new active methylene group which again 
condenses by the Michael reaction with another 
acrolein molecule. These reactions are known to 
be catalyzed by alkalies; the reaction would con­
tinue until the formation of the pentamer. These 
steps are summarized in the equations

+HOH + 1
CH2—CHCHO--------- >  HOCH2CH2CHO----

I
etc.

HOCH2CHCHO — ^ h o c h 2c h c h o

CH2CH2CHO (CH2CHCHO)3

CH2CH2CHO

The above structure of the pentamer (containing 
acrolein units) would allow the formation of 
acrolein observed by McLeod3 during thermal 
depolymerization.

A series of reaction velocity curves was ob­
tained for the formation of the polymer under 
varying conditions to determine whether or not 
its mode of formation is consistent with the 
Michael mechanism advanced above. The val­
ues obtained are recorded in Table I; some of 
these are plotted in Fig. 1. The following con­
clusions were drawn from an examination of these

T a b l e  I
Y ie l d  o f  A c r o l e in  P o l y m e r  O b t a in e d  u n d e r  V a r y in g  

C o n d it io n s

Percentages refer to strength of catalyst solution added.
Hrs. G. Hrs. G. Hrs. G.

0.125% 25° 0.25% 25° 1 .0 % 25°

0.40 0.596 0.25 0.843 0.20 0.767
1 . 0 0 .850 .50 .890 .50 .857
2 . 0 0 .890 3.50 .891 3.00 .893
4.20 .862 4.00 .894 7.00 .913

17.25 .870 7.00 .906 16.00 .887

0.25% 0 ° 0.25% 35° 165 hrs. 25°

0.25 0.572 0.25 0.697 0.125% 0.210
.50 .721 .50 .703 .25% .538

1 . 0 0 1.138 1.88 .671 1.0% .839
2.50 1.250 5.12 .700
4.00 1.258 7.82 .682
5.33 1.275 13.00 .694

1 0 . 0 0 1.285
13.00 1.297
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data: (1) the reaction is an equilibrium type, 
since the curves become straight and parallel to 
the x-axis; (2) the rapidity with which equilibrium 
is reached depends upon the concentration of the 
alkaline catalyst (at a given temperature), al­
though the position of the equilibrium point de­
pends upon the temperature alone; (3) the 
equilibrium point is shifted to the left by a rise 
in temperature. It has been shown7 that these 
phenomena are characteristic of the Michael re­
action. It has also been shown8 that substituents 
tend to hinder the Michael reaction. Thus 
acrolein yields a pentamer by the Michael poly­
condensation, while a-methylacrolein yields prin­
cipally a trimer.

Experimental
The acrolein was used as received from Eastman Kodak 

Co.; it contained about 0.1% hydroquinone.
In determining the points for the velocity curves, the 

following procedure was employed. Two cubic centi­
meters of acrolein was dissolved in 20 cc. of distilled water. 
The stopper of the flask was then wired down securely. 
I t was attached to the rotator of an isothermal bath (con­
stant to within 0.03°), and was then rotated for fifteen 
minutes to attain the desired temperature. It was un­
stoppered quickly and 1 cc. of aqueous sodium hydroxide 
of specified strength was added. The flask was restop­
pered immediately and rotated for the desired time, after 
which it was removed from the bath. One cubic centi­
meter of dilute sulfuric acid was added to stop the reaction. 
The white precipitate was filtered on weighed filter paper, 
washed thoroughly with distilled water, and dried in vacuo 
for fifteen hours over concentrated sulfuric acid to constant 
weight. The data reported in Table I were obtained in 
this way.

The polymer is a white fluffy powder which cannot be 
crystallized; it was found to be soluble in alcohols, ketones 
and in dioxane, but insoluble in hydrocarbons and in water. 
These observations are in accord with previous work.3-5

Included among the specimens subjected to analysis 
were the following: (1) samples made by the addition of 
aqueous catalyst of the following strengths: 0.25, 0.5, and 
1.0%; (2) samples made with 0.25% catalyst at 11, 25 and 
40°; (3) white samples which had been filtered immedi­
ately, and those allowed to become yellow from longer ex­
posure to the alkaline reaction medium; (4) specimens 
which had been reprecipitated from acetone by the addi­
tion of benzene. Nine samples were analyzed; the value 
cited below is the average from which no single analysis 
varied more than =*=0.25%.

Anal. Calcd. for C15H22O6: C, 60.40; H, 7.38. Found: 
C, 60.48; H, 7.37. (Calcd. for (CH2=CHCHO)n: C, 
64.28; H, 7.14.) One sample prepared with 0.125% alkali 
analyzed to the tetramer. Calcd. for C^HisCh: C, 59.50; 
H, 7.42. Found: C, 59.62; H, 7.50. These values were 
unchanged after reprecipitation from acetone with benzene.

(7) Ingold, J . Chem. Soc., 119, 1976 (1921).
(8) Cooper, Ingold and Ingold, ibid., 129, 1869 (1926).

The method of Oxford9 was used for determining the 
molecular weights. The dioxane was dried and distilled 
over sodium, and the method was checked at intervals 
against naphthalene. Calcd. for the pentamer: mol. wt., 
298. Found: mol. wt., 370, 376, 388, 472, 443, 485, 440, 
582, 580. The same values were obtained at different 
concentrations.

Preparation of the Tetra-2,4-dinitrophenylhydrazone 
of the Polymer.—The method employed was essentially 
that suggested by Shriner and Fuson.10 One equivalent 
of dinitrophenylhydrazine was employed for each aldehyde 
group. A brick-red solid was obtained upon cooling the 
reaction mixture. The crude product was fractionally 
crystallized from 250 cc. of 95% ethyl alcohol. The first 
crop was dried in vacuo for twelve hours over concentrated 
sulfuric acid. I t  decomposed at about 120° upon heating.

Anal. Calcd. for C39H38N i6Oi8: C, 46.1; H, 3.74; N, 
22.0. Found: C, 46.2; H, 3.55; N (Dumas), 21.63.

Preparation of the Monoöxime of the Polymer.—Two 
grams (0.007 mole) of the polymer was dissolved in 30 cc. 
of methyl alcohol. Two and one-half grams of hydroxyl- 
amine hydrochloride (0.36 mole) dissolved in methanol 
was added, and 2.9 g. (0.36 mole) of finely powdered so­
dium acetate also. The flask was sealed tightly andshaken 
vigorously at room temperature for three hours. The 
solution was then filtered free of sodium chloride and 
evaporated in a vacuum desiccator. During the evapora­
tion more salt separated which was filtered. The solution 
was taken to dryness, and the white residue was thor­
oughly triturated with four fresh portions of distilled water. 
I t was then dried in vacuo over concentrated sulfuric acid. 
Upon heating the oxime softened at 68° (uncorr.).

Anal. Calcd. for CuEfoNOe: C,57.5; H,7.35; N, 4.47. 
Found: C, 57.3; H, 7.20; N (Kjeldahl), 4.45.

Oxidation of the Polymer to Polyacrylic Acid.—One 
and seven-tenths grams (0.006 mole) of polymer was 
suspended in 50 cc. of distilled water; the suspension was 
cooled in an ice-bath. A solution of 3.2 g. (0.02 mole) of 
potassium permanganate and 0.4 g. of sodium hydroxide 
(0.01 mole) in 200 cc. of water was then added dropwise to 
the cooled suspension. Thorough mixing was ensured by 
the use of a stirring motor. The precipitation of manga­
nese dioxide commenced almost immediately. Stirring 
was continued for about fifteen minutes after the addition 
was completed. The manganese dioxide was filtered by 
suction and thoroughly washed with three 20-cc. portions 
of hot water. The filtrate (placed in a large crystallizing 
dish) was put under vacuum over concentrated sulfuric 
acid. The solution was acidified after evaporation to a 
small volume. Since no precipitate formed, the evapora­
tion was continued to dryness; a light brown resin sepa­
rated. This was extracted thoroughly with four 30-cc. 
portions of boiling acetone and the acetone solution then 
filtered. Upon the addition of benzene, white flocks sepa­
rated which were filtered and dried in vacuo. A white 
powder was obtained, yield 0.4 g. Upon heating it did not 
show a definite melting point, but began to sinter at about 
70 °. It was insoluble in dioxane and in hydrocarbons.

(9) Oxford, Biochem. J ., 28, 1325 (1934).
(10) Shriner and Fuson, “The Systematic Identification of 

Organic Compounds," John Wiley and Sons, Inc., New York, N . Y., 
1935. p. 148.
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Anal. Calcd. for (CH2=CHCOOH)*: C, 50.0; H,
5.56. Found: C, 50.0; H, 5.39.

Summary
Acrolein polycondenses in the presence of dilute

alkalies by a Michael mechanism to give a hy- 
droxypentaldehyde. The rate of polymerization 
was measured under varying conditions.
N ew  H a v e n , C o n n . R ec eiv ed  J u n e  7, 1938

[Contribution from the Chemical Laboratory of the University of Washington]

The Condensation of ^-Butyraldehyde with 2-Butanone. II1
By S. G. Powell and Donald A. Ballard

In a previous paper2 it was shown that n- 
butyraldehyde reacts with 2-butanone under the 
influence of dilute potassium hydroxide solution 
to form a ketol which yields 3-methyl-3,2-hepte- 
none (I) upon dehydration. Eccott and Lin­
stead3 carried out a similar series of reactions with 
w-butyraldehyde and acetone and obtained 3,2- 
heptenone (A). When, however, they treated a 
mixture of the aldehyde and acetone with a strong 
solution of sodium hydroxide they obtained as a 
direct product of the reaction a substance which 
they concluded was a geometrical isomer of (A). 
The present investigation was undertaken in an 
attempt to prepare in a similar manner the iso­
meric forms of 3-methyl-3,2-heptenone.

When ^-butyraldehyde was added to a mixture 
of 2-butanone and a strong solution of sodium 
hydroxide we obtained a substance (II) which 
gave the analytical figures for C8Hi40. The semi­
carbazone of (II) after recrystallization from 
dilute methanol melted constantly at 141-142°, 
whereas that of (I) melts at 168°. The semicar­
bazone of a-ethyl-a-hexenal, which results from 
the condensation of two molecules of w-butyralde- 
hyde, melts at 152°.4

The substance (II) was almost completely solu­
ble in a solution of sodium sulfite and sodium 
bicarbonate, showing it to be an a^-unsaturated 
ketone or aldehyde.

Upon reduction with sodium and moist ether
(II) gave 3-methyl-2-heptanol, although in small 
yield. This led to the belief that the substance 
was in fact the isomer of (I), which also yields 3- 
methyl-2-heptanol upon reduction. In order to 
determine the configuration of their two sub-

(1) This paper is an extract from a thesis presented by Donald A. 
Ballard in partial fulfilment of the requirements for the doctorate at 
the University of Washington.

(2) Pow ell, T h is Jo urn al , 46, 2514 (1924).
(3) Eccott and Linstead, J . Chem. Soe.,.911 (1930).
(4) Batalin and Slavina, J . Gen. Chem. (U. S. S. R .), 7, 202 

(1937).

stances Eccott and Linstead prepared a 3,2-hepte- 
none from an a-hexenoic acid of known configura­
tion. Following the same procedure we prepared 
a 3-methyl-3,2-heptenone from a-methyl-a-hex- 
enoyl chloride and methyl zinc iodide and found 
it to be identical with (I). On oxidation with 
sodium hypobromite, (I) gave this same a-methyl- 
a-hexenoic acid. However, the same acid was 
obtained when (II) was oxidized. At this point 
the semicarbazone of (II) was recrystallized care­
fully from dilute ethanol instead of methanol and 
the semicarbazone of a-ethyl- <r-hexenal was iso­
lated. It was also possible to isolate the 2,4-di­
nitrophenylhydrazone of a-ethyl-a-hexenal from 
the products of the reaction between (II) and 2,4- 
dinitrophenylhydrazine. A current of air was 
then passed through a sample of (II) for several 
hours to oxidize part of the aldehyde. From the 
residue, after washing with alkali, it was possible 
to prepare the semicarbazone of (I). The sub­
stance (II) was therefore merely a mixture of (I) 
and a-ethyl-a-hexenal.

As a-ethyl-a-hexenal might also exist in two 
modifications, it was prepared both by the action 
of alkali upon ^-butyraldehyde and by the dehy­
dration of 77-butyraldol with iodine. Both prod­
ucts gave the same semicarbazone.

In view of the foregoing it seemed advisable to 
study further the reaction between w-butyralde- 
hyde and acetone. By following the procedure of 
Eccott and Linstead we obtained the substance 
(A) which gave a semicarbazone melting at 152°, 
as reported by these authors. However, this was 
found to be identical with the semicarbazone of 
a-ethyl- a-hexenal. As a further check we treated 
(A) with 2,4-dinitrophenylhydrazine and isolated 
the 2,4-dinitrophenylhydrazone of a-ethyl-a'-hex- 
enal and also one that was identical with that ob­
tained from the 3,2-heptenone produced by dehy­
drating the ketol.
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Experimental
The Direct Condensation of 2-Butanone with w-Butyral- 

dehyde.—One hundred and forty-four grams of w-butyral- 
dehyde was added in a slow stream to a mixture of 144 g. 
of 2-butanone and IGOO-cc. of a 2.5% sodium hydroxide 
solution. The reaction was allowed to proceed until the 
first vigorous reaction had subsided and then the mixture 
was shaken for fifty-six hours. The upper layer was 
separated, washed with water and distilled. The fraction 
of b. p. 72-74° (20 mm.), 117 g., was shaken for fifteen 
hours with a mixture of 234 g. of sodium sulfite heptahy- 
drate, 78 g. of sodium bicarbonate and 660 cc. of water. 
The aqueous solution was made alkaline with 40 g. of 
sodium hydroxide and distilled with steam. The oily 
portion of t h e  distillate was separated, dried with calcium 
chloride and distilled; b. p. 77-78° (25 mm.); yield 77 g.

Anal. Calcd. for C8Hi40 : C, 76.12; H, 11.11. Found: 
C, 76.13; H, 11.30.

The semicarbazone was prepared in the usual manner 
from 1 g. of semicarbazide hydrochloride, 1.5 g. of sodium 
acetate and 0.8 g. of the ketone. The crude product 
melted at 137-140° and after recrystallization from dilute 
methanol at 141-142 °.

Anal. Calcd. for C9H17ON3: N, 22,94. Found: N, 
22.9,23.0.

Twenty-two grams of the condensation product was 
hydrogenated partially by passage with hydrogen over 
nickel at 200°. The partially reduced product (17 g.) 
was mixed with 100 cc. of ether and 250 cc. of water and 
treated with 7 g. of sodium. The material was worked up 
in the usual manner, yielding 10 g. of product, b. p. 70-90° 
(20 mm.). This was oxidized with a solution of 10 g. of 
sodium dichromate and 14 g. of sulfuric acid in 75 cc. of 
water, keeping the temperature below 50°. After stirring 
for several hours the mixture was steam distilled. The 
oily portion of the distillate was separated, dried with 
calcium chloride and distilled, yielding, beside high boiling 
substances, 2.5 g. of material, b. p. 57-62 (20 mm.). The 
semicarbazone of this melted at 82-84° after recrystalliza­
tion from dilute methanol, as did a mixture of it with the 
semicarbazone of 3-methyl-2-heptanone.

3-Methyl-3,2-heptenone.—A solution of 12 g. of 
«-methyl-«-hexenoyl chloride in 20 cc. of dry benzene was 
added to the methyl zinc iodide prepared from 25 g. of 
methyl iodide and the resulting ketone isolated in the usual 
manner. The crude ketone (10 g.) was shaken for five hours 
with a mixture of 10 g. of sodium sulfite heptahydrate, 8 g. 
of sodium bicarbonate, and 60 cc. of water.5 The mixture 
was extracted with ether and the aqueous portion made 
alkaline with 4 g. of sodium hydroxide and distilled with 
steam. The resulting ketone yielded a semicarbazone melt­
ing at 166-168°, identical with that obtained from the 
3-methyl-3,2-heptenone formed by dehydrating the ketol.2

The «-methyl-«-hexenoyl chloride was prepared by the 
action of phosphorus trichloride on «-methyl-«-hexenoic 
acid, which in turn was prepared by the method of Kon, 
Linstead and McLennan.6’7 The 2,4-dinitrophenylhy-

(5) Tiemann and Tigges, Ber., 33, 561 (1900).
(6) Kon, Linstead and McLennan, J . Chem. Soc., 2453 (1932).
(7) The authors are indebted to  Dr. T. R. Liston for the prepara­

tion of the necessary a-methyl-a-hexenoic acid and also for many
valuable suggestions during the course of this investigation:.

drazone, orange crystals, m. p. 137°, was prepared by the 
method of Allen.8

Anal. Calcd. for Ci4H i80 4N4: N, 18.3. Found: N,
18.4, 18.5.

Oxidation of 3-Methyl-3,2-heptenone.—A solution of 
55 g. of sodium hydroxide in 470 cc. of water contained in a 
one-liter flask was cooled to 0 ° and 80 g. of bromine added 
with constant stirring, keeping the temperature below 10'°. 
The solution was again cooled to 0 °, 21 g. of 3-methyl-3,2- 
heptenone (obtained by dehydration of the ketol) added, 
and the mixture stirred for four hours. The bromoform 
and carbon tetrabromide were then distilled off with 
steam. The residue was cooled to 60°, 67 cc. of sulfuric 
acid added, the mixture distilled with steam, and the 
distillate extracted three times with ether. The com­
bined extracts were dried with calcium chloride, the ether 
removed, and the residue distilled, yielding 5 g. of acid, b. 
p, 127-130° (20 mm.); neut. equiv. calcd. 128; found 129.5.

^-Toluidide.—The acid chloride was prepared and dis­
solved in benzene. Two equivalents of p-toluidine was 
added and the mixture heated to boiling for a few minutes. 
The benzene layer was washed with water, dilute hydro­
chloric acid, dilute sodium hydroxide, and finally with 
water again. The benzene was evaporated off and the 
residue recrystallized from petroleum ether, m. p. 85-88°.

Anal. Calcd. for C14H i4ON: N, 6.45. Found: N, 
6.37,6.26.

A sample of the />-toluidide prepared in the same manner 
from the acid obtained by the method of Kon, Linstead and 
McLennan was found to be identical.

Oxidation of the Direct Condensation Product.—This 
was oxidized in the same manner as the 3-methyl-3,2- 
heptenone, yielding an acid b. p. of 130-135° (25 mm.); 
neut. equiv. 130; m. p. of the ^-toluidide, 85-88°.

«-Ethyl-«-hexenal.—A solution of 12 g. of sodium 
hydroxide in 65 cc. of water was placed in a flask fitted 
with a reflux condenser and mechanical stirrer, and 72 g. of 
w-butyraldehyde rapidly added. Stirring was continued 
for thirty minutes, the oil separated, dried with calcium 
chloride and distilled; b. p. 75-82° (24 mm.); yield 40 g. 
The semicarbazone melted a t 152° after recrystallization 
from dilute methanol.

«-Ethyl-«-hexenal was also prepared by heating 15 g. of 
w-butyraldol (prepared by the method of Grignard and 
Vestermann9) with a few crystals of iodine; yield 11 g., b. 
p. 71-74° (30 mm.). The semicarbazone melted at 152°.

The 2,4-dinitrophenylhydrazone melted at 124-125°.
Anal. Calcd. for Ci4H i80 4N4: N, 18.3. Found: N,

18.4, 18.2.
Isolation of the Components of the Direct Condensation 

Product.—A stream of air was drawn through 60 g. of the 
product for twelve hours. I t  was then shaken with dilute 
sodium hydroxide solution, dried with calcium chloride, 
and again treated with air for twelve hours. The treat­
ment with sodium hydroxide was repeated and then air 
drawn through the residue for thirty-six hours. At the end 
of this time the material was again shaken with sodium 
hydroxide solution and the residual oil dried and distilled, 
yielding 22 g., b. p. 70-90° (20 mm.), and 7 g., b. p. 90-

(8) A llen, T h is  J o u r n a l , 52, 2956 (1930).
(9) Grignard and Vestermann, Bull. soc. chim., 37, 420 (1925).
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140° (20 mm.). On redistillation the first fraction gave 
10 g. of material of b. p. 70-75° (20 mm.). The crude 
semicarbazone of this fraction melted at 150-160°. After 
recrystallization it melted at 163-167° as did a mixture of 
it and the semicarbazone of 3-methyl-3,2-heptenone ob­
tained by the dehydration of the ketol.

The sodium hydroxide extracts were combined and ex­
tracted with ether. The aqueous portion was acidified 
with dilute sulfuric acid and extracted with ether. The 
ether solution was dried, the ether removed, and the resi­
due distilled. The acid boiled at 136-137° (20 mm.); 
neut. equiv., 145. The neutral equivalent of a-ethyl-o;- 
hexenoic acid is 142.

The Direct Condensation of w-Butyraldehyde with 
Acetone.—This was carried out according to the directions 
of Eccott and Linstead.3 The crude product was frac­
tionated, yielding the following fractions: up to 90° (21 
mm.), 62 g.; 90-130° (21 mm.), 17 g.; 130-180° (18 
mm.), 43 g.; residue 30 g. The first fraction was carefully 
redistilled through a Podbielniak column, yielding 3 frac­
tions.10 The semicarbazones and 2,4-dinitrophenylhy- 
drazones of each fraction were prepared and their melting 
points are given in Table I.

T a b l e  I
M. p. (°C.) of crude

B. p., °C. 2,4-dinitro-
(19 mm.) Wt., g. semicarbazone phenylhydrazone

1 -65 3 . 110-120 95-100
2 65-69 29 123-133 99-110
3 69-71 11 143-148 120-122

By repeated crystallization of the crude derivative in 
each case, we were able to isolate a semicarbazone melting 
at 152°, identical with that of «-ethyl-«-hexenal. Frac­
tion 3 was apparently almost entirely «-ethyl-«-hexenal.

(10) Podbielniak, Ind. Eng. Chem., Anal. Ed., 3, 179 (1931).

In order to identify the other component of fractions 1 and 
2, the crude 2,4-dinitrophenylhydrazones were dissolved in 
alcohol, and the solution cooled, when crystals of the 2,4- 
dinitrophenylhydrazone of a-ethyl-«-hexenal separated. 
The mother liquor was evaporated to dryness and the 
residue dissolved in warm gasoline. When the solution 
was cooled a further crop of the 2,4-dinitrophenylhy­
drazone of «-ethyl-«-hexenal was obtained. The mother 
liquor was evaporated to dryness and the residue recrystal­
lized from alcohol. This substance melted at 125-126° 
but was not identical with the 2,4-dinitrophenylhydrazone 
of «-ethyl-«-hexenal, m. p. 124-125°, as a mixture of the 
two melted at 100- 110°.

A sample of 3,2-heptenone was prepared by dehydrating 
the ketol with oxalic acid, according to the method of 
Eccott and Linstead, and converted into the 2,4-dinitro­
phenylhydrazone. This substance melted at 125-126 ° and 
was identical with that obtained above.

Anal. Calcd. for C13H16O4N3: N, 19.2. Found: N, 
18.9, 19.0.

Summary
1. An unsuccessful attempt was made to pre­

pare cis and trans forms of 3-methyl-3,2-hepte- 
none. An unsuccessful attempt was also made to 
prepare the cis and trans forms of 3,2-heptenone 
as described by Eccott and Linstead.

2. The 2,4-dinitrophenylhydrazones of a-ethyl- 
a-hexenal, 3,2-heptenone, and 3-methyl-3,2-hep- 
tenone were prepared.

3. The ^-toluidide of as-methyl- ct-hexe.no ic 
acid was prepared.
S e a t t l e , W a s h . R e c e iv e d  M a y  31, 1938

[C o n t r ib u t io n s  fr o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , Y a l e  U n i v e r s i t y ]

Researches on Nitrogenous Glucosides. IV. Some New Attempts to Synthesize
Pyrimidine Glucosides

By Treat B. Johnson and Werner Bergmann

The authors desire to report in this paper new 
data resulting from some special experiments ap­
plied in their researches on nitrogenous gluco­
sides, which do not find their proper place in other 
papers to be published on this subject. The first 
contribution of importance from this Laboratory 
was made in 1930 when Hilbert and Johnson1 
synthesized successfully 3-glucosidouracil by inter­
action of 2,6-dimethoxypyrimidine with tetra- 
acetylbromoglucose. The resulting acetyl deriva­
tive gave the desired nucleoside on hydrolysis. 
Later Hilbert2 applied a similar reaction using

(1) Hilbert and Johnson, T h i s  J o u r n a l , 52, 4489 (1930).
(2) Hilbert, ibid., 56, 190 (1934).

2-methoxy-6-aminopyrimidine and tetraacetyl- 
bromoglucose in order to obtain the corresponding 
glucoside of cytosine, but without success. It is 
of interest to note here that E. Fischer also failed 
in his attempts to prepare glucosides of both 
uracil and cytosine by the action of tetraacetyl- 
bromoglucose on the silver salts of these two 
pyrimidines.3 Recognizing the limitations of 
this method of approach to practical methods of 
synthesizing nitrogenous glucosides, we next 
turned our attention to the study of techniques 
based on the use of sugar isocyanates and corre­
sponding ureas as starting points. The only

(3) E. Fischer, Ber., 47, 1377 (1914),
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sugar isocyanate derivatives recorded in the 
literature previous to our work were tetraacetylglu- 
cose isocyanate C14H19O9NCO and the correspond­
ing isothiocyanate Ci4H190 9NCS described by E. 
Fischer in 1914.3 This work of Fischer has been 
repeated in this Laboratory by different workers 
and several attempts have been made to utilize 
such simple sugar constructions for the prepara­
tion of nitrogenous glucosides in the hydantoin 
and pyrimidine series. Haring and Johnson4 
prepared Fischer’s glucose iso thiocyanate and 
showed that it adds as expected to ce-amino acids 
or their esters, giving hydantoic acid derivatives 
which can be condensed smoothly to hydantoins. 
They prepared the first known glucoside deriva­
tives of 2-thiohydantoin and hydantoin. John­
son and Bergmann5 reëxamined Fischer’s work 
on the preparation of tetraacetylglucose isocyanate 
C14H19O9NCO and its urea derivative, but failed 
in their attempts to synthesize pyrimidine glu­
cosides from these simple sugar combinations.

In the experimental part of this paper is 
recorded the history of some interesting deriva­
tives which have resulted from other types of 
reactions applied by the authors for the synthesis 
of new nitrogenous glucoside derivatives.

Experimental Part
Extension of Fischer’s Isocyanate Work to Other 

Sugars.—We have found that as a rule the isocyanates of 
sugars are difficult to obtain in a pure form.5 In most 
cases examined only amorphous products have been ob­
tained in our researches. That these amorphous products 
sometimes contain considerable amounts of the desired 
isocyanate derivative can be demonstrated easily by their 
conversion into the corresponding ureas by the action of 
strong ammonia solution. The yields, however, are 
generally too low for service in practical synthesis.

1-Arabinose-isocyanate — > 1-Arabinose-urea.—Tri- 
acetobromoarabinose was refluxed in dry xylene with 
twice the theoretical amount of anhydrous silver cyanate 
for several hours. After filtration and dilution of the 
xylene with petroleum ether an oil separated which solidi­
fied to a resin-like substance and from which no crystalline 
material could be obtained. The crude reaction product 
finally was suspended in concentrated ammonia solution 
when it dissolved immediately. The acetyl groups of the 
glucoside were removed by this treatment, and by applica­
tion of a method of purification described in our previous 
paper we succeeded in isolating a beautiful crystalline urea 
derivative of 1-arabinose melting a t 192°. I t showed an 
optical rotation of a 25D +51.9° (0.1197 g. in 3.0686 g. 
of water gave d +  2.02°). This substance proved to be 
identical with 1-arabinose urea which has been described 
previously by Helferich.6

(4) Haring and Johnson, T h i s  J o u r n a l , 55, 395 (1933).
(5) Johnson and Bergmann, ibid., 54, 2360 (1932).
(6) Helferich, Ber,, 59, 69 (1926).

Xylose-isocyanate — > sym-Dixylose-urea.—Triaceto- 
bromoxylose was refluxed as usual with silver cyanate in 
xylene for several hours. The amorphous reaction product 
which was obtained after filtration and addition of pe­
troleum ether was treated with concentrated aqueous am­
monia in the usual way. From the reaction mixture we 
separated a substance which crystallized in fine needles. 
I t showed no sharp melting point, turning brown at 230° 
and charring at 250°. I t gave an optical rotation of ck25d  
—20.5° (0.112 g. in 3.07 g. water gave d — 748°). The 
substance was identified as syra-dixyloseurea previously 
described by Helferich.6

Anal. Calcd. for CiiH2o0 9N2: C, 40.73; H, 6.22. 
Found: C, 40.91; H, 6.39.

Heptaacetyllactose-isothiocyanate, Ci2H i40 3(0C0CH 3)7- 
NCS.—-As a rule it has been the authors’ experience that 
the isothiocyanate derivatives of sugars are easier to obtain 
ip a pure crystalline condition than the corresponding 
isocyanates. Seven grams of heptaacetylbromolactose 
was refluxed with 5 g. of silver thiocyanate in xylene for ten 
minutes. After addition of petroleum ether to the filtered 
solution crystals of the isothiocyanate began to separate. 
After purification by crystallization from chloroform and 
petroleum ether the isothiocyanate was obtained in the 
form of large prismatic crystals. I t  melted a t 169-170°.

Anal. Calcd. for C27H350i7NS: C, 47.82; H, 5.20. 
Found: C, 47.89; H, 5.39.

Heptaacetyllactose-ethylthiourethan, C29H4iOi8NS.—
This was prepared by refluxing the above isothiocyanate 
derivative in absolute ethyl alcohol. I t crystallizes from 
hot alcohol in the form of needles melting at 119°. Like 
many other thiourethans it contains water of crystalliza­
tion.

Anal. Calcd. for C29H4iOi8NS: C, 46.94; H, 5.85. 
Found: C, 47.10; H, 5.81.

Heptaacetyllactosethioureido-ethyl acetate, C3iH44- 
OigN2S.—One one-hundredth mole of the above isothio­
cyanate and 0.015 mole of ethyl glycine hydrochloride were 
refluxed in chloroform, containing a few drops of pyridine, 
for two hours. The excess of solvent was then expelled in 
vacuo, water added to the residue and the condensation 
product extracted with ether. After drying the ether 
solution, petroleum ether was added, when crystals of the 
reaction product separated. I t deposited in the form of 
octahedra melting a t 100 °.

Anal. Calcd. for C3iH44Oi9N2S : C, 47.68; H, 5.68. 
Found: C, 47.61; H, 5.73.

Attempts to Prepare Pyrimidine Glucosides in the Bar­
bituric Acid Series.—The following proposed synthesis of a 
glucosido-uracil was studied:

A. Tetraacetylglucose-urea +  cyanacetic acid 
NH—-CO
| ! condensation

CO CH2-------------—>
I I

Ci4H i90 9NH c n
I

NH—CO NH—CO
I I  I I

CO CH or reduction CO CH
| || with H2 I ||

Ci4H i90 9N----- CNH2 (catalytically) Ci4H i90 9N----- CH
II HI
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Four grams of tetraacetylglucose-urea, 1 g. of cyano- 
acetic acid and 2 cc. of acetic anhydride were heated at 100° 
for ten minutes. On adding water to the cooled solution a 
crystalline substance separated. After crystallizing several 
times from dilute alcohol it melted constant at 135 °.

A nal Calcd. for C18H23O11N 3: € , 47.15; H, 5.27; N, 
9.17. Found: € , 47.16; H, 5.24; N, 9.12.

Theoretically this substance could be either an acyclic or 
a cyclic compound (I or II). In order to determine its 
constitution molecular proportions of the compound and 
sodium nitrite were warmed in water for several minutes. 
The solution became yellow in color and on acidifying with 
acetic acid prismatic, plate-like crystals separated. After 
recrystallization from boiling water they melted at 179- 
180°. That we are dealing here with a nitroso derivative 
of the acyclic compound I as represented by formula IV is 
supported by the yellow color, and, furthermore, by the 
fact that cyanoacetic acid itself and sodium nitrite interact 
in a similar manner.

Anal. Calcd. for C isH ^ O ^ : C, 44.34; H, 4.75; N,
11.50. Found: C, 44.42; H,4.74; N, 11.18.

NH—CO NH—COI I I I
CO C=NOH CO C=NOH
I I  I I

Ci4H is0 9NH CN C14H19O9N----- C = N H
IV V

If the reaction product resulting from condensation with 
cyanoacetic acid is to be represented by the cyclic structure 
II, it should react with ammonia with removal of the 
acetyl groups and with formation of the stable cyclic 
glucoside. We found, however, that such treatment 
yielded smoothly glucose urea, leading to the conclusion 
that formula I and not II represents the correct constitu­
tion of the original condensation product.

Anal. Calcd. for glucose urea: C, 37.82; H, 6.35. For 
C10Hi.5O7N3 (from II): C, 41.53; H, 5.22. Found: C, 
37.93; H, 6.40; N, 12.36.

Under no conditions did we succeed in converting the 
ureide I into the pyrimidine II by the action of alkali.

We also attempted to effect ring closure of the ureide I by 
means of catalytic hydrogenation as previously applied 
successfully by Rupe,7 and later by Johnson and Berg­
mann8 for the preparation of uracil and thymine, respec­
tively. We obtained no evidence of the formation of a 
uracil-glucoside derivative. An attempt finally was made 
to condense tetraacetylglucose-urea with malonic acid to 
obtain a barbituric acid glucoside derivative. Twelve 
grams of acetic anhydride, 10 g. of acetylglucose-urea and 
2.7 g. of malonic acid were heated at 100 0 for thirty min­
utes. We obtained a deep orange colored solution. Dilu­
tion with water led to the precipitation of a crystalline 
substance from which we succeeded in separating a product 
that crystallized from methyl alcohol without coloration 
after treatment with norite. I t melted at 206-207 °. The 
results of analysis indicated that we were not dealing with a 
barbituric acid derivative, but with the acyclic compound 
di-{ tetraacetylglucose) -ureide of malonic acid, C14H19O9NH- 
CONHCOCH2CONHCONHC14H19O9.

Anal. Calcd. for C33H44O22N4: C, 46.68; H, 5.23; N, 
6.60. Found: C, 46.51; H, 5.34; N, 6.86.

When this diureide was allowed to interact with alco­
holic ammonia a t ordinary temperature, glucose urea was 
formed. .

Summary
1. Methods have been described for pre­

paring 1-arabinose-urea, yym-dixylose-urea and 
heptaacetyllactose isothiocyanate and deriva­
tives.

2. Condensation of cyanoacetic acid with 
tetraacetylglucose-urea leads to the formation 
of the ureide CkH ^N H CONHCOCH sCN. 
Attempts to condense this to a pyrimidine con­
struction were unsuccessful.

(7) Rupe, Helv. Chim. Acta , 8, 850 (1925).
(8) Johnson and Bergmann, T h i s  J o u r n a l , 55, 1733 (1933).
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Fixation of Active Nitrogen by Organic Compounds
B y L o u is  B. H ow ard1

The most promising of various possible methods 
for directly introducing some form of elementary 
nitrogen into organic substances is the one uti­
lizing active nitrogen2 which consists essentially of 
atomic nitrogen. General experience has shown 
that molecular nitrogen is inert toward organic 
compounds and no catalyst has yet been dis-

(1) Now in the Bureau of Entomology and Plant Quarantine, 
Whittier, California.

(2) For a recent review see Sponer, “ Molekülspektren und ihre 
anwendung auf chemische Probleme,” II Text, Verlag von Julius 
Springer, Berlin, 1936, p. 458, and also Kneser, Ergeb. exakt. Naturw., 
8 ,2 2 9  (1929).

and G u id o  E, H il b e r t

covered which will activate nitrogen to the extent 
that it will interact with organic materials. In 
this connection, it is noteworthy that practically 
all of many assumed reactions between nitrogen 
and organic molecules proceed with an increase 
in free energy.3 In contrast to the ordinary form 
of nitrogen, atomic nitrogen, in view of its high
reactivity, trivalent-like structure, and
relatively long life, would be expected to interact

(3) We are grateful to Dr. R. Wiebe and Dr. R. T. Milner for hav­
ing made many of these calculations.
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with organic compounds. Practically the only work 
carried out in this direction has been done by 
Strutt, and by Willey and Rideal,4 who examined 
superficially the behavior of a number of com­
pounds toward active nitrogen produced by a 
condensed discharge. Relatively small amounts 
of materials5 were worked with and apart from 
hydrogen cyanide the production of nitrogenous 
material of an organic nature6 was not demon­
strated.

In the investigation of the interaction of active 
nitrogen and organic materials, we were mainly 
interested in determining whether nitrogen can be 
fixed to yield a relatively complex product and, 
if so, what the nature of the product is, since this 
information is of value in elucidating the mecha­
nism of the reaction. Diphenylacetylene was 
chosen as the organic partner in the reaction since 
the aromatic portion of the molecule was expected 
to confer properties to the nitrogenated material 
which would make it easy to handle, a matter of 
considerable importance as small quantities must 
of necessity be manipulated. Another apparent 
advantage in favor of diphenylacetylene is the 
vulnerability of the acetylenic linkage and this 
was expected a priori to be attacked to yield ben- 
zonitrile as follows

CeHjC=CCeH5 +  2 N ^  or N2* ---->• 2C6H5CN

In order to gain further information on the mecha­
nism of the reaction the behavior of active ni­
trogen toward benzonitrile and toward tetra- 
hydronaphthalene also was studied. The active 
nitrogen used in this investigation was produced 
by an uncondensed discharge except in two ex­
periments where the nitrogen was activated by a 
condensed discharge.

Apparatus and Experimental Data
Apparatus.—After preliminary trials the apparatus 

shown in Fig. 1 was used in the final studies. I t consists 
of three sections: (1) a purification train for removing, as 
far as possible, oxygen and water from the nitrogen, (2) a 
discharge tube for activating the nitrogen arid (3) a reac­
tion bulb with accessories for introducing the organic ma­
terial and collecting the reaction products.

(4) Strutt, Proc. Roy. Soc., (London) A85, 219 (1911); 88, 539 
(1913); 91, 303 (1915); and W illey and Rideal, J . Chem. Soc., 669 
(1927).

(5) Acetylene, benzene, naphthalene, pentane, heptane, methyl 
bromide, ethyl chloride and iodide, chloroform, bromoform, 1,1-di- 
chloroethane and ethyl ether were investigated.

(6) In the reaction with benzene there was some indication that
benzonitrile was formed. On the walls of the reaction chamber a
brown-black solid was produced but no test for the presence of com­
bined nitrogen was made.

1919

Purification of the nitrogen by the following method gave 
the best results. The nitrogen (Linde water-pumped) was 
conducted from the tank through tube A, 4 cm. in diameter 
and 50 cm. long, which was packed with pellets of potas­
sium hydroxide, and then through B, which was heated 
electrically at 410 °.7 Tube B, 3 cm. in diameter arid 100 
cm. long, was packed with approximately 500 g. of copper 
wire, in pieces 0.16 mm. in diameter and 1 cm. long, which 
was repeatedly oxidized and reduced with air and hydrogen 
at about 410° to activate the surface. From this furnace 
the nitrogen was passed through trap G, cooled with liquid 
air and filled with copper turnings to tabu la te  the gas 
and increase the cold surface. The purified gas was then 
passed through two filed stopcocks into the activation 
chamber D. In a single run, nitrogen at flow rates up to 8 
cc. per second and in volumes as great as 1000 liters could 
be handled conveniently. After completion of the experi­
ment the copper in the tube B was readily regenerated by 
passing hydrogen gas through the three way stopcocks at 
either end.

Fig. 1.—Apparatus for the fixation of active nitrogen by 
organic compounds.

The discharge tube D was fitted with hollow aluminum8 
electrodes, 2 cm. in diameter and 5 cm. long, mounted on 
tungsten leads. The path of the discharge between the 
electrodes was about 1 meter long and the current was pro­
duced by a General Electric sign transformer operating on 
60 cycles and delivering a secondary current of 30 m. a. at
15,000 v.

From D the active nitrogen was conducted into E, 
where it mixed with the organic vapor which entered from 
the vaporizing bulb F. The two liquid air cooled traps G 
served to condense that portion of the reaction product 
which was not deposited on the walls of E. The unreacted 
nitrogen was eliminated from the apparatus by a Megovac 
pump. Bulb F (shown in detail in Fig. 1) consisted of a 
small jacketed chamber opening into E through a jet at 
right angles to the stream of excited nitrogen. The vapor

(7) Under similar conditions, vStiehler, Chen and Clark, T his 
J o u r n a l , 55, 892 (1933), obtained nitrogen containing less than 2.4 
X 10-6% of oxygen.

(8) Tiede and Hey, Ber., 66 , 85 (1933), tested several metals as 
electrode materials and found aluminum to give the highest concen­
tration of active nitrogen.
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pressure of the organic compound under study was con­
trolled by refluxing a liquid with a suitable boiling point in 
the external heating system. Passage of the organic ma­
terial into E was facilitated by a stream of purified nitrogen 
from C, the pressure of which was regulated by a filed 
stopcock and recorded by the flowmeter H. In order to 
recharge F, the glass tube between F and H was cut and 
the sealed in jet I removed.

Materials.—Diphenylacetylene (m. p. 60°) was pre­
pared by the procedure of Schlenk and Bergmann.9 After 
several recrystallizations from alcohol it was dried and 
stored over phosphorus pentoxide in vacuo. Benzo­
nitrile from the Eastman Kodak Company was purified 
by triple extraction with dilute sodium hydroxide and 
dilute sulfuric acid. After drying over potassium carbon­
ate, it was distilled and only the middle fraction collected; 
b. p. 191°. Tetrahydronaphthalene from the Eastman 
Kodak Company was purified by fractional distillation in 
which the middle of three fractions was collected: b. p. 
208°.

Action of Active Nitrogen Produced by an Uncondensed 
Discharge on Diphenylacetylene

General Procedure for Carrying out the Reaction.—
Diphenylacetylene in bulb F was heated to 100°, the dis­
charge tube put in action, and the system adjusted with 
regard to pressure and flow rate of nitrogen (see Table II 
for the different pressures and flow rates used). When a 
strong lemon-yellow afterglow filled the reaction bulb E 
and the traps, the stopcock between H and I was opened 
slightly in order to facilitate the entrance of the organic 
material into E. Immediately thereafter a violet glow, 
suggestive of the cyanogen spectrum, filled the reaction 
bulb and the first liquid-air trap. As the amount of di­
phenylacetylene introduced was increased, the violet glow 
in the reaction bulb was quenched and only faintly visible 
at the point of entrance of the active nitrogen into E; an 
intense violet glow was, however, exhibited in the first 
trap. This condition remained constant even though the 
rate of introduction of the organic material was increased 
considerably. Generally the rate of flow of gas through F 
was so regulated that the violet glow in E was just 
quenched since it was desired to have an excess of diphenyl­
acetylene in the reaction. Shortly after initiation of the 
experiment a yellowish-brown film was noticeable on E. 
Eventually E became wholly covered with a relatively 
thick layer of the brownish-black opaque product and con­
siderable material was deposited in the two traps.

Isolation and Description of Reaction Products.— 
After all the sample had been introduced, the discharge 
was discontinued and the pressure brought up to atmos­
pheric. The liquid air containers were removed from the 
traps and the system swept out for about four hours with 
purified nitrogen at a rate approximating 20 1. per hour. 
Hydrogen cyanide was collected in a solution of sodium 
hydroxide and determined by the Liebig method. The 
reaction bulb and traps were detached from the apparatus 
and had a distinct mixed odor of benzonitrile, phenyl iso­
cyanide and hydrogen cyanide. Much of the dark brown 
amorphous solid I, which is the major product of the reac­
tion, was removed by a combination of scraping and extrac-

(9) Schlenk and Bergmann, A nn ., 463, 76 (1928).

tion with hexane.10 Collection of the insoluble product on 
a filter was followed by thorough pulverization and re­
peated extraction with warm hexane to remove the last 
traces of the unreacted acetylene derivative. After drying 
in vacuo at 100° and weighing, it was submitted to elemen­
tary analysis. The solid material which could not con­
veniently be removed from E and G was dissolved in con­
centrated sulfuric acid and the nitrogen determined by the 
Kjeldahl method. An aliquot of the combined hexane 
extracts was likewise analyzed for nitrogen. In order to 
show the relative amounts of nitrogen obtaining in these 
fractions the representative results for experiment 3 (see 
Table II) are given in Table I.

T a b l e  I
N it r o g e n  D is t r ib u t io n

Fraction Nitrogen, mg.
Hydrogen cyanide 96
^Recovered solid 250
Sulfuric acid solution 98
Hexane extracts 41

The sum of the amounts in the last three fractions is listed 
in Table II under the column “nitrogen fixed as solid/* 
It is apparent that a relatively unimportant amount is 
extracted by hexane and this fraction was not further in­
vestigated.

The amount of benzonitrile formed in the reaction was 
so small that it could not be identified by chemical means. 
An alcoholic extract of some of the slightly pasty solid 
product formed in an experiment was distilled and the first 
fraction (one-third) diluted twenty-five times. The ab­
sorption bands of this solution were determined by using a 
quartz spectrograph and a hydrogen discharge tube as a 
source of light. Spectrographic results although sugges­
tive that benzonitrile was present were not wholly satis­
factory as the apparent presence of diphenylacetylene in 
the unknown tended to confuse the interpretation of the 
results.

The average of duplicate carbon, hydrogen and nitrogen 
analyses of (I) prepared under a variety of conditions is 
recorded in Table II. The percentages of nitrogen listed 
were determined by the Dumas method and were always 
from 0.2 to 1.0% higher than the values obtained by the 
micro Kjeldahl method in which the material was digested 
for twenty minutes as generally recommended. In a few 
cases, the percentage of oxygen present in the solid was 
determined by direct analysis,11 in order to account for the 
fact that the sum of the carbon, hydrogen and nitrogen 
values did not total 100%. The value for oxygen ob­
tained by direct analyses differed by 0.5 to 1.0% from the 
figure calculated by difference. We believe that the 
analyses for nitrogen by the Dumas method are low and 
responsible for this discrepancy. In this connection, it is 
of interest that certain high melting nitrogenous materials 
have been found by Milner and Sherman12 to give low

(10) M ost of the diphenylacetylene did not react and is to be found 
in this solution.

(11) Dr. R. T. Milner kindly carried out these determinations by 
his unpublished modification and adaptation to the semi-micro scale 
of the method by ter Meulen, Rec. trav. chim., 43, 899 (1924); 53, 118 
(1934).

(12) Milner and Sherman, Ind. Eng. Chem., Anal. Ed., 8, 331 
(1936).
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nitrogen values when determined by the Dumas method. 
Re-analysis of specimens prepared in experiments 1, 3 and 6 
after they had stood from eighteen months to two years in 
stoppered containers from which no effort to exclude air 
was made, indicated that the products had been altered. 
The new results (see analyses f in Table II) were uniformly 
lower in carbon and nitrogen and higher in oxygen while 
hydrogen fluctuated but little.

When heated (I) showed a little shrinkage at 300° but 
remained unmelted at 320 °. Upon much stronger heating 
it decomposed without melting to give ammonia, a small 
quantity of colorless oil and a considerable residue of 
charred material. The oil had a foul, isonitrile-like odor 
and appeared to be insoluble in dilute hydrochloric acid; 
the acid extract gave a negative color test for aniline with 
sodium hypochlorite.

Solubility tests showed (I) to be very slightly soluble in 
alcohol, ether, hexane, benzene and xylene, partially solu­
ble in nitrobenzene and acetonitrile and readily soluble in 
benzonitrile, from which it was precipitated by hexane. 
I t dissolved fairly readily in concentrated hydrochloric or 
glacial acetic acid from which solution it was not precipi­
tated either by chilling or dilution with much water but 
only by making alkaline. The precipitated product was 
flocculent and continued washing resulted in an increased 
tendency of the solid to remain suspended, thus exhibiting 
a behavior quite similar to the peptization of a colloid. 
Its elementary analysis differed but slightly from the 
original; in accordance with a sodium ash of 3% the value 
for nitrogen was 3% less.

Some qualitative information on the mode of attachment 
of nitrogen in the molecule was secured by the following

experiments. Emich’s test13 for the y>N—C—N<^ group­

ing by fusion of (I) with calcium oxide and subsequent 
formation of the characteristic yellow silver salt of cyan- 
amide was positive. That some of the nitrogen can be 
removed as ammonia was shown by the following experi­
ment. Weighed samples of about 0.05 g. each were 
heated for different lengths of time in Kjeldahl flasks with 2 
N  sodium hydroxide and the liberated ammonia collected 
in standard acid. The amount of nitrogen given off as 
ammonia after one, three and four hours of digestion was 
2.60, 3.37 and 3.83%, respectively, of the weight of the 
sample. An attem pt to hydrolyze the solid by heating 0.2 
g. with 25 cc. of concentrated hydrochloric acid in a sealed 
tube a t 180° for three hours was unsuccessful. No am­
monium chloride or other crystalline material could be iso­
lated from the acid solution. The insoluble material 
apparently differed from the original only in being much 
less soluble in cold concentrated sulfuric acid. Treatment 
with hot glacial acetic acid and zinc dust affected (I) only 
slightly. A brown flocculent solid was recovered and 
melted at 215-235° (dec.). In appearance and solubility 
it resembled the original product.

Oxidation with nitric acid yielded crystalline material, 
whereas chromic oxide in acetic acid and potassium per­
manganate in acetone did not give tractable products. 
Two grams of (I) was treated with a solution of 50 cc. of 
concentrated nitric acid and 75 cc. of water. A reaction 
occurred immediately with evolution of oxides of nitrogen

(13) Eraich, Monatsh., 10, 32X (1889).

and after twenty minutes of refluxing the solid was largely 
dissolved, giving a dark orange colored solution. After 
heating for two hours, the reaction mixture was cooled and 
the liquid fraction decanted from the insoluble tarry ma­
terial. The acid solution was made alkaline and then 
slightly acidified with hydrochloric acid. A buff colored 
solid (II) (0.32 g.) separated and was collected on a filter, 
washed with cold water and dried. I t was practically in­
soluble in benzene, slightly soluble in ether and partially 
soluble in alcohol. Extraction with benzene in a Soxhlet 
apparatus for one day left a residue of 0.12 g. (Anal. 
Found: C, 58.7; H, 3.2; N, 9.7, 9.6; ash, 4.8.) Evapora­
tion of the benzene extract left only an intractable tar. 
The weakly acidic filtrate from (II) was extracted repeat­
edly with ether, and the extracts combined, filtered and 
evaporated to dryness in vacuo. The solid residue was 
subjected to fractional sublimation under diminished pres­
sure at 100°; from the sublimed material there was ob­
tained 0.15 g. of recrystallized benzoic acid; m. p. 122°. 
Continued sublimation at 135° yielded 0.1 g. of a light 
yellow crystalline material; m. p. 175-185°. Crystalliza­
tion from water gave a nearly colorless product; m. p. 215- 
220 ° in a closed capillary.

Anal. Calcd. for (CioHtNOö)*: C, 54.3; H, 3.2; N, 
6.3; 0,36.2. Found: C, 54.8, 55.1; H, 3.4, 3.6; N, 6.5; 
O (by difference), 35.3, 34.8. Neutral equivalent. Sub., 
3.27 mg. : 2.54 cc. of 0.01 N  NaOH. Found: 129.

Increased purification of the nitrogen used in the nitro- 
genation affected the composition of the solid reaction 
product and influenced the behavior of the discharge. 
Nevertheless, the reaction appeared to proceed in the 
same manner and the properties of (I) were not changed 
appreciably although the percentage of oxygen was lowered 
markedly. As the oxygen content of the nitrogen was 
diminished the discharge persisted a t higher pressures. 
For example, when tank nitrogen without purification was 
used a pressure greater than 10 mm. extinguished the dis­
charge, whereas when rigorously purified nitrogen was used 
pressures up to 25 mm. were attainable before the discharge 
failed. For comparison, the data from one of the experi­
ments (No. 1) performed by using nitrogen containing an 
appreciable amount of oxygen have been included in Table
II. In this case the nitrogen was passed over heated cop­
per gauze and then through a liquid air trap. In all other 
recorded work (Table II) nitrogen purified by the scheme 
outlined earlier was used.

Variation in Stray Discharge.—In order to demonstrate 
the unimportance of stray discharge, which unavoidably 
leaks from the discharge tube to the reaction bulb, a sheath 
of copper foil cooled by an air blast was wrapped about the 
tube joining D and E and grounded to a water line. Al­
though this did not completely eliminate the stray dis­
charge it did materially lessen the amount reaching E. 
This was applied in experiment 4 which otherwise differed 
in no way from 3. Inspection of Table II shows that the 
yield of fixed nitrogen did not fall off.

Action of Active Nitrogen Produced by an Uncondensed 
Discharge on Benzonitrile.—The general procedure was 
similar to that already described in the experiments on di­
phenylacetylene. In this case owing to its high vapor pres­
sure at room temperature it was not necessary to heat the 
benzonitrile, When the stopcock at I was closed, an in­
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tense violet glow of excited cyanogen filled E. This was 
extinguished completely when the stopcock was opened 
slightly. Although some of the reaction product was de­
posited on the walls of E, the major portion, consisting es­
sentially of a very dark brown solid partially dissolved in 
unchanged benzonitrile, collected in the traps. The 
hydrogen cyanide was swept out, collected and determined 
as in the diphenylacetylene experiments. The contents of 
the traps were filtered, and the solid thoroughly extracted 
with hexane. A current of nitrogen was continually swept 
over the product during these manipulations. The ma­
terial was desiccated a t 100 ° in vacuo for about three hours 
and immediately submitted to analysis (see expt. 7 in 
Table II). The filtrate from the solid was diluted with a 
large quantity of hexane and the flocculent material, which 
separated, reprecipitated from benzonitrile with hexane. 
I t was dried and analyzed and appears to be identical with 
the first fraction. Anal. Found: C, 65.64; H, 3.73; N, 
26.08. The hexane filtrates were combined and concen­
trated on the water-bath, giving an oil which by fractional 
distillation was found to consist almost wholly of unreacted 
benzonitrile; b. p. 190.5; w25d 1.5257.

The solid matter remaining in the traps was not taken 
up in concentrated sulfuric acid and determined for total 
nitrogen, since in this case such a value is not a measure­
ment of the total nitrogen fixed. In one experiment, 9, the 
total yield of solid product was determined. The material 
that was easily separated was combined with the residue 
recovered from the acetonitrile, which was used to clean 
out E and G; weight 0.85 g.

Action of Active Nitrogen Produced by an Uncondensed 
Discharge on Tetrahydronaphthalene.—This run was 
carried out in exactly the same manner as that described 
for diphenylacetylene and in its general appearance differed 
only in that the cyanogen glow was much weaker and the 
trap contents at the end of the experiment were almost 
entirely liquid. After the hydrogen cyanide was swept 
out, the liquid in the traps was poured directly into hexane 
and the tar-like solid which precipitated triturated with 
hexane until a dark brown amorphous solid was obtained. 
I t was collected on a filter in an atmosphere of nitrogen,

dried in vacuo a t 76 ° for one hour and immediately ana­
lyzed. The residues in the traps and from the hexane 
washings were dissolved in concentrated sulfuric acid and 
the nitrogen determined by the Kjeldahl method. The 
results are recorded in Table II.

Action of Active Nitrogen Produced by a Condensed 
Discharge on Diphenylacetylene.—Modification of the 
apparatus used in the previous experiments was effected 
by introducing three Leyden jars across the transformer 
and by connecting a spark gap in series with the discharge 
tube, the gap being quenched by a blast of air. Instead of 
being orange-yellow, the color of the discharge was more 
reddish-blue. Although unchanged with respect to color 
the after glow was markedly stronger. In Table II are 
tabulated results secured in two experiments, namely, 5 
and 6. The formation of the solid on the walls of the reac­
tion vessel appeared to take place more rapidly than in the 
corresponding experiments in which the uncondensed dis­
charge was used. The properties and composition of the 
solid, however, were about the same.

Discussion
From the results shown in Table II it is con­

cluded that active nitrogen reacts with diphenyl­
acetylene, benzonitrile or tetrahydronaphthalene 
and initiates the formation of the organic nitroge­
nous material isolated. All other possible re­
actions which can account for the products seem 
to have been eliminated. For example, the early 
experiments in which the nitrogen used contained 
an appreciable amount of oxygen—one of these, 
1, is recorded in Table II—gave products con­
taining as much as 10% oxygen and were open to 
the criticism that nitrogen oxides instead of 
active nitrogen might have interacted with di­
phenylacetylene. That nitrogen oxides are not 
involved to any great extent in the later work is 
shown by experiments 2-4, where rigorously

T a b l e  II
E x p e r im e n t a l  D a t a  a n d  R e s u l t s

Rate
Pres- Dura- of Total 
sure tion nitro- nitro-
in of gen gen Nitronjen fixed as --------Analyses of solid product, %-------

Organic material system, run, flow, used, HCN, “solid,” o 0
Expt. g- mm. hours g./hr g- mg. mg. C H N Detd. Differ.

1 Diphenylacetylene 10 8-9 29 d 139 255 71.2 6 9 .8 /  5 .0 4 .7 15.3 15.0 8 .5
9 .3 10.5

2° Diphenylacetylene 10 4 33 9 286e 12 57 71.9 4 .5 18.1 5 .5
3* Diphenylacetylene 10 9 16 29 455e 96 389 76.9 75.2^ 4 .9 4 .7 15.6 14.8 2 .6

Diphenylacetylene 10 9 15 29 442e 92 432 77 .2 4 .7 16.3 1.0 1.8
56 Diphenylacetylene 5 9 14 29 403e 110 513 72.9 4 .7 1 8 .2 ' 4 .2
6& Diphenylacetylene 5 9 8 29 228e 58 243 74 .5 7 4 .0-f 4 .3 4 .6 15.4 15.0 5 .87a Benzonitrile 10 9 39 29 1109e 293» 64 .7 3 .9 25 .5 5 .9
8a Benzonitrile 10 9 31 29 8976 292» 64.1 4 .2 26 .5 5 .2
9a Benzonitrile 5 9 17 29 498e 118» 238» 64 .0 4 .2 28 .0 3 .8

(yield 0.85 g.)
10a Tetralin 10 9 28 29 811e 175 400 74.1 6 .5 16.7 2 .7

a Uncondensed discharge, 6’ Condensed discharge. c Stray discharge reduced considerably. d The nitrogen con-
tained appreciably more oxygen than that used in the other experiments. e Purity of nitrogen was highest attained in 
this work. f Data obtained from reanalyses made eighteen to twenty-four months later. 3 This cannot be considered 
as representing only the nitrogen fixed in the reaction since the starting material contained 13.6% of nitrogen.
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purified nitrogen was employed. The oxygen 
content of the products was lowered markedly 
(in 4 to 1%) without decreasing appreciably the 
amount of fixed nitrogen* Our experience in­
dicates that it is a very difficult matter to prepare 
these nitrogenous products entirely free from 
oxygen, particularly for large scale experiments 
where the quantities of nitrogen required make 
impractical production of oxygen-free nitrogen 
from a chemical source. The contribution to the 
nitrogenous products by a reaction, between 
molecular nitrogen and the organic matter, in­
duced by stray discharge is negligible. In no. 4 
stray discharge was reduced considerably below 
that obtaining in no. 3 without affecting the yield 
of fixed nitrogen and in no. 2 the decrease in the 
pressure of the system diminished the yield of 
products, although in so far as stray discharge 
alone is concerned lowering the pressure in this 
range conduces to increased stray discharge.

Interaction of the aromatic compounds and 
active nitrogen yields essentially a polymerized 
nitrogenous solid and hydrogen cyanide. The 
yield of solid was greatly influenced by a change 
in the pressure of the system, thus increasing the 
pressure from 4 to 9 mm., increased the yield seven­
fold. The ratio of nitrogen fixed by diphenyl­
acetylene as hydrogen cyanide to nitrogen fixed 
as solid for the uncondensed discharge experiments
2-4 varies from 1:4 to 1:5. Experiments 5 and 6 
in which a condensed discharge was employed also 
gave ratios varying from 1:4 to 1:5 and approxi­
mately the same yields of products. Averaging 
numerous determinations of carbon, hydrogen 
and nitrogen on specimens obtained under dif­
ferent conditions gives ratios of C:H:N that 
fluctuate from 4.4:3.3:1 (expt. 2) to 5.4:4,2:1 
(expt. 7). Under the same conditions as ob­
tained in the diphenylacetylene experiment, ben­
zonitrile yields a solid similar in appearance and 
physical properties to the acetylene derivative but 
differing by containing 7% more nitrogen. In 
this case the yield of hydrogen cyanide is three­
fold greater. The action of active nitrogen on 
tetrahydronaphthalene was studied with the 
object of determining the mole ratio between 
the combined nitrogen and the original material 
in the reaction product and of determining the 
fate of the aliphatic hydrogen. The yield of 
hydrogen cyanide in this reaction is double that 
given by diphenylacetylene. Naphthalene is 
not formed and the solid product although physi­

cally similar has a much higher hydrogen content 
and an empirical formula close to (C10H10N2)*. 
It is to be noted that although the ratios of ni­
trogen to organic material in the reaction product 
obtained in the different experiments agree among 
themselves moderately well for a particular re­
actant, the ratio changes markedly from com­
pound to compound. Thus, for every two mole­
cules of the original aromatic compound,14 the 
nitrogenated solid from the diphenylacetylene 
experiment contains about six atoms of nitrogen, 
that from the tetrahydronaphthalene experiment 
about four atoms of nitrogen and that from the 
benzonitrile experiment about three atoms of 
nitrogen. This change in the ratio is perhaps not 
surprising when it is considered that a decrease in 
this ratio was accompanied by an increase in the 
ratio of nitrogen fixed as hydrogen cyanide to 
nitrogen fixed as solid.

For comparative purposes, an exploratory ex­
periment was performed to investigate the be­
havior of an aliphatic compound, isoprene, 
toward active nitrogen. A strikingly different 
result was secured. Practically no solid matter 
is formed and instead a nitrogenous low-boiling 
liquid in good yield and generating ammonia on 
hydrolysis is produced. In view of the apparent 
simplicity of this product, further studies with un­
saturated aliphatic compounds, which are not be­
ing contemplated by us, would be expected to 
yield fruitful information.
* The general mechanism of the reaction appears 
to involve a number of consecutive processes,
(1) the interaction of atomic nitrogen and the 
aromatic compound to form an active intermedi­
ate, (2) stabilization of the intermediate to form 
the solid on the wall and (3) bombardment and 
further reaction of the solid with active nitrogen. 
In the collision between the organic molecule and 
active nitrogen it is not unlikely that a fragment 
is ejected. The structure of this fragment prob­
ably depends on the point of attack of the active 
nitrogen on the organic molecule and this view 
accounts, in part at least, for the formation of the 
simpler materials, hydrogen cyanide, excited 
cyanogen, (CN*), benzonitrile, etc. That a 
nitrogen-free, organic particle of relatively high 
molecular weight is not split off is suggested by 
the absence of this type of material in the products 
of the reaction. The most reasonable explanation

(14) We are, of course, assuming that the empirical formula of thé 
original organic material has not suffered any great change on react­
ing with active nitrogen to form the solid.
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for the high nitrogen content of the solid is that a 
considerable quantity of nitrogen is introduced 
by the reaction of active nitrogen with the solid 
on the walls of the vessel. The similar results 
secured by the employment of either a condensed 
or uncondensed discharge for the activation of 
nitrogen are in accord with the present concept 
that active nitrogen consists principally of atomic 
nitrogen, which most probably is the form taking 
part in the above reaction.

Comparison of the results of this work with 
those obtained by Kroepelin and Vogel15 in the 
study of the action of atomic hydrogen on oleic 
acid and paraffin oil reveals a striking similarity 
in the course of the two reactions. (1) In both 
cases the initial reaction involves combination 
with the active element and the probable simul­
taneous formation of free radicals. (2) The 
active intermediates formed are subsequently 
stabilized and yield, to a certain extent, brown 
polymerization products. (3) The introduction 
of oxygen into the products can be avoided only 
by using an atmosphere absolutely free from 
oxygen.

Acknowledgment.—We are indebted to Drs. 
Wulf, Jones and Melvin for numerous experi­
mental suggestions, to Dr. Wulf for the aid re­
ceived in discussions on the theoretical aspects of 
this work and to Mr. Testa for the difficult and 
clever job of glass blowing on the apparatus.

(15) Kroepelin and Vogel, Ber., 68 , 684 (1935); see also v. Bog- 
dandy, Polanyi and Veszi, Z. angew. Chem., 46, 15 (1933).

Summary
Nitrogen activated by a condensed or uncon­

densed discharge reacts with diphenylacetylene 
to form a brown nitrogenous high-melting solid, 
hydrogen cyanide, excited cyanogen (CN*) and 
probably traces of benzonitrile and an isonitrile. 
From its physical and chemical properties, the 
brown solid, which is the major product of the 
reaction, appears to be a complex material of high 
molecular weight. It contains about 16-18% ni­
trogen, is resistant to acid hydrolysis, liberates 
ammonia on alkaline hydrolysis, yields benzoic 
acid and an unidentified, crystalline acid pos­
sessing nitrogen on nitric acid oxidation and

seems to contain >̂N—C—N<̂  group. Tetrahy­

dronaphthalene and benzonitrile also react with 
atomic nitrogen to form amorphous solids having 
physical properties similar to the product from 
the acetylene derivative. The ratios of fixed 
nitrogen to organic material in the solid products 
from the three compounds decrease in the order 
diphenylacetylene, tetrahydronaphthalene, ben­
zonitrile. In accordance with this, the ratios of 
nitrogen fixed as hydrogen cyanide to nitrogen 
fixed as solid decrease in the reverse order. In 
contrast to the behavior of the aromatic com­
pounds, isoprene with active nitrogen gives instead 
of a polymerized solid a low-boiling nitrogenous 
liquid. The results are discussed with reference 
to the general mechanism of the reaction. 
W a s h in g t o n , D. C. R e c e iv e d  A p r il  16, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m is t r y , M a s s a c h u s e t t s  I n s t it u t e  o f  T e c h n o l o g y ,
No. 172]

Condensations by Sodium. XIV. The Phthalic Acids and Some Factors Influencing 
Yields of Butyl- and Dimethylmalonic Acids

B y  A v e r y  A. M orton  and  F r a n k l in  F a l l w e l l , J r .

This paper describes the formation of all the 
phthalic acids in these reactions employing so­
dium and shows that they arise from two distinct 
sources. When phenylsodium, prepared by re­
fluxing benzene with amylsodium, is carbonated, 
a third to a fifth of the total acids formed is a 
mixture of iso- and terephthalic acids, the re­
mainder being benzoic acid. On the other hand 
preparing the same reagent, phenylsodium, in the 
presence of sodium benzoate, refluxing and treat­
ing the product with carbon dioxide gives the

ortho isomer as the sole phthalic acid present. 
These results demonstrate clearly that there are 
two types of organosodium intermediates pres­
ent. According to our common conventions one 
would be a m- or ^-phenylenedisodium compound 
and the other sodium o-sodiobenzoate. The 
non-identity of their carbonation products pro­
vides a sharp distinction, the lack of which made 
tracking to the possible sources of butylmalonic 
acid1 very difficult.

(1) Morton, Fallwell and Palmer, T h i s  J o u r n a l , 60, 1426 (1938).
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Phenylenedisodiums, sources of the iso- and 
terephthalic acids, do not come from dimetalation 
of benzene by amylidenedisodium, a conclusion 
reached after a series of experiments with increas­
ing ratios of benzene to amylsodium failed to show 
formation of these acids at the expense of butyl- 
malonic acid (Fig. 1). This careful study was 
necessary because a chance agreement2 in the 
yields of butylmalonic acid and these phthalic 
acids before and after addition of 150 ml. of ben­
zene as well as the non-formation of the latter in a 
low temperature exchange had suggested such a 
possibility. The complete curve shows these 
products quite unrelated to each other. An 
earlier experiment1 already has indicated that 
disproportionation of phenylsodium in boiling 
benzene does not occur appreciably, thus elimi­
nating this possible source of phenylenedisodium. 
The plotted results of the present work show a 
slight maximum at 55 ml. of benzene which falls 
off somewhat as the quantity of benzene is in­
creased. The mechanism field is therefore nar­
rowed and includes the possibility that benzene 
has been attacked simultaneously or successively 
by two molecules of amylsodium. In addition 
this study had revealed a pronounced minimum for 
the combined yields of caproic and benzoic acids 
which corresponds with a slight maximum in the 
yield of phthalic acids. A molal ratio for ben­
zene to amylsodium of two to one was present at 
this point, an interesting circumstance which 
together with the peculiarity for the existence of 
a minimum in the total acids and the failure to get 
more than 15% of the benzene converted into 
phenylsodium even under the most favorable 
circumstances, promises to make an interesting 
field for further study.

Abnormal reactivity and orienting influences 
prevail in this series. The sodium carboxyl group, 
for example, acts in the same manner as do the 
dimethylamino and methoxyl3 groups in directing 
an entering sodium atom to the ortho position. 
Dimethylaniline and anisole have labile hydrogen 
atoms in the ortho rather than in the para posi­
tion. Isophthalic acid predominates by four to 
one over terephthalic acid, a result calling for 
m-phenylenedisodium as the chief product of the 
double metalation of benzene. Such results 
emphasize the novelty in the behavior of these 
organosodium reagents. One characteristic dif-

(2) Morton and Hechenbleikner, T h i s  J o u r n a l , 58, 2599 (1936).
(3) Morton and Hechenbleikner, ibid., 58, 2599 (1936); see also 

Niederl, Roth and Plentl, ibid., 59, 1901 (1937).

ference marks these reactions from those in which 
the ordinary rules of orientation have been de­
rived. In general chemical changes here occur 
on solid surfaces rather than in homogeneous 
solutions, a circumstance suggesting that the 
normal orienting influences may be shelved in the 
presence of a powerful reagent which operates 
through an initial adsorption of the molecule. 
The unpredicted nature of our results may be 
judged in the light of an observation of Gilman 
and Kirby4 that a mixture of benzene, diethyl- 
mercury and potassium acted normally, giving 
phthalic and terephthalic acids after carbonation.

0 30 60 90 120 150 180
Cc. benzene added.

Fig. 1.

Another unusual feature in this work is the 
difference in the type of reaction which occurs on 
sodium benzoate when it is added before or after 
preparation of phenylsodium. The product in 
the former instance is largely phthalic acid and in 
the latter is chiefly triphenylcarbinol. Here 
also we believe the result is influenced by varia­
tions in the types of adsorption possible for we 
have observed that sodium benzoate is readily 
adsorbed on sodium, so much so in fact that it 
will completely block the reaction between sodium 
and amyl chloride if allowed to stand in contact 
with the metal for a few hours before addition of 
the chloride.

On the general principle that active nickel will 
labilize the hydrogen atom we attempted to im­
prove the yield of phthalic acid by carrying out a 
reaction in the presence of this catalyst. A slight 
improvement only was realized. A similar ex­
periment on sodium caproate, however, more than

(4) Gilman and Kirby, ibid., 58, 2074 (1936).
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doubled the yield of butylmalonic acid. Prepa­
ration of dimethylmalonic acid from sodium iso­
butyrate was not influenced by the use of nickel.

Experiments
Procedure.—The usual quantities consisting of 35 g. 

of fine sodium sand and 75 ml. of technical amyl chloride 
(Eastman Kodak Co.) were employed. The apparatus 
was the same as described in an earlier paper.1 Unless 
otherwise noted the sand was activated prior to reaction 
by addition of about 5 ml. of n-amyl alcohol. This change 
in manipulation eliminated entirely a short induction 
period usually observed, changed the yields of caproic and 
butylmalonic acids to 35 g. (46%) and 5.5 g. (11%), re­
spectively, and increased the ratio of mono- to dicarboxylic 
acid considerably. The usual amounts obtained without 
activated sand are around 30 and 16% for the two acids 
concerned. Two and one-half hours are required for addi­
tion of amyl chloride to the metal, one hour for stirring at 
25-30° after addition, and one hour for carbonating at 35- 
40°. The solvent was petroleum ether except in those 
cases where benzene was used to provide phenylsodium as 
the organometallic reagent. Here also the use of activated 
sodium caused a small increase in the yield of benzoic acid.

Iso- and Terephthalic Acids.—Following the preparation 
of amylsodium as before described, 5, 15, 30, 45, 60, 75, 
100, 120 and 150 ml. of thiophene-free benzene were 
added in separate experiments, the mixture in each case 
heated to 80 0 for two hours, and then cooled to below 40 ° 
for carbonation. Separation of the mixture of caproic and 
benzoic acids was accomplished first by petroleum ether 
and then by benzene extraction accompanied by distilla­
tion, that of the insoluble phthalic acids by filtration, and 
that of butylmalonic acids by extraction with ether. 
Corresponding yields for the amounts of benzene men­
tioned above are: for caproic acid, 17, 22,17,13, 6, 3, trace, 
0, 0 g. (24, 30, 24, 17, 8, 4, trace, 0, 0%); for butylmalonic 
acid 7.7, 6.5, 5, 5, 3, 3, 1, 1, trace, g. (16, 13, 10, 10, 6, 6, 2, 
2, trace, %); for benzoic acid, 2, 3, 2.5, 4.5, 9, 17, 28, 25, 
28 g. (3, 4, 3, 6, 12, 23, 37, 33, 37, %); for phthalic acid,
1.2, 4,5, 4, 6,5, 4, 3.5, 3.5, g. (2, 8, 10, 8, 12, 10, 8, 7, 7%). 
For a graph of these results see Fig. 1. A single run in 
which 15 ml. of the benzene was present in the mixture be­
fore addition of amyl chloride produced 14 g. ,(19%) of 
caproic acid, 7.5 g. (15%) of butylmalonic acid, 3 g. (4%) 
of benzoic acid and 3 g. (6%) of the phthalic acid mixture.

Separation of the phthalic acid through the barium 
salts5 is incomplete. On converting to the £-bromo- 
phenacyl6 esters for identification, the insolubility of the 
tere- isomer in chloroform was noted. By one such 
separation the melting point of the crude iso- ester was 
174-178° as compared with 179° for the pure material; 
that of the crude tere- isomer was 215-222° (pure com­
pound is 225°). Products separated by means of the 
barium salts could be further purified by this method. 
The approximate composition was 80% iso- and 20% tere-.

Phthalic Acid.—Benzoic acid, 20 g., was added to 45 g. 
of sodium sand in benzene solution. Immediately after 
formation of sodium benzoate, 5 ml. of n-amyl alcohol was 
added and the mixture stirred for ten minutes. Amyl

(5) Smith, T his J o u r n a l , 43,1920 (1921).
(6) K elly and KlefS, ibid., 54, 4444 (1932).

chloride, 15 ml., was next added to form the phenyl­
sodium after the usual manner. The mixture was then 
heated for two hours at 80 °. Upon cooling to about 30 °, 
carbonating and decomposing, there was found 2.5 g. (6% 
referred to benzoic acid) of phthalic acid, decomposing at 
160-180° followed by subliming as the anhydride in long 
white needles, m. p. 110-123 in the crude state (pure 128°). 
Neutralization equivalent of the crude product was 86 
(pure 83). From the same reaction 1.5 g. (3%) of tri- 
phenylcarbinol was recovered. Repetition of the experi­
ment using amylsodium instead of phenylsodium yielded 
0.3 g. (1.0%) only of phthalic acid probably because the 
mixture could not be refluxed at so high a temperature.

Triphenylcarbinol.—Sodium benzoate was prepared in a 
separate container and then added to phenylsodium pre­
pared in the customary manner in benzene as a sol­
vent. After two hours of heating at 75°, carbonating 
and separating the products, 10.0 g. (24%) of triphenyl­
carbinol and 0.5 g. (1%) only of phthalic acid were ob­
tained. Yields are calculated on the basis of the sodium 
benzoate added. Another method of introducing sodium 
benzoate after formation of phenylsodium was to pass 
carbon dioxide very slowly (two hours) into the organo- 
sodium reagent while the mixture was kept near 50°. 
Triphenylcarbinol, 7.5 g. (14%), calculated on the amyl 
chloride originally added was recovered. The amount of 
phthalic acid obtained was 0.8 g.

Catalytic Action of Nickel.—Raney nickel catalyst from 
4 g. of the alloy was added in a benzene suspension to the 
mixture of sodium caproate and phenylsodium obtained by 
addition of 75 ml. of amyl chloride to sodium and sodium 
caproate (20 g. of the acid and 45 g. of metal) in benzene 
solution. After two hours of heating at 75 ° and subsequent 
carbonating, 10 g. (36% calculated on the caproic acid 
used) of butylmalonic acid, in addition to benzoic and 
recovered caproic acid, was obtained together with 0.8 g. 
of triphenylcarbinol. Use of double the amount of nickel 
(from 8 g. of the alloy) caused little change (9 g. or 33%) 
in the butylmalonic acid yield. The usual yield of this 
malonic acid in absence of nickel is 16.5%.

When sodium benzoate mixed with nickel was added to 
phenylsodium under the same conditions used for prepara­
tion of triphenylcarbinol above, the yield of ortho phthalic 
acid was 1 g. (2%). The yield of dimethylmalonic acid 
from sodium isobutyrate as described below was unaffected 
(28%) by addition of nickel.

Dimethylmalonic Acid.—A fine suspension of sodium 
isobutyrate, from isobutyric acid (20 g.) and sodium (10 g.) 
in benzene as a solvent, was added to phenylsodium pre­
pared as before stated. After two hours of stirring a t 75° 
the mixture was carbonated. Dimethylmalonic acid, 
identified by neutralization equivalent and decomposition 
point, was recovered along with a mixture of benzoic and 
unreacted isobutyric acid. The yield was 8.0 g. or 27% 
calculated on the basis of the isobutyric acid. Preparation 
of the sodium isobutyrate in a separate vessel was necessary 
in this case because its formation prior to addition of amyl 
chloride inhibited the latter reaction.

Summary
Iso- and terephthalic acids apparently are 

formed from phenylenedisodiums, which in turn
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arise from sodium exchange reactions between 
benzene and two amylsodium molecules.

Phthalic acid is formed in these processes as a 
result of sodium benzoate being present during 
addition of amyl chloride to sodium in benzene 
solution.

If sodium benzoate is added after formation of 
phenylsodium the yield of phthalic acid is sup­
pressed and that of triphenylcarbinol is increased.

Nickel as a catalyst causes a considerable in­
crease in yield of butylmalonic acid, a slight in­
crease for phthalic acid and no change in the 
quantity of dimethylmalonic acid.

The sodium metal can be activated by addition 
of a small amount of amyl alcohol. The total 
yield of acids and the proportion of caproic acid is 
thereby increased.
Cambridge, Mass. Received June 3, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  M o u n t  H o l y o k e  C o l l e g e  ]

Bromo Ethers Derived from Hydantoins Having Terminal Ethylene Double Bonds
in the C-5-Position

B y D orothy A. H ahn , M argaret J. M cLean  and H elen  T. M urphy1

The addition of bromine to each of two geo­
metric isomers of ethyl N-3-methyl-C-5-benzal- 
hydantoin-N-l-acetate, m. p. 50.5-51.5° and 
121-122°, respectively, has been reported.2 It 
was stated at that time that a molar quantity of 
bromine was decolorized as rapidly as added to a 
solution of either unsaturated hydantoin in carbon 
tetrachloride and that no evolution of hydro- 
bromic acid took place -until after the solution 
had been heated. In separating the product the 
carbon tetrachloride was replaced gradually by 
absolute alcohol and under these conditions a 
white crystalline compound, m. p. 113-113.5°, was 
precipitated which on analysis was found to con­
tain one molecule of alcohol. The latter was ob­
viously not present in the form of alcohol of 
crystallization since it could not be removed even 
by heating in a high vacuum. The formation of 
this compound was assumed tentatively to take 
place in the following way

I "—~i Br2
C2H 500CCH 2N C 0N (C H 3)C 0 C = C H C 6H5 — >

C2H 500CCH2N C 0 N (C H 3)C0 CBrCHBrC6H 5 

the latter compound then losing hydrobromic 
acid and adding ethanol to form

C2H 5OOCCH2N CON (CH3 )C O C =C B r C6H 5C2H 5OH

This interpretation of the reaction was based not 
only upon the results of analysis and the fact that

(1) The preparation of N-l,N-3-dimethyl-C-5-benzalhydantoin 
and its derivatives together with the investigation of their respective 
absorption spectra must be credited to Miss Helen T. Murphy, an 
honor student at Mount Holyoke College. The spectrographic 
work was carried out under the direction of Dr. Hildegard Stiicklen, 
Assistant Professor of Physical Chemistry, to whom grateful ac­
knowledgment is due.

(2) L itzinger, T h is J o u r n a l , 56, 676 (1934).

dense fumes of hydrobromic acid had been evolved 
during the process of heating, but also upon refer­
ences in the literature which established the for­
mation of unsaturated monobromo derivatives 
following the addition of bromine to unsaturated 
hydantoins possessing analogous configurations.3

In repeating this experiment it was discovered 
that although both modifications of ethyl N-3- 
methyl-C-5-benzalhydantoin-N-l-acetate when
treated in this way gave the same compound, 
m. p. 113-113.5°, a second and more soluble 
product, m. p. 92-94°, isomeric with the first 
was also formed in both cases. On the assumption 
that this represented a geometric modification of 
the higher melting compound, it was examined 
spectrographically since it was known that dif­
ferent types of unsaturated hydantoins could be 
identified readily, and that even isomers could be 
distinguished one from the other by means of 
their absorption curves.4 The results of this 
investigation were very surprising since while the 
absorption curves of the two products indicated 
isomers, they also showed clearly that both be­
longed to the class of saturated and not unsatu­
rated hydantoin derivatives.5 This discovery led 
to a consideration of possible molecular configura­
tions for compounds having the above composition 
that would account for the existence of isomeric 
saturated hydantoins. And since, due to the pres­
ence of two asymmetric carbon atoms, stereo

(3) Wheeler, Hoffman and Johnson, J . Biol. Chem., 10 , 154 (1911); 
Wheeler and Hoffman, Am . Chem. J ., 45, 375-6 (1911); Johnson and 
Hoffman, ibid., 47, 20 (1912).

(4) Seikel, T h is  J o u r n a l , 59, 436 (1937).
(5) (a) Hahn and Evans, ibid., 50, 809 (1928); (b) Hahn and Dyer, 

ibid., 52 , 2505 (1930); Seikel, unpublished work.
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modifications were to be expected6 iri the case of 
a molecule having the following arrangement of 
atoms

C2H500CCH2NC0N(CHj)C0t ( 0C2H6)CHBrC6H5
He * *

the two isomers in question were finally assumed 
to represent, respectively, racemic modifications of 
this type.

26 30 34 38 42 46
1/X X 10~3 cm .-1.

Fig. 1.— N-l,N-3-dimethyl-C-5-benzalhy-

dantoin, CH3NCON(CH3)COC=CHC6H5,; N-l,N-3- 
dimethyl-C-5, 5-ethoxy-bromobenzylhydantoin, CHS-

NCON (CH3) COC (OC2H5) CHBr C6H5; 0 -0 -0  iso­
mer, m. p. 141-143°; • • •  isomer, m. p. 119.5- 
121.5°; € -€ -€  N-l,N-3-dimethyl-C-5-benzylhydan-

toin, CH3NCON(CH3) COCHCH2C6H5.

Recently the behavior of N-l,N-3-dimethyl-

C- 5-benzalhydantoin, CH3NCON (CH3) C O C = 
CHC6H5, has been investigated under conditions 
closely analogous to those which have just been 
described. Although only one of the two geo­
metric isomers of this substance which are theo­
retically possible has as yet been isolated (p. 
817),5a this reacts with bromine to form two iso­
meric compounds, m. p. 141-143° and 119.5- 
121.5°, which correspond in composition to the

formula, CH3NCON(CH3)COC(OC2H5)CHBr-
* *

CeHfc. These isomers again have been assumed to 
represent different racemic mixtures, respectively, 
since such an interpretation is in agreement with 
the results of analysis and also with the character 
of the absorption curves of the two compounds.

(6) Hahn and Seikel, T his J o u r n a l , 58, 647 (1936).

The latter are not only closely analogous to those 
of the two isomeric ethoxybrorno derivatives of 
ethyl N-3-methyl-C-5-benzalhydantoin-N -1 -ace­
tate7 but both pairs of curves show a marked 
similarity to that of N-l,N-3-dimethybC-5-ben- 
zylhydantoin,8 which can be prepared directly by 
reducing the corresponding unsaturated com­
pound. On the other hand, they differ radically 
from the curve of N-l,N-3-dimethyl-C-5-ben- 
zalhydantoin.9

Due to the fact that the dibromo addition 
products, the formation of which precedes the 
formation of both of the above pairs of isomeric 
ethoxybrorno derivatives, are extremely soluble 
and also very unstable compounds they have not 
as yet been isolated. It has been observed, how­
ever, that the corresponding addition products 
which are formed when C-5-benzalhydantoin and 
N-3-methyl-C-5-benzalhydantoin are treated, re­
spectively, in carbon tetrachloride with molar 
quantities of bromine, are almost insoluble in 
neutral solvents. An attempt, therefore, is being 
made to prepare these compounds in pure condi­
tion, although they also are very unstable and 
are difficult to separate completely from the 
unacted upon unsaturated hydantoins from which 
they are obtained, since these too are relatively 
insoluble substances. Even at this stage of the 
investigation, however, it seems probable from a 
preliminary study of these products that the same 
general relationships can be shown to exist be­
tween unsaturated hydantoins of this type and 
their respective dibromo, alkoxybromo and oxy- 
bromo derivatives that have been reported re­
cently to maintain in the case of 2,4-diketotetra- 
hydropyrimidines and their corresponding deriva­
tives.10 This investigation is well under way and 
will be reported later in detail.

Experimental
Ethyl N-3-M ethyl-C-5,5-e thoxy-bromobenzylhydan-

toin-N- 1-acetate, C2H5OOCCH2NCON (CH3) COC (OC2-
Hö)CHBrC6H5, exists in two isomeric modifications, m. p.

(7) The spectra of ethyl N-3-m ethyl-C-5-benzalhydantoin-N-l- 
acetate and its derivatives were examined several years ago by Dr. 
Margaret K. Seikel (unpublished work). Since the absorption 
curves of these compounds are almost identical with those , of the 
corresponding derivatives of N-l,N-3-dimethyl-C-5-benzalhydan- 
toin, it has seemed more confusing than helpful to try to represent 
both sets in the same figure.

(8) Cf. ref. 5a, p. 817. This same compound is also formed when 
each of the two isomeric ethoxybrorno derivatives of N -l,N -3 - 
dimethyl-C-5-benzalhydantoin is reduced under the action of hydro­
gen iodide and red phosphorus.

(9) Compare the four curves in the accompanying figure.
(10) Johnson and Sprague, T h i s  J o u r n a l , 59, 2436 (1937).
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113-113.5° and 92-94°, both of which are formed when 
either of the two geometric isomers of ethyl N-3-methyl-C- 
5-benzalhydantoin-N-l-acetate is treated with bromine 
under conditions which have already been described.2 
The lower melting and more soluble product was not 
isolated from the reaction mixture, however, until later 
when oily residues deposited from filtrates from the 
isomer, m. p. 113-113.5°, were examined. I t  was finally 
obtained by a process of fractional crystallization and when 
pure separated from concentrated alcohol solutions in the 
form of well-defined colorless prisms, which suffered no 
loss in weight when heated a t 70°.

Anal. Galcd. for CigHuCbNaBrC^HaOH: N, 6.78; Br, 
19.35. Found: N, 6.96, 7.05; Br, 19.88, 20.05.

I t  is interesting to note that in repeating these experi­
ments and using “seed” to induce crystallization, 10.0 g. 
of the unsaturated ester, m. p. 50.5-51.5°, gave 6.2 g., m. 
p. 110-112°, as a first precipitate and 3.1 g., m. p. 80-84°, 
on concentrating the filtrate; while 10.0 g. of the unsatu­
rated ester, m. p. 121-122°, gave 3.3 g., m. p. 110-112°, as a 
first precipitate and 6.1 g., m. p. 80-84°, on concentrating 
the filtrate.

N -1 ,N - 3 - dimethyl - C - 5,5 - ethoxy - bromobenzylhydan-

toin, CH3NCON (CH3) COC (OC2H&) CHBrC6Hs, exists in 
two isomeric modifications, m. p. 141-143° and 119.5- 
121.5°, both of which were formed under the following 
conditions. Bromine,11 dissolved in chloroform (3.8 g. in 
38 cc.), was added rapidly at room temperatures to a color­
less solution of N-l,N-3-dimethyl-C-5-benzalhydantoin 
(p. 817)5a in the same solvent (5.0 g. in 15 cc.) until a perma­
nent color remained after shaking. No hydrobromic acid 
was evolved during this process, which occupied only a few 
minutes, but when the solution was heated dense fumes of 
the mineral acid were given off. After the solution had 
been concentrated to a volume of 25 cc., an equal quantity 
of absolute alcohol was added and the mixture evaporated 
rapidly over a steam-bath to 25 cc. This process was re­
peated 5 or 6 times or until the odor of chloroform was no 
longer noticeable. The boiling solution (50 cc.) was then 
set aside to crystallize. The first precipitate, when fil­
tered, washed with absolute alcohol and dried, weighed 
4.22 g., m. p. 137-139°. A second precipitate, which was 
obtained by concentrating the filtrate and wash alcohol to 
20 cc., consisted of 2.6 g., m. p. 103-106°. Small addi­
tional amounts of both products were obtained from the 
filtrate from the second precipitate, the combined weights 
of all representing a yield of more than 90% of the theo­
retical as calculated on the basis of the above formula. So 
far as could be observed there was no reason for suspecting 
the presence of any other substances in the reaction mix­
ture. The two products were purified by recrystallization 
from absolute alcohol, in which the second is much the

(11) The calculated molar quantity of bromine equals 3.69 g.

more soluble. Both separated from their boiling solutions, 
on cooling, in the form of large transparent hexagonal 
prisms or plates, which showed no loss in weight on heating.

Anal. Calcd. for Ci4Hi70 3N2B r: C, 49.28; H, 5.02; 
Br, 23.42. Found: (m. p. 141-143°) C, 49.41, 49.60; 
H, 5.01, 4.96; Br, 23.97, 23.86; (m. p. 119.5-121.5) C, 
49.76,49.58; H, 5.01, 5.26; Br, 23.47, 23.52.

Both compounds when heated for one hour a t 110° with 
hydrogen iodide and red phosphorus were transformed into 
N-l,N-3-dimethyl-C-5-benzylhydantoin,8 which was iden­
tified by comparison with an analyzed specimen.

The absorption curves of these two isomers, together 
with curves of the unsaturated hydantoin (p. 817)5a from 
which they were obtained and the corresponding saturated 
hydantoin8 which resulted from their reduction, are repre­
sented in the accompanying figure. The spectrographic 
measurements were made by the Henri method12 using a 
Hilger E2 quartz spectrograph. Each compound was 
dissolved in absolute alcohol which had been freed from all 
traces of benzene by fractional distillation with a Fenske 
column (3.5 X 1.5 cm.). The source of light was a copper- 
silver spark and Eastman No. 40 photographic plates were 
used except for the region below 2400 A., when “Ultra­
violet Spectrographic” plates were used.

Summary
N-1,N-3-dimethyl-C-5-benzaldehydantoin, when 

treated in chloroform solution with a molar 
quantity of bromine, gives an addition product 
which loses hydrobromic acid on heating and when 
the chloroform is replaced by absolute alcohol, is 
subsequently transformed into an ethoxybrorno 
derivative. The latter exists in two isomeric 
modifications, both of which yield N-l,N-3-di- 
methyl-C-5-benzylhydantoin when heated with 
hydrogen iodide and red phosphorus.

The absorption curves of the two isomers, on 
comparison with those of N-l,N-3-dimethyl-C-5- 
benzylhydantoin and other saturated hydantoins 
of the same general type, indicate that both 
represent saturated compounds. Moreover, these 
two curves closely resemble those of the two 
isomeric ethoxybrorno derivatives of ethyl N-3- 
methyl-C-5-benzalhydantoin-N -1 -acetate which
were obtained from the latter by means of similar 
transformations.
S o u t h  H a d l e y , M a s s . R e c e iv e d  J u n e  10, 1938

(12) Henri, “ Études de Photochemie,” Gauthier-Viltars, Paris, 
1919, p. 5; cf. E. P. Carr and G. F. Walter, J . Chem. P hys., 4, 756 
(1936).
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In order to study the reaction of the azoxy 
group in aliphatic organic compounds it was de­
sirable to prepare an azoxy compound without any 
other functional groups. 2-Azoxy-2,5-dimethyl - 
hexane was chosen because of the availability of 
starting materials and lack of volatility with 
consequent ease of isolation of the product and 
intermediates.

I t was soon found impossible to obtain this 
compound by reduction of the corresponding 
nitroso compound either at room temperature 
or at 57-60° with stannous chloride in acid solu­
tion . At room temperature the nitroso compound 
decomposed without reduction (see experimental 
section); at 57-60° a 58% yield of the corre­
sponding amine was obtained. These results are 
important for above 55° the dissociation of the 
bis-nitroso compound is apparent. In the case 
of a-nitroso esters, where no such dissociation is 
evident at 55°,lb’3 azoxy compounds may be ob­
tained in good yields under similar conditions and 
no amine is produced. These facts indicate that 
the linkage in the bisnitroso compounds is through 
the nitrogens and that reduction to the amine 
proceeds through the monomolecular form since no 
amine has ever been found among the reduction 
products of aliphatic azoxy compounds.la

The situation is made clear by the scheme

Reduction
2R—N = 0 ------------------^  2RNH2

SnCl2 +  H +
(blue)

Nitroso hydrocarbon 
above 50 °

2-Azoxy-2,5-dimethylhexane eventually was
(1) The first two papers of this series are: (a) T h is J o u r n a l , 54, 

1530 (1932); (b) ibid., 56, 1387 (1934).
(2) Presented before the Organic Division of the American 

Chemical Society at Rochester, N . Y., September, 1937.
(3) Sidgwick, Taylor and Baker, “The Organic Chemistry of 

Nitrogen,” Oxford University Press, 1937, p. 215.

prepared in 68-75% yield by condensing the 
corresponding nitroso compound with the corre­
sponding hydroxylamine in the presence of solid 
potassium hydroxide at 50°. The use of con­
centrated sulfuric acid gave but 21% yield. Con­
densation of the corresponding nitro compound 
and amine in the presence of metallic sodium at 
reflux temperature gave a 10% yield. Both re­
actions are known in the aromatic series.4

Attempts to reduce this azoxy compound with 
stannous chloride and hydrochloric acid merely 
resulted in the hydrolysis of the compound to 
nitrogen, octenes, dimethylisoamylcarbinol and
2-chloro-2,5-dimethylhexane.

The accompanying mechanism seems plausible 
for this new type of decomposition as in the hy­
pothetical intermediate II one sees a close analogy 
with the diazonium salts, the part enclosed by 
the dotted square being analogous to the — N 4=  
N of these salts.5 While the hydrolysis occurs 
rapidly at reflux temperature in the presence of 
6 N hydrochloric acid and stannous chloride, with 
6 N  hydrochloric acid alone (or with stannic 
chloride) the reaction is negligible.

The decomposition of the 5is-nitroso com­
pound by acid to yield nitrogen and nitrous oxide 
obviously can be formulated in a manner similar 
to the hydrolysis of the azoxy compound.

When treated with methylmag- 
NH2 nesium iodide in diisoamyl ether at 

100° for eighty minutes, less than 
20% of addition was observed. 
This is hardly consistent with the 
open chain formula of the azoxy 
group since aromatic azoxy com­
pounds seem to react as expected.6 
If the azoxy group in aliphatic com­
pounds had the ring structure, the 
intermediate II postulated in the 
hydrolysis could be formed by ring 
cleavage.

It is hoped to report on the be-
(4) Cf. ref. 3, p. 427; Brand and Stohr, Ber., 39, 4065 (1906); 

Angeli and Marchetti, A tti accad. Lincei, [5] 15, 480 (1906); Brit. 
Chem. Abstracts, i, 716 (1906).

(5) That the accompanying olefins are also a consequence of such 
a mechanism was kindly called to our attention by Dr. F. C. Whit­
more (see Whitmore and Langlois, T h i s  J o u r n a l , 54, 3442 (1932).

(6) Cumming and Ferrier, J . Roy. Tech. Coll. Glasgow, 2, 49 
(1929); Bigelow, Chem. Rev., 9, 155 (1931).

«-Nitroso ketones 
a t 25°

Reduction
SnCl2 +  H + 

(«-Azoxy ketones)

^  2RH +  H21S

-Nitroso acid 
derivatives a t 50 °

R—N = 0  Reduction R—N —O Hydrolysis

R—N = 0  SnCl2 +  H + R—N SnCl2 +  H
(Colorless) Azoxy hydrocarbon)

N2 +  ROH
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> c -

/CHs
-CH2CH2CH<

c h 5x
> c -

/CHs
- c h 2c h 2c h <

c h / i \ c h 3 c h /  1 x c h 3It£

i +N--OH
II +  IIC1 +  h 2o  — ► ||

N 1 N
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+  C1- +  h 2o

I
— ^  ROH +  R—N = N —OH +  HCl

III  R—N = N -
where R = Me2C-^-Am

-OH

II

ROH +  N2

havior of this compound with other reducing 
agents and the products of addition of organo- 
metallic compounds in the near future.

Experimental
Hydrolysis of 2-Nitroso-2,5-dimethylhexane.—Sixteen 

and four-tenths grams (0.115 mole, monomolecular basis) 
of nitroso compound was refluxed with 50 cc. of concen­
trated hydrochloric acid. The decomposition started ex­
plosively with the evolution of a large amount of nitrogen 
containing less than 2% of nitrous oxide. This gas 
sample, and all others in the work, was identified by dis­
tillation of the liquefied gas and vapor pressure measure­
ments on the fractions. After refluxing for a half hour the 
oil Was steam distilled. A tarry scum remained behind. 
The distillate gave, after drying with potassium carbonate, 
0.85 g. (0.008 mole, 7% yield) of octenes, 6.0 g. (0.043 
mole, 37% yield) of dimethylisoamylcarbinol and 2-chloro-
2,5-dimethylhexane and 3.0 g. of high-boiling material, 
n 20D 1.430. The octene fraction boiled at 106-120° (730 
mm.), n 20D 1.416, and gave positive reactions with bromine 
water and alkaline permanganate. From the carbinol- 
chloride fraction was obtained 4.6 g. of material boiling at 
80-86° (100 mm.), n20d 1.4232-1.4240, which was nearly 
pure chloride.

Anal. Calcd. for C8H i7C1: Cl, 23.8; mol. wt., 148.6. 
Found: Cl (Stepanoff), 23.3, 23.9; mol. wt. (cryoscopic in 
benzene), 146.5, 147.3.

The pure chloride was obtained by passing gaseous 
hydrogen chloride into dimethylisoamylcarbinol keeping 
the mixture cool with tap water until constant weight was 
obtained. I t boiled at 86° (100 mm.), » 20d 1.4231.

The Action of Stannous Chloride and Concentrated 
Hydrochloric Acid on 2-Nitroso-2,5-dimethylhexane at 
60°.—Six grams (0.042 mole) of 2-nitroso-2,5-dimethyl- 
hexane7 was melted and added dropwise during twenty 
minutes to a rapidly stirred solution of 16 g. (0.071 mole) 
of crystalline stannous chloride dihydrate, in 50 cc. of 
concentrated hydrochloric acid held throughout the reac­
tion at 57-60 °. The blue color of the nitroso compound 
disappeared immediately with each addition; 90 cc. of 28% 
potassium hydroxide solution was added keeping the tem­
perature below 45 ° to prevent loss of material by volatili­
zation. Each addition of alkali precipitated basic tin 
salts which gradually redissolved. On neutralization and 
distillation of the solution 0.3 g. of octenes (0.0027 mole, 
6.4% yield) and 0.54 g. (0.0039 mole, 9.2% yield) of a mix-

(7) Piloty and Ruff, Ber., 31, 457 (1898),

ture of dimethylisoamylcarbinol and the corresponding 
chloride was obtained.

The solution was made strongly alkaline by the addition 
of 75 cc. more of 28% potassium hydroxide solution, and 
the amine was steam distilled. After drying with anhy­
drous potassium carbonate, distillation gave 3.17 g. (0.024 
mole, 58% yield) of amine, b. p. 94° (150 mm.), 141.0° 
(733.6 mm.).8

Anal. Calcd. for C8H i9N: C, 74.42; H, 14.73. Found: 
C, 73.63; H, 14.65.

The hydrochloride, after crystallization from alcohol, 
melted at 171 °.

Anal. Calcd. for C8H20NC1: Cl, 21.5. Found: Cl 
(Volhard), 21.2.

A positive isonitrile test was obtained. The toluene- 
sulfonamide9 melted at 89.5-90°; mixed m. p. with an 
authentic sample showed no lowering.

The Action of Stannous Chloride and Concentrated 
Hydrochloric Acid on 2-Nitroso-2,5-dimethylhexane at 
Room Temperature.—A typical experiment is described;
8.5 g. (0.06 mole) of the solid bis-mtroso compound was 
added rapidly to a well-stirred solution of 8.3 g. (0.037 
mole) of stannous chloride in 12.5 cc. of concentrated 
hydrochloric acid. The temperature, originally 27°, rose 
to 31° and fell slowly. The stirring was stopped as soon 
as the oily layer was colorless (not over ten minutes elapsed 
from the beginning of the addition). Nitrogen, containing 
a small amount of nitrous oxide, was evolved (the total gas 
was 5% of the nitrogen content of the sample).10 Titration 
with permanganate showed that only 12% of the stannous 
ion had been oxidized. The mixture was diluted with 100 
cc. of ice water and the oil was removed by solution in 
ether, washed with water, washed with sodium carbonate 
solution to remove acids, and dried with calcium chloride. 
Distillation gave 0.5 g. (0.0045 mole, 7.4% yield) of low- 
boiling material, » 20d 1.419, (probably octenes); 2.5 g. 
(0.018 mole, 30% yield) of liquid boiling at 100-105° (150 
mm.), w20D 1.422; and a residue amounting to 4.9 g. of a 
light yellow, very viscous oil,-»20© 1.472, which contained 
tin and chlorine and which could not be distilled at 80° 
under the pressures of a mercury vapor pump.

The liquid, b. p. 100-105° (150 mm.), was evidently a

(8) Konowalow, ibid., 28, 1852 (1895); Chem. Zentr., 77, II, 312 
(1906).

(9) Hinsberg and Kessler, Ber., 38, 906 (1906).
(10) If at this point the mixture i§ nearly neutralized with sodium 

hydroxide solution and steam distilled, the products are: 8% yield of 
low-boiling material (probably octenes), 53% yield of a mixture of 
dimethylisoamylcarbinol and chloride, and 3-9%  yield of 2-amino- 
2,5-dimethylhexane.
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mixture of dimethylisoamylcarbinol and the corresponding 
chloride. I t was converted to the pure chloride, b. p. 98° 
(150 mm.), n2Qd 1.4230, by gaseous hydrogen chloride.

Anal. Calcd. for C8H i7C1: Cl, 23.8; mol. wt., 148.6. 
Found: Cl (Stepanoff), 24.0; mol. wt. (cryoscopic in 
benzene), 150.

When the viscous oil was boiled with concentrated 
hydrochloric acid, a blue color was visible in the refluxing 
oil for a short time. Nitrogen was evolved, and the oily 
material had the odor of dimethylisoamylcarbinol.

Preparation and Properties of 2-Azoxy-2,5-dimethyl­
hexane.—Four grams (0.0276 mole) of 2-/3-hydroxylamino-
2.5- dimethylhexane11 and 3.6 g. (0.025 mole) of 2-nitroso-
2.5- dimethylhexane and 1.0 g. of anhydrous potassium 
carbonate were heated together at 50 ° for nine hours with­
out apparent reaction; 1.0 g. of solid potassium hydroxide 
was added to the mixture. After eighteen hours more at 
50 0 the reaction mixture was yellow green in color, showing 
that a reaction of the blue nitroso compound had taken 
place. Water was added to dissolve the salts and the oil 
was taken up in ether and dried with sodium sulfate. 
Distillation gave 5.1 g. (0.019 mole, 75% yield) of the 
colorless azoxy compound, b.p.  111°(5 mm.), n20 D 1.4434, 
d2\  0.8564.

Anal. Calcd. for C16H340N2: C, 71.04; H, 12.68; N, 
10.36; mol. wt., 270.3. Found: C, 70.67; H, 12.63; N 
(Dumas), 10.75; mol. wt. (cryoscopic in benzene), 273, 
270.

2-Azoxy-2,5-dimethylhexane was also prepared by a 
procedure similar in every way to the above except that 
anhydrous magnesium sulfate followed by concentrated 
sulfuric acid were substituted for the potassium carbonate 
and potassium hydroxide, respectively. The yield of 
azoxy compound was 21%. The addition of the sulfuric 
acid caused some charring and not more than 0.5 cc. of acid 
was added. No other products were identified.

The Reaction of 2-Amino- with 2-Nitro-2,5-dimethyl­
hexane in the Presence of Metallic Sodium.—Seven-tenths 
gram (0.03 gram atom) of sodium in the form of freshly 
cut chips was added gradually to a refluxing solution of 5.0 
g. (0.039 mole) of the amine and 6.2 g. (0.039 mole) of the 
nitro compound. The products were worked up as above 
and gave 1.0 g. (0.0037 mole, 9.5% yield) of impure azoxy 
compound, b. p. 100-125° (4 mm.), w20d 1.4415, which was 
not redistilled. Other products were not identified.

The reaction of 2-azoxy-2,5-dimethylhexane with 
methylmagnesium iodide in the apparatus of Kohler and 
Richtmyer12 showed the absence of active hydrogen and 
gave less than 20% addition during 80 minutes at 100°.

The Action of Stannous Chloride and Dilute Hydro­
chloric Acid on 2-Azoxy-2,5-dimethylhexane.—Ten and 
three-tenths grams (0.038 mole) of azoxy compound was 
mixed with 25 g. (0.11 mole) of stannous chloride in 225 cc. 
of 6 AT hydrochloric acid solution. The mixture was re­
fluxed for four hours in an apparatus for collecting the 
evolved nitrogen (generally about 60% of the theoretical) 
over 50% potassium hydroxide solution, and then the oil 
layer was steam distilled. . Titration showed that less than 
5% of stannous ion had been oxidized. The oily product,

(11) Piloty and Steinbock, Ber., 31, 221 (1898).
(12) Kohler and Richtmyer, T h i s  J o u r n a l , 52, 3736 (1930).

neutralized with sodium carbonate, and dried with calcium 
chloride, gave on distillation: 3.3 g. (0.03 mole, 38% yield) 
of octenes b. p. 113-120° (730 mm.), n 20d 1.416; 3.6 g. 
(0.026 mole, 33% yield) of a mixture of dimethylisoamyl­
carbinol and 2-chloro-2,5-dimethylhexane, b. p. 98-103° 
(150 mm.), n 20D 1.4221; and 0.6 g. (0.0022 mole, 6% yield) 
of recovered azoxy compound.

Individual octenes were not identified. Positive reac­
tion with bromine water and with alkaline permanganate 
demonstrated their olefinic character. The octenes were 
converted to dibromides by reaction with bromine vapor 
and expulsion of excess bromine with dry air. Calcd. for 
C8Hi6Br2: mol. wt., 272. Found: (cryoscopic in benzene), 
274. Attempts to distil this dibromide gave a colorless oil, 
b. p. 100-113° (30 mm.), n 20d 1.478, which rapidly turned 
red-brown and gave low analyses for bromine and mol. wt.

The carbinol-chloride mixture was analyzed. Calcd. 
for 65 mol. % C8H i7C1, 35 mol. % C8Hi80 : C, 67.5; H, 
12.26; Cl, 16.20. Found: C, 66.7; H, 12.27; Cl, 16.21. 
The mixture was then converted with gaseous hydrogen 
chloride to pure chloride, b. p. 98° (150 mm.), n20d 1.423. 
Calcd. for CsHnCl: mol. wt., 148.6. Found: (cryoscopic 
in benzene), 150.

Attempts to hydrolyze 0.5-g. samples of the azoxy 
compound with 6 N  hydrochloric acid alone, or with 
stannic chloride, resulted in only negligible amounts of gas 
being evolved on refluxing for several minutes. With 
stannous chloride, a sample gave up its nitrogen almost 
quantitatively on refluxing for a half hour without oxida­
tion of the stannous ion. The nitrogen was pure as shown 
by vapor pressure measurements. Evidently stannous 
chloride is a specific catalyst for the hydrolysis.

In conclusion we wish to thank Dr. G. H. Mes- 
serly for help with the distillation of the small 
quantities of gases and their identification by 
vapor pressure measurements.

Summary
.1. 2-Nitroso-2,5-dimethylhexane was reduced 

to 2-amino-2,5-dimethylhexane in 58% yield with 
stannous chloride and concentrated hydro­
chloric acid at 60°.

2. The action of stannous chloride and con­
centrated hydrochloric acid on 2-nitroso-2,5-di­
methylhexane at room temperature did not give 
appreciable reduction but only decomposition. 
Nitrogen, nitrous oxide, octenes, dimethyliso­
amylcarbinol, 2-chloro-2,5-dimethylhexane, and 
very small amounts of 2-amino-2,5-dimethyl­
hexane were among the decomposition products.

3. The hydrolysis of 2-nitroso-2,5-dimethyl­
hexane by refluxing with concentrated hydro­
chloric acid produced nitrous oxide, nitrogen, 
octenes, dimethylisoamylcarbinol and 2-chloro-
2,5-dimethylhexane.

4. 2-Azoxy-2,5-dimethylhexane was prepared 
in excellent yield by condensing the corresponding
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d-hydroxylamine and nitroso compound in the 
presence of alkali.

5. 2-Azoxy-2,5-dimethylhexane [was shown
to be non-reactive with methylmagnesium 
iodide.

6. The hydrolysis of 2-azoxy-2,5-dimethyl­
hexane with dilute hydrochloric acid catalyzed 
by stannous ion produced nitrogen, octenes and 
dimethylisoamylcarbinol.
State College, Penna. Received June 9, 1938

[Contribution from the School of Chemistry and Physics of The Pennsylvania State College]

Aliphatic Azoxy Compounds. IV. The Preparation of Certain «-Azoxy Ketones. 
The Molecular Refractions and Parachors of Aliphatic Azoxy Compounds1

B y D avid  E . A ilm a n

In  order to study the molecular refractions and 
parachors of aliphatic azoxy compounds, ad­
ditional liquid azoxy compounds are desirable. 
E thyl 2-methyl-2-azoxy-propionate2 and 2-azoxy-
2,5-dimethylhexane3 have been described else­
where.

This paper describes the preparation and prop­
erties of ethyl «-azoxyisopropyl ketone and «- 
azoxyisopropyl isobutyl ketone of which only the 
former is a liquid whose molecular refraction and 
parachor have been compared with those of the 
compounds mentioned above.

Experimental
Ethyl a-Azoxyisopropyl Ketone.—Ten grams (0.039 

mole, bimolecular basis) of bimolecular ethyl «-nitrosoiso- 
propyl ketone4 was reduced with 10.8 g. (0.048 mole) of 
crystalline stannous chloride SnCl2-2H20, in 15.8 cc. of con­
centrated hydrochloric acid,5 keeping the temperature 30- 
36° for twenty minutes. A titration with permanganate 
showed that 0.040 mole of stannous ion had been oxidized. 
After nearly neutralizing the acid solution with sodium 
carbonate the liquid azoxy compound was removed by 
solution in ether, dried with potassium carbonate, and dis­
tilled, collecting 5.18 g. (0.021 mole; 55% yield), b. p. 126- 
126.5° (6 mm.), n 2QD 1.4587, d2\  1.0151.

Anal. Calcd. for Ci2H220 3N2: C, 59.45; H, 9.16; N,
11.57; mol. wt., 242.3. Found: C, 58.85; H, 9.09; N 
(Dumas), 11.72; mol. wt. (cryoscopic in benzene), 240, 
241.

Reduction of Ethyl «-Azoxyisopropyl Ketone.—Eight 
grams (0.033 mole) of the azoxy compound on stirring with 
a solution of 31 g. (0.14 mole) of stannous chloride in 45 cc. 
of concentrated hydrochloric acid for seven hours at a 
maximum temperature of 65° (maintained for one hour), 
oxidized only 46% of the stannous ion (calculated for 
reduction to ketone and hydrazine5). (The excess stan­

(1) Presented in part before the Organic Division of the American 
Chemical Society at Rochester, N. Y ., September, 1937. Cf. preced­
ing paper.

(2) Aston and Parker, T h i s  J o u r n a l , 56, 1387 (1934).
(3) Aston and Ailman, ibid., 60, 1930 (1938).
(4) Aston and Mayberry, ibid., 57, 1888 (1935).
(5) Cf. Aston, Menard and Mayberry, ibid., 54, 1530 (1932).

nous ion was determined by permanganate titration, which 
does not distinguish between stannous ion and hydrazine. 
This has been corrected for.) The isolation of 1.5 g. of a 
semicarbazone which melted a few degrees below the m. p. 
of ethyl isopropyl ketone semicarbazone (each recrystal­
lization raised the m. p., but the amounts became too small 
to handle), together with the isolation of 0.5 g. of dibenzal- 
azine (sharp m. p. and mixed m. p. with an authentic 
sample) showed that a reduction of the type observed with 
methyl «-azoxyisopropyl ketone5 had occurred.

«^Azoxyisopropyl Isobutyl Ketone.—Eight grams (0.025 
mole) of the fo’s-nitroso ketone4 was reduced with 6.9 g. of 
stannous chloride in 13 cc. of concentrated hydrochloric 
acid. On chilling, after the reduction was complete, the 
oil crystallized. The product was recrystallized from luke­
warm alcohol-water and then melted at 30-31°. The 
yield of purified product was 4.0 g, (0.013 mole, 52% 
yield).

Anal. Calcd. for Ci6H3o03N2: C, 64.39; H, 10.14; 
mol. wt., 298.2. Found: C, 63.97; H, 10.65; mol. wt. 
(cryoscopic in benzene), 310, 297, 300.

Molecular Refraction and Parachor
In Table I are given the properties of the 

liquid aliphatic azoxy compounds prepared to 
date. Densities were determined with a 2-cc. 
pycnometer. Surface tensions were measured 
with a DuNouy tensimeter which had been 
checked against water and alcohol.

Table I
No. Compound Mol. w t. w20d d wi  720

1 2-Azoxy-2,5-di- 270.4 1.4434 0.8564 28.27
methylhexane3

2 Ethyl «-azoxyiso- 242.3 1.4587 1.0151 35.88
propyl ketone

3 Ethyl 2-methyl-2- 274.3 1.4412 1.0562 33.56
azoxypropionate2

In Table II are given in column 2 the observed 
molecular refractions; in column 3 the summation 
of Eisenlohr atomic refractivities,6 exclusive of 
the azoxy grouping; and column 4 the refractivity

(6) Eisenlohr, Z. p h y s ik . C h em ., 75, 585 (1910); 79, 129 (1912).
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deduced for the atoms of the N20  group. The 
index numbers (Col. 1) refer to the compounds 
identically numbered in Table I.

T able II
2  atomic ref. Ref. due to

M. R. exclusive of the atoms of

No.
exptl.

(a)
N 2O group 

(b)
the N 2O group 

(a ) - (b )
1 8 3 .7 7 2 7 6 .0 8 8 7 .6 8 4
2 6 5 .2 1 7 5 7 .6 3 8 7 .5 7 9
3 6 8 .6 0 2 6 0 .9 2 4 7 .6 7 8

Mean 7.647 =*= 0.045

We may take the value of N2 in aliphatic azo 
compounds as 6.32.7 From other evidence it is 
known that the azoxy group in aromatic com­
pounds has the open chain structure. The group 
refractivity should be obtained by adding the 
appropriate value for semipolar oxygen to the 
above value for N2. Since the existing data do 
not yield a definite value, as a first try one adds 
the value for carbonyl oxygen, 2.211. The result 
is 8.531. A negative exaltation of about 0.9 unit 
is required to produce agreement with the meas­
ured value. Using the value for ether oxygen, 
1.643, instead of that for carbonyl oxygen, gives 
a total of 7.96 units. This value, for no good 
reason, agrees well with our measured value of
7.65 when we consider that we have not taken 
into account the loss of the double bond of N =N
in forming N----- N. It is interesting to note,

\ 0 /
however, that the molecular refraction of nitrous 
oxide is 7.588 and it has the open chain structure.

In order to calculate the value for aromatic 
compounds it seems reasonable to add the exalta­
tions observed in aniline and nitrobenzene, 0.85 
and 0.78 respectively, to the above value of 
8.53, making a total for the azoxy group in aro­
matic compounds of 10.16. The observed value 
is 13.25 based on azoxybenzene.7b In other 
words a further positive exaltation of 3.1 units 
is necessary to produce agreement. Thus con­
sideration of the results on a comparable basis 
uncovers a discrepancy of the order of 4 units 
between the experimental group refractivity in 
aliphatic compounds and in the unsubstituted 
aromatic compound if both had the same struc­
ture. Another method of comparison is to com-

(7) (a) Barrick, Drake and Lochte, T h is  J o urn al , 58, 160 (1936),
have measured the molecular refractions of 2 ,2/-azo-bispropane, 2,2'- 
azobisbutane, and isopropyl-azo-s-butane; (b) Auwers and Heimke, 
Ber., 61, 1030 (1938), have studied the methyl and ethyl esters of 
azoisobutyric acid. From these five compounds we have calculated 
the mean valueof N 2 in azo compounds to be 6.32 0.05.

(8) Brühl, Z. physik. Chem., 25, 647 (1898).

pare the difference of 1.33 between the above 
values for aliphatic azoxy and azo compounds with 
the difference of 0.61 between azoxy- and azoben­
zene.9 The results obtained with meta sub­
stituted aromatic azo and azoxy compounds give 
a similar result but with ortho and para sub­
stituted compounds the difference is as much as 
two units lower ( — 1.4).9 In the face of this big 
variation among aromatic compounds them­
selves, it might be said that the difference between 
azoxy and azo compounds in the aliphatic series 
is in accord with the difference in the aromatic 
series. The agreement however may be fortui­
tous. In view of this the value obtained for the 
molecular refraction of the azoxy group in ali­
phatic compounds is difficult to interpret.

In Table III (Col. 2) are given the parachors 
(P) deduced from the data of Table I. In

T able III
P Pi P2

2-Azoxy-2,5-dimethylhexane 729.2 724.8 719.9
Ethyl a-azoxy-isopropyl ketone 584.8 586.8 581.9 
Ethyl 2-methyl-2-azoxy propionate 625.8 620.4 615.5

column 3 of this table are given the parachors 
(Pi) calculated using Sugden constants10 on the 
basis that the azoxy group has the structure
—N = n  — > O (i • e.y that the oxygen is semi-polar). 
The parachor value used for semi-polar oxygen was 
- 1.6.

In column 4 are given the parachors (P2) cal­
culated on the basis that the azoxy group has its

atoms arranged in a ring (—n —̂—N—)•
The agreement is close between the experimen­

tal values and those calculated on the basis of 
the open chain structure.

Similar results have been obtained with aro­
matic azoxy compounds10 (p. 119).

The difference between the measured values for 
aliphatic compounds and those calculated on the 
basis of a ring might be due to a different parachor 
value for the heterocyclic ring. This alternative is 
not particularly appealing but cannot be rejected.

One significant fact bearing on their consti­
tution stands out from the chemical behavior of 
aliphatic azoxy compounds. I t is that the azoxy 
group does not behave like that in aromatic 
compounds in which it has unquestionably the un- 
symmetrical open chain structure. The absence 
of color in all aliphatic azoxy compounds thus

(9) Auwers, Ber., 61, 1042 (1928).
(10) Sugden, "The Parachor and Valency,” Alfred A. Knopf, 

New York, 1930, pp. 38 and 116.
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far prepared differentiates them from the aro­
matic azoxy compounds. However, this may be 
due to absence of conjugation. As a ring struc­
ture for the azoxy group in aliphatic compounds is 
not inconsistent with the data on molecular re­
fraction, one must admit of this possibility, al­
though it requires the assumption of a special 
parachor value for this ring.

The author wishes to thank Professor J . G. 
Aston for suggesting this problem.

Summary
1. Ethyl a-azoxyisopropyl ketone and a-

azoxyisopropyl isobutyl ketone were prepared by 
reduction of the corresponding fos-nitroso com­
pounds with stannous chloride in concentrated 
hydrochloric acid.

2. The molecular refractions and parachors 
of three liquid aliphatic azoxy compounds have 
been determined and yield a constant value for 
the azoxy groups.

3. There is no evidence that the azoxy group 
in aliphatic azoxy compounds has the unsym- 
metrical open chain structure rather than that 
of a three-membered ring.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  9 , 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t s  o f  B io c h e m is t r y , U n iv e r s it y  o f  N o r t h  C a r o l in a , a n d  t h e  C h ica g o
M e d ic a l  S c h o o l ]

Studies on Proteins in Liquid Ammonia. IV. On the Enzymatic Hydrolysis of 
Proteins Reduced by M etallic Sodium in Liquid Ammonia1

B y  E van  W. M cC h e s n e y 2 and  R ichard  G. R o b er ts

Previous papers of this series3 have shown that, 
of the reactions of proteins in liquid ammonia, 
perhaps the most interesting is that with metallic 
sodium. The proteins behave as acids, hydrogen 
gas is liberated, and sodium salts are formed. 
From these salts the sodium can be displaced by 
the addition of ammonium salts such as the chlo­
ride or sulfate. During the reaction with sodium 
reducible groups in the proteins, such as the 
—S—S— linkages in cystine, undergo reduc­
tion. This reaction has been demonstrated by 
du Vigneaud, Audrieth and Loring.4

Goddard and Michaelis5 have shown that if 
keratins, such as wool, are treated with sodium 
thioglycolate in aqueous solution, they undergo 
reduction of the —S—S— linkages of the cystine 
residues, forming “kerateines” which are digest­
ible by pepsin and trypsin, even if the resultant 
—SH groups are reoxidized during the course of 
the isolation of the kerateine. They postulate 
that the —S—S— groups act as “very firmly 
established cross links uniting the elementary 
fibers of polypeptide chains,” and that reduction 
of the —S—S— groups destroys the fibrous pat-

(1) Presented at the Dallas meeting of the American Chemical 
Society, April 19,1938.

(2) Present address: Winthrop Chemical Co., Rensselaer, N. Y.
(3) (a) M cChesney and Miller, T h is J o urn al , 53, 3888 (1931);

(b) Miller and Roberts, ibid., 56, 935 (1934); (c) Roberts and
Miller, ibid., 58, 309 (1936).

(4) D u Vigneaud, Audrieth and Loring, ibid., 52, 4500 (1930).
(5) Goddard and Michaelis, J . B iol. Chem., 106, 605 (1934); 112, 

361 (1935).

tern of the protein. Routh6 has confirmed these 
observations and has extended them to show that 
powdered wool, produced by prolonged grinding 
of wool in a ball mill, is digested about half as 
fast as casein under comparable conditions.

It occurred to us that it would be of interest to 
determine whether proteins subjected to reduction 
by metallic sodium in liquid ammonia are altered 
with respect to their digestibility by enzymes, 
and to study proteins of several types, including 
silk fibroin. This protein is an albuminoid and 
has been shown3a to react rapidly with sodium in 
liquid ammonia to give a product soluble (as the 
free acid) in both ammonia and water. Its 
behavior should be of interest by comparison to 
wool, since the presence of cystine in the molecule 
has not been demonstrated.

In this work five substances have been studied: 
peptone, a substance previously digested by pep­
sin; egg albumin, a protein not readily digested 
by trypsin; casein, a protein readily digested by 
trypsin; wool, an albuminoid containing cystine; 
and silk fibroin, an albuminoid not containing 
cystine.7

Materials.—'Commercial W itte’s peptone, egg albumin 
(Merck impalpable powder), casein (Hammarsten), 
washed sheep’s wool, and silk fibroin (prepared from silk 
noils supplied by the Cheney Bros. Silk Mills, South Man-

(6) Routh, J . Biol. Chem., 123, Proc., civ (1938).
(7) Analysis by the Sullivan method showed that cystine is en­

tirely lacking in silk fibroin.
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Chester, Conn.)* The trypsin used was a commercial 
product (Digestive Ferments Co., Trypsin, 1:110).

Methods.—For the reduction experiments, 10 g. of the 
protein (dried for forty-eight hours at 80°) was suspended 
in about 200 cc. of liquid ammonia (dried over sodium) and 
3 g. of metallic sodium was added. The reaction was al­
lowed to proceed for two hours, then the equivalent 
amount of ammonium chloride (7 g., c. p . grade) was added. 
The ammonia was allowed to eyaporate through a mercury 
seal, and the product was collected. I t was then ground 
in a mortar, and dried in a desiccator over concentrated 
sulfuric acid until no odor of ammonia could be detected.

Half of the product was now dissolved, or suspended, in 
100 cc. of water. A portion of 1 cc. was removed, and the 
amount of acid or alkali needed to bring the whole solution 
to a reaction just faintly acid to phenolphthalein was deter­
mined and added. Trypsin, 0.2 g., was added, and 
enough water to make a total volume of 200 cc. Amino 
nitrogen was immediately determined by the method of 
Van Slyke, after which toluene was added as a preserva­
tive, and the solution was incubated at 37°. Amino nitro­
gen was determined at intervals of one, three, seven, and 
fourteen days thereafter. Total nitrogen in solution was 
determined by the Kjeldahl method at the end of the four­
teenth day.

The control experiments were of two types. In one type 
the native protein, 5 g., was brought into solution at pR  8,
2.5 g. of sodium chloride (c. p .) and 0.2 g. of trypsin were 
added, followed by enough water to make a total volume 
of 200 cc. The digestion and analyses were run as before. 
In the second type of control (referred to in the table as the 
"NH3 control”), metallic sodium, 3 g., was dissolved in 
about 200 cc. of liquid ammonia and the exact equivalent 
of ammonium chloride (as judged by the disappearance of 
the blue color) was added immediately. Then the pro­
tein, 10 g., was added and the ammonia was allowed to 
evaporate. The product was powdered, dried over sulfuric 
acid, and analyzed as before.

Experimental Data.—The results are shown 
most conveniently in the form of tables.

T a b l e  o f  R e s u l t s
✓------------------------------ Amino nitrogen------------------------------,

%  total % total % total
Days M g./cc. sol. N  M g./cc. sol. N  M g./cc. sol. N

Peptone Reduced peptone Casein
0 0.63 18 0.71 21 0.34 9
1 1.32 37 1.38 39 1.54 40
3 1.54 43 1.42 41 1.70 44
7 1.63 46 1.42 41 1.84 48

14 1.63 46 1.52 43 1.86 49
Total N in soln. end di­

gest, mg./cc. 3.53 3 .44 3 .83
Reduced silk NH3 control,

Reduced casein fibroin Silk fibroin
0 0.10 11 0.50 13 0.08 7
1 .27 30 .84 22 .24 21
3 .28 30 .93 25 .25 22
7 .29 31 1.098 29 .30 27

14 .35 38 1.00 27 .33 29
Total N in soln. end di­

gest, mg./cc. 0.92 2.77 1. 13
(8) Evidently analytical error.

"Egg albumin”
NH3 control, 

"Egg albumin”
Reduced 

"Egg albumin”
0 0.07 3 0.10 4 0.31 11
1 .13 5 .32 13 .45 16
3 .20 7 .46 18 .55 19
7 .25 9 .73 28 .64 22

14 .32 11 1.05 41 .66 23
Total N in soln. end di­

gest, mg./cc. 2.85 • 2. 56 2.87

0
Reduced wool 

0.11 4

NH3 control, 
wool

0.01 4
1 .58 22 .05 22
3 .71 27 .06 27
7 .86 32 .07 32

14 .92 35 .07 32
Total N in soln. end digest,

mg./cc. 2.64 0.22

Discussion of Results
It is apparent that reduction of small mole­

cules of the order of polypeptides, as in peptone, 
does not affect their digestibility by trypsin ap­
preciably. Any changes such as tautomerization 
which occur during the reaction with sodium, 
would be expected to be reversed when the sodium 
is neutralized and the product is dissolved in 
water. Furthermore, the treatment with sodium 
would not be expected to alter significantly the 
structure of the molecules, their solubility, or the 
degree of their dispersion. For casein the results 
are somewhat difficult to interpret. The protein 
becomes more insoluble in water (at pH. 8) as a 
result of the treatment with sodium in liquid 
ammonia, or with liquid ammonia alone, and 
its digestibility is decreased markedly in spite 
of the fact that the amount of the enzyme is 
greater relative to the amount of protein in solu­
tion. This would seem to indicate that the 
treatment in some manner causes the molecule to 
become more compact: decreases the extent of 
dispersion.

Egg albumin seems to be partly denatured by 
treatment with liquid ammonia since it is not 
completely soluble in water after having been 
suspended in ammonia. However, the treatment 
seems to open up the molecule in some way, since 
the increase in digestibility is very striking. The 
increase in the digestibility of reduced albumin 
probably, therefore, can be attributed to the ac­
tion of the ammonia, not the sodium. The reason 
for the difference between the behavior of the two 
albumins (one reduced, one not, both ammonia- 
treated) is not apparent.
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The amount of digestion of native wool and silk 
fibroin by trypsin is of course practically negli­
gible. Both ot these become digestible when 
treated with sodium in liquid ammonia, the re­
sults for wool being particularly striking. In the 
case of silk fibroin, it is evident that some dis­
persion occurs in both the reduced and the am­
monia-control samples. The rate of digestion 
of the material actually in solution in the water 
is practically the same in both cases. The 
greater dispersion of the reduced material is 
probably due to some alteration in structure 
during the reaction with sodium. Sufficient in­
formation on the structure of silk fibroin is not 
available to make it possible to suggest what 
this alteration may be. However, if the mole­
cular weight is as great as postulated by Berg­
mann and Niemann9 (217,000), then it would 
seem as if some of the cross ties between the 
polypeptide chains must be ruptured. Since 
there are no —S—S— linkages, the rupturing 
would have to be (on the basis of present 
knowledge) by a reaction of the nature of 
ammonolysis.

The results with wool would be anticipated, 
perhaps, from the work of Goddard and Michae­
lis. Wool is only slightly dispersed in ammonia, 
and the product of the ammonia treatment is 
only slightly dispersed in water. However, that 
material which is dispersed digests about as 
rapidly as the reduced wool. The wool which is 
subjected to reduction is much more highly 
dispersed in water (not completely, however), 
probably due to reduction of the —S—S— link-

(9) Bergmann and Niemann, J . Biol. Chem., 122, 581 (1938).

ages and consequent rupture of the cross ties 
between the polypeptide chains, hence digests 
rather rapidly.

It is worthy of note that in every case in which 
the protein was treated with sodium, the ratio of 
amino nitrogen to total nitrogen is increased (ex­
cept in wool where the figures for the control are 
too small to be significant). This is strikingly 
demonstrated in the case of egg albumin where 
the native protein and the ammonia control each 
show about 4% of nitrogen in the amino form, 
while the reduced sample shows 11%. This 
would seem to indicate that some reaction of the 
nature of ammonolysis is occurring, with the 
rupture of some peptide bonds.

Acknowledgment.—We wish to thank Dr. 
W. D. Block of the University of Michigan for 
running the cystine analysis on silk fibroin.

Summary
The digestibility (by trypsin) of a number of 

proteins has been studied after treatment with 
sodium in liquid ammonia and compared with 
their behavior in the native state (or after treat­
ment with liquid ammonia alone). Peptone is 
not affected by the treatment, and the digesti­
bility of casein is decreased. The digestibilities 
of egg albumin, silk fibroin, and wool are increased 
by the treatment with sodium in liquid ammonia. 
Controls treated only with liquid ammonia ap­
pear to digest as rapidly as the reduced materials 
when one considers the smaller amount of the 
protein dispersed by the ammonia in the cases of 
silk fibroin and wool.
Chapel H ill, N. C. Received May 27, 1938



1938 C. R. Noller Vol. 60

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , S t a n f o r d  U n i v e r s i t y ]

Saponins and Sapogenins. VIII. Surface Film s of Echinocystic Acid and
Derivatives

By C. R. N o l l e r

Previous work1 has indicated that echinocystic 
acid is a pentacyclic triterpenoid of the formula 
C29H45(OH)2COOH. Nothing definite is known 
concerning the position of the functional groups. 
Since the same trimethylnaphthol is obtained by 
selenium dehydrogenation of echinocystic acid 
as has been obtained from hederagenin and 
oleanolic acid, it seems likely that all have one 
hydroxyl group in the same position. Moreover, 
the non-reactivity of the carboxyl group and of 
the double bond of these compounds indicates a 
similar location of these groups.

Fig. 1.—Pressure-area curves for surface films of: I,
echinocystic acid; II, methyl echinocystate; III, echino­
cystic acid diacetate; IV, echinocystadienol.

In view of the extensive investigation of Askew2 
on surface films of a large number of triterpenoids,

(1) Bergsteinsson and Noller, T h is  J o u rn al , 56, 1403 (1934) ; 
Noller, ibid., 56, 1582 (1934).

(2) Askew, J . Chem. Soc., 1585 (1936).

it was thought that similar measurements on 
echinocystic acid and its derivatives might give 
valuable information concerning its structure. 
Echinocystic acid gives a solid incompressible 
film occupying an area of about 58 sq. A. per 
molecule (Curve I) as compared with an area of 
54 sq. A. for hederagenin. Methyl echinocystate 
(Curve II) and echinocystic acid diacetate (Curve
III) give films very similar to that of echinocystic 
acid with areas of 56 and 54 sq. A., respectively. 
All films show the phenomenon of contraction 
even at low pressures but it is much more pro­
nounced with the methyl ester and the diacetate 
than with echinocystic acid.

Curve IV represents the data on films of 
echinocystadienol obtained by decarboxylating 
and dehydrating echinocystic acid. The area 
occupied is only 45 sq. A. per molecule or about 
20% less than that for the other three com­
pounds. Examination of Askew’s curves shows 
that hederabetulin, which is obtained by the 
decarboxylation of hederagenin,3 occupies an area 
of about 46 sq. A., in close agreement with that for 
decarboxylated and dehydrated echinocystic acid.

It is difficult to see how formula I proposed by

c h 3 c h 2o h  c h 3 c h 2o h

1 . 11 
Ruzicka4 for hederagenin could account for this 
decrease in area. With the carboxyl group near 
the middle of the molecule the free acid should lie 
flat at low pressures and occupy a large area. 
Askew assumes that the molecules in the films of 
hederagenin have been forced to stand on end with

(3) W interstein and Meyer, Z. physiol. Chem., 199, 43 (1931); 
Winterstein and Stein, ibid., 199, 76 (1931). The formulas given by 
Askew for hederabetulin and dihydrohederabetulin diacetate are in­
correct. Group B should be CH2OH and CH2OAC, respectively, 
while group C should be hydrogen in both cases.

(4) Ruzicka and Giacomello, Helv. Chim. Acta, 20, 301 (1937).
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the carboxyl group out of the water but if this 
were the case, hederabetulin and echinocys­
tadienol should occupy the same area as hedera­
genin and echinocystic acid. If, however, the 
carboxyl group in these compounds occupies the 
position of that in formula II proposed by Kita- 
sato,5 one could assume that in the acids the 
molecules are tilted so that the carboxyl group 
also may touch the water but that in the decar- 
boxylated compounds the molecules are per­
mitted to stand on end and occupy a smaller 
area.

The chief difficulty with this explanation is the 
behavior of films of oleanolic acid which has a 
methyl group in place of the hydroxymethyl 
group. According to Askew’s measurements 
this acid occupies an area of 48.5 sq. A. How­
ever, Askew’s dotted curve XIHa, which pre­
sumably is for the initial film of oleanolic acid, 
approaches the curve for hederagenin indicating 
that the initial film, if it were stable, would 
occupy an area near that for hederagenin. It is 
conceivable that a second hydroxyl group nearer 
the B ring is necessary to help the carboxyl 
group to remain in the water.6 The fact that 
oleanolic acid formed gaseous films on sodium 
hydroxide solutions does not appear to us to be 
significant since the methyl ester behaved like­
wise.

It seems to us that assigning the carboxyl 
group to the position indicated in formula II also 
provides a better explanation for the behavior

(5) Kitasato, Acta Phytochim. (Japan), 10, 199 (1937).
(6) Unpublished work indicates that one of the hydroxyl groups 

of echinocystic acid is in a postion /3 to the carboxyl group. We 
have assumed that the fusion of the A and B rings is trans for both 
hederagenin and echinocystic acid and that the groups containing 
oxygen are cis with respect to each other.

of the methyl ester of hederagenin and echinocys­
tic acid and of the diacetate of the latter. If 
formula I is correct, the free acids should lie flat 
and esterification should decrease the attraction 
of the carboxyl group for water and permit the 
molecules to stand on end and occupy a smaller 
area; or if it is assumed that the carboxyl group 
is out of the water in the case of the free acids, 
acetylation of the alcoholic hydroxyl groups should 
decrease their attraction for water and permit 
the molecule to lie flat and occupy a larger area. 
Actually esterification and acetylation have little 
effect on the areas occupied which is what one 
would expect if the groups are all close together 
near the end of the molecule.

The procedure used in making the measure­
ments of surface pressure was identical with that 
previously described7 except that the solvent 
consisted of 80 parts by volume of cyclohexane 
and 20 parts of isopropyl alcohol. The prepa­
ration of echinocystic acid and of its methyl ester 
and diacetate has been reported1 and that of 
echinocystadienol will be described in a later 
publication.

Summary
Measurements of the area occupied by surface 

films of echinocystic acid and its derivatives indi­
cate. a close relationship in structure to hederagenin. 
It is postulated that the smaller areas occupied by 
hederabetulin and echinocystadienol have a bear­
ing on the position of the carboxyl group in 
hederagenin and echinocystic acid and support 
the formula of Kitasato in which the carboxyl 
group is placed at the fusion of the A and B rings. 
S t a n f o r d  U n i v e r s it y , C a l i f . R e c e iv e d  M a y  24, 1938

(7) Noller, T h is  J o urn al , 60, 1629 (1938).
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[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s it y ]

Synthesis of 4 ,9- and 4,10-D im ethyl-1,2-benzanthracenes1

B y  L o u is  F. F ie s e r  and  R. N orm an  J o n e s 2

Of the ten known dimethylbenzanthracenes 
those which have shown the most interesting 
behavior in tests for carcinogenic activity carry 
substituents in either a meso- or an «-position of 
the anthracene nucleus. Such substitution is

2 '

a . 10 ol

lacking in the 2',6-, 2',7-, 3'6-, 3',7-, and 6,7-di­
methyl derivatives,3 and tests of the hydrocar­
bons by application to the skin of mice4 have 
shown that the first four compounds are inactive 
and that the 6,7-dimethyl derivative is but weakly 
carcinogenic. On the other hand, the 5,6-di­
methyl isomer5 is a moderately rapidly acting 
carcinogen4 comparable with 1,2,5,6-dibenzan­
thracene, the 5,9-isomer6 and the 5,10-derivative7 
are about equal in potency to methylcholanthrene 
as sarcoma-producing agents, and the 9,10-di­
methyl compound8 is a highly active carcinogen.9 
1',10-Dimethyl-1,2-benzanthracene10 has a sub­
stituent in the favorable meso position 10, but 
the presence of the 1 '-methyl group seems to result 
in decreased activity, for the hydrocarbon has 
given no subcutaneous tumors in six months.9 
Although it is too early to formulate any but 
tentative conclusions, the results on record 
suggest that there is an interesting reinforcing 
effect of methyl groups in the meso- and «-posi­
tions. As a means of determining to what ex­
tent this effect may be general, it seemed de­
sirable to add to the list of known dimethyl-1,2- 
benzanthracenes further compounds meeting the 
specifications indicated. The 4,9- and 4,10-di­
methyl derivatives are of particular interest not

(1) This investigation was conducted as part of a program of re­
search receiving support from the National Cancer Institute.

(2) Commonwealth Fund Fellow.
(3) Cook, J . Chem. Soc., 456 (1932).
(4) Cook, Proc. Roy. Soc. (London), B i l l ,  485 (1932); Barry, et 

al., ibid., B i l l ,  318 (1935).
(5) Cook and Haslewood, J . Chem. Soc., 428 (1937).
(6) Newman, T h is  Jo urn al , 59, 1003 (1937).
(7) Fieser and Newman, ibid., 58, 2376 (1936).
(8) Bachmann and Chemerda, ibid., 60, 1023 (1938); Newman, 

ibid., 60, 1141 (1938).
(9) Shear, publication in press.
(10) Fieser and Seligman, T h is  Jo u r n a l , 60, 170 (1938).

only because of these considerations but because 
of the relationship of the former compound to
4.10- ace-1,2-benzanthracene,11,12 which has been 
found to give tumors in rats13 and in mice14 
(Shear9), in the latter case in remarkably small 
dosage.

The scheme of synthesis employed was selected 
for investigation partly because it offered the 
possibility of obtaining not only the aromatic 
hydrocarbons in question but their 1',2',3',4'- 
tetrahydro derivatives. These seemed of interest 
in connection with studies in progress on other 
hydroaromatic derivatives of carcinogens,15 and 
since the work was started Shear9 has made the 
interesting observation that l'^ '^ '^ '-te trahydro-
4.10- ace-l,2-benzanthracene11 has marked car­
cinogenic activity, giving added significance to 
the corresponding tetrahydro-4,10-dimethyl com­
pound.

The plan of synthesis is indicated in the chart 
and involves the introduction of a methyl group 
at the 4-position by the use of 6-methyltetralin
(I) as a component in a phthalic anhydride syn­
thesis. By applying to the intermediate keto 
acid II the synthetic operations introduced by 
Fieser and Newman7 in one series (a) and those 
of Fieser and Hershberg16 in another (b), it was 
possible to introduce methyl groups at positions 
10 and 9, respectively. 6-Methyltetralin was 
synthesized by Krollpfeiffer and Schafer17 from 
toluene and succinic anhydride, and a hydro­
carbon of similar boiling point was obtained by 
Schroeter18 by the high-pressure hydrogenation 
of jS-methylnaphthalene. As an indication of the 
structure of the hydrocarbon, Schroeter observed 
that the keto acid (II) resulting from the conden­
sation of the substance with phthalic acid yielded 
a single anthraquinone on cyclization, whereas 
the corresponding acid from tetralin affords two 
isomers. The difference was attributed to the 
blocking action of the methyl group, and hence 
it was inferred that the substituent is contained

(11) Fieser and Seligman, ibid., 59, 883 (1937).
(12) Dansi, Gazz. chim. ital.. 67, 85 (1937).
(13) Morelli and Dansi, Biochimica e terapia sper., 24, 432 (1937).
(14) Fieser and Campbell, T h is  J o u rn al , 60, 1142 (1937).
(15) Fieser and Hershberg, ibid., 59, 2502 (1937); 60, 940 (1938).
(16) Fieser and Hershberg, ibid., 59, 1028 (1937).
(17) Krollpfeiffer and Schafer, Ber., 56, 620 (1923).
(18) Schroeter, ibid., 54, 2242 (1921).
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in the aromatic ring. In the present work this 
keto acid (II) was prepared from hydrocarbon ob­
tained by hydrogenation and put through the steps 
of series (b) and (c) and thus converted into a prod­
uct identical with a sample of the known 4-methyl- 
l,2,benzanthraquinone,19 and the hydrocarbon 
XII and its picrate corresponded in properties 
with the descriptions given by Cook.20 This 
evidence confirms the conclusion reached by 
Schroeter but does not distinguish between posi­
tions 7 and 8 as possible points of attachment of 
the phthalic acid residue in 6-methyltetralin. In 
order to settle the matter the keto acid was oxi­
dized exhaustively with dilute nitric acid, and 
the sublimed product was found to be identical 
with pyromellitic anhydride. This proves that 
the structure II is correct and that 6-methyltetra­
lin undergoes substitution at the 7-position. Since 
the yield of pure keto acid in the Friedel and Crafts 
reaction was low (42%) and the crude material con-

(19) Fieser and Peters, T h is  J o u r n a l , 54, 3742 (1932).
(20) Cook, J . Chem. Soc., 1592 (1933).

taminated with a considerable amount of other 
acidic products, it is possible that the material ob­
tained by the hydrogenation of /Tmethylnaphtha- 
lene does not consist entirely of pure 6-methyl­
tetralin but contains other hydro derivatives.

No difficulties were encountered in carrying 
the two series of syntheses to the stage of the 
isomeric dimethyltetrahydrobenzanthracenes, V 
and IX. The anthrone IV was obtained by 
cyclizing the reduction product of the lactone 
III with sulfuric acid and was isolated easily in a 
pure condition in the stable ketonic form. Acety- 
lative cyclization16 of the acid VII with zinc 
chloride catalyst gave an anthranyl acetate, and 
when this was cleaved with a Grignard reagent 
the enol liberated isomerized to the more stable 
keto form VIII in the process of recovery and 
purification. With respect to the relative sta­
bility of the keto and enol forms, 4-methyl- and
4,10-dimethyl-1 ',2',3',4'-tetrahydro-l,2-benz-10- 
anthrone, like the unmethylated compound,21 con-

(21) Fieser and Hershberg, T h is  J o urn al , 59, 2331 (1937).
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form to the behavior noted for anthrone21 rather 
than for l,2-benz-10-anthrone.16 In series (b) 
this was of advantage in facilitating the introduc­
tion of the 9-methyl group,by a Grignard reaction.

The dehydrogenation of the tetrahydrides V 
and IX presented considerable difficulty, ap­
parently because of the ready elimination of an 
alkyl group from a meso position of the 1,2-benz­
anthracene molecule. The dehydrogenation of 
the 4,9-dimethyl compound (IX) was tried first 
and when selenium was used the only reaction 
product which could be isolated in a satisfactory 
condition proved to be identical with the sample of 
4-methyl-1,2-benzanthracene (XII) prepared from 
its tetrahydride with the use of selenium. It may 
be recalled that a similar loss of a meso (10)- 
isopropyl group has been noted in this Labora­
tory16,21 in a dehydrogenation with selenium but 
that with sulfur the group was retained. It is 
also of interest that in a selenium dehydrogena­
tion investigated by Cook20 an isopropyl group 
was lost from the «-position 5. A methyl group 
in the «-position 4 seems to withstand treatment 
with selenium, at least in part, although the yield 
of the pure 4-methyl compound was never good. 
Since selenium was found unsatisfactory for the 
dehydrogenation of the dimethyl compounds, and 
as trial experiments with palladium charcoal 
seemed unpromising, sulfur eventually was em­
ployed. In each case the product was a hydro­
carbon mixture, but on careful purification 
through the picrate or trinitrobenzene derivative 
it was possible to isolate an apparently homogene­
ous hydrocarbon having the composition required 
for a dimethyl-1,2-benzanthracene. The two 
hydrocarbons differ considerably in melting 
point and in the melting points of their deriva­
tives and they are easily distinguishable, by 
analysis and properties, from the 4-methyl com­
pound. Although the yields in the last step were 
quite low, the desired end was achieved and 
samples of 4,9- and 4,10-dimethyl-1,2-benzanthra­
cene sufficient for tests of possible carcinogenic 
activity were obtained.

Experimental Part22
6-Methyltetralin (I).—Commercial /3-methylnaphtha- 

lene was freed from sulfur by distillation from sodium at 
atmospheric pressure, and 100 g. of the purified hydro­
carbon, mixed with 20 cc. of absolute alcohol, was hydro­
genated in the presence of Raney nickel catalyst (5 cc. of

(22) All melting points are corrected. Analyses by Mrs. Verna R. 
Keevil, Dr. C. Fitz, and the Arlington Laboratories.

the suspension) a t an initial pressure of 1800 lb. (120 atm.) 
and a temperature of 130-135 °. The reaction was stopped 
after the absorption of two moles of gas and the product 
was combined with that from a second batch and fraction­
ated a t atmospheric pressure through a 1-meter column. 
The chief fraction (96 g.) distilled at 222-226° (n20d 
1.5328), and a second fraction (44 g.) boiled at 226-227° 
(n20d 1.5350); total yield, 68%.

o-(6-Methyl-7-tetraloyl)-benzoic Acid (II).—Schroeter18 
prepared this acid in unspecified yield using benzene as the 
solvent. In our procedure a solution of 63 g. of 6-methyl­
tetralin and 63 g. of phthalic anhydride in 500 cc. of tetra- 
chloroethane was cooled to 0 ° and 120 g. of aluminum 
chloride was added with stirring in two and one-half hours 
while cooling in an ice-bath. After decomposition with ice 
and acid and removal of the solvent with steam, the solidi­
fied product in 800 cc.’of 10% sodium carbonate solution 
was submitted to steam distillation, precipitated with 
acid, coagulated by boiling, collected and washed. The 
crude product (124 g., m. p. 135-140°) on crystallization 
from glacial acetic acid afforded 53 g. (42%) of colorless 
acid melting a t 165-167°. A sample recrystallized to 
constant melting point from carbon tetrachloride formed 
small needles, m. p. 167.5-168° (Schroeter, 160°, uncorr.). 
I t  was evident that the crude reaction product contained 
considerable amounts of other acids. Schroeter isolated 
the acid II  in the form of the ammonium salt and, while 
we found this a less satisfactory method of obtaining the 
acid in a pure condition than that adopted, use was made 
of partial purification through the ammonium salt to pro­
vide material suitable for reduction.

For proof of structure 1 g. of the keto acid was heated 
with 2 cc. of nitric acid (sp. gr. 1.42) and 4 cc. of water at 
200- 210° for one day; a fresh 2-cc. portion of concentrated 
acid was introduced and heating was continued for fifteen 
hours. After concentrating the solution, fuming acid 
precipitated a solid which was dried and sublimed at 250° 
and 15 mm. Recrystallized twice from dioxane and dried 
at 150° to remove solvent of crystallization, the product 
melted a t 282-284 ° and gave no depression with a sample 
of authentic pyromellitic anhydride which had been freshly 
sublimed and crystallized and which melted at 283-285°.23

Series (b)
o-(6-Methyl-7-tetralylmethyl)-benzoic Acid (VII). (a) 

From Purified Keto Acid.—The acid II  (2 g., m. p. 164.5- 
165.5°) was heated with zinc dust (2 g.) and 2 N  sodium 
hydroxide solution (50 cc.) for forty-eight hours on the 
steam-bath and after acidification the reaction product 
was extracted with ether, taken into soda solution, precipi­
tated, and crystallized from methanol, giving 1.45 g. (76%) 
of long, white needles, m. p. 168.5-168.9°. After recrys­
tallization the m. p. was 168.9-169.1 °.

Anal. Calcd. for C19H20O2: C, 81.04; H, 7.19. Found: 
C, 81.48; H, 7.12.

(b) From the Crude Ammonium Salt.—The crude prod­
uct (59 g.) of the Friedel and Crafts reaction from 32 g. of 
6-methyltetralin was dissolved in 500 cc. of hot 1 N  am­
monia solution, and after clarification with Norite the

(23) Observation of Dr. E. B. Hershberg; this value is believed  
to be more reliable than that reported previously by Fieser and 
Hershberg, T h is  J o u r n a l , 57, 2196 (1935).
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filtrate was treated with ammonium chloride and cooled to 
0°. The ammonium salt of II separated in a crystalline 
condition and weighed 52 g. (the acid liberated from this 
material is impure). A mixture of this salt with 52 g. of 
zinc dust and 1 liter of 2 N  sodium hydroxide solution was 
refluxed gently with mechanical stirring for twenty-four 
hours and the solution, filtered through sintered glass, was 
acidified with dilute hydrochloric acid. The crude pre­
cipitate (45 g.) on crystallization from methanol gave 22 g. 
of acid, m. p. 166.5-167.5°, and 4.5 g., m. p. 161.5-163.5°. 
The yield from 6-methyltetralin was 43%, as compared 
with an over-all yield of 32% via the purified acid.

1 ',2',3',4' -  Tetrahydro - 4 - methyl -1,2  - benzanthranyl- 
9-acetate.—The acid VII (3.5 g.) was refluxed for one and 
one-half hours with glacial acetic acid (21 cc.), acetic an­
hydride (14 cc.) and anhydrous zinc chloride (0.28 g.) and 
sufficient water was added carefully to the pale yellow 
solution to produce faint cloudiness. On cooling there 
separated 3.4 g. (89%) of long, pale yellow needles, m. p. 
148-149°. Recrystallization from acetic acid raised the 
melting point to 150.5-151 °.

Anal. Calcd. for C2iH2o0 2: C, 82.86; H, 6.62. Found: 
C, 82.40; H, 6.45.

1 ,,2',3',4/ - Tetrahydro - 4 - methyl - 1,2 - benz - 9- 
anthrone (VIII).—The above acetate (6.5 g.) was refluxed 
for one hour in ether-benzene with the Grignard reagent 
from 11 g. of w-butyl bromide, and after hydrolysis the ex­
tracted product was crystallized from benzene-petroleum 
ether, giving colorless, non-fluorescent needles; yield, 5.54 
g. (97%). Recrystallization raised the melting point 
slightly (0.5°) to 151.5-151.7°.

Anal. Calcd. for Ci9H i80 : C, 86.98; H, 6.91. Found: 
C, 86.85; H, 6.81.

r,2',3',4r' - Tetrahydro - 4,9 - dimethyl - 1,2 - benz­
anthracene (IX).—The anthrone VIII (3.75 g.) dissolved 
in benzene was added to the Grignard reagent formed by 
action of excess methyl chloride on 1 g. of magnesium. A 
deep red color developed and faded to yellow as the mixture 
was refluxed for one and one-half hours. After the addi­
tion of dilute acid to the cooled solution the organic layer 
(fluorescent) was washed and concentrated. The oily 
residue crystallized from methanol on seeding with a crys­
tal previously obtained by the decomposition of the puri­
fied picrate (see below), giving 3.26 g. (88%) of small, pale 
yellow plates, m. p. 57-58°.

For the preparation of a pure sample, 2 g. of oily ma­
terial in alcohol was treated with 2 g. of picric acid, yielding
2.5 g. of dark reddish-black needles of the picrate, m. p. 
135.8-136.2° (1.65 g.).

Anal. Calcd. for C20H2o-C6H3O7N3: N, 8.59. Found: 
N, 8.83.

On decomposition of the picrate by chromatographic 
adsorption on activated alumina from benzene, the color­
less, fluorescent filtrate on evaporation of the solvent and 
crystallization of the residue from methanol gave 0.65 g. of 
pale yellow plates of the hydrocarbon, m. p. 62.4-62.8°.

Anal. Calcd. for C20H20: C, 92.26; H, 7.74. Found: 
C, 92.55; H, 7.54.

Dehydrogenation of IX. (a) With Sulfur: 4,9-Di- 
methyl-1,2-benzanthracene.—A mixture of 500 mg. of
the tetrahydride and 100 mg, of sulfur was heated slowly

in a salt-bath in a stream of nitrogen. Evolution of 
hydrogen sulfide commenced at 180° and the mixture was 
maintained at 180-210° until liberation of this gas was 
complete (about four hours). The product was then dis­
tilled at 2 mm. pressure, yielding a ruby-red distillate which 
failed to crystallize from methyl or ethyl alcohol or to form 
a crystalline picrate. After passing a benzene solution of 
the oil through a tower of alumina there was obtained a 
light yellow oil which likewise failed to crystallize but 
which when dissolved in methanol with 300 mg. of tri­
nitrobenzene yielded 135 mg. of long, bright red needles 
melting at 124.2-124.8°. The melting point of the com­
plex remained unchanged on recrystallization, and by care­
ful working of the mother liquors 195 mg. of satisfactory 
material was collected. This was adsorbed from benzene, 
onto activated alumina, the trinitrobenzene being retained 
as a crimson zone at the top of the tower and the hydro­
carbon forming a colorless zone having a blue fluorescence. 
After sectioning the tower this zone was eluted with ben­
zene containing 5% methanol, and a solution of the pale 
yellow, oily residue in methanol slowly deposited small, 
faintly yellow needles, m. p. 73.3-74.3°; yield, 42 mg. 
(8.5%). Concentration of the mother liquors gave 13 
mg., m. p. 69-71°. Recrystallization of the best material 
from methanol gave hydrocarbon melting at 75.1-75.5°. 
The picrate forms deep bronze colored needles, m. p. 116- 
116.4°, from methanol.

Anal. Calcd. for C20H i6: C, 93.70; H, 6.30. Found: 
C, 93.68; H, 6.61.

(b) With Selenium.—The tetrahydride IX  (800 mg.) 
was heated with 1.1 g. of selenium in a salt-bath at 300° for 
twenty-one hours, with the further addition of 1 g. of 
selenium in the course of the reaction. The product was 
extracted with boiling benzene and the solution was clari­
fied by refluxing with metallic sodium and by two passages 
through activated alumina. Removal of the solvent and 
crystallization from methanol gave 350 mg. (44%) of 4- 
methyl-1,2-benzanthracene in the form of rosets of needles, 
m. p. 117.5-118.5°. Repeated crystallization from 
methanol raised the m. p. to 122.8-123.4°, and the sample 
gave no depression when mixed with the hydrocarbon pre­
pared as described below. The picrate melts at 148-148.5 °.

Series (c)
1',2,,3',4' - Tetrahydro - 4 - methyl - 1,2 - benzanthra­

cene (XI).—A mixture of 2 g. of the anthrone VIII, 10 cc. 
of toluene, 5 g. of zinc dust, and 100 cc. of 2 A sodium 
hydroxide was refluxed for forty-eight hours, with the 
further addition of 5 g. of zinc dust. The progress of the 
reduction was indicated by the development of blue fluores­
cence under ultraviolet light. The cooled reaction mixture 
was extracted repeatedly with benzene, and the solution 
was washed with acid and water and evaporated. The resi­
due on crystallization from methanol afforded 1.1 g. (58%) 
of faintly yellow crystal clusters, m. p. 81.3-82.3°, and the 
mother liquors yielded 0.17 g. of material, m. p. 78-79°. 
Repeated crystallization from methanol-benzene gave 
faintly yellow clusters of needles, m. p. 82.3-82.9°. The 
picrate crystallized from methanol as deep reddish-brown 
needles, m .p. 158-158.2°.

Anal. Calcd. for Ci9H i8: C, 92.63; H, 7.37. Found: 
C, 92.34; H, 7.61.
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4-Methyl-l,2-benzanthracene.—Dehydrogenation of the 
tetrahydride X I (730 mg.) was accomplished by heating 
with selenium (2.1 g., added in portions) at 290-300° for 
twenty hours. The product, obtained by extraction with 
benzene and clarification with the use of sodium and an 
adsorption tower, was crystallized from methanol and gave 
170 mg. (24%) of small, pale yellow needles, m. p. 119— 
120°. Repeated crystallization from alcohol-benzene 
gave material melting constantly at 124.1-124.6°.

Anal. Calcd. for Ci9H i4: C, 94.18; H, 5.82. Found: 
C, 94.33; H, 5.61.

Cook20 found the melting point 124.5-125.5° for the 
hydrocarbon and 149-150° for its picrate. The pic­
rate prepared from the above sample formed brown-red 
needles, m. p. 148.5-149°; the trinitrobenzene derivative 
formed bright red needles, m. p. 163.5-164°. Oxidation 
of the hydrocarbon (29 mg.) with chromic anhydride in 
acetic acid at 60 ° gave, after crystallization from benzene- 
ligroin, 7 mg. of 4-methyl-1,2-benzanthraquinone, m. p. 
167.5-168°, giving no depression when mixed with the 
sample prepared by Fieser and Peters.19

Series (a)
Lactone of 2-( a-Hydroxy-6, a-dimethyl-7-tetralyl-

methyl)-benzoic Acid (III).—A solution of 15 g. of o-
(6-methyl-7-tetraloyl)-benzoic acid (II) in benzene was 
added to the Grignard solution from 4.8 g. of magnesium 
and excess methyl chloride in 100 cc. of ether. The solu­
tion became greenish-yellow and an oil deposited on the 
walls of the flask. After adding more benzene the mixture 
was refluxed for one and one-half hours, decomposed, and 
the product taken into benzene-ether. An amorphous 
white precipitate often separated at this point at the inter­
face but eventually dissolved on vigorous shaking. In one 
experiment the solid was collected and found to be a mag­
nesium complex which on being refluxed with methanol 
gives a flocculent precipitate and a solution containing the 
pure lactone. After washing the benzene-ether solution 
with sodium carbonate solution, removing the solvent, and 
crystallizing the product from methanol, there was ob­
tained 7.85 g. (53%) of crystalline lactone, m. p. 112— 
113.5°. The recrystallized material formed granular 
prisms, m. p. 115-115.5°.

Anal. Calcd. for C2oH 2o0 2: C, 82.16; H, 6.90. Found: 
C, 82.43; H, 6.96.

2-(6,a-Dimethyl-7-tetralylmethyl)-benzoic Acid.—The
lactone III (8 g.) was refluxed for forty-two hours with 
amalgamated zinc (400 g.), toluene (150 cc.), glacial acetic 
acid (40 cc.), concentrated hydrochloric acid (160 cc.), and 
water (80 cc.), with three further additions of 50-cc. 
portions of acid. The product was extracted with benzene 
and the acidic portion taken into 10% sodium carbonate 
solution, precipitated, and dried in ether. Evaporation 
left a colorless oil which was obtained crystalline from 
methanol containing 10% of Vater; yield, 2.2 g., m. p. 
165-165.5°. In a second reduction 5.5 g. of lactone gave 
1.75 g. of the acid, and the combined neutral material from 
the two experiments on further reduction gave 0.9 g. of 
acid; total yield 13.5 g. (36%).

Recrystallized from aqueous methanol, the acid formed 
micro-needles, m. p. 165.5-166°; occasionally a second 
form was obtained melting at 147-148° and remelting 
after fusion at 165.5-166 °.

Anal. Calcd. for C20H22O2: C,81.60; H, 7.53. Found: 
C, 81.63; H, 7.68.

1',2',3',4' - Tetrahydro -  4,10 - dimethyl - 1,2 -  benz - 9- 
anthrone (IV).—The above acid (2.2 g.) was dissolved 
slowly in 50 cc. of concentrated sulfuric acid at room 
temperature and after one hour the red solution was 
poured onto ice and the precipitate extracted with ether. 
The ether solution, washed with water, soda and water, was 
dried and evaporated and the residue crystallized from 
methanol. This gave 1.6 g., m. p. 112-113°, and 0.18 g., 
m. p. 111-112°; yield, 86%. The recrystallized anthrone 
formed colorless blades, m. p. 112.8-113.4°.

Anal. Calcd. for C20H20O: C, 86.92; H, 7.30. Found: 
C, 87.41; H, 7.49.

X',2',3',4' - Tetrahydro - 4,10 - dimethyl - 1,2-benzan­
thracene (V).—For reduction, 3 g. of IV in 10 cc. of toluene 
was refluxed for thirty hours with 5 g. of zinc dust and 75 
cc. of 2 N  sodium hydroxide, with the further addition of 10 
g. of zinc and 100 cc. of alkali. In contrast to the behavior 
noted in the reduction of the anthrone VIII, no fluorescence 
developed in the course of the reaction, probably because 
the intermediate dihydroanthranol persists in the alkaline 
medium and escapes dehydration. The reaction mixture 
was extracted thoroughly with benzene, and on washing 
the extract with dilute hydrochloric acid it acquired a 
fluorescence which became more pronounced on concen­
trating the washed solution. After removing the solvent 
the residual oil was distilled at 2 mm., yielding a yellow, 
fluorescent distillate which formed crystals, m. p. 77-80° 
from methanol (2.02 g.). As the melting point was not 
improved by recrystallization, the product was dissolved 
in alcohol with 3 g. of picric acid, yielding 2 g. of violet- 
black picrate, m. p. 145-146°. This was decomposed with 
sodium carbonate solution-benzene, giving 1.05 g. (37%) 
of microcrystalline hydrocarbon, m. p. 104-105°. Re­
crystallized from methanol, the substance formed pale 
yellow micro-needles, m. p. 105-105.5°. The purified 
picrate formed slender, violet-black needles, m. p. 146- 
147°.

Anal. Calcd. for C2oH2o: C, 92.26; H, 7.74. Found: 
C, 91.87; H, 8.01.

4,10-Dimethyl-1,2-benzanthracene.—For dehydrogena­
tion 540 mg. of the tetrahydride V was heated with 120 mg. 
of sulfur for four hours at 190-215° in an atmosphere of 
nitrogen. The material collected after extraction with 
benzene and purification by chromatographic adsorption 
proved to be a mixture and the separation of a satisfactory 
product was a tedious process which need not be described 
in detail but which involved selective adsorption on 
alumina (some tetrahydride passed into the filtrate and 
was treated again with sulfur), elution with benzene- 
methanol, and fractionation both as the picrate and as the 
hydrocarbon. The best sample of picrate formed long 
black needles, m. p. 161.5-162 °. After collecting in all 235 
mg. of picrate melting at 161.3-161.9°, decomposition with 
sodium carbonate solution yielded 79 mg. of hydrocarbon, 
m. p. 108.5-111.5°, and further recrystallizations from 
methanol gave 17.5 mg. (3%) of opaque, pale yellow 
needles melting at 114-114.4° (softening at 113°).

Anal. Calcd. for C2oHie: C, 93.70; H, 6.30. Found: 
C, 93.64; H, 6.61.
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Summary
6-Methyltetralin, prepared by the catalytic 

hydrogenation of /3-methylnaphthalene, is sub­
stituted in the 7-position in the Friedel and 
Crafts reaction with phthalic anhydride. The 
resulting keto acid has been used as the starting 
material for the synthesis of the 4-methyl and 
the 4,9- and 4,10-dimethyl derivatives of 1,2-benz­
anthracene, as well as their 1 ̂ 2^3 ̂ '-tetrahydro

derivatives, all of which are of interest in investi­
gating the relationship between structure and 
carcinogenic activity. Although the syntheses 
were completed successfully, some difficulty was 
experienced in the dehydrogenations, apparently 
because of the ease of elimination of meso alkyl 
groups.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s . R e c e iv e d  J u n e  20, 1938

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

Separation of Sulfuric Acid from Nitric, Alkyl- and Arylsulfonic, and Alkylsulfuric
Acids by Means of Liquid Ammonia
By J o h n  H. B i l l m a n  a n d  L. F. A u d r i e t h

The ammonium salts of many oxy acids such as 
sulfuric, phosphoric, oxalic and arsenic are in­
soluble in liquid ammonia. Use has been made 
of the insolubility of some of these ammonium 
salts in liquid ammonia to effect the preparation 
of such nitrogen bases as hydrazine,1 semicarba- 
zide2 and hydroxylamine2 by ammonolysis of the 
respective sulfates, oxalates, phosphates and ar­
senates. The nitrogen bases are very soluble in 
liquid ammonia and. are recovered in the anhy­
drous condition by evaporation of the solvent.

This marked insolubility of ammonium sulfate 
in liquid ammonia suggested that liquid ammonia 
might be used for the removal of excess sulfuric 
acid where the latter is employed either by itself 
or with other reagents. The experimental re­
sults reported in this paper demonstrate that it is 
possible (1) to separate quantitatively sulfuric 
and nitric acids by conversion into the ammonium 
salts and extraction of soluble ammonium nitrate 
with liquid ammonia; (2) to use liquid ammonia 
as a solvent for alkyl- and arylsulfonic acids, 
as well as alkylsulfuric acids; (3) to use liquid 
ammonia for the removal of excess sulfuric acid 
from compounds of the types listed under (2), 
especially where it is desired to produce directly 
the ammonium salts of the alkyl- and arylsul­
fonic acids and alkylsulfuric acids.

Experimental
I t should be emphasized that no special apparatus is 

necessary in using liquid ammonia for the reactions out­
lined below. Filtration is carried out using ordinary 
Büchner funnels and filter flasks. I t is a simple task to

(1) Browne and Welsh, T h is  J o u r n a l , 33, 1728 (1911).
(2) Audrieth, ibid., 52, 1250 (1930).

cool the funnel and flask quickly by running a small 
quantity of liquid ammonia through the filter. Filtration 
is simplified where sintered glass crucibles or filter funnels 
are used in place of filter paper. Naturally, good ventila­
tion is not only desirable, but necessary.

Separation of Sulfuric Acid from Nitric Acid.—The 
separation and recovery of nitric and sulfuric acids in the 
spent acids after use in nitration reactions, by conversion 
into ammonium salts and extraction with liquid ammonia 
is practically quantitative. In a typical experiment a 
solution containing 20.8 g. of 96% sulfuric acid and an 
approximately equal quantity of concentrated nitric acid 
was neutralized with concentrated aqueous ammonia. 
The solution was evaporated and the solid residue treated 
with 200 cc. of liquid ammonia. The insoluble ammonium 
sulfate was removed by filtration, washed with liquid 
ammonia, heated a t 6003 for several hours and weighed; 
yield, 26.8 g. of ammonium sulfate corresponding to a 
99.3% recovery. No sulfate was found to be present in the 
ammonium nitrate recovered from the filtrate.

Solubility of Alkyl- and Arylsulfonic Acids and Alkyl­
sulfuric Acids in Liquid Ammonia at —33°.—A representa­
tive number of compounds of this type were prepared and 
their solubility in liquid ammonia tested qualitatively. 
With the exception of laurylsulfuric acid, all compounds 
listed below are readily and easily soluble to the extent of at 
least 10 g. in 100 cc. of ammonia. Solution of these acids 
in liquid ammonia brings about their conversion into the 
ammonium salts. In a number of cases the products ob­
tained upon evaporation of the liquid ammonia solution 
were recrystallized from absolute alcohol and analyzed for 
their nitrogen content. These compounds are listed in 
Table I.

In extending this study to other derivatives of these 
acids, it was found that the sodium salts of benzenesulfonic 
acid and w-butylsulfonic acid are very soluble in liquid 
ammonia, whereas the sodium salts of laurylsulfuric and 
benzylsulfonic acids are only slightly soluble.

(3) Heating is necessary due to the fact that ammonium sulfate 
forms a number of ammonates which must be decomposed to obtain 
the anammonous salt.



1946 J ohn H. Billman and L. F. Audrieth Vol. 60

Ammonium salts of
T a b l e  I

Analysis, % N
acids Mol. formula Calcd. Found

Sulfanilic C9H10O3N2S-V2H2O 14.28 14.22
B enzenesulf onic c 6h 8o 3n s 8 .0 0 7.84
tf-Aminobenzene-

sulfonic CeHioOaNaS-VaHaO 14.28 14.15
^-Toluenesulfonic C6Hh0 3NS 7.41 7.35
2-Aminotoluene-5-

sulfonic c 7h 12o3n 2s 13.72 13.65
Naphthionic c 10h 12o3n 2s 1 1 .6 6 11.36
d-Camphorsulfonic c 10h 19o 4n s 5.62 5.54
o-Nitrobenzenesul-

fonic c 6h 8o 6n 2s 12.67 12.49
m-Nitrobenzenesul-

fonic C6H80 6N2S 12.67 12.78
^-Nitrobenzenesul-

fonic C6H80 sN2S 12.67 12.77
jS-N apht halenesul-

fonic CioHnOsNS 6 .2 2 6.07
Laurylsulfuric c 12h 26o3n s 4.94 6.07

Ammonium Ethyl Sulfate.—A mixture of 50 g. of sulfuric 
acid (96%) and 70 g. of ethanol was refluxed for two and 
one-half hours on the steam-bath. The reaction mixture 
was then saturated with gaseous ammonia and the excess 
of alcohol removed by evaporation. The solid residue was 
treated with 200 cc. of liquid ammonia, allowed to stand 
for one hour and the ammonia insoluble material removed 
by filtration, weight of ammonium sulfate recovered 32.2 
g., corresponding to 23.9 g. of pure sulfuric acid. Evapora­
tion of the filtrate yielded 28.6 g. of C2H5OSO3NH4, 
approximately 90% of the theoretical yield based upon the 
sulfuric acid which had reacted.

Ammonium Lauryl Sulfate.—Nineteen and two-tenths 
grams of lauryl alcohol in 40 cc. of ether was treated with 
19 g. of concentrated sulfuric acid (96%) and allowed to 
stand at room temperature for forty-eight hours. After 
removal of the excess ether, the residual liquid was treated 
directly with gaseous ammonia, resulting in the formation 
of a solid mass. This mixture was digested for one hour 
with 400 cc. of liquid ammonia. Filtration and evapora­
tion of the liquid ammonia solution yielded 10 g. of a white 
crystalline product possessing excellent detergent proper­
ties. This material was recrystallized from alcohol and 
washed with ether. Analysis showed this compound to be

the ammonium salt of laurylsulfuric acid. The yield 
obtained corresponds to a 34% conversion of the alcohol 
into the ammonium salt. The ammonia-insoluble residue 
was found to contain unreacted alcohol, ammonium sulfate 
and some ammonium lauryl sulfate. Qualitative tests 
indicate that the solubility of ammonium lauryl sulfate is 
greater than 5 g. but less than 10 g. per 100 cc. of liquid 
ammonia a t —33°. The solubility increases markedly, 
however, with rise in temperature.

Ammonium Sulfanilate.—Twenty-eight grams of aniline 
and 80 g. of coned, sulfuric acid were heated a t 180-190 0 
for five hours. The solid product was neutralized with 
aqueous ammonia and the resulting solution evaporated 
until the total volume of solid and liquid had been reduced 
to approximately 100 cc. The material was treated 
directly with 400 cc. of liquid ammonia, allowed to digest 
for one hour and filtered. Evaporation of the filtrate and 
subsequent drying of the product in a vacuum desiccator 
yielded 41.5 g. of the ammonium sulfanilate, H2NC6H4SO3- 
NH4, corresponding to a 72% yield based on the aniline 
used. The product was sulfate free, indicating that re­
moval of ammonium sulfate is possible even in the presence 
of considerable quantities of water.

Sodium and Ammonium Benzene Sulfonates.—Two 
20-g. samples of benzene were converted into benzene- 
sulfonic acid by treatment with 83.3 g. of fuming sulfuric 
acid (15% S03). One sample was neutralized in the cold 
with aqueous sodium hydroxide, the other with aqueous 
ammonia. The solutions were concentrated on a steam- 
bath to a sirupy consistency and each digested with 400 cc. 
of liquid ammonia. Removal of the ammonium sulfate 
and evaporation of the liquid ammonia filtrate gave in the 
first experiment 42.1 g. of sodium benzene sulfonate (91%) 
and in the other case 41.1 g. of the ammonium salt (91.5%)- 
The above values are those obtained after the removal of 
diphenyl sulfone, which is soluble to a limited extent in 
liquid ammonia.

Summary
It has been demonstrated experimentally that 

liquid ammonia permits the quantitative removal 
of sulfuric acid as ammonium sulfate from mix­
tures containing nitric acid, alkyl- and arylsul­
fonic acids or alkylsulfuric acids.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  6, 1938
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Potassium Nitrilosulfonate
B y  EL S i s l e r  a n d  L. F. A u d r i e t h

A study of the preparation and properties of 
potassium nitrilosulfonate was undertaken as 
one phase of an extended investigation of the 
chemistry of sulfamic acid and its derivatives. The 
nitrite-bisulfite reaction1 has been suggested and 
used for the preparation of sulfamic acid. It is 
significant, however, that no information con­
cerning the rate of hydrolysis and stability of the 
primary reaction product, the nitrilosulfonate, or 
of the intermediate imidodisulfonate, has been 
recorded. The present paper, therefore, con­
cerns itself with a study of the preparation of 
potassium nitrilosulfonate and a characterization 
of its properties, specifically its hydrolysis under 
carefully controlled conditions. The potassium 
salts of imidodisulfonic and sulfamic acids were 
both prepared by hydrolysis of the nitrilosul­
fonate.

Experimental
Preparation of N(S0 3 K)3-2H2 0 .—The procedure of 

Claus and Koch2 was modified as follows: A solution of 25 
g. of potassium nitrite (0.294 mole) in TOO ml. of water is 
added slowly and with constant stirring to a hot solution of 
potassium bisulfite, prepared by saturating 75 g. (1.34 
mole) of potassium hydroxide in 150 ml. of water with 
sulfur dioxide. Clouding of the solution takes place with 
formation of a mass of needle-like crystals. After standing 
for an hour in the mother liquor enough water (about 1500 
ml.) is added in order to redissolve the precipitate on heat­
ing. The solution is then cooled to effect precipitation of 
the needle-like crystals which are separated by filtration, 
washed thoroughly with ice water, alcohol and ether and 
finally dried in a vacuum desiccator; yield of purified 
N(S03K)3-2H20, 74 g. (62% based on nitrite employed).

Anal. Calcd. for N (S03K)3-2H20 : K, 28.8; S, 23.6. 
Found: K, 28.8, 28.7; S, 23.4, 23.8.

Care must be taken that the solution remains alkaline 
during recrystallization. If necessary, a few pellets of 
potassium hydroxide should be added. If the solution be­
comes acid the imidodisulfonate, rather than the nitrilo­
sulfonate, will be obtained. I t  also is necessary that wash­
ing be thorough, otherwise some bisulfite may remain be­
hind and bring about rapid decomposition of the nitrilo­
sulfonate. Samples of the potassium salt, prepared as 
indicated above, have been kept in a vacuum desiccator 
for several weeks without decomposition.

Theoretically, one would expect a ratio of three moles of 
bisulfite to one of nitrite to give maximum yields. I t  is 
evident, however, from a series of comparable experiments

(1) Divers and Haga, J . Chem. Soc., 69, 1634 (1896).
(2) Claus and Koch, A n n ., 152, 336 (1869).

carried out as described above, that excess bisulfite favors 
the formation of the nitrilosulfonate. With mole ratios of 
KHS03:K N 02 between 6 to 4.5:1 yields of 64-62% were 
obtained. With smaller relative amounts of bisulfite the 
yield diminishes, becoming only 15% with a 1.50:1 ratio. 
Our results may be considered experimental confirmation 
of Raschig’s3 suggestion that the reaction is best repre­
sented by the equation

4KHS03 +  K N 02 — >- N (S03K)3 +  K2S03 +  2H20
I t is evident, furthermore, that at higher temperatures 

some nitrilosulfonate is always obtained whenever bisulfite 
and nitrite are brought together.

Properties of Potassium Nitrilosulfonate.—The com­
pound is only slightly soluble in water and in liquid am­
monia. A saturated aqueous solution gives no precipitate 
on the addition of solutions containing M n++, M g++, Ag+, 
Cd++, Co++, Cu++, and Fe++ ions, but, as stated in the 
literature,2 gives a white flocculent precipitate with lead 
acetate. While no precipitate is formed immediately on 
the addition of Ba++, the solution rapidly clouds on stand­
ing due to hydrolytic • decomposition. Prior addition of 
acid to the solution causes immediate precipitation of 
barium sulfate. Contrary to reports in the literature,4 
a precipitate is obtained on the addition of barium hydrox­
ide. This precipitate is momentarily dissolved by nitric 
acid, but a cloudiness appears almost immediately there­
after due to formation of sulfate ion by hydrolysis.

Hydrolysis of Potassium Nitrilosulfonate.—The study of 
the hydrolysis of potassium nitrilosulfonate was restricted 
to the range of dilute solutions due to the limited solubility 
of the compound. Duplicate experimental runs were 
carried out at 25, 40, 67 and 100°. In each case, a 1-g. 
sample (0.00246 mole) of potassium nitrilosulfonate di- 
hydrate was dissolved in 400 ml. of water preheated to the 
temperature at which hydrolysis was to be studied. At 
regular time intervals 25-ml. portions of the solution were 
removed and titrated with standard sodium hydroxide 
solution using methylene blue-methyl red indicator. The 
course of the reaction thus could be followed readily by 
measuring the increase in the acidity of the solutions, as is 
evident from the following equations
n(so3)3s + h2o —> hn(so3y= + h+ + sor (i)
HN(S03) r  +  h 2o  — H2NS03-  +  H+ +  S04“ (2)
N(S03)3s +  2H20  ----> H2NS03“ +  2H + +  2S04“ (3)

Complete hydrolysis, as represented by Equation 3, 
results in the formation of two moles of hydrogen ion per 
mole of nitrilosulfonate employed. The experimental re­
sults are represented graphically in Fig. 1 in which moles 
of hydrogen ion formed are plotted against time.

I t is quite evident from Fig. 1 that hydrolysis with
(3) Raschig, "Schwefel- und Stickstoff studiën,” Verlag Chemie, 

Berlin, 1924, p. 8.
(4) Mellor, “A Comprehensive Treatise on Inorganic and Theo­

retical Chemistry,” Longmans, Green and Company, New York, 
N. Y., 1928, Vol. VIII, p. 668.
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formation of one mole of hydrogen ion is quite rapid, even 
at 25 °. This corresponds to the intermediate formation of 
the imidodisulfonate, as represented by Equation 1. The 
formation of the second mole of hydrogen ion is consider­
ably slower, leading to the conclusion that the rate deter­
mining reaction in the complete hydrolysis of the nitrilo­
sulfonate is that represented by Equation 2.

Fig. 1.—Hydrolysis of potassium nitrosulfonate.

In checking this assumption experimentally, it was 
found that neutral solutions of the intermediate product, 
potassium imidodisulfonate, did not become acid, that is, 
undergo hydrolysis, even over a period of eighteen hours at 
67°. However, addition of an equimolar quantity of 
potassium acid sulfate, thus approximating the composi­
tion and concentration of the solution after the nitrilo­
sulfonate had hydrolyzed in accordance with Equation 1, 
was found to bring about hydrolysis. In following the in­
crease of acidity with time, results were obtained which 
checked satisfactorily with those plotted in Fig. 1.

I t is significant that alkaline solutions of potassium 
nitrilosulfonate are resistant to hydrolysis, whereas neutral 
solutions undergo rapid decomposition. Solutions of the 
imidodisulfonate5 seem to be quite stable, but in the pres­
ence of hydrogen ion undergo hydrolysis, thus leading to 
the conclusion that the reaction is acid catalyzed. Since 
the acid concentration approaches a constant value of two 
moles per mole of nitrilosulfonate hydrolyzed, it is appar­
ent that the end-product, potassium sulfamate, H2NS03K, 
is quite stable, even in presence of acid.

(5) It is of interest to point out the relationship between imido- 
disulfonic, pyrosulfuric, trithionic and hydroxylaminodisulfonic acids. 
In each of these compounds the SO3H radicals are linked together by 
one of the following isosteric atoms or groups: O, S, NH, NOH. If 
these isosteres are represented by R the hydrolysis of any one of 
these four acids may be represented by the general equation : 

ySOaH
R<" +  H 2O ----- >  HRSO3H +  HOSOaH

x s o 3h

As is evident from Fig. 1 rise in temperature quite natu­
rally increases rate of hydrolysis. Experiments carried out 
at 100 °, using solutions of the same concentration, demon­
strated that hydrolysis to the sulfamate is complete within 
one-half hour.

Potassium Imidodisulfonate.—In preparing this in­
termediate product the following procedure was adopted: 
38 g. of N(KS03)3-2H20  was moistened with 16 ml. of 2% 
sulfuric acid and allowed to stand for twenty-four hours. 
The pasty mass was then filtered and the solid residue 
washed with 60 ml. of ice water. This product was re­
crystallized from a solution containing 10 ml. of concen­
trated aqueous ammonia in 60 ml. of water. The crystals 
obtained on cooling were washed with ice water, alcohol 
and ether and dried in a vacuum desiccator over sulfuric 
acid; yield, 12 g. (51%).

Anal. Calcd. for HN(S03K)2: N, 5.53; K, 30.9. 
Found: N, 5.75; K, 30.4

Potassium imidodisulfonate is much more soluble in 
water than the nitrilosulfonate. The addition of BaCl2-  
HC1 solution gives no immediate precipitate. Upon 
warming, or after standing for a short time, barium sulfate 
begins to form. This shows qualitatively that the imido­
disulfonate is much more stable to hydrolysis than the 
nitrilosulfonate.

Preparation of Potassium Sulfamate by Hydrolysis of 
Potassium Nitrilosulfonate.—Sixty grams of potassium 
nitrilosulfonate (0.147 mole) was suspended in 300 ml. of 
water and boiled for seventy-five minutes. The solution 
was then neutralized with 20 g. of potassium carbonate 
(0.145 mole) and evaporated to dryness. The residue was 
placed in a Soxhlet apparatus and extracted with 80% 
ethanol for forty-six hours. Potassium sulfamate 
crystallized from the alcoholic extract on cooling; yield,
13.5 g. (67%).

Summary
1. Maximum yields of potassium nitrilosul­

fonate are obtained when the ratio of KHSO3: 
KN02 is 4:1, or greater, and when the reaction is 
carried out at higher temperatures.

2. The hydrolysis of potassium nitrilosul­
fonate has been studied at 25, 40, 67 and 100°. 
The nitrilosulfonate is rapidly converted into the 
imidodisulfonate, which in turn hydrolyzes more 
slowly to give the sulfamate as the final product. 
U r b a n a , I l l in o is  R e c e iv e d  M a y  6, 1938
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Partial M olal Volum es of Lithium Chloride and of Sodium Nitrate in Liquid
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Introduction
The purpose of this investigation was to de­

termine the densities and the partial and apparent 
molal volumes of salts at different temperatures in 
liquid monomethylamine. This investigation is 
one of a series1 dealing with the thermodynamic 
properties of the methylamines and their solu­
tions, with special reference to their use in the 
absorption type of refrigerating units.

It was found by Anderson2 that the conductance 
of lithium chloride in liquid monomethylamine 
seemed to be abnormal over certain concentration 
ranges, possibly indicating compound formation. 
Bonnefoi3 has shown the existence of compounds 
of the formula LiCl*CH3NH2, LiCl-2CH3NH2, 
LiCl*3CH3NH2, and LiC14CH3NH2. Since in 
the electrical conductivity of this salt in the liquid 
amine it was desirable to know how much of the 
solvent, in the more concentrated region, was 
tied up with the salt (i. e., the ions), it was decided 
to determine the partial molal volumes of this 
salt (and of sodium nitrate) from density meas­
urements.

Experimental
The experimental method consisted of determining at 

different temperatures the densities of methylamine solu­
tions of these salts in a specially designed pycnometer, the 
volume of which was accurately known over a range of 
calibrations.

The Pycnometer.—The Pyrex pycnometer consisted of 
a bulb (approx. 9 cc.) sealed to a 1-mm. uniform bore 
capillary approximately 25 cm. long. To the other end of 
this capillary was sealed a no. 7 ground joint, to which was 
sealed a 6 cm. small diameter and small bore tube ending in 
another no. 7 ground joint. The pycnometer is shown in 
Fig. 1. The calibration was carried out by filling with 
mercury a t 0 °; the volume at any other temperature was 
calculated from the volume at 0 ° and the volume coefficient 
of expansion of Pyrex glass as calculated by Felsing and 
Thomasla from the determinations of Buffington and 
Latimer.4

(1) (a) Felsing and Thomas, Ind . Eng. Chem., 21, 1269 (1929); 
(b) Felsing and Wohlford, T h is  Jo u r n a l , 54, 1442 (1932); (c) Fels­
ing and Jessen, ibid., 55, 4148 (1933); (d) Felsing and Buckley, / .  
Phys. Chem., 37, 779 (1933); (e) Felsing and Ashby, T h is Jo urn al , 
56, 2226 (1934); (f) Felsing and Phillips, ibid., 58, 1973 (1936).

(2) P. P. Anderson, Ph.D. Dissertation, The University of Texas, 
June, 1936.

(3) Bonnefoi, Compt. rend., 127, 516 (1898); cf. Gibbs, T his 
Jo u r n a l , 28, 1421 (1906).

(4) Buffington and Latimer, ibid., 48, 2305 (1926).

The Thermostat.—A Dewar flask 12 cm. in diameter 
and 20 cm. deep (inside measurements) served as a thermo­
stat. A stirrer, heater, and cooling coil (supplied from a 
reservoir of cooling liquid by means of a circulating pump) 
together with a mercury-in-iron thermoregulator actuating 
a high-sensitivity relay system assured a temperature con­
stancy of better than =*=0.02° at any desired temperature. 
Thermometers calibrated by the U. S. Bureau of Standards 
were used throughout.

The Loading Apparatus.—The loading apparatus is 
shown in Fig. 1. The entire system was connected to a 
high-vacuum line.

Fig. 1.—Density tube and methylamine loading apparatus.

Purification of Materials, (a) The Solvent.—The
monomethylamine was prepared from Eastman c. p . hydro­
chloride. The salt as received was dried in an oven at 110 ° 
and over sulfuric acid in a desiccator. The dry salt was 
purified by the method of Bertheaume,5 using purified and 
dry chloroform to remove the di- and trimethylamine 
hydrochlorides, and by the method of Francois,6 using 
yellow mercuric oxide to remove any trace of ammonia. 
The gaseous amine was liberated by treatment of the 
purified hydrochloride with 50% potassium hydroxide, 
using the apparatus of Felsing and Wohlford.lb It was 
dried by passage over potassium hydroxide pellets fol­
lowed by contact, as a liquid at 0°, with sodium wire. It 
was stored in a steel cylinder, (b) The Salts.—The lith­
ium chloride was c. p. salt, recrystallized three times from 
conductivity water. I t  was dried at 110° in a stream of 
dry hydrogen chloride. The sodium nitrate was c. p . ma­
terial recrystallized four times from conductivity water 
and was dried a t 150°.

Method of Obtaining Data.—Solutions were prepared 
as follows. A definite volume of an aqueous stock solution 
of the salt was introduced into the bottom of the weighed 
pycnometer by means of a long thin capillary. The water

(5) Bertheaume, Compt. rend., 150, 1251 (1910).
(6) Francois, ibid., 144, 567 (1907).
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was then removed by evacuation a t slowly increasing 
temperatures, finishing a t 100 °. After admitting dry air, 
the pycnometer was weighed. The pycnometer was then 
connected to the loading system, the whole evacuated, and 
liquid methylamine condensed into the pycnometer by 
surrounding it with a dry ice-acetone mixture. The 
amount condensed was adjusted by experience to be suffi­
cient to fill the pycnometer to the lower graduations of the 
capillary when at 0°. The small glass tube between the 
two ground joints was then sealed off, and the two portions 
weighed to ascertain the true weight of amine introduced. 
By means of the ground joint on the capillary, the pycnome­
ter could be emptied back into the system without loss 
of amine.

Readings on the capillary were made after allowing at 
least one-half hour for temperature equilibrium to be a t­
tained. The weight of the liquid amine was corrected for 
the amount of gaseous amine above the liquid. The vapor 
was assumed ideal and the vapor pressure values were 
those of Felsing and Thomas.la

All weights were corrected to vacuum.

0 0.4 0.8 1.2 1.6
C x/\

Fig. 2.—Partial and apparent molal vol­
umes of lithium chloride in methylamine.

Experimental Data and Calculated Quantities
For lithium chloride, densities were determined 

at 0, 10, 17.5, and 25°; for sodium nitrate, at 
0, 10, 18 and 25°. These densities are repre­
sented by the following relations, which reproduce 
the observed data to within ±0.01%.

L it h iu m  C h l o r id e  d  ( g . /m l . )  
at 0° = 0.68667 +  0.05088(7 -  0.00441C3A
at 10° . = .67464 +  .05289C -  .00452C3A
at 17.5° = .66550 +  .05413(7 -  .00458CV*
at 25° = .65623 +  .05511(7 -  .00465C3A

S o d iu m  N it r a t e , d  ( g . /m l . )  
at 0° -  0.68667 +  0.07429(7 -  0.00495<73A 
at 10° = .67464 +  .07636(7 -  .00559C3A

at 18° = 0.66490 +  0.07752(7 -  0.00569C3A 
at 2 5 ° =  .65623 +  .07778(7 -  .00520<73A

The apparent molal volumes were calculated 
from the observed densities by the method of 
Gucker,7 using the relation

_ looo i rioood
C d 1 L c

M 2]
where C is the concentration of the solute in 
moles/liter of solution, d\ the density of the sol­
vent, d the density of the solution, and M 2 the 
molecular weight of the solute. These values are 
given by the following relations, which reproduce 
the calculated values to within ±0.1%.

L it h iu m  C h l o r id e

$ a t  0° = -12.36 +  6.0469 (71A +  0.27971(7
10° = -15.59 +  6.1411CV2 +  . 53926 C
17.5° = -17.51 +  6.3741 CV* +  .42964C
25° = -19.21 +  6.6034C1A +  .28775<7

S o d iu m  N it r a t e

i a t  0° = 17.45 +  .3.2508CV* +  2.0660(7 
10° = 14.80 +  3.8672CV* +  2.3715(7 
18° = 13.42 +  4.2635CV* +  2.0986(7 
25° = 12.32 +  4.9056 C1 A +  1.6339(7

The partial molal volumes were then calculated 
by the expression given by Gucker7

V 2 =  4> +  C 1/;
r 1000 -  <7$ 1 di
L2 OOO +  C3A d 4>/öC V 2j d C V 2

The calculated values for V2 and for d> are 
presented in Figs. 2 and 3. They represent an 
over-all accuracy of at least 0.1%.

0 0.4 0.8 1.2
C1/2.

Fig. 3.—Apparent and partial molal 
volumes of sodium nitrate in methyl­
amine.

(7) Gucker, J , Phys. Chem., 38, 307 (1934) .
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Fitzgerald8 cites some density data for lithium 
chloride and for sodium nitrate solutions in 
methylamine at 0°. However, a smooth curve 
cannot be drawn through his determined points; 
his values are mostly higher than those of this 
investigation and were only incidental to some 
conductivity and viscosity determinations.

The results for the apparent molal volumes of 
lithium chloride are very interesting when com­
pared with the values obtained in other solvents.

A p p a r e n t  M o l a l  V o l u m e  o f  LiCl a t  25°

Solvent
Dielectric
constant 4> Observer

Water 78 17.06 Geffcken9
Methyl alcohol 31.2 -  3.8 Vosburgh
Ethyl alcohol 26.5 -  4.4 Vosburgh
Methylamine < 10 .5 -19.21 K. & F.

As the dielectric constant decreases, the apparent 
molal volume also decreases. The value of <10.5 
for the dielectric constant for methylamine was 
determined by Schlundt11 on an impure sample. 
The correct value for pure methylamine is prob­
ably much lower than 10.5.

(8) Fitzgerald, J . Phys. Chem., 16, 621 (1912).
(9) Geffcken, Z. physik. Chem., A155, 1 (1931).
(10) Vosburgh, Connell and Butler, J . Chem. Soc., 933 (1933).
(11) Schlundt, J . Phys. Chem., 5, 503 (1901).

Negative values of the apparent and partial 
molal volumes have been obtained by other in­
vestigators for lithium and sodium hydroxides 
and for magnesium and copper sulfates in water. 
The negative values for lithium chloride obtained 
in this investigation seem to point definitely to a 
solvation of the lithium ions in the methylamine 
solution. Such solvation would explain, in part, 
the trends in electrical conductance observed by 
Anderson,2 especially in the more concentrated 
region. The positive values for sodium nitrate 
would indicate a probable lack of extensive 
solvation.

Summary
1. The densities of solutions of lithium chloride 

and of sodium nitrate in liquid monomethylamine 
have been determined at different temperatures 
and have been recorded as functions of the con­
centration.

2. The apparent and partial molal volumes 
have been calculated and presented.

3. An approximate correlation between the 
apparent molal volume of lithium chloride and 
the dielectric constant of the solvent has been 
presented.
A u s t i n , T e x a s  R e c e iv e d  J u n e  16, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  B io l o g ic a l  C h e m is t r y , C o l u m b ia  U n i v e r s it y ]

The Synthesis of Dipeptides from «-Keto Acids1
B y D avid  Sh em in  and  R o b er t  M . H er b st

The classical peptide syntheses of Emil Fischer, 
and the elegant methods of Bergmann have proved 
to be of great value both practically and theoreti­
cally. However, the possibility of synthesizing 
peptides from «-keto acids appeared attractive 
since biological materials other than amino acids 
could be utilized. The methods developed in 
this report are primarily of theoretical interest, 
although their further development in some 
specific instances may prove to be of practical 
value.

The conversion of «-keto acids into the corre­
sponding amino acids has been accomplished in a 
variety of ways. The oximes of «-keto acids 
have been reduced to amino acids either with 
tin and hydrochloric acid,2 or with sodium amal-

(1) This report is from a dissertation submitted by David Shemin 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Faculty of Pure Science, Columbia University.

(2) Gutknecht, Ber., 13, 1116 (1880).

gam.3 Knoop and Oesterlin4 have succeeded in 
reducing «-keto acids to amino acids catalytically 
with hydrogen in the presence of ammonia. 
Herbst and Engel5 have been able to convert 
«-keto acids into the corresponding amino acids 
by interaction with another «-amino acid, a 
reaction which has been accomplished recently 
in biological systems.6,7 Of biochemical i n t e r e s t  

are the reduction of the oxime of pyruvic acid 
to d//-alanine by actively fermenting yeast,8 the 
synthesis of alanine from pyruvic acid and am­
monia by liver tissue slices,9 and the formation of 
/-aspartic acid from oxalacetic acid and hydroxyl-

(3) Granacher, Helv. Chim. Acta, 5, 610 (1922).
(4) Knoop and Oesterlin, Z. physiol. Chem., 148, 294 (1925); 170, 

186 (1927).
(5) Herbst and Engel, J . Biol. Chem., 107, 505 (1934); Herbst, 

T his Jo urn al , 58, 2239 (1936).
(6) Braunstein and Kritzmann, Enzymologia, 2, 129 (1937).
(7) Virtanen and Laine, Nature, 141, 748 (1938).
(8) Maurer, Biochem. Z., 189, 216 (1927).
(9) Neber, Z. physiol. Chem., 234, 83 (1935).
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amine by the root nodules of leguminous plants.10
Bergmann and Grafe11,12 have synthesized 

pyruvyl derivatives of a-amino acids by the 
following series of reactions

NHCOCH3
CH3CONH2 I

CHsCOCOOH--------------->  c h 3—c —COOH ■

NHCOCH3
NHCOCH3

CHa— C— C= = 0

1 >°
N = C

RCH(NH2)COOH ----------------------- >-

c h 3
NHCOCH3

CH3—C—CO—NH—CH(R)—COOH —

NHCOCH3
CH3COCONHCH(R)COOH

Two methods of converting the pyruvylamino 
acids into the corresponding dipeptides were 
tried, the second proving the more satisfactory:
(a) catalytic reduction in the presence of ammo­
nia, and (b) catalytic reduction of the oximes of 
the pyruvylamino acids. Preliminary experi­
ments with the oximes of pyruvic and phenyl- 
pyruvic acids, under conditions similar to those 
employed for simple oximes by Hartung,18 dem­
onstrated its feasibility for the preparation of 
amino acids. By this procedure the reduction 
of the oximes of pyruvylglycine, pyruvylalanine 
and pyruvylphenylalanine was accomplished. 
In some cases it was found advantageous to work 
with the oxime esters.

Application of this synthesis to a-ketoglutaric 
acid was attempted. Condensation of this keto
CO CO

1 \

c h \
1 > 0

C R y /  — >

1 \
c h 2\

1 > 0  
CH2 /

CH2(NH2)COOH 
---------------------------- ^

C— NHCOCH3

1
COOH

I

| y

i >c c h 3
CO—0 /

II
CO
j \

ch\
1 > 0

CH2/
1

C—NHCOCHss

CONHCH2COOH
III

(10) Virtanen and Laine, Enzymologia, 3, 266 (1937).
(11) Bergmann and Grafe, Z. physiol. Chem., 187, 187 (1930).
(12) Bergmann and Grafe, ibid., 187, 196 (1930).
(13) Hartung, T h is J o urnal , 50, 3370 (1928).

acid with acetamide led to the formation of the 
lactone of a-acetamino-a-hydroxyglutaric acid
(I). This compound with acetic anhydride 
formed an azlactone (II) which was coupled with 
glycine to form the lactone of a-acetamino-a- 
hydroxyglutarylglycine (III).

The possibility of preparing glutamyl and 
glutaminyl peptides from the last named com­
pound has not been explored.

Experimental
The melting points, yields and analyses of all com­

pounds prepared are reported in Table I. With three ex­
ceptions the yields given are for the reaction leading 
directly to the product in question; for example, the yield 
of alanine is for the reduction of pyruvic acid oxime to 
alanine. The yields of pyruvylglycine oxime ethyl ester, 
pyruvylalanine ethyl ester and pyruvylphenylalanine 
oxime are over-all yields based on the amounts of the a,<x- 
diacetaminopropionyl derivatives of glycine, alanine and 
phenylalanine used, since no intermediates were isolated.

Pyruvylamino Acids.—Pyruvylglycine and pyruvyl­
phenylalanine were prepared as described by Bergmann 
and Grafe.12 Pyruvylalanine was prepared by a similar 
procedure. The mixture obtained by the hydrolysis of 
a,Q!-diacetaminopropionylalanine was evaporated to dry­
ness and extracted with dry acetone, from which pyruvyl­
alanine, possessing the properties recorded by Bergmann 
and his collaborators,14 was secured on concentration to a 
small volume and recrystallizing from acetone or ether- 
petroleum ether.

Ethyl Esters of Pyruvylamino Acids.—Solutions of the 
pyruvylamino acids, obtained by extracting the above 
residues with absolute ethyl alcohol instead of acetone, 
were saturated with hydrogen chloride and boiled under 
reflux for about half an hour. After the removal of the 
solvent as completely as possible under reduced pressure, 
pyruvylglycine ethyl ester was converted into the oxime 
without further purification; pyruvylalanine ethyl ester 
was purified by distillation in high vacuum.

Preparation of Oximes.—The oximes of keto acids 
and pyruvylamino acids were prepared in aqueous solution, 
those of the ethyl esters of pyruvylamino acids in 50% 
alcoholic solution by treatment with about one and a half 
equivalents of hydroxylamine hydrochloride and three 
equivalents of sodium acetate. The reactions were al­
lowed to proceed for twelve to twenty-four hours at room 
temperature. The products either crystallized from the 
reaction mixture before or after acidification to Congo red 
or were isolated by extraction with ether. Purification 
was effected either by crystallization from hot water or 
from ether by addition of petroleum ether or by distillation 
in high vacuum.

Reduction of Oximes.—The oximes were reduced in 
alcoholic or aqueous alcoholic solution in the presence of 
Adams platinum oxide catalyst15 with hydrogen under 2-3 
atmospheres pressure. In  some cases, especially with the

(14) Bergmann, M iekeley and Kann, Z. physiol. Chem., 146, 247 
(1925).

(15) Adams, Voorhees and Shriner, Org. Syntheses, 8 , 92 (1928).
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T a b l e  T
-Analyses, %-

Empirical Yield, Calculated Found
Compound formula M. p.,6 °C. % C H N C H N

Alanine C3H7O2N 85 15.7 1 5 .7C 15.6 1 5 .9C
Phenylalanine C9H11O2N 81 65 .5 6 .8 8 .5 8 . 5C 65.6 6 .7 8 .6 8.7°
Pyruvylglycine oxime C5H 80 4 N 2 202, dec. 78 37 .5 5 .0 37 .8 4 .9 d
Pyruvylglycine oxime ethyl ester C7H1204N2 127 50 44 .7 6 .4 14.9 44 .6 6 .3 14.3
Alanylglycine C5H10O3N2 70 19.2 9 .6C 18.9 9 . 7C
Carbethoxyalanylglycine ethyl ester C10H18O5N2 7 2 .5 -7 3 .5e i6  y 48 .8 7 .4 11.4 48 .9 7 .5 11.4
Carbethoxyalanylglycine C8H14O5N2 120-121 52 ƒ 44 .0 6 .5 12.8 43 .9 6 .6 12.7
a,«-Diacetam inopropionylalanine C10H17O5N3 175-176, dec. 85 46 .3 6 .6 16.2 46 .3 6 .7 16.1
Pyruvylalanine C6H9O4N 143.5 73 45 .3 5 .7 8 .8 45 .2 5 .8 8 .8
Pyruvylalanine oxime C6H10O4N2 186 96 41 .4 5 .8 16.1 41 .4 5 .9 15.5
Pyruvylalanine ethyl ester C8H13O4N Liquid^ 16.7 51.3 7 .0 7 .5 51.1 7 .2 7 .1
Pyruvylalanine oxime ethyl ester C8H14O4N2 Liquid^ 86 47 .5 7 .0 13.9 4 6 .5 7 .0 13.3
Alanylalanine C6H12O3N2 76 17.5 8 . 8C 17.4 9 .0C
Alanylalanine anhydride C6H10O2N2 85 50.7 7 .1 19.7 50.6 7 .3 19.4
Carbethoxyalanylalanine ethyl ester C11H20O5N2 71-72 47 50.8 7 .8 10.8 50.7 7 .9 10.5
Pyruvylphenylalanine oxime C12H14O4N2 187-188, dec. 54 57.6 5 .7 11.2 57 .8 5 .7 10.8
Alanylcyclohexylalanine C12H22O3N2 78 59.5 9 .1 11.6 5 .8C 59.2 8 .9 11.3 5 .7C
Benzoylcyclohexyl alanine C16H21O3N 186-187 71 69 .8 7 .7 5 .1 70 .0 7 .9 5 .1
Lactone of a-acetamino-a-hydroxyglutaryl-

glycine C9H12O6N2 210, dec. 18 44 .3 5 .0 11.5 43 .9 5 ,0 11.4

a The authors wish to thank Mr. William Saschek for the micro analyses reported in the table. 6 All melting points 
are corrected. c Amino nitrogen, determined according to Van Slyke. d Low values for the oximes w;ere obtained by 
the micro Dumas technique. The micro Kjeldahl process was, of course, not directly applicable. e Fischer16 reports 
the melting point of carbethoxyalanylglycine ethyl ester as 67.5° and that of carbethoxyalanylglycine as 122°, both cor­
rected. i During the preparation of carbethoxyalanylglycine ethyl ester it is partially hydrolyzed to carbethoxyalanyl­
glycine.16 The combined yield of the two products, obtained in one experiment, amounted to 68%. 9 Distils at 95°
bath temperature under 0.4 mm. pressure. h Distils at 160-170° bath temperature under 0.7-0.9 mm. pressure.

esters of the pyruvylamino acid oximes, it was found ad­
vantageous to carry on the reduction in solutions acidified 
with a small amount of hydrochloric acid.13 Free amino 
acids and dipeptides were isolated from the reduction mix­
tures by evaporation to dryness after removal of chloride 
ions, and were purified by crystallization from water by the 
addition of alcohol. The dipeptide esters obtained by the 
reduction of the esters of the pyruvylamino acid oximes 
were isolated as carbethoxy derivatives following the 
technique of Fischer.16*17 Phenylalanine was obtained 
without difficulty by reduction of the oxime of phenyl- 
pyruvic acid. However, when the oxime of pyruvyl­
phenylalanine was reduced under the same conditions, 
alanylcyclohexylalanine was formed. From the latter, 
cyclohexylalanine was obtained by hydrolysis with dilute 
hydrochloric acid and isolated as the benzoyl derivative,18 
the identity of which was established by analysis and by 
mixed melting point determinations.

Lactone of a-Acetamino-«-hydroxyglutarylglycine, (III). 
—A suspension of 3 g. of a-acetamino-o:-hydroxyglutaric 
lactone (I),19 in 60 cc. of acetic anhydride was heated on a 
boiling water-bath until all the material had dissolved. 
About ten or fifteen minutes were required, during which 
time the solution became orange-yellow. After removal of 
the excess acetic anhydride in vacuo, the crude azlactone
(II), a yellow viscous oil, was suspended in 30 cc. of acetone 
and treated immediately with a solution of 1.12 g. of glycine 
in 15 cc. of normal sodium hydroxide. The mixture, con­
taining a trace of undissolved material, was shaken for 
thirty minutes, neutralized with 15 cc. of normal sulfuric

(16) Fischer, A nn ., 340, 123 (1905).
(17) Fischer, Ber., 35, 1095 (1902).
(18) Waser and Brauchli, Helv. Chim. Acta., 6, 199 (1923); ibid., 7, 

74,0 (1924).
(19) The condensation of tx-ketoglutaric acid with acetamide will 

be described in the succeeding paper.

acid, evaporated to dryness in vacuo, and extracted 
thoroughly with cold 95% alcohol. The alcoholic solution 
was evaporated to dryness; the residue was taken up in a 
small amount of water and decolorized with charcoal. 
The aqueous solution was then evaporated to dryness and 
the residue washed with cold alcohol. The insoluble por­
tion, weighing 1.3 g., was recrystallized by suspension in 
hot alcohol and dropwise addition of water until solution 
took place. On cooling 0.7 g. of product separated from 
the solution.

On direct titration with 0.01 N  sodium hydroxide, using 
phenolphthalein as the indicator, the substance immedi­
ately consumed somewhat more than one equivalent of 
alkali, and thereafter behaved like a lactone. The 
equivalent weight (calcd. 122; found 116, 128) was deter­
mined by back-titration with hydrochloric acid after 
treatment with a slight excess of alkali.

Summary
1. The possibility of synthesizing amino 

acids and dipeptides from a-keto acids has been 
demonstrated.

2. The oximes of pyruvic and phenylpyruvic 
acids were converted into the corresponding 
amino acids by catalytic reduction.

3. The pyruvyl derivatives of glycine, glycine 
ethyl ester, alanine, and alanine ethyl ester were 
converted into the corresponding dipeptides by 
catalytic reduction of their oximes. In the case 
of pyruvylphenylalanine oxime, reduction led to 
alanylcyclohexylalanine.

4. The azlactone of a-acetamino-a-hydroxy-
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g lu ta r ic  la c to n e  w as c o n d e n se d  w ith  g ly c in e  a m in o -a '-h y d ro x y g lu ta ry lg ly c in e .
w ith  th e  fo rm a tio n  of th e  la c to n e  of a -a c e t-  N e w  York, N. Y. R e c e iv e d  J u n e  15, 1938

[C o n t r ib u t io n  fr o m  t h e  D e p a r t m e n t  o f  B io l o g ical  C h e m is t r y , C o l u m b ia  U n i v e r s it y ]

The Condensation of «-Keto Acids and Acetamide1
B y  D a v id  S h e m in  a n d  R o b e r t  M . H e r b s t

In order to extend the dipeptide synthesis de­
scribed in the preceding paper, it was necessary 
to prepare a,a-diacetamino derivatives from a- 
keto acids other than the pyruvic acid studied by 
Bergmann and Grafe.2 The results obtained in 
the reaction of a-ketoglutaric acid with acetamide 
made desirable a more extensive study of this 
condensation, with a view to obtaining clearer in­
sight into its mechanism.

The results obtained with the several a-keto 
acids studied are summarized in the following 
scheme

When a-ketoglutaric acid (I, R = COOHCH2- 
CH2—) was condensed with acetamide (II) at 
70°, the main product was the lactone of a-aceta- 
mino-a-hydroxyglutaric acid (Ilia, R = —CO- 
CH2CH2—). If the reaction was carried out at a 
higher temperature, or if I lia  was heated at a 
higher temperature with acetamide, a second 
product, 7 , y-diacetaminobutyric acid (VI, R = 
COOHCH2CH2—) was obtained. Whether V is 
an intermediate in this reaction, as indicated by 
the dotted arrows, or whether I lia  is decarboxy- 
lated, must remain an open question, but the

(1) This report is from a dissertation submitted by David Shemin 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Faculty of Pure Science, Columbia University.

(2) Bergmann and Grafe, Z. physiol. Chem., 187, 187 (1930).

opening of the lactone ring of Ilia  by addition 
of acetamide appears to be a new reaction.

These results suggested that the formation of 
the diacetamino compounds proceeds in two steps, 
(a) addition of acetamide to the carbonyl group 
of the keto acid with the formation of an a- hy- 
droxy- a-acetamino compound (III), and (b) 
replacement of the hydroxyl group of III by an 
acetamino group. This hypothesis seemed rea­
sonable in view of the fact that benzaldehyde, on 
treatment with acetamide under suitable condi­
tions, forms benzylidene-diacetamide.3,4 How­

ever, it should be pointed out that in the 
preparation of aya-diacetaminopropionic acid 
(V, R = CH3—) from pyruvic acid and acet­
amide, a small amount of a-acetaminoacrylic 
acid (IV, R = CH2= )  is always formed.2 If 
a-acetamino-a-hydroxypropionic acid (III, 
R = CH3—) is formed as the first step in the 
reaction, loss of water from this intermediate 
readily explains the formation of a-acetamino- 
acrylic acid. In the case of a-ketoglutaric 
acid the intermediate (III) is stabilized by 
the formation of the lactone (Ilia). On the 
basis of the above hypothesis a-acetamino- 
acrylic acid would appear to be a by-product, 
but the possibility that it is an intermediate 

must be considered.
To test this point a-acetaminoacrylic acid 

(IV, R = CH2= )  was heated with acetamide. 
Surprisingly, almost quantitative conversion to 
a,a-diacetaminopropionicacid (V, R = CH3—) re­
sulted, so that a-acetaminoacrylic acid cannot be 
excluded as an intermediate. In this connection 
it should be recalled that a-aminoacrylic acid 
derivatives may be considered as tautomeric sub­
stances2,5 capable of reacting in the forms IV or 
IVa. Acetamide may therefore add onto either 
the carbon-carbon double bond of IV or the car-

(3) Bulow, Ber., 26, 1972 (1893).
(4) Chattaway and Swinton, J . Chem. Soc., 101, 1206 (1912).
(5) Bergmann, Miekeley and Kann, Z. physiol. Chem.., 146, 247 

(1925).

R—COCOOH +  CH3CONH2
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bon-nitrogen double bond of IVa.6 Our data 
permit no definite conclusion as to the mode of 
addition of acetamide to a-acetaminoacrylic 
acid. The only other examples tried, cinnamic 
acid and a-acetaminocinnamic acid, showed no 
tendency to react with acetamide. However, 
the side chain double bond of cinnamic acid is 
notoriously unreactive, and the presence of the 
benzene ring may elicit a similar condition in the 
case of acetaminocinnamic acid. This is sup­
ported by the observation that when phenyl- 
pyruvic acid was heated with acetamide, a-acet- 
aminocinnamic acid was formed in excellent yield.

The condensation of benzoylformic acid with 
acetamide was also studied. In this case an inter­
mediate of type IV cannot form, although IVa 
is still a possibility. Actually asa-diacetamino- 
phenylacetic acid (V, R = C6H5—) was formed in 
good yield, together with small amounts of a-ben- 
zoylaminophenylacetic acid (VII, R = CeH5—) and 
benzylidene diacetamide (VI, R = C&Rb—). The 
latter probably resulted from the interaction of 
acetamide with benzaldehyde, formed by decar­
boxylation of benzoylformic acid. Attempts to 
decarboxylate a, a-diacetaminophenylacetic acid 
were unsuccessful.

The experimental results are best explained by 
the assumption that the first step in the reaction 
between ce-keto acids and acetamide is the addi­
tion of acetamide to the carbonyl group of the 
keto acid with the formation of an a-acetamino-a- 
hydroxy derivative. The second step involves 
replacement of the hydroxyl group by another 
acetamino group either directly or through an 
unsaturated intermediate of the Schiff base type.

The formation of the a-benzoylaminophenyl- 
acetic acid resembles that of N-phenacetylphenyl- 
alanine from a-benzoylaminocinnamic acid or 
phenylpyruvic acid and aqueous ammonia,7 and 
that of N-acetylalanine from ammonia and 
pyruvic acid.8 Du Vigneaud and Irish9 have 
recently demonstrated the significance of this 
reaction in the biological synthesis of amino 
acids. The following scheme is suggested to ac­
count for the conversion of III into VII (R = 
C6H5—).

Attempts to isolate the azlactone postulated in 
the above scheme were unsuccessful, and it was

(6) Dr. R. E. Steiger very kindly called our attention to the latter 
possibility.

(7) Erlenmeyer and Kunlin, A nn ., 307, 146 (1899); Erlenmeyer, 
ibid., 337, 205 (1904).

(8) D e Jong, Rec. trav. chim., 19, 259 (1900).
(9) Du Vigneaud and Irish, J . Biol. Chem., 122, 349 (19381.

OH
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impossible to find evidence of a similar reaction in 
the case of any of the other ce-keto acids studied.

Both the Erlenmeyer and the de Jong reactions 
can be explained by an analogous mechanism, 
ammonia being substituted for acetamide and 
water split out instead of acetic acid at the appro­
priate point. The formation of the amide of 
phenacetylphenylalanine in the Erlenmeyer re­
action can be best explained by the assumption 
of an azlactone as a precursor, especially since 
Bergmann and collaborators10 have shown that 
the azlactones of acylamino acids are converted 
into the respective amides by aqueous ammonia.

Experimental
a-Ketoglutaric Acid with Acetamide 

a-Acetamino-a-hydroxyglutaric Lactone (Ilia , R = 
—COCH2CH2—).—a-Ketoglutaric acid (13.5 g.), prepared 
according to Neuberg and Ringer,11 was treated with 6 g of 
acetamide at 70-75° under 10-15 mm. pressure for ten 
hours. The partially crystalline reaction mixture was ex­
tracted with four 50-cc. portions of hot ethyl acetate. The 
insoluble fraction (9.5 g.) was recrystallized from acetone- 
ether, from which it separated as colorless prisms which, 
on rapid heating, melted with decomposition a t 196° 
(corr.). The substance was also soluble in water and 
alcohol, and crystallized from the latter on addition of 
ether. Opening of the lactone ring and esterification (see 
below) occur on prolonged boiling in alcoholic solution. 
The material was dried for analysis a t 76 0 at 5 mm.

(10) Bergmann, Stern and Witte, A n n ., 449, 277 (1926).
(11) Neuberg and Ringer, Biochem. Z ., 71, 226 (1915).



1956 David Shemin and Robert M. Herbst Vol. 60

Anal. Calcd. for C7H90 5N: C, 44.9; H, 4.9; N, 7.5. 
Found: C, 45.1; H, 4.7; N, 7.5.

On direct titration with standard alkali the substance 
behaved like a lactone. The equivalent weight determined 
by back-titration after dissolving in a slight excess of 
alkali was 88, calculated for C7H9O5N, 93.5. No reaction 
took place with bromine in aqueous solution.

On hydrolysis with normal hydrochloric acid, a 95% 
yield of a-ketoglutaric acid was obtained, isolated as the 
2,4-dinitrophenylhydrazone, m. p. 217° (corr.) with de* 
composition, and showing no depression when mixed with 
an authentic specimen.

Glutamic Acid Hydrochloride.—a- Acet amino-a-hy-
droxyglutaric lactone was boiled with absolute ethyl 
alcohol for three hours. The resultant unsaturated ester 
was hydrogenated in the presence of a platinum catalyst 
and hydrolyzed with normal hydrochloric acid, when 
glutamic acid hydrochloride was obtained.

Anal. Calcd. for C5H9O4NHCI :  N, 7.6; NH2*N, 7.6. 
Found: N, 7.9; NH2 N, 7.7.

7 .7 - Diacetaminobutyric Acid (VI, R = COOHCH2- 
CH2—).—A mixture of 18 g. of a-ketoglutaric acid and 15 g. 
of acetamide was heated at 110 =*= 5 0 for eight to nine hours 
at 10-15 mm. pressure. The reaction mixture was then 
dissolved in 400 cc. of cold ethyl acetate. An oil separated 
which crystallized on standing in the refrigerator. The 
crystals were filtered off and washed with cold ethyl acetate 
and cold absolute alcohol. Recrystallization was effected 
by boiling a suspension of the material in hot absolute alco­
hol and adding water dropwise until solution was complete. 
On standing in the refrigerator the substance crystallized 
in the form of needles, m. p. 197° (corr.), in a yield of 3.5 g. 
The melting point was markedly depressed when the ma­
terial was mixed with a-acetamino-a-hydroxyglutaric 
lactone.

Anal. Calcd. for C8H14O4N2: C, 47.5; H, 6.9; N, 13.9; 
equiv. wt., 202. Found: C, 47.6; H, 7.0; N, 13.6; equiv. 
wt., 203.

7 .7 - Diacetaminobutyric acid was also formed when the 
lactone of a-acetamino-a-hydroxyglutaric acid (1.87 g.) 
was heated with acetamide (1.8 g.) at 110°. By similar 
methods of isolation, 900 mg. was obtained, m. p. 197° 
(corr.), and showing no depression when mixed with the 
product described above.

Anal. Calcd. for C8H14O4N2: N, 13.9. Found: N,
13.7.

The constitution was determined by hydrolysis in aque­
ous acid solution to the semi-aldehyde of succinic acid, 
isolated as the ^-nitrophenylhydrazone, m. p. 179.5° 
(corr.), in a yield of 55%. The melting point showed no 
depression when mixed with an authentic specimen.12

a-Acetaminoacrylic Acid with Acetamide
a,a-Diacetaminopropionic Acid (V, R = CH3—).—

a-Acetaminoacrylic acid was prepared from a,a-diacet- 
aminopropionic acid according to Bergmann and Grafe.2

Anal. Calcd. for C5H7O3N: N, 10.9. Found: N, 10.7.
a-Acetaminoacrylic acid (4.75 g.) was heated with acet­

amide (10 g.) a t 110-115° under 10-15 mm. pressure for

(12) Dakin, Biochem. J ., 11, 79 (1917).

three hours. The fraction insoluble in ethyl acetate was 
recrystallized from hot 95% ethyl alcohol. The yield of 
pure a ,a-diacetaminopropionic acid was 4.5 g., m. p. 189- 
190° (corr.) with decomposition. I t  did not take up 
bromine in aqueous solution.

Anal. Calcd. for C7H12O4N2: N, 14.9. Found: N, 
14.9.

a-Acetaminocinnamic Acid with Acetamide
In an attem pt to condense a-acetaminocinnamic acid 

with acetamide under comparable conditions, 94 per cent, 
of the a-acetaminocinnamic acid was recovered as such.

Phenylpyruvic Acid with Acetamide
a-Acetaminocinnamic Acid (IV, R = C6H 5C H = ).— 

A mixture of 12 g. of phenylpyruvic acid13 and 12 g. of acet­
amide was heated for three hours at 110-115° under 10-15 
mm. pressure. On recrystallization from boiling water 
with norite, the reaction mixture yielded 7.1 g. of pure a- 
acetaminocinnamic acid, m. p. 193 ° (corr.) with decomposi­
tion.

Benzoylformic Acid with Acetamide
a, a-Diacetaminophenylacetic Acid (V, R = C6H5—).— 

Benzoylformic acid (10 g.) was heated with acetamide (10 
g.) for one hour at 110-115° under 10 mm. pressure. The 
initially clear melt solidified during the course of heating. 
Crude a ,a-diacetaminophenylacetic acid (9.3 g.) remained 
after the reaction mixture was thoroughly extracted with 
ether (see below) and washed with cold alcohol. On re­
crystallization from 70-80% alcohol «,a-diacetamino- 
phenylacetic acid separated in the form of microscopic 
crystals, containing one mole of water of crystallization, 
m. p. 201-202° (uncorr.) with foaming. The material was 
dried for analysis a t 110° in vacuo over phosphorus pent­
oxide.

Anal. Calcd. for Ci2Hi404N2*H20 : H20, 6.7. Found: 
H20, 6.5. Calcd. for C12H 14O4N2: C, 57.6; H, 5.6; N,
11.2. Found: C, 57.4; H, 5.6; N, 11.2.

On boiling with normal hydrochloric acid, a,a-diacet- 
aminophenylacetic acid yielded benzoylformic acid, identi­
fied as the 2,4-dinitrophenylhydrazone, m. p. 196° (un­
corr.) with decomposition, and showing no depression when 
mixed with an authentic specimen.14

a-Benzoylaminophenylacetic Acid (VII, R = C6H5—). 
—The ether-soluble fraction of the above reaction product 
of benzoylformic acid and acetamide, on recrystallization 
from hot water, gave 220 mg. of a-benzoylaminophenyl- 
acetic acid, m. p. 175° (corr.) showing no depression when 
mixed with an authentic sample.15

Benzylidene Diacetamide (VI, R =  C6H5—).—During 
the reaction of benzoylformic acid with acetamide variable 
amounts of benzylidene diacetamide were formed. This 
substance was separated from the diacetaminophenyl- 
acetic acid by its ready solubility in hot absolute alcohol, 
from which it crystallized in the form of long needles, m. p. 
250° (uncorr.) with decomposition.

(13) Phenylpyruvic acid can be prepared conveniently in yields of 
90-96% of the theoretical by boiling a-acetaminocinnamic acid for 
three hours with 20 parts of normal hydrochloric acid.

(14) Corson, Sanborn, and Van Ess, T h is  Jo u r n a l , 52, 1623 
(1930).

(15) Kossel, Ber., 24, 4145 (1891).
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Anal. Calcd.for C11H 14O2N2: N, 13.6. Found: N, 13.7.
When a, tt-diacetaminophenylacetic acid was heated with 

acetamide under the above conditions for as long as five 
hours, no evidence of decarboxylation could be obtained, 
and only the starting material could be isolated from the 
reaction mixture.

Summary
1, The condensation of the following a-keto 

acids with acetamide has been studied: pyruvic, 
phenylpyruvic, a-ketoglutaric, and benzoylformic 
acids.

2. The condensation takes place in the follow­
ing steps : (a) addition of acetamide to the car­
bonyl group of the keto acid with the formation 
of an a-acetamino-a-hydroxy acid, and (b) re­
placement of the hydroxyl group by a second acet- 
amino group, either directly or by dehydration

followed by addition of acetamide to the unsatu­
rated intermediate.

3. Phenylpyruvic acid forms only a-acet- 
aminocinnamic acid, and the latter does not add 
acetamide to its double bond under the experi­
mental conditions chosen.

4. The opening of a lactone ring by addition of 
acetamide was observed with the lactone of a- 
acetamino- a-hydroxyglutaric acid.

5. In the condensation of benzoylformic acid 
with acetamide a secondary reaction analogous to 
the Erlenmeyer-de Jong reaction was observed. 
A mechanism is suggested to explain the forma­
tion of a-acylamino acids from a-keto acids by 
this reaction.
N e w  Y o r k , N .  Y . R e c e iv e d  J u n e  15, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m is t r y  D e p a r t m e n t  o f  D u k e  U n i v e r s i t y ]

Condensations Brought about by Bases. III. The General Course of the Claisen
Type of Condensation
B y C h a r les  R . H a u ser

The equations proposed recently1 for the 
Claisen condensation of ethyl esters may be 
generalized to include other carbon-carbon con­
densations in which a metallic enolate condenses 
with a compound of the general type RCOX, 
where X is an atom or group that is removed as 
an anion during the reaction. The general course 
for this type of condensation may be represented 
by the following ionic equations, in which B rep­
resents a base.

H—C—C = 0  +  B < *1 (enolate anion)-  -j- BH +

O O-  O

RC -j- (enolate anion)
| Component B

X
Component A

: RC—C—C :
I I I

X
o o

R—C—C—C +  X -

o

R—C—C— C = 0  + ; B (enolate anion of 1,3-diketo 
compound)-  4- BH+

The first equation represents an acid-base 
reaction in which a new acid and a new base (the 
enolate anion) are formed. The second equation

(1) (a) Hauser and Renfrow, T h is Jo u r n a l , 59, 1823 (1937); (b) 
Renfrow and Hauser, ibid., 60, 463 (1938).

represents a carbon-carbon condensation between 
the enolate anion, designated component B, and 
a compound of the type RCOX, which is desig­
nated component A.2 This reaction gives an 
intermediate organic anion, which releases X as 
anion, forming the 1,3-diketo compound. The 
last equation represents another acid-base reac­
tion in which the 1,3-diketo compound is con­
verted into its enolate anion. This reaction can 
occur, of course, only if the 1,3-diketo compound 
contains an enolizable hydrogen, and if a suf­
ficiently strong base is present.

A number of apparently diverse condensations, 
as, for example, the condensation of two mole­
cules of an ethyl ester in the presence of a base, 
and the condensation of a molecule of acetoacetic 
ester (as enolate) with a molecule of an acid 
chloride are represented by these general equa­
tions. It is proposed that any reaction that is 
represented by the above equations be classified 
as a Claisen type of condensation.

While there is little doubt that the general 
mechanism of the Claisen type of condensation 
involves the formation of a metallic enolate as an 
active intermediate, the detailed mechanism by 
which this enolate condenses with a compound

(2) In this connection see Arndt and Eistert, Ber., 69, 2383 (1936).
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of the type RCOX is not entirely clear. Metallic 
enolates are capable of reacting as if their anions 
possessed either of the resonance forms

I I
(a) : C— 0 = 0 :  or (b) C = C —O :

giving both carbon and oxygen derivatives. The 
carbon-carbon condensation represented by the 
above equations may be considered to involve 
an attack of resonance form (a) of the enolate 
anion on the potentially positive carbon atom of 
the carbonyl group in component A, thus

r >0
c  II I

R—C <—  : C—0 = 0
I I I

X

o -
I I

RC—C—C = 0  •

X o
RC—C—C = 0  +  X -

I .1
An oxygen-carbon condensation may be con­
sidered to involve a reaction of resonance form
(b) of the enolate anion, thus

c? . .
RC : O—C = C  ■

X

o-
I I I

R—C—O—C = C  •
I I

X
o

I I
RC—O—C = C  -j- X -

This simple representation, however, does not 
indicate the effect that component A may have on 
the course of the condensation as exhibited, for 
example, in the reactions of the sodium enolate 
of acetoacetic ester with certain acid chlorides; 
this enolate with acetyl or benzoyl chloride gives 
mainly the carbon derivative, but with chlorofor- 
mic ester, mainly the oxygen derivative.3 In the 
similar phenomena of oxygen- and carbon-alkyla­
tion of metallic enolates Johnson4 assumes that a 
coordination complex is first formed: an a,y- 
shift leads to oxygen ethers, and a cyclic mecha­
nism leads to carbon alkylation. On the basis of 
these ideas the alternative courses of reaction of 
metallic enolates (especially those that would not 
be ionized appreciably) with compounds of the 
type RCOX might be represented as follows5

(3) See, for example, Hickinbottom, “Reactions of Organic Com­
pounds,” Longmans, Green and Company, New York, N . Y., 1936, 
p. 105, or Richter, “Organic Chemistry,” Blakiston, Philadelphia, 
Pa., 1934, Vol. I, p. 474.

(4) See Gilman, “Organic Chemistry,” John Wiley and Sons, Inc,, 
New York, N . Y„ 1938, p. 1651.

I I
(5) The general formula — C = C —O—M represents a metallic 

enolate. The enolic form of the enolate is shown because this, rather 
than the ketonic form, probably more nearly approximates the 
structure of the compound.

- C = C \
0\

7f
R — C =C r

I
X

M a, 7-shift

-C = C
I

0

r—c—o—:
1

X

M

-c=c
Ó +  MX
I

R—C = 0

\ X
\  M\ x

R—C O
I

X

—c—c=o
I

R—C—O—M
I

X

—c —c = o
| +  MX

R—C—O

Whether or not further data will support these 
mechanisms remains to be determined. At the 
present time the ionic point of view of the Claisen 
condensation seems preferable. I t is not only 
simpler but at least certain metallic enolates 
appear to be ionized; certain other enolates which 
may not be ionized appreciably, may be regarded 
as possessing potential ions. It is possible that a 
coordination complex between component A and 
the metallic enolate might lead to the transient 
formation of resonance structures (a) or (b). 
Regardless of the intimate mechanism, however, 
a carbon-carbon condensation between a metallic 
enolate and a compound of the type RCOX may 
be classified as a Claisen type of condensation.

The types6 of component A of the condensa­
tion include esters, anhydrides,7 acid chlorides,7 
and N-diphenylacetamide,8 where X is OR, 
OOCR, Cl, and (C6H5)2N, respectively. The 
types6 of component B include the enolate anions 
of esters, aldehydes, ketones, N-diphenylacet­
amide,8 and 1,3-diketo compounds.9 Component 
B could also be the enolate anions of other types 
of compounds. A general formula for com­
pounds whose anions might function as com-

(6) It should be pointed out that not all of these types of com­
ponents A and B have been condensed with each other.

(7) See Hudson, Dick and Hauser, T h is  J o ur n a l , 60, 1960 
(1938).

(8) Chelintzev and Osetrova, Ber., 69B, 374 (1936).
(9) The reaction of the enolate of a 1,3-diketo compound, such as 

acetoacetic ester, with an acid chloride (component A) will form a 
triketo compound of the type RCOCH(COR) CO.
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ponent B is represented by the system H—C—A=x,

where A is carbon or nitrogen and X oxygen 
or nitrogen. It should be pointed out also that 
the condensation of many basic anions or of Grig­
nard reagents with a compound of the type 
RCOX may follow a course similar to that rep­
resented above, but it is probably best to classify 
as examples of the Claisen type of condensation 
only those reactions in which a carbon-carbon 
condensation occurs, and in which a metallic 
enolate or its anion serves as component B.

The types of base B that may be used to effect 
the Claisen condensation include the anions, 
“OC2H5,_NH2, and (C6Hö)3C~, and certain 
Grignard reagents.10 The base that will effect 
a condensation between a particular set of com­
ponents A and B is limited by several factors. 
In the first place, the base B, as well as the enolate 
anion, may condense with the carbonyl group of 
component A, giving the intermediate anion

o -
I

R— C—B ; th e  l a t t e r  o n  d eco m p o s itio n  may fo rm  

X
RCOB and X~. This competing reaction should 
be expected especially when the equilibrium of the 
first equation above is on the left side (i. e., when 
there is a high concentration of the base B), and 
when X of component A corresponds to a weaker 
base than B. In the common condensations of 
ethyl esters effected by sodium ethoxide the equi­
librium of the first step is probably on the left 
side, but here the base B, which is ethoxide ion, is 
the same group as X of component A; conse­
quently, any anion of the type

R—C^-OC2H5 
X OC2H 5

that might be formed by reaction of ethoxide ion 
with component A, would on decomposition re­
generate the original component A (ethyl ester) 
and original base B (ethoxide ion). On the other 
hand, if X of component A is chlorine, the 
ethoxide ion probably would convert most of the 
acid chloride into the corresponding ethyl ester 
and chloride ion. The very low yield of aceto­
acetic ester obtained from ethyl acetate in the 
presence of sodamide11 is probably due to the pre­
dominance of a similar competing reaction be­
tween the amide ion (NH2)~ and the carbonyl

(10) Spielman and Schmidt, T h is  J o u r n a l , 59, 2009 (1937).
(11) See Bergstrom and Fernelius, Chem. Rev., 12, 146 (1933).

group of the ester. In certain cases it is possible 
to minimize the competing reaction of the base B 
with component A by first converting the system

H—C—C = 0  in to  i t s  e n o la te  a n io n , a n d  th e n  a l-
I I

lowing this anion to react with component A. 
Esters may be enolized by sodium triphenyl- 
methyl,12 and ketones by sodamide.13 /3-Keto 
esters, such as ethyl acetoacetate,9 are commonly 
enolized by sodium ethoxide.

Other factors that limit the type of base B that 
may be used to effect a Claisen condensation are 
not well understood at the present time. One of 
the requirements appears to be that a weaker base 
must be formed than the one used to initiate the 
reaction. In all known condensations of ethyl 
esters by sodium ethoxide the /3-keto ester that is 
formed is converted into its enolate; it should be 
noted that in this way only can a base (enolate 
anion) be formed that is weaker than the one 
(ethoxide ion) used to initiate the reaction. On 
the other hand, when sodium triphenylmethyl is 
used in condensations of ethyl esters it is not 
necessarylb for the /3-keto ester that is formed to 
be converted into its enolate, because a weaker 
base, the ethoxide ion, is formed during the reac­
tion. It should be pointed out, however, that 
condensation does not always occur even when it 
appears possible to form a weaker base.14 Solu­
bility relationships or perhaps other factors may 
play an important role in these condensations.

Summary
1. The general course of the Claisen type of 

condensation is outlined.
2. It is proposed that any reaction that in­

volves the carbon-carbon condensation of a 
metallic enolate with a compound of the type 
RCOX, where X is an atom or group that is re­
moved as an anion, be classified as a Claisen type 
of condensation.

3. Certain aspects of this type of condensation 
are discussed.
D u r h a m , N o r t h  C a r o l in a  R e c e iv e d  J u n e  11, 193 8

(12) The anion of sodium triphenylmethyl is a base which readily 
enolizes the hydrogen on the «-carbon atom  of an ester, but which 
appears to attack the carbonyl group of the ester only at a relatively 
slow rate. Apparently the latter reaction occurs only when i t  is not 
possible for an ester to be enolized. In this connection see Schlenk 
and Ochs, Ber., 49, 610 (1916).

(13) See Bergstrom and Fernelius, Chem. Rev., 12, 107 (1933).
(14) Roberts and McElvain [Th is  J o urn al , 59, 2007 (1937)] have 

shown that ethyl isovalerate and ethyl /-butylacetate are not con­
densed by sodium ethoxide even though the jS-keto esters that would 
be formed have hydrogen on the «-carbon atom.



[C o n t r ib u t io n  f r o m  t h e  C h e m is t r y  D e p a r t m e n t  o f  D u k e  U n i v e r s it y ]

Condensations Brought about by Bases. IV. The Condensation of Ethyl Isobutyrate 
with Benzoyl Chloride, Benzoic Anhydride and Phenyl Benzoate as Examples of the

Claisen Type of Condensation1
B y  B . E . H u d so n , J r ., R . H . D ic k  and  C h a r l e s  R . H a u ser
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The general course of the Claisen type of con­
densation has been outlined in the third paper 
of this series.2 It was pointed out that any re­
action involving the condensation of a metallic 
enolate with a compound of the type RCOX, 
where X is an atom or group that is removed as an 
anion, may be classified as a Claisen type of con­
densation.

The purpose of this paper has been to investi­
gate the possibility of condensing the simple es­
ters, ethyl acetate, ethyl propionate and ethyl 
isobutyrate, with a series of compounds of the 
type C6H5COX, using sodium triphenylmethyl as 
the base. In order to minimize the competing 
reaction of sodium triphenylmethyl with RCOX, it 
seemed expedient first to convert the ester into 
its enolate by means of the sodium triphenyl­
methyl and then allow the enolate to condense 
with RCOX, but this procedure has been satis­
factory only with ethyl isobutyrate.

Ethyl isobutyrate was added to an ether solu­
tion of sodium triphenylmethyl, and, after eight 
to ten minutes, benzoyl chloride,3 benzoic anhy­
dride, or phenyl benzoate was added. These 
reactions gave good yields (50-55%) of the car­
bon-carbon condensation product, ethyl benzoyl- 
dimethylacetate. No oxygen derivative was iso­
lated. These carbon-carbon condensations, as 
well as the one between ethyl isobutyrate and 
ethyl benzoate,4 are regarded as examples of the 
Claisen type of condensation. They may be 
represented by the following equations, where X 
of component A is chlorine, benzoate, phenoxide 
or ethoxide.
(CH3)2CHCOOC2H5 +  (C6H5)3C -N a+ ^=±:

(ester anion) “ N a+ -f (CöHöhCH
0

C0H5C +  (ester anion)-  N a+ \„::±
1

X
(1) This work was supported in part by a grant from the Duke 

University Research Council.
(2) Hauser, T h is  Jo urn al , 60, 1957 (1938).
(3) This reaction serves as perhaps the best method for the prepa­

ration of ethyl benzoyldimethylacetate. Previously, it has been 
carried out on a small scale by Scheibler and Stein, J. prakt. Chem., 
139, 105 (1934).

(4) Renfrow and Hauser, T h is Jo u rn al , 60, 463 (1938).

0 ~ N a+ CH3 O
I I II

c 6h 5c -------- c---- c ^z± :
I I I

X CH3 OC2H5

o  c h 3 o

CeHsC-----C------C +  Na+X~
I I

CH3 OC2H5

It should be pointed out that in order to ob­
tain ethyl benzoyldimethylacetate when X is 
ethoxide it is necessary to acidify the reaction 
mixture within a short time,5 because on standing 
in the presence of ethoxide ion (which is formed 
in the condensation), this /3-keto ester is con­
verted into ethyl benzoate and ethyl isobutyryl- 
isobutyrate.6

The condensation of ethyl acetate or ethyl 
propionate with compounds of the type RCOX is 
difficult to control, first because these esters, in 
the presence of sodium triphenylmethyl, undergo 
self condensation very rapidly,7 and, second, 
because the /3-keto esters which result also are 
capable of condensing with many compounds of 
the type RCOX. When ethyl acetate or ethyl 
propionate is added to an ether solution of sodium 
triphenylmethyl the deep-red color of the latter 
changes quickly to a lighter color (orange or yellow) 
even at 0°; and at room temperature a good yield 
(43%) of ethyl acetoacetate8 is obtained from ethyl 
acetate when the reaction is stopped by acidifica­
tion within three minutes.7

It has not been possible to isolate a good yield 
of the primary condensation product from the 
reaction of ethyl acetate or propionate with a 
compound of the type RCOX. The addition of

(5) Ethyl benzoyldimethylacetate has been obtained from ethyl 
isobutyrate and ethyl benzoate by stopping the reaction after thirty 
minutes.4 The yield of /3-keto ester that could be isolated in this 
case, however, was only about one-third of that obtained from the 
condensation of ethyl isobutyrate with benzoyl chloride.

(6) Further details of this conversion will be published shortly.
(7) It should be pointed out that ethyl isobutyrate likewise under­

goes self-condensation in the presence of sodium triphenylmethyl, 
but at a slower rate. See Hauser and Renfrow, T h is  J o u r n a l , 59, 
1823 (1937).

(8) That the enolate of ethyl acetate is an intermediate in this 
condensation is indicated by the fact that when the ester is added to  
sodium triphenylmethyl, followed by the addition of iodine, ethyl 
iodoacetate is obtained (25% yield); Muller, Gawlick and Kreutz- 
mann, A nn., 515, 109 (1934).
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e th y l  p ro p io n a te  to  a n  e th e r  s o lu tio n  o f so d iu m  
t r ip h e n y lm e th y l  a t  0 ° , fo llo w ed  im m e d ia te ly  b y  
th e  a d d it io n  of b en z o y l ch lo rid e , g a v e  o n ly  h ig h  
b o ilin g  p ro d u c ts ,  w h ic h  w ere  a s s u m e d  to  b e  b e n -  
z o y la te d  /3-keto e s te rs . T h e  a d d it io n  o f a  m ix tu r e  
o f e th y l  p ro p io n a te  a n d  p h e n y l b e n z o a te  to  so d iu m  
tr ip h e n y lm e th y l  g a v e  a  v e ry  sm a ll y ie ld  o f a  p ro d ­
u c t  w h ich  a p p a re n t ly  w as  th e  p r im a ry  c o n d e n sa ­
t io n  p ro d u c t ,  e th y l  b e n z o y lm e th y la c e ta te ,  b u t  in  
th is  case  a lso  a  c o n s id e ra b le  a m o u n t  o f h ig h e r  
b o ilin g  m a te r ia l  w as o b ta in e d . L o w  y ie ld s  o f 
e th y l  b e n z o y la c e ta te 9 a n d  e th y l  b e n z o y lm e th y l­
a c e ta te  (p r im a ry  c o n d e n sa t io n  p ro d u c ts )  h a v e  
b e e n  o b ta in e d  b y  a d d in g  m ix tu re s  o f e th y l  a c e ta te  
a n d  e th y l b e n z o a te , a n d  o f e th y l  p ro p io n a te  a n d  
e th y l  b e n z o a te , to  so lu tio n s  o f so d iu m  t r ip h e n y l ­
m e th y l.

Experimental
Preparation of Sodium Triphenylmethyl.—For the con­

densations studied in this paper ether solutions of sodium 
triphenylmethyl were prepared by shaking together 63 g. 
of triphenylchloromethane, 2100 g. of 1% sodium amalgam 
and 1500 cc. of dry ether as described previously.10 In 
some preparations 1500 g. of 1% sodium amalgam to 63 g. 
of triphenylchloromethane has been used. I t  is advisable 
to stop the shaking with the appearance of the deep-red 
color, and cool the reaction bottle with a wet towel; the 
shaking should then be continued for about thirty minutes 
longer. The ether solution of sodium triphenylmethyl 
may be analyzed as follows. A 50-cc. aliquot of the solu­
tion is run into 25 cc. of water in a separatory funnel. The 
water is drawn off and the ether solution extracted with 
three additional 25-cc. portions of water. The water is 
boiled to expel the ether, cooled and titrated with 0& N  
sulfuric acid using methyl red as indicator. I t  has been 
found that when a good grade of triphenylchloromethane 
is used the yield of sodium triphenylmethyl is almost 
quantitative.

Results with Ethyl Isobutyrate.—To the solution of 
sodium triphenylmethyl was added 25 cc. of ethyl iso­
butyrate, and the mixture shaken and allowed to stand at 
room temperature for eight to ten minutes. To the solu­
tion of enolate was added with shaking a solution of 21.5 
cc. of a good grade of benzoyl chloride dissolved in 50 cc. of 
ether. The mixture became warm and a white precipitate 
of sodium chloride separated immediately. After standing 
at room temperature for several hours the mixture was dis­
tilled on a water-bath until the volume was reduced to 300- 
400 cc. A solution of 5 cc. of acetic acid in 300 cc. of 
water was added and the mixture shaken in a separatory 
funnel until two homogeneous layers were obtained. The 
aqueous layer wus drawn off, the ether layer shaken with 
10% sodium carbonate solution and dried over “Drierite.” 
The ether solution was filtered from the Drierite and dis­

co) A better yield of ethyl benzoylacetate has been obtained from 
ethyl acetate and ethyl benzoate in the presence of sodium ethoxide; 
Claisen and Lowman, Ber., 20, 653 (1887).

(10) Hauser and Renfrow, T h is  J o u r n a l , 59, 1825 (1937).

tilled on a water-bath until most of the ether was removed. 
The residue was cooled in a refrigerator and the precipitate 
of triphenylmethane filtered off and washed with several 
portions of ether. The filtrate after further removal of 
ether was distilled a t 15 mm. and all material boiling up to 
180° collected. The distillate was redistilled a t 15 mm., 
collecting liquid boiling at 120-160°. A final distillation 
was carried out a t 15 mm. and the fraction boiling at 146- 
148° taken as ethyl benzoyldimethylacetate.3 The yield 
was 20.5-22.5 g. (50-55% of the theoretical amount). 
The isoxazolone prepared as described previously4 melted 
a t 69-70°.

Anal.11 Galcd. for CnHn0 2N: N, 7.40. Found: N,
7.40, 7.54.

The condensations of ethyl isobutyrate with benzoic 
anhydride12 and with phenyl benzoate were carried out in a 
similar manner. The yield of ethyl benzoyldimethyl­
acetate obtained with benzoic anhydride was approxi­
mately the same as when benzoyl chloride was used; the 
yield obtained with phenyl benzoate was slightly less.

Results with Ethyl Acetate.—To the ether solution of 
sodium triphenylmethyl was added a t room temperature 
16 g. of ethyl acetate, and the solution shaken. The color 
changed in less than a minute from deep red to orange, and 
further addition of a little ethyl acetate produced no fur­
ther color change. After standing for three minutes at 
room temperature 20 cc. of glacial acetic acid was added. 
The ether solution was washed with dilute sodium carbon­
ate and dried with “ Drierite.” Most of the ether was dis­
tilled from a water-bath through a fractionating column. 
The remaining solution was cooled and the triphenyl­
methane which precipitated filtered off. On fractionation 
a little ethyl acetate was recovered, and 5 g. of ethyl aceto- 
acetate (43% of the theoretical amount) boiling at 73-76° 
at 14 mm. was obtained.

A mixture of 17 g. of ethyl acetate and 29 g. of ethyl 
benzoate was added to the ether solution of sodium tri­
phenylmethyl. After standing for several hours the 
products were isolated in the usual manner. Some ethyl 
benzoate was recovered and ethyl acetoacetate was ob­
tained. A small fraction (2.9 g.) of ethyl benzoylacetate 
boiling at 164-168° at 15 mm. was obtained. This is the 
approximate boiling point reported in the literature.13 
The isoxazolone melted at 151-152° (corr.) which is in 
agreement with the melting point reported in the litera­
ture.14

Results with Ethyl Propionate.—Similar to ethyl acetate, 
ethyl propionate quickly changes the color of sodium tri­
phenylmethyl.

Eighteen grams of ethyl propionate was added to a 
rapidly stirred ether solution of sodium triphenylmethyl at 
0 °, followed immediately by the addition of 25 g. of benzoyl 
chloride. No ethyl benzoylmethylacetate could be iso­
lated. Mixed with triphenylmethane high boiling prod­
ucts were obtained which were assumed to be benzoylated 
products. These were not further investigated, since we 
were interested in the primary condensation products.

(11) Micro-Dumas by R. L. Peck
(12) This experiment has been carried out by W. B. Renfrow, Jr.
(13) Claisen, A nn ., 291, 71 (1896); see ref. 9.
(14) Moureu and Lazennec, Compt. rend., 144, 1281 (1907); 

Uhlenhuth, A nn., 296, 38 (1897).
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A mixture of 17 g. of ethyl propionate and 35 g. of phenyl 
benzoate was added to the ether solution of sodium tri­
phenylmethyl at room temperature. After standing over­
night the products were isolated in the usual manner. 
Only a little ethyl propionate and phenyl benzoate were 
recovered. Similar to the experiment with benzoyl chlo­
ride, the triphenylmethane was contaminated with high 
boiling oils. A small fraction (1.5 g.) boiling a t 153-156° 
at 11 mm. which was apparently ethyl benzoylmethyl 
acetate was isolated.

A mixture of 17 g. of ethyl propionate and 26 g. of 
ethyl benzoate was added to the ether solution of sodium 
triphenylmethyl a t room temperature. After fifteen min­
utes the mixture was acidified with acetic acid, and the 
products isolated in the usual manner. Some ethyl ben­
zoate was recovered, and ethyl propionylmethylacetate was 
obtained. Four grams of ethyl benzoylmethylacetate boil­
ing at 154-156 ° at 11 mm. was isolated. Hope and Perkin15 
give 162-163 ° as the boiling point at 18 mm. The isoxazo­
lone me’ ed at 120.5-121.5° (corr.). Haller and Bauer16

(15) Hope and Perkin, J . chem. Soc., 95, 2045 (1909).
(lb) Haller and Bauer, A n n . Chim., [10] 1, 282 (1923).

give 123-124 ° as the melting point of the isoxazolone after 
many recrystallizations.

Summary
1. The enolate of ethyl isobutyrate has been 

condensed with benzoyl chloride, benzoic anhy­
dride, and phenyl benzoate to give good yields of 
ethyl benzoyldimethylacetate.

2. Ethyl acetate in the presence of sodium 
triphenylmethyl gives a good yield of ethyl 
acetoacetate within three minutes.

3. Ethyl acetate and ethyl propionate con­
dense with ethyl benzoate in the presence of 
sodium triphenylmethyl but only low yields of 
ethyl benzoylacetate and of ethyl benzoyhnethyl- 
acetate have been obtained.

4. These reactions are regarded as examples 
of the Claisen type of condensation.
D u r h a m , N o r t h  C a r o l in a  R e c e iv e d  J u n e  11, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  C o l u m b ia  U n i v e r s it y ]

The Kinetics of the Hydrolysis of Ethyl Orthoformate in D20 -H 20  Mixtures
B y  F r a n k  B r e sc ia  and  V ic to r  K . L a M e r

Introduction
Recent work1 on acid catalysis in heavy water 

has led to the general criterion that an increase 
in the rate in D20, over that in H20, is evidence 
that an equilibrium is maintained in the first 
stage of the reaction mechanism whereas a de­
crease in rate would indicate that the rate-deter­
mining step is a proton transfer in the first stage. 
In the case of a specific hydrogen-ion catalyzed 
reaction, the rate in H20-D 20  mixtures should 
be proportional to the relative concentration of 
D + and H +, if these are the ionic species in­
volved in the equilibrium. This was found to be 
the case for sucrose inversion,2 which has been 
studied3 over the range of H20-D 20  mixtures. 
We shall subject this hypothesis to further test by 
investigating the hydrolysis of ethyl orthoformate. 
This reaction,4 which is specifically catalyzed by 
hydrogen ion, has been investigated carefully in 
H20  for secondary salt5 and solvent medium6 ef-

(1) Bonhoeffer, Trans. Faraday Soc., 34, 252 (1938); Wynne- 
Jones, ibid., 34, 245 (1938).

(2) La Mer, Chem. Rev., 19, 363 (1936); Hamill and La Mer, J . 
Chem. Phys., 4, 294 (1936).

(3) Moelwyn-Hughes and Bonhoeffer, N  atur wissenschaf ten, 22, 174 
(1934); Gross, Suess and Steiner, ibid., 22, 662 (1934).

(4) Skrabal, Z. Elektrochem., 33, 322 (1927).
(5) Brönsted and W ynne-Jones, Trans. Faraday Soc., 25, 59 (1929).
(6) Harned and Samaras, T h is  J o urn al , 54, 1 (1932).

fects. Recently, Homel and Butler7 have re­
ported two measurements in a water of high 
deuterium content to determine the effect of 
deuterium substitution upon the dissociation 
constant of cacodylic acid.

Since the reaction is exceedingly sensitive to 
the concentration of hydrogen ions, acetic acid- 
sodium acetate buffers are well adapted for kinetic 
study. The thermodynamic and conductive 
properties of acetic acid have been studied care­
fully for the entire range of H20-D 20  mixtures.8 
The hydrolysis is accompanied by a relatively 
large volume change and therefore can be studied 
dilatometrically—a desirable characteristic when 
dilution must be avoided.

The velocity constant for a constant buffer 
ratio decreases steadily as the deuterium content 
of the solvent increases. This is contrary to the 
principle that the rate of a H + ion catalyzed re­
action should increase. At the same time, how­
ever, the dissociation constant of acetic acid de­
creases 3.3-fold on passing from H20  to D20  so 
that it is possible that the rate when referred to the 
actual concentration of H + or D + ions increases.

(7) Hornel and Butler, J .C hem . Soc., 1361 (1936).
(8) Korman and La Mer, T h is  J o ur n a l , 58, 1396 (1936); Chit- 

turn and La Mer, ibid., 59, 2425 (1937).
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Experimental Procedure
1. The Apparatus.—To carry out measurements on 

limited quantities of heavy water, it was necessary to con­
struct a semi-micro dilatometer (Fig. 1), whose capacity 
(10 cc.) is about 1/20 of the customary macro apparatus, 
by reducing1 the area of the capillary proportionately. 
The radius of the capillary bore is 0.1277 mm.; its uni­
formity, determined with a comparator, shows an average 
deviation of 0.3% the largest single deviation being 0.6%; 
it is sensitive to a volume change of 0.001% since a change 
of 0.02 cm. can be read easily (with experience readings can 
be made to =*= 0.01 cm.). The expansion produced by 10 
cc. of 0.05 M  ethyl orthoformate is about 4 cu. mm., which 
corresponds to a change in height of about 8 cm.

The difficulty of leaking stopcocks was overcome effec­
tively by the use of spring collars and mercury seals. 
Leakage was tested for by raising the mercury column in 
the capillary above that in the reaction chamber. The 
column remained constant a t any fixed height over a 
period of time, long compared to the time needed to com­
plete a run. No difficulty due to sticking was experienced; 
nevertheless a buzzer was attached at the top of the capil­
lary. A lubricant was unnecessary. The entire dilatom­
eter was immersed in a thermostat at 25.050 =*= 0.002°, 
determined with a B. of S. calibrated platinum resistance 
thermometer.

2. Materials.—Merck c. p. acetic anhydride was re­
distilled and the middle fraction, 138-139°, collected.

Kahlbaum analytical grade sodium acetate was recrys­
tallized below 80°, dried and pulverized. I t was dehy­
drated between 45-50° for twelve hours and dried com­
pletely at 110 ° for twenty-four hours.

Eastman ethyl orthoformate was shaken several times in 
a separatory funnel with an aqueous sodium carbonate solu­
tion to decompose ethyl formate and neutralize formic 
acid. The ethyl orthoformate layer was separated, dried 
over calcium chloride, filtered and distilled. The fraction 
of b. p. 145-145.5° was retained.

H2O--D2O Mixtures.—Waters of 95-99% deuterium 
content from Norsk Hydro were treated as follows: (a) 
atmospheric pressure distillation from alkaline permanga­
nate, (b) atmospheric pressure distillation from acid di­
chromate, (c) slow vacuum distillation. The reaction 
products, ethyl formate and ethyl alcohol, cannot be re­
moved by distillation. The following technique proved 
satisfactory for the recovery of the solvent: (a) refluxed for 
about twelve hours with acid dichromate and distilled at 
atmospheric pressure; (b) refluxed with alkaline per­
manganate below the boiling point for twenty-four hours; 
(c) slow vacuum distillation. The chromate test for alco­
hol gives a negative result. The densities of the waters 
were determined in a 10-ml. pycnometer.

3. Procedure.—In the early experiments, the buffered 
solutions were prepared directly in a weight buret which 
may be connected to the dilatometer by a mercury-sealed 
glass ground joint. When larger quantities of deuterium 
oxide became available, 30 cc. of a reactant solution was 
prepared in a flask. Five cc. of acetic acid was freshly pre­
pared for each experiment by adding acetic anhydride to 
the water. Several drops were then added to sodium ace­
tate dissolved in water of the same D content. Fifteen cc. 
of the prepared buffer solution was pipetted into the dilatom­

eter. When temperature equilibrium was established, 
0.125 cc. of ethyl orthoformate was added and the mixture 
stirred with a motor. Suction was applied to the mercury 
reservoir and the solution followed into the reaction cham­
ber; stopcocks were closed, suction turned off and the buz­
zer turned on. Readings were taken every two minutes. 
The elapsed time from the addition 
of reactant to first readings was 
about five minutes. The remain­
ing portion of the solution, used 
within two days to check the first 
run, was kept in a refrigerator.

For a long period of time we were 
troubled with inability to obtain a 
constant end-point. The hydroly­
sis of ethyl orthoformate is com­
plete within four hours, yet a very 
slow expansion of the solution con­
tinued over a period of two weeks.
We first suspected hydrolysis of 
ethyl formate as a consecutive re­
action. Investigation, however, es­
tablished that this reaction pro­
duces no perceptible volume change.
Dr. J. C. Hornel informs us that 
some previous investigators have 
corrected their end-point for drifts 
on the assumption that ethyl for­
mate hydrolyzes slowly.

We observed that scrupulously 
cleaned apparatus yielded a satis­
factory end-point but that on suc­
cessive filling with duplicate solu­
tions, the end-point reading con­
tinued to increase progressively with each refilling, until 
eventually refilling with water alone yielded a continuous 
slow expansion. We suspected bacterial decomposition. 
When the apparatus was sterilized with dilute nitric acid, 
washed with sterile water, and all buffer solutions preserved 
on ice, the difficulty entirely disappeared. W ith the tech­
nique described, we now achieve a final reading within six 
hours which remains constant to within =*= 0.01 cm. for a t 
least twenty-four hours.

The velocity constants were calculated by the 
usual first order formula

Fig. 1.—A, weight 
buret; B, reaction 
chamber; C, capil­
lary; D, mercury 
reservoir. Approxi­
mately one-sixth 
actual size.

k = 2.303 Foo -  Vtl 
h ~  h g Voo -  Vt2 (1)

where Vm and Vt are the dilatometer readings at 
time = 00 and time =  t; and also by Roeser’s 
method of least squares for equal intervals.9 The 
agreement between the two methods was always 
within 1%; the agreement between duplicate 
experiments was within 2%. A typical experi­
ment is given in Table I, which shows the ab­
sence of drifts and freedom from sticking in the 
unusually narrow capillary.

(9) Roeser, Bur. Standards Bull., 16, 363 (1920) (Scientific paper 
388); Marlies and La Mer, T h i s  J o u r n a l , 57, 1812 (1935).
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T a b l e  I
A T y p ic a l  E x p e r im e n t

F d = fraction of deuterium = S(100)/0.1079 = 
25.91 %. Molarity NaAc = 0.09732 mole/liter of solution. 
Molarity Ac20  = 0.001010 mole/liter of solution.

T a b l e  II
S p e c if ic  C a t a l y t ic  C o e f f ic e n t  o f  H30  "*

t
min.

Vt,
cm. h

-Run

h
A----

k
(eq. 1)

v t,
cm.

-Run B---------- <
k

(eq. 1)

0 8.84 0 14 0.0314 9.50 0.0314
2 9.40 2 16 .0317 10.10 .0314
4 9.95 4 18 .0320 10.64 .0312
6 10.47 6 20 .0318 11.18 .0314
8 .10.95 8 22 .0320 11.67 .0313

10 11.40 10 24 .0320 12.11 .0315
12 11.85 12 26 .0317 12.56 .0315
14 12.23 0 24 .0316 12.98 .0313
16 12.62 0 26 .0316 13.36 .0313
18 12.99 Av. 0.0318 13.70 Av. 0.0314
20 13.31 a. d. 0.0002 14.06 a. d. 0.0001
22 13.63 14.37
24 13.92 14.67
26 14.20 14.96
00 18.40 19.30

20 60 100
Fd. 

Fig. 2.

Molarity
HAc

M olarity
NaAc Expts.

Av.
k 10 4 feH-

0.0008918 0.08814 2 0.0171 6.02
.001422 .1434 1 .0185 6.03
.001312 .06573 2 .0311 5.81
.001989 .09941 2 .0336 5.85
.001926 .09616 2 .0341 5.98
.002255 .1128 2 .0348 5.92
.002444 .1214 1 .0358 5.95

* Av. &H+ = 5.93 X 10*; a. d. = 0.07

k by least square = 0.0317 . = 0.0313
For comparison of the rate constants of different experi­
ments, k is corrected to the rounded buffer ratio of 0.001000 
M  Ac20/0.1000 M  NaAc.

, , x (0.09732) (0.001)

The Specific Catalytic Coefficient of H30  U—
The specific catalytic coefficient &H+ = &/CHs0+. 
At a given ionic strength

Ch30+ =  ^ C hac/C ac-

K  = 2.87 X 10~5 at M = 0.1 and 2.60 X 10~5 at 
fi = 0.05, obtained by Harned and co-workers10 
in sodium chloride solutions, are used since the 
corresponding values for sodium acetate solutions 
are unknown.

The average value 10“4 &H + = 5.93 shown in 
Table II is in excellent agreement with the value 
of 6.0 reported by Harned and Samaras,6 who em­
ployed a macro dilatometric method.

The experimental results for constant buffer 
ratio in mixtures of D20-H 20  are given in the 
first two columns of Table III, and are plotted 
against FD in Fig. 2. The data exhibit the char­
acteristic negative deviation from linearity.11

The specific catalytic coefficient of DsO+, 
kD+, is calculated from the value kc = 0.0242 for 
Fd = 100, which is obtained by a short extra­
polation from Fd — 98 in Fig. 2. CD+ is ob­
tained from

C d 3o + ’ C a c ~ _  F h ac

3.3A DAc — TdAc

substituting 0.002 for CDAc, 0.1 for CAc-, and 
2.87 X 10“5 for I£HAc. Hence, &D + = 1.39 X 
105 and the ratio of specific catalytic coefficients is 

£d+ 1.39 X 105
&H+

= 2.35

(10) Harned and Robinson, ibid., 50, 3157 (1928); Harned and
Owen, ibid., 52, 5079 (1930).

5.93 X 104

This ratio is not in good agreement with the 
value 2.05 reported by Hornel and Butler.7 Part 
of the discrepancy arises from the fact that these 
authors employed the value i^HAc/^DAc 2.77 
calculated from kinetic measurements. Our value
3.3 for the ratio of the dissociation constants is to 
be preferred since this value is obtained independ­
ently from e. m. f. and from conductance measure­
ments.8 Using 3.3, Hornel and Butler’s &d+Ah + 
becomes 2.44, which is in better agreement.

Discussion
The concentration of protium and of deuterium 

ions in the mixtures of the oxides may be calcu­
lated from the kinetic data on the basis of the 
following considerations. The dissociation con­
stants of acetic acid and of deuteroacetic acid are 
assumed to be independent of the deuterium con­
tent of the solvent water. This assumption is

(11) Cf. Refs. (2) and (4); La Mer and Greenspan, Trans. Fara­
day Soc., 33, 1266 (1937).
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justified since the dielectric constants and the ac­
tivity coefficients at constant ionic strength are 
practically independent of the D content of the 
solvent. That is

K hac =  Ch+ Cac- / ^ hac (2)
and is constant in any mixture of D20-H 20  at 
constant ionic strength. Similarly

K dac =  Cb+ Cac- / C dac O )

in mixtures of D20-H 20.
Twice the concentration of acetic anhydride 

equals the sum of the concentrations of acetic 
and deuteroacetic acids formed or

Qkac T  Odac ~  2Cac20 (4)

On the assumption that the velocity in D20 -  
H20  mixtures is proportional to CH+ and CD + 

k = &h+Ch+ “h &d+Cd+ (5)
where kH+ and kD+ are the catalytic coefficients 
determined above and k, the measured rate con­
stant in a water of deuterium content F&.

Fig. 3.

Dividing equation (2) by (3) and substituting 
C-Q+ from (5), CDAc from (4), and CHAc from (2) 
gives
XT'   K HAc k D+ ( 2 CAc20 K hAc \  ( c.\
K  ~ -  r -  \ ~ c ^ -  Ch ;  (6)
from which

_ ^d+2CAc2oKhac _ ____ Kk____
H+ “  CAc-(£D+ -  K faPj - K k &

Hence, CH+ can be calculated since all quantities 
on the right are known, k is the rate constant 
for buffer ratio 0.001 M  Ac2O/0.1 M  NaAc de­
noted as kc in Table III. Knowing the value of

CH+, equation (5) yields CD+, and hence (CH+ +  
CD+) and Ed +, the fraction of deuterium ions. 
The sum (CH+ +  CD.+) divided into kc gives the 
specific catalytic coefficient, km, for each of the 
waters used, which is identical with &H+ f°r 
H20 and with &D + for D20.

A sample calculation of the typical experiment 
is given. Using equation (6)
o  q = 1.39 X 105

0.0304 — 5.93 X 104 CH+
/2(0.001) (2.87 X 10“*) -  \
( ----------- ^ ö i ----------------Ch+J

and solving, CH+ = 3.62 X 10~7. Solving equa­
tion (5)
0.0304 = (5.93 X 104) (3.62 X 10“7) +  (1.39 X 106)CD+

CD+ = 6.40 X 10- s 
CH+ +  CD* = 4.26 X 10

Fd+ = X 100 = 15.02 and

km =
0.0304

4  V  10~7 = 7.13 X 104

The results of similar calculations are summa­
rized in columns (3) to (7) in Table III.

(1) (2) (3)
T a b l e  I I I

(4) (5) (6) (7)

kc

Ch+ 
X 107 
calcd. 
from

C D+
X 107 
calcd. 

from eq. 
(5) and

(Ch+ +
C D+)

107 F d +
from from 

columns columns fcm-10-4 =
kcfrom eq. (6) column (3) and (4) and

F d expt. (3) (4) (5) Ch + + C d +
0 0.0340 5 .74 0 .0 5 .74 0 5 .93
9.86 .0324 4.79 0.288 5 .08 5 .6 8 6 .3 9

25.91 .0304 3 .62 .640 4 .26 15.0 7 .1 3
26.40 .0305 3 .68 .624 4 .30 14 .5 7 .0 9
35.15 .0295 3 .10 .799 3.90 2 0 .5 7 .5 7
55.60 .0275 1.93 1.16 3.09 3 7 .5 8 .9 0
74.51 .0258 0.944 1.45 2 .39 6 0 .6 10 .8
78.49 .0256 .827 1.49 2 .32 64 .3 11 .0
81.89 .0255 .769 1.50 2 .27 66 .1 11.2
91.88 .0244 .129 1.70 1.83 9 3 .0 13.3
92.51 .0242 .01 1.73. 1.74 9 9 .4 13.9
96.95 .0240 .00 1.73 1.73 100 13.9
98.81 .0243 .07 1.72 1.79 96 .1 13.6

100 ( .0242) 0 1.74 1.74 100 13 .9

The results are plotted in Figs. 3 and 4.

Figure 3 shows that (CH+ +  CD+) plotted 
against Fn gives a sagging curve similar to Fig.
2. km plotted against FD + (Fig. 4) gives a 
straight line in agreement with the results of the 
hydrogen ion catalyzed sucrose hydrolysis. This, 
however, is not a proof since in calculating the CD + 
we use equation (5) which is based on the assump­
tion that the rate is proportional to FD+. But 
we do have sufficient data to check this assump­
tion by calculating the dissociation constant, 
KH>D, for a weak acid in H20-D 20  mixtures and 
comparing with values determined by La Mer and 
Chittum from conductance data. K h,d is de-
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F&+. 
Fig. 4.

fined as (CH+ +  Cd +) CAc-/ (Chac ̂  +  Cdac) • 
Substituting the values for (CH+ +  CD+), yields 
the results summarized in Table IV and plotted 
against FD in Fig. 5. La Mer and Outturn's 
results8 are represented by filled circles. Since 
the value 2.87 X 10~5 has been used for the dis­
sociation constant of acetic acid for an ionic 
strength ^ = 0.1 and La Mer and Chittum re­
port 1.84 X 10~5 for jjl = 0, we multiply their 
values by 1.56 for direct comparison. The kinetic 
results are in substantial agreement with those 
from conductance. This means that if we had 
not been able to calculate CH+ and CD+ from our 
kinetic data but were obliged to use the conduct­
ance data, the results would be substantially the 
same, i. e.} &m plotted against FD+ would yield a 
straight line, conforming to the basic assumption.

T a b l e  IV
105 ÜlH.D 106 X h .d

Calcd. from La Mer and Chittum
kinetic data corr. to

F d H = 0.1 H = 0.1
0 2.87 (2.87)
9.86 2.54

25.91 2.13
26.40 2.15
28.4 2.11
35.15 1.95
48.4 1.70
55.60 1.55
74.51 1.20
77.1 1.16
78.49 1.16
81.89 1.14
91.88 0.92
92.51 .87
93 0.948
96.95 .87
97 .897
98.81 .90

100 .87 .87

The Rate-Determining Step/—The theory of 
intermediate complex formation offers two pos­

sibilities for the rate-determining step in an acid 
catalyzed reaction. The general scheme12 may 
be represented as

fa
Substrate +  HA ,, > A~ +  (Substrate, H +)

fa

fa

Products

Adopting the usual assumption that in the sta­
tionary state the probability of disappearance of 
the complex is unity, the velocity of the reaction 
may be written as

tr  dCg -j /-, ^  f a k s  /->F = -  —  = £CsCha = — jr CsCha 
or k — fafa/(fa +  fa)

Previous researches and discussions13 have led to 
the general conclusion that the rate-determining 
step in a specific hydrogen-ion catalyzed reaction 
is the rate of decomposition of the complex (fe),

Fd.
Fig. 5.—Results of La Mer and Chittum, ®.

which when multiplied by the equilibrium con­
stant of the reaction: reactants complex, yields
the rate of the reaction. Then, for the ratio of 
the rates in D20 and in H20

k j ) +  __ & 3SP+ A gp+
&H+ &3SH+ A s h +

where ASD+ and K m + are the equilibrium con­
stants involving the heavy and light complexes, 
respectively. From experiment, the ratio kD +/ 
£h + = 2 .35. If we assume the equilibrium in 
D20  is shifted in favor of formation of SD+ and 
if the rates of decomposition of SD+ and SH+ are

(12) Skrabal, Trans. Faraday Soc., 24, 687 (1928).
(13) Pedersen, J . Phys. Chem., 38, 581 (1934); Trans. Faraday 

Soc., 34, 237 (1938); Wynne-Jones, J . Chem. Phys., 2, 381 (1934); 
Trans. Faraday Soc., 34, 245 (1938); Bonhoeffer and Reitz, Z. 
physik. Chem., A179, 135 (1937); Bonhoeffer, Trans. Faraday Soc., 
34, 252 (1938); Reitz, Z. Elektrochem., 43, 659 (1937); Naturwissen- 
schaften, 24, 814 (1936); Wilson, / .  Chem. Soc., 1550 (1936); Bell, 
Proc. Roy. Soc. (London), A154, 414 (1936); ref. 7.
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assumed to be equal to kT/h  on the basis of 
Eyring’s theory,14 then A'sd+/^sh+ = 2.35.

The increase in the rate on passing to the deu- 
tero catalyst is thus explained as the result of a 
shift in the equilibrium in favor of the heavy 
complex. We must, however, note that although 
Urey and Rittenberg15 have calculated that the 
equilibrium constant for the reaction H2 +  
2DC1 = 2HC1 +  D2 is shifted in favor of DC1, 
the reverse was found for H2 +  2DI = 2HI -f- 
D2. The position of the equilibrium CH3- 
COCHs +  HDO =  CH3COCH2D +  H20 was 
measured by Halford, Anderson and Bates16 and 
they found that the equilibrium constant is about 
two in favor of formation of heavy acetone.

Conclusions

1. The kinetics of the hydrogen-ion catalyzed 
hydrolysis of ethyl orthoformate in acetic acid- 
sodium acetate buffers off constant ratio has been 
investigated over the entire range of H20-D 20 
mixtures.

(14) Eyring, J .  Chem. Phys., 3, 107 (1935).
(15) Urey and Rittenberg, ibid., 1, 137 (1933).
(16) Halford, Anderson and Bates, T h i s  J o u r n a l , 56, 491 (1934); 

ibid., 57, 1663 (1935); see also Wirtz, Z. physik. Chem., B 34, 121 
(1936); Z. Elektrochem., 43, 662 (1937).

2. The specific catalytic constant for D30 + ion 
is 2.35 times greater than for H30 +.

3. A semi-micro dilatometer was constructed 
for the kinetic measurements which yields results 
in excellent agreement with the macro results of 
Harned and Samaras in H20.

4. An equation, from which the concentration 
of hydrogen and deuterium ions can be calculated, 
is derived.

5. The rate constant for constant acid/salt 
ratio decreases with increasing D content and 
shows a negative deviation from linearity. The 
sum (CH+ +  CD+) follows a similar curve. The 
specific rate constant or catalytic coefficient in­
creases with increasing D content, and is linear 
with respect to the fraction of deuterium ions.

6. The calculated dissociation constants of a 
weak acid in H20-D 20  mixtures, defined as 
(CH+ 4- Cn+ )CA- /Total undiss. acid, are in substan­
tial agreement with values obtained from the 
conductance method.

7. The greater catalytic effect of D + ion is ex­
plained as a shift in the equilibrium S +  H +
SH + in favor of the deutero complex in agreement 
with Bonhoefferis treatment.
N e w  Y o r k , N. Y. R e c e iv e d  M a r c h  22, 1938

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

The Temperature Coefficients of the Base Catalyzed Decomposition of Nitramide in
Deuterium Oxide

B y S il v e st e r  L iotta  a n d  V ictor  K . L a  M e r

The basic decomposition of nitramide (H2N2- 
0 2) to nitrous oxide and water is catalyzed by the 
presence of any molecule, for example, water or 
the anions of weak acids, which possesses the prop­
erty of associating a proton; i. e., by basic mole­
cules in the Brönsted formulation. The molar 
catalytic constant, k, is related to the dissociation 
constant, K Ai of the acid, conjugate to the cata­
lyst base, by the well-known empirical formula 
G = kKA , For carboxylic anions in water, 
a = 0.83, indicating a high sensitivity of the sub­
strate to changes in K A. Since deuterium sub­
stitution always reduces the value of K A by a 
factor of 2 to 4, depending upon the strength and 
type of the acid, it becomes of interest to investi­
gate the effect of deuterium substitution upon the 
rate of anion catalysis by determining the effect 
upon the constant G and the sensitivity index a.

It is also one of the purposes of this investi­
gation to study in how far the rate depressing 
action of deuterium substitution arises from a 
displacement of the energy of activation and of 
the entropy of activation.

When proto nitramide is dissolved in D20  at 
least one and presumably both protons are ex­
changed instantaneously for deutons, producing 
deutero-nitramide as the effective substrate.1 
In their investigation of the effect of deuterium 
substitution upon the solvent catalysis, La Mer 
and Greenspan2 found that the substitution of 
deuterium for protium in the solvent produced 
a 5.21-fold decrease in rate.

There are two possible mechanisms. The first, 
suggested by Brönsted and supported by Peder-

(1) Unpublished measurements of Hochberg in this Laboratory. 
See La Mer, Trans. Faraday Soc., 34, 263 (1938).

(2) La Mer and Greenspan, ibid., 33, 1266 (1937).
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sen and by Marlies and La Mer, postulates that 
the rate-determining step is the rate of transfer of 
the proton from the substrate to the catalyst base. 
The slower rate in D20 on this mechanism would 
be ascribed to the slower rate of donation and of 
acceptance of deutons as compared to protons.

The second, based upon the transition state 
theory of kinetics, would ascribe the difference in 
rate on passing from the proto to the deutero 
systems to a shift in the equilibrium between re­
actants and critical complex with the additional 
possibility of a differential rate of decomposition 
of the proto and deutero complexes.

If one employs anions like 
acetate, benzoate and salicyl­
ate rather than the solvent as 
the effective catalyst base, the 
problem becomes somewhat 
simplified since the hydrogens 
attached to carbon do not ex­
change and the base remains 
unchanged regardless of the D 
content of the solvent. For a 
more detailed treatment of the 
general problem of isotopic ex­
change and the effects of deu­
terium substitution for hydro­
gen upon the properties of con­
ductance, e. m. f. and acid- 
base catalysis the reader is 
referred to current reviews and 
symposia.3

The difficulty of obtaining 
sufficiently large quantities of 
water with high deuterium 
content when this investiga­

tion was initiated (1935) led to the development 
of a gas evolution apparatus4 applicable to a pre­
cision study on a semi-micro scale. The appa­
ratus, which requires only 10 cc. of solution, yields 
results which are even more precise than those ob­
tained with the macro-types employing 60-100 cc. 
of solution.

Preparation of Materials

F i g .  1 .—Special 
weight pipet.

Nitramide was prepared by the improved method of 
Marlies and La Mer.5

Heavy water was initially purified by distillation at at­
mospheric pressure from alkaline permanganate, from acid

(3) Symposium on proton transfers, Trans. Faraday Soc., 34, 229- 
265 (1938); Symposium on Deuterium, Z. Elektrochem., 44 (Jan., 
1938), Papers by Reitz p. 72 and Schwarzenbach p. 46; La Mer, 
Chem. Rev., 19, 363 (1936); Wynne-Jones, ibid., 17, 115 (1935).

(4) Greenspan, La Mer and Liotta, T h i s  J o u r n a l , 59, 1606 
(1937).

(5) Marlies and La Mer, ibid., 57, 2008 (1935).

chromate and finally vacuum distilled in an all-glass Pyrex 
still with a receiver cooled with solid carbon dioxide- 
alcohol mixture. The water was recovered by vacuum 
distillation after neutralization of excess acid with solid 
sodium hydroxide. After each cycle of use, neutralization 
and distillation, the deuterium content diminished by only
0.2%.'

Sodium acetate was recrystallized from distilled water, 
and dried in vacuo over calcium chloride at 40° for three 
days. Complete dehydration was achieved in two days at 
115° following a gradual elevation of temperature to pre­
vent fusion of the hydrate. The purity of the reagents was 
established by kinetic comparisons with the values of 
kAc_ and £h2o obtained in H20  by previous investigators.

Acetic acid was prepared by adding acetic anhydride 
directly to the H20 -D 20  solvent. The anhydride was 
triply distilled in a Pyrex Vigreux fractionating column, 
retaining as the final fraction the distillate boiling at 139.0 
±  0 . 1 ° .

Sodium benzoate and sodium salicylate were recrys­
tallized twice from distilled water; benzoic acid twice from 
alcohol; salicylic acid twice from chloroform. All salts 
were dried in a vacuum desiccator.

The solutions were made up just before use by weighing 
acid, salt and solvent in the same container. Acetic an­
hydride and sodium acetate were added with a special 
weight pipet (Fig. 1). The latter was added in the form of 
a concentrated solution of known composition.

Apparatus and Experimental Procedure
The semi-micro apparatus contains a number of specific 

improvements which have been described in detail else­
where. Four such instruments were immersed in a 
thermostat maintained within =*= 0.004° at 15°, =*= 0.002° 
at 25° and =*= 0.003° at 35°, and checked against a B. S. 
standardized platinum resistance thermometer.

Since the decomposition yields only a few milligrams of 
H20  and N20  as the sole products, the composition of the 
solution is changed only by a small calculable decrease in D 
content and should, therefore, be available for successive 
runs without removal from the apparatus or variation in 
the concentration of the catalyst. This procedure was 
highly satisfactory in the previous work where hydrochloric 
acid solutions were involved but failed in the case of the 
sodium acetate solutions.

The conflicting reports in the literature on isotopic ex­
change with acetate ion naturally suggested that we were 
observing the effects of slow exchange of H by D on the 
carbons of the acetate ion. Specially designed experiments, 
however, established that no exchange takes place a t 25° 
over two weeks’ time since the densities of the recovered 
waters in these experiments remained constant to within 
five parts in 100,000.6 The disturbance was finally 
traced to the instability of dilute sodium acetate-acetic 
acid buffers,7 very likely through bacterial decomposition. 
This conclusion was confirmed by measuring the change in 
conductance with time, of a representative solution of 0.01 
M  sodium acetate and 0.04 M  acetic acid with the following 
results

(6) Liotta and La Mer, ibid., 59, 946 (1937); Ives, J . Chem. Soc., 
81 (1938).

(7) M aclnnes and Shedlovsky, ibid., 54, 1431 (1932); Chase, ibid., 
65, 3072 (1933).
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Time, days 0 1 2  3 5
Resistance, ohms 683 681 679 678 675

When the buffer solutions were prepared and used im­
mediately thereafter, reproducible results were always ob­
tained, which procedure was accordingly adopted.

Methods of Calculation
The anion catalyzed decomposition follows ac­

curately the first order law in heavy water mix­
tures. Since the final pressure is proportional to 
the initial concentration (Co) and the instan­
taneous concentration (Ci) is proportional to the 
difference between the final and instantaneous 
pressures

k* = (1 /0  I n t o .  -po)/pa> -  P) (1)
or log (p oo ~  p) =  const. — kt (2)

where k =* 0.4343 &*.
The units of time and concentration are min­

utes and moles per liter, respectively. The graphi­
cal determination of k from log (pm — P) versus t 
plots is too cumbersome and not sufficiently pre­
cise to warrant its use. An especially simple 
analytical method based on the principles of 
least squares, if the observations are separated by 
equal time intervals, suggested by Roeser,8 has 
been found satisfactory by Marlies and La Mer.9 
This method gave the best agreement between 
independent experiments.

Unless the reaction requires an exceedingly long 
time for completion, p m should be the most ac­
curate measurement of the series since the readings 
can be repeated. Practically, however, the pos­
sibility of leaks in the apparatus or of*side reac­
tions like the decomposition of the buffer, require 
the use of the Guggenheim method10 when the 
end-point cannot be determined more precisely 
than the running values of p. We found this 
method to be better for the exceedingly slow 
spontaneous decomposition at 15°.

The molar catalytic constant k is obtained from 
the relation k —  (&0b s d .~  &o)/C, where k0 is the 
velocity of the spontaneous decomposition due to 
the solvent and C is the concentration of the 
catalyst in moles per liter. When 0.01 M  hy­
drochloric acid is used, &obsd. yields k0 directly. 
The hydrochloric acid serves to eliminate the 
presence of hydroxyl ion and since at that con­
centration the acid catalysis is negligible, the 
rate is entirely due to the basic properties of the 
solvent. In this work we were obliged to use

(8) Roeser, Bur. Standards Bull., 16, 363 (1920) (Sci. paper 388).
(9) Marlies and La Mer, T his Journal., 57, 1812 (1935).
(10) G uggenheim , Phil. Mag., [7] 2, 538 (1926).

w ater o f D c o n ten t = 91.5% rather th a n  100% 
D20  so th a t  th e  resp ectiv e  ca ta ly tic  c o n s ta n ts  are  
m ade up  o f tw o  factors, th e  m ajor p a r t d u e  to  th e  
91.5% D20  and  a  sm a ll p art to  th e  8.5% H20.

Experimental Results
The values obtained for &obsd> and k are given in 

Table I. Variation in anion and acid concen­
tration produced no variation in molar catalytic 
constant k . The values of the temperature coef­
ficients for 15-25°, the energies of activation E  and 
the frequency factor B in the integrated form of 
the Arrhenius equation

log k — B  2.3R T  ^

are given in Table II. The values for H20  were 
obtained by Baughan and Bell,11 who use a least 
square treatment over a range of temperature. 
In Table III are listed the values of k a t 15 and 
25° as well as their ratios in the two solvents.

Fig. 2.—The relation between the logarithms of the 
velocity constants (ordinates) and dissociation con­
stants (abscissas): V , H20  at 15°; □, D20  a t 25°;
O, D20 a t l 5 ° .

Discussion
Rate and Equilibrium Constants.—Brönsted’s 

equation for generalized base catalysis
log kB =  log G — a log K a (4)

is tested at FD = 91.5% in Fig. 2 by plotting 
log kB against log K A. The three anion bases 
chosen extend over a range of 1.4 units in log k 
and 1.6 units in log K A. Since the acidic dis­
sociation constants in D20 atT5° were not all

(11) Baughan and Bell, Proc. Roy. Soc. (London), 158, 464 (1937).
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T a b l e  I  

S um m a ry  o f  t h e  K in e t ic  D a t a
%D = k corr. 

to
Temp., ( - ..- v  1 nnN) &obsd. b 15, 25 or 35c

°C. Salt ' Caoid Canion X 105 k jVleaO *
A OA4Ó

15.066 Acetate 91.56 0.0392 0.1754 400 0.2030 0.2060 U. .ZU4LS

.0392 . 1754 405 .2056

.0392 .01278 305.5 .2096
15.077 Benzoate 91.28 .00734 .01247 125.4 .0845 . 0823 . UolO

.00734 .01247 122.1 .0821

.00338 .00946 95.46 ! 0825

.00338 .00946 93.15 .0803 nnnK/f
15.078 Salicylate 91.10 • .00816 .01855 29.40 .00955 .00963 . uuyoT

.00816 .01855 29.70 .00969

.00544 .01927 30.93 .00991

.00544 .01927 29.79 .00938
15.077 Spontaneous 91.28 .01 HCl 9.23 100 x  io^6 99 X 10

10.78
24.893 Acetate 91.66 .0392 .004206 362.0 .722 0.719 0.728

.0392 .004206 362.4 .723

.0392 .004816 408.2 .718

.0392 .004816 404.9 .712
24.884 , Benzoate 90.92 .00317 .00903 288.3 .262 .261 * Jo4

.00317 .00903 287.5 .261

.00493 .01432 440.8 .262

.00493 .01432 435.6 .259 nooo
24.881 Salicylate 90.92 .00430 .01953 98.36 .0322 . 0323 . KJOAo

.00422 .01839 95.03 .0326

.00422 .01839 94.30 .0322
24.89 Spontaneous 91.5 Interpolated2 30.04 300 X 1°"6 304 X 10

34.966 Spontaneous 90.84 0.01 HCl 94.35 949 X 10-° 953 X 10

94.82
95.24
95.27

T a b l e  II
T_r.r̂ ■-DaO (91.5% )“

lo^ m o
Catalyst &250/&160

Jtl2vJ
B E k25o/kuo B E

Acetate 3.01 14.25 19,180 0.1703 3.57 15.80 21,726 1.862

Benzoate 2.91 '13.89 19,260 1.740 3.24 14.15 20,082 1.422

Salicylate 3.18 13.56 20,080 2.823 3.44 14.00 21,101 2.516

Spontaneous 3.20 12.28 20,680 3.088 3.07
3.13

(25-35°)

11.16 19,974 
(15-35°) (15-35°)

4.483

T a b l e  III
D20  refers to 91.5% D content

Catalyst kmo k 15°/SD2t) <n > k25 °KD20 k u 20 /k D 20  (15°) feH2o/^ D 20 (25°)

Acetate 0.492 0.204 1.480 0.728 2.416 2.04
Benzoate . 183 .0816 0.550 .264 2.25 2.09
Salicylate .0209 .00954 .0665 . 0328 2.20 2.03
Spontaneous 383 X 10 “6 99 X 10-6 1225 X 10 “6 304. X 10-6 3.86 4.02*

a Using Greenspan’s more precise value for klb° = 1266 X 10 “6, then &h2o/&d2o = 4.12.

available, the use of values of K A measured at 25° In heavy water as well as in light water, the 
may account for the minor discrepancies from point representing the catalytic properties of the 
linearity on the 15° curve. solvent acting as a base lies above the continua-
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tion of the line obtained with the anion bases. 
This is consistent with Pedersen’s theory12 
that for bases of the same strength the catalytic 
effect increases in the series B~ < B° < B + pro­
vided the substrate is uncharged. The difference 
may also arise from the fact that H20 is a base of 
a different chemical type from the carboxylic 
anions*

Since the Brönsted relation holds equally well 
for a mixed deuterium water as for pure H20, a 
plot of log &D2o versus log &H2o should yield a 
straight line, provided log AD2q versus log K mo ex­
hibits the same linear relationship. That this 
conclusion is valid may be demonstrated as fol­
lows.

Figure 3 shows that the log k& 20 points adhere 
closely to the linear equation

log kj)2o = X log &h2o + c  (5)
at both temperatures.

Fig. 3.—The logarithmic relation between the 
velocity constants in water and deuterium oxide at 
15 and 25°: 1, acetate; 2, benzoate; 3, salicylate.

For light and heavy waters, respectively
log kjy20 =  log Gjy2o — ol'  log K d2o (6)
log &h2o =  log Gh2o — ol"  log K~el2o (7)

combining (5), (6) and (7) yields

log K d,o =  - log K s ,o -
OL

X log (j H2Q ~  log £ d2Q 4~ C . v

which is of the form
log Kt>2o = y log î H2o + Co (8b)

Substituting the kinetic data in equation (5) : 
x = 0.967; C = 9.611-10 (Fig. 3); log GH2o = 
5.792-10; log GD20 = 4.998-10; a ' =  0.832; 
a" = 0.83 (Table IV); yields y = 0.965 and Co = 
-0.60.

A plot of log I£h2o versus log ATD20 obtained 
from e. m. f.13 data yields a straight line of 
slope y = 0.972 which is within 1% of the pre­
dictions, and Co = —0.30. The disagreement 
of 0.30 unit between the observed and calculated 
values of C0 may arise from the uncertainty in 
executing the graphical solution, and in the 
accumulation of errors originally present in the 
constants obtained from equations (5), (6) and
(7).

The studies of Brönsted and co-workers14 on 
the decomposition of nitramide in m-cresol and. 
H20  furnish further data for testing this relation. 
Equation (4) holds in both solvents. The plot 
of the dissociation constants, log i^Cresoi versus 
log K mo yield a linear relation with unit slope. 
In the case of velocities (Fig. 4) when the log 
ĉresoi values of Brönsted, Nicholson and Del-

Fig. 4.—The logarithmic relation between 
the velocity constants in different solvents:
A, H20  v s . isoamyl alcohol; B, H20  vs. m-cresol,
1, ^-toluidine; 2, aniline; 3, ^-chloroaniline;
4, m-chloroaniline; 5, o-chloroaniline.

(13) Schwarzenbach, Epprecht and Erlenmeyer, Helv. Chim. Acta, 
69, 1292 (1936). Some of these data will require revision in the light 
of researches in progress in this Laboratory since the measurements 
involve galvanic cells with junction potentials. See R ule and 
La Mer, T h i s  J o u r n a l , 60, 1974 (1938).

(14) (a) Brönsted, Nicholson and Delbanco, Z. physik . Chem.,
169, 379 (1934); (b) Brönsted, Delbanco and Tovberg-Jensen,
ibid., 169, 361 (1934); (c) Brönsted and Duus, ibid., 117, 299 (1925); 
(d) Brönsted and Vance, ibid., A 163, 240 (1933).(12) Pedersen, J . Phys. Chem., 38, 581 (1934).
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banco are plotted against the log kmo values of 
Brönsted and Duus, a straight line of slope x —
1.11 is also obtained. Since amo — 0.75 and 
am_cresoi — 0-84, the calculated value for y in the 
equation corresponding to (8b) is y = 0.99, in 
excellent accord with the value of unity reported 
in reference (14b). A linear relation also obtains 
for the data of Brönsted and Vance14d using 
isoamyl alcohol as solvent (line A of Fig. 4).

Although several authors have shown that the 
logs of the dissociation constants in different sol­
vents are related linearly when the solvents are 
as diverse as water, concentrated sulfuric acid and 
benzene,15 no one appears to have called attention 
to the linear relationship between the logs of the 
velocity constants of a reaction obeying the 
Brönsted relation in two solvents.

The Arrhenius and Brönsted Equations.— 
Table IV summarizes the values of a and G in the 
Brönsted eq. (4). The decreases in rate arising 
either from a decrease in temperature or substitu­
tion of deuterium in the substrate and solvent 
are reflected almost exclusively in G and not in a. 
G may be interpreted as the rate for a hypo­
thetical acid-base system K A = unity. It ap­
pears that temperature and deuterium substitu­
tion operate primarily upon the fundamental 
kinetic properties of the substrate in the case of 
anion catalysis rather than upon the acid-base 
properties of the catalytic system.

T a b l e  I V

C o m p a r is o n  o f  t h e  V a l u e s  o f  a a n d  G f r o m  t h e  B r ö n ­
s t e d  E q u a t io n  i n  91.5% D20  w it h  T h o s e  i n  H20

Temperature, °C. 15 25
Present authors ƒ a 0.832 0.845

(D20) \ G 9.95 X 10~6 2.94 X IO-5
Baughan and Bell11 f « 0.794 0.758

(H20 ) \G 8.44 X 10 ~5 3.69 X 10~4
Brönsted and Peder- 1 a 0.83

sen16 (H20) \ G 6.2 X IO-5

Baughan and Bell11 report a equal to 0.76 at 
25, 35 and 45°, but consider that the 4% increase 
to 0.79 at 15° is a real effect. Our data in D20  do 
not support this view. Where comparisons can 
be made our data are in better agreement with 
those of Brönsted and Pedersen16 than with those 
of Baughan and Bell.

kT  AS*In equation (3), B = log -j- + where
(15) Hamm ett and Deyrup, T h i s  J o u r n a l , 54, 2721 (1932); 

La Mer and Downes, ibid., 55, 1840 (1933); Hammett, Chem. Rev., 
13, 61 (1933); La Mer, ibid., 13, 47 (1933).

(16) Brönsted and Pedersen, Z. physik. Chem., 108, 185 (1924).

A5* is Eyring’s17 entropy of activation which 
includes the contributions of all degrees of free­
dom (translational and internal) and kT/h  is a 
pure frequency (v) equal to 1014-6 (min.-1) at 
25°. In the collisional form of the statistical 
theory of kinetics,18 kT/h  is replaced by Z°, the 
collision frequency, which is equal to approxi­
mately 1012-2 (min.-1) at 25°. In the notation 
of the English school, B — log A — log PZ; 
hence log P — SactJ2.3R . Here the entropy of 
activation, 5act., as defined by La Mer,18 does not 
contain the entropy contributions of the two 
translational degrees of freedom involved in the 
collision process. These contributions are con­
tained in Z°.

Before the concept of entropy of activation was 
stressed18 it was generally assumed that a catalyst 
effected an increase in rate solely by lowering the 
potential barrier (energy of activation). In 
Table V, we have decomposed A log k — A F*/ 
2.3RT, where AF* is the free energy of activation,

Catalyst referred to 
the “spontaneous” de­
composition (H2O) (11)
Trimethylacetate 
Acetate 
Benzoate 
Formate 
Salicylate 
Monochloroacetate 
0-Nitrobenzoate 
Dichloroacetate

Catalyst referred to 
the “spontaneous” de­

composition (D 2O)
Acetate 3.379 4.64 -1 .2 8
Benzoate 2.939 2.99 -0 .0 8
Salicylate 2.033 2.84 -0 .8 3

Data in H 2O referred 
to D 2O for same catalyst
Acetate 0.308 - 1 .5 5 1.85
Benzoate .318 -0 .2 6 0.59
Salicylate .307 -0 .4 4 .75
Spontaneous .605 + 1 .12 -  .52

R. P. Bell informs us (July 7, 1938) that the values in
Baughan and Bell’s Table IV11 should be corrected to read

Monochloroacetic +  =  1.19 X 10-ls ; E = 19,640
Dichloroacetic A  =  2.35 X 10"14; E = 23,160

This produces a corresponding change in our Table V to
read

A log k  A B — A E /2 .3 R T

Monochloroacetate 1.574 0.80 0.77
Dichloroacetate 0.285 2.09 - 1 . 8 1
These changes do not affect our conclusions.
(17) Eyring, J . Chem. Phys., 3, 107 (1935); Wynne-Jones and 

Eyring, ibid., 3, 494 (1935).
(18) La Mer, ibid., 1, 289 (1933).

T a b l e  V

A log &26 A log A — AB — AE/2.3Ü

3 .2 7 4 1 .5 9 1 .6 7
3 .0 8 2 1 .9 7 1 .1 0
2 .6 5 2 1 .6 1 1 .0 4
2 .3 1 8 1 .3 3 0 .9 6
1 .7 3 5 1 .2 8 .4 4
1 .5 7 9 1 .0 1 .5 4
1 .1 3 5 2 .3 0 - 1 . 2 0
0 .2 9 0 2 . 4 5 - 2 . 1 9
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into its component entropy and energy factors B 
and E/2.SRT , respectively. The data show that 
A log k, representing the catalytic effects of the 
anions referred to the solvent decomposition as a 
standard, is dominated more by an increase in the 
entropy of activation A B — AS*/2.3Ry than by a 
decrease in the energy of activation. This is 
particularly true of our data in 91.5% D. The 
only exception in H20  is Baughan and Bell’s re­
sult for trimethylacetate ion.

In their studies on the mutarotation of glucose, 
Hamill and La Mer19 found that the increased 
catalysis of H+ over that of the solvent decom­
position, A log k = 1.47, was due to an increase 
in B  of 3.48 units which was more than sufficient 
to overshadow the rate depressing effect of an 
increase of 1.95 units in E/2.3RT. Recently, 
Smith and Smith20 report that the energy of ac­
tivation of this reaction varies but very little with 
a series of catalysts. The marked changes in 
rate are due almost exclusively to a variation in 
log P, i. e.y in the entropy of activation. From 
their data, B varies approximately as the square 
root of the acid dissociation constant K f a relation 
which Smith21 had suggested previously for the 
acid-base catalyzed acetone-iodine reaction. The 
greater importance of entropy of activation is not 
confined to proton transfers but is illustrated also 
in the primary salt catalysis of ionic reactions. 
The Debye-Hückel limiting law requires that B 
increase with the square root of the ionic strength 
three times as rapidly as E /2.3R T22

When the same anion catalyst operates in H20 
and in D20, we find (Table V) an almost con­
stant difference in the free energy of activation 
(ART log k) y irrespective of the anion. The entropy 
and energy factors, however, appear to be specific 
to the anion, with the latter exercising a more 
predominant effect than the former.

Although equation (4) is a well-established em­
pirical relation, which is obeyed closely in the ni­
tramide decomposition and acetone-iodine reac­
tions, no satisfactory theoretical derivation has 
been forthcoming. Brönsted23 offered what he 
termed “a plausible (but) not absolutely cogent” 
development. Horiuti and Polanyi24 “derive”

(19) Hamill and La Mer, J .  Chem. Phys., 4,395 (1935).
(20) Smith and Smith, J .  Chem. Soc., 1413 (1937).
(21) G. F. Smith, i b i d . ,  1744 (1934).
(22) La Mer and Kamner, T h i s  J o u r n a l , 57, 2662, 2668 (1935).
(23) Brönsted, Chem. Rev., S, 231 (1928), pp. 318-321.
(24) Horiuti and Polanyi, Acta Physicochimica, U. S. S. R., 2, 505 

(1935), pp. 516-520; Evans and Polanyi, Trans. Faraday Soc., 34, 23 
(1938); see Guggenheim and Weiss’ criticism, pp. 69-70 and the 
reply, p. 81.

equation (4) by assuming for a series of homologous 
reactions that

log K  =  AH /R T  +  const. (9)
log k = E /R T  +  const. (10)

Equation (9) is an approximation which is not 
valid for the dissociation of weak acids over a 
range of temperature and does not hold for 
different acids since a change in the free energy of 
ionization between two acids is not generally 
followed by a corresponding change in the heat 
of ionization.25 Horiuti and Polanyi’s assump­
tion that log k varies from catalyst to catalyst 
solely from changes in activation energy E  is cer­
tainly not permissible in the light of the data dis­
cussed above. Any derivation which yields the 
Brönsted relation without consideration of entropy 
factors achieves the result by some fortunate 
cancellation which is not clear from the premises 
and the development.

Summary
1. Precision measurements of the anion cataly­

sis of the decomposition of nitramide have been 
extended to waters of 91.5% deuterium content 
at 15 and 25°.

2. The velocity of anion catalysis is decreased 
approximately 2.3 fold at 15° and 2.0 fold at 25° 
for the bases, acetate, benzoate and salicylate ions 
on passing from H20  to 91.5% D20.

3. The Brönsted equation G = kKAa relating 
velocity and dissociation constants holds ac­
curately in D20. The exponent a characterizing 
the sensitivity of the substrate to basic catalysis 
is not perceptibly affected by temperature or by 
isotopic substitution. Most of the rate depress­
ing effect of deuterium substitution is reflected 
in the constant G since K A is also reduced.

4. Although the difference in the free energy 
of activation between proto and deutero forms is 
practically constant for these anion catalysts at 
25°, the corresponding entropy and energy differ­
ences do not remain constant.

5. For a given solvent (H20) or (D20) the 
entropy factor is predominant in determining the 
rate for a series of anions, whereas for the same 
anion catalyst the energy of activation is the more 
important factor in deuterium substitution.

6. The spontaneous water reaction is of a 
different mechanism from the anion catalyzed 
process as judged by the influence of temperature 
and deuterium substitution.

(25) Hammett, Trans. Faraday Soc., 34, 73 (1938); J. Chem. 
Phys. 4, 613 (1936).
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7. The interdependence of the rates of a base 
catalyzed reaction and the dissociation constants 
of the catalysts on passing to new media is 
discussed in the light of the Brönsted equation.

Attention is called to a linear relation between 
the logarithms of the rate constants in the two 
media.
N ew Y o r k , N. Y, R e c e iv e d  M a r c h  31, 1938

[C o n t r ib u t io n  fr o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , C o l u m b ia  U n i v e r s i t y ]

Dissociation Constants of Deutero Acids by E. m. f. Measurements

B y C. K. R u l e  and  V ictor  K . L a M e r

Although the dissociation constants of weak 
acids are decreased by a factor of two- to four-fold 
on passing from H2O to D2O, there is disagree­
ment regarding the underlying theory. One

4.0

.3.0

2.0

1.0

2 4 6 8 10
— log Ko.

Fig. 1.—Dissociation constant ratios. Acids and 
references: 1 oxalic,la 2 phosphoric (first),3 3 glycine,3
4 chloroacetic,2 5 formic,la>3 6 acetic,la»4»23 7 aniline 
hydrochloride,3 8 cacodylic,la 9 phosphoric (second),3 
10 ammonium chloride,2 11 glycine hydrochloride,3 
12 trimethylamine hydrochloride,3 13 salicylic,4 14 
picric.lb Methods of measurements: ® catalytic,
O potentiometric with transference, □ conductimetric, 
V distribution coefficient, V potentiometric (approxi­
mate), M conductimetric and potentiometric without 
transference.

school holds that the ratio of the dissociation con­
stants of the proto and deutero forms of an acid is 
a function of the strength of the acid; the second

(1) (a) Hornel and Butler, J . Chem. Soc., 1361 (1936); (b) Gross 
and Wischin, Trans. Faraday Soc., 32, 879 (1936); (c) Drlrcker,
Trans. Faraday Soc., 33, 660 (1937).

\ L ,'O

6*
7°

Q
/o

o
/Z

/?
i

f
5 .

os

6o
•

6
( 09

•

2 0

/

that the ratio is constant for acids of a given 
type; a third,1 that the ratio is uniformly three 
regardless of type.

Lewis and Schütz2 predicted that the ratio will 
depend on the strength of the acid—being larger 
the weaker the acid. They assumed that the 
potential field is unchanged by the substitution 
of a deuteron for a proton. Then the deutero 
acid will have a lower zero point energy and will 
be less dissociated, the difference increasing with 
decreasing strength of the acid. They mention 
that the difference in the extent of dissociation of 
the proto and deutero acids will depend also on the 
difference between their entropies of dissociation.

On the other hand, Schwarzenbach3 concludes 
from measurements on cells with liquid-liquid 
junctions that the ratio is a function of the type 
of the acid, being smaller for carboxylic acids than 
for amine hydrochlorides.

A critical consideration of the data in the 
literature shows that there is little accurate work 
upon which to base a decision between these 
conflicting theories. These data are shown in 
Fig. 1. The ratios of the dissociation constants 
of the proto to those of the deutero acids are 
plotted against the logarithm of the dissociation 
constants of the proto acids. The differences of 
15 and 20% between the ratios reported by dif­
ferent investigators for acetic acid are an indica­
tion of the inaccuracy of the data.

When accurate measurements are required, the 
uncertainty introduced by the presence of liquid- 
liquid junctions between H20  and D20  should be 
avoided in potentiometric studies. Korman and 
La Mer4 have demonstrated the suitability of the 
quinhydrone electrode for measurements in H20 -  
D20 mixtures. We have accordingly reinvesti­
gated their cells

(2) Lewis and Schütz, T h i s  J o u r n a l , 56, 1913 (1934). See also 
Halpern, J . Chem. Phys., 3, 456 (1935).

(3) Schwarzenbach, Z. Elektrochem., 44, 46 (1938).
(4) Korman and La Mer, T h i s  J o u r n a l , 58, 1396 (1936).
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Ag-AgCl ! HC1-DC1 (H20 -D 20) QQH2-QQD21 Pt I 
Ag-AgCl | HA-DA(mi), MA(m2), MGKmg) (H20 -D 20)

QQh 2- q q d 2 I p t i i
at 25° and have extended the measurements to 
other acids and temperatures. QQH2 and QQD2 
represent proto and deutero quinhydrone; HA 
and DA, the proto and deutero forms of a weak 
acid; MA, an alkali metal salt of the acid; MCI, 
an alkali metal chloride.

Since the cells are without liquid-liquid junc­
tions, the cell processes are unambiguous
I Q(H20 -D 20) +  2(H+ +  D+) +  2C1- (H20 -D 20) +

2Ag(s) (QH2-QD2) (H20 -D 20) +  2AgCl(s)
II Q(H20 -D 20) +  2(HA +  DA) (mt in H20 -D 20) +

2MG1(w3 in H20 -D 20) +  2Ag(s) 2AgCl(s) +
(QH2-QD2)(H20 -D 20) +  2MA(«2 in H20 -D 20)
Apparatus and Experimental Procedure

Accurate measurements with the silver-silver chloride 
electrode require the exclusion of oxygen and liberal wash­
ing with the cell solution.5 A semi-micro cell, Fig. 2, was 
devised which avoided waste of solution, exposure to air, or 
contact of the solution With any surfaces except Pyrex 
which had been steamed. The relatively higher ratio of 
glass and electrode surfaces to the volume of solution in the 
micro as compared to the macro technique demands special 
care in cleaning apparatus and eliminating contact with 
foreign gases.

Solutions were made up in a 50-cc. flask fitted with a 
ground glass cap> stopcock and a small ground glass joint. 
The solvent was run directly from the pycnometer into the 
flask; solids were added contained in micro weighing bot­
tles; liquid solutes were added from Weight burets. The 
flask containing the solution Was attached to the vacuum 
and nitrogen gas lines and air was removed from the solu­
tion by repeated evacuation and shaking followed by the 
admission of nitrogen. Account was taken of the loss of 
water by evaporation.

The cell with electrodes in place was connected to the 
vacuum line. The flask containing the solution was con­
nected directly to the cell through a ground glass joint. 
Having evacuated the cell, small amounts of solution were 
admitted to wash the silver-silver chloride electrodes. 
The wash solution was kept in contact with the electrodes 
for some ten minutes, was drawn off into a trap, and the 
washing was either repeated or the entire cell filled. No 
difference was Observed between the potentials of cells in 
which the electrodes were rinsed twice and those in which 
they were rinsed only once. Each solution of 16 cc. 
sufficed to fill two cells, allowing for rinsing.

A Leeds and Northrup type K -II potentiometer was used 
with two Bureau of Standards Weston cells. The thermo­
stats Were maintained at 5, 25 and 45 =*= 0.02° as deter­
mined by a B. of S. platinum resistance thermometer. No 
hysteresis was observed when the cells were transferred 
back and forth from one thermostat to another. Distilla­
tion of solvent was prevented by filling the cells completely. 
The potentials of the duplicate silver-silver chloride elec­
trodes against the duplicate quinhydrone electrodes were

(5) Güntelberg, Z. physik. Chem., 123, 199 (1926).

recorded every ten minutes. Equilibrium Was assumed 
When the potentials remained constant Within 0.1 millivolt 
for an hour. No drift of potential was observed in the use 
of the quinhydrone eleótrodê at 45 ° except when the cell 
contained a buffered Solution óf dihydrogefl phosphate.’

Purification of Materials.—Three preparations of quin­
hydrone were used—one made by the method of Biilman 
and Lund.6 The others were Eastman, one of which was 
purified by recrystallization from conductivity water in an 
atmosphere of carbon dioxide. All gave the same poten­
tials. Silver-silver chloride electrodes were made as de­
scribed by Rule and La Mer,7 the silver chlorate having 
been prepared from silver carbonate and chloric acid free 
from other halogens, and twice recrystallized.

Bureau of Standards benzoic acid was used. Sodium 
benzoate was recrystallized from alcohol and was neutral to 
phenolphthalein. Potassium dihydrogen phosphate was 
recrystallized three times and dried a t 110°. Its  loss of 
weight on ignition was 13.16% (theory 13.23%). When 
titrated against sodium hydroxide using phenolphthalein 
indicator, its molecular weight was found to be Within 0.3% 
of the theoretical. Na2H P0r2H 20  was a sample of special 
purity prepared for work with enzymes. I t  was exposed to 
the atmosphere until it had reached constant weight. 
Loss on ignition was 25.29% (theory 25.30%). Analysis 
for phosphate, by precipitation as MgNH4P046H2O and 
weighing as Mg2P20 7, showed 53.29% (theory 53.36%).

Sodium chloride was recrystallized by La Mer and 
Kamner.8 Potassium chloride was recrystallized once. 
They were dried at 110°.

H20 -D 20  mixtures were recovered from previous experi­
ments. The quinhydrone was oxidized by alkaline potas­
sium permanganate in a flask kept at 80° for thirty-six 
hours or until permanganate was no longer reduced. The 
water was distilled in vacuo and redistilled in vacuo from an 
alkaline solution. Its density and conductivity were deter­
mined in a combined pycnometer and conductivity cell 
whose volume was 16 cc. The water Was forced through 
a glass tube directly from the pycnometer into the flask in 
which the solution was made up. Water having a specific 
conductivity greater than 2.10~6 ohm-1 was not used.

Constant boiling hydrochloric acid Was prepared accord­
ing to Bonner and Titus.9

(6) Biilman and Lund, A nn . chim., [9] 16, 321 (1921).
(7) Rule and La Mer, T his J o u r n a l , 58, 2339 (1936L
(8) La Mer and Kamner, ibid., 57, 2662 (1935).
(9) Bonner and Titus, ibid., 52, 633 (1930) .
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Nitrogen gas was freed from oxygen by passage through 
a tower containing copper spirals bathed with a solution of 
ammonium hydroxide saturated with ammonium chlo­
ride.10 11 12 Ammonia and water were removed subsequently 
by means of two absorption towers filled with sulfuric acid 
solutions, followed by two traps cooled to —78°.

Methods of Calculation
The ratio of the dissociation constants of hy- 

droquinone in H2O and D20  can be calculated 
from the difference of the electromotive forces 
of cell I when H20  is replaced by D20 .n Silver 
and silver chloride are solids whose activities are 
unity by definition whether the electrode be im­
mersed in H20  or in D20 .J2

Hence, the standard electromotive force of cell 
I is

• „0 _ RT (QH2)q 
2F m (Q)o(HCl), ( 1)

when the solvent is H20, and is

E\ = RT 
2 F In (QD2)i

(QMDClh (2 )

when the solvent is D20 .14 
Subtracting E °0 from E\

El -  El = sir In
R T, (QD2)1(Q)o(HC1);
2F ( QH2 )o( Q )i( D Cl )i (3)

Introducing K q and K u the geometric mean of 
the first and second dissociation constants of hy- 
droquinone and hydroquinone-d2, respectively

*o_ RT (Q)o(Cl-)g(Q^)iA02 
E, E q -  2 f  m (Ql)(Cl (4)

The relative free energies of chloride ions and of
quinone ions in H20  and in D20  not being known,
we must assume that the factor (Q)0(Cl~)o
(Q”)i/(Q)i(Cl~)i(Q=)o is unity. Eq. (4) becomes

o _0 RT 1 Ko , .
E i —  E 0 =  p - In ( 5)

(10) Van Brunt, T h i s  J o u r n a l , 36, 1448 (1914).
(11) La Mer and Korman, ibid., 57, 1511 (1935).
(12) Drucker1 has attem pted to show, by measuring the cells 

Ag-A gC l [xDC1(D20) [2 KCl(satd., H2O) |3KC1(H20> | HgCl-H g A 
Ag-AgCl | 4 HC1(H20 ) |« KCKsatd., H 2O) |«KC1(H20 ) j HgCl-H g B 
that the difference in the e. m. f. arises from the difference in the 
solubilities of silver chloride in H 2O and in D 20 . Brodsky13 and 
Schwarzenbach3 hold similar views.

This cannot be correct. It is well recognized that the silver-silver 
chloride electrode operates by virtue of the fact that the activities of 
silver and silver chloride in solution are independent of the solvent 
since they are in equilibrium with a solid phase of fixed activity. 
The magnitude of the solubility, so long as it  does not change the 
ionic strength appreciably, cannot influence the electromotive force.

The difference of e. m. f. between cells A and B arises in fact from 
the liquid-liquid junction potentials 2 and 5.

(13) Brodsky, Trans. Faraday Soc., 33, 1180 (1937).
(14) In this paper symbols in parentheses represent activities. 

The symbol E° represents the standard electromotive force of cell I.
The subscript 0 is used when the solvent is H2O; and the subscript n
when the solvent is an H20 - D 20  mixture in which the mole fraction
of deuterium is n.

Using this equation, the ratios of the dissociation 
constants of hydroquinone and hydroquinone-^2 
can be calculated from the difference of the 
standard electromotive forces of cell I when the 
solvent is D20  and when it is H20.

On the other hand, the equilibrium constant, 
K2, of the exchange reaction QH2 +  2DC1 : 
QD2 +  2HC1 can be calculated on the assumption 
that quinone has the same activity in D20  as in 
H20. Equation (3) then reduces to

El E°0
RT (QDaMHCl)* RT
2F 1U (QH2)o(DCl)f 2F (6)

The dissociation constants of other acids in 
H20-D 20  mixtures can be determined from the 
e. m. f. of cell II following the methods of Harned 
and co-workers15 and Korman and La Mer,4 who 
first applied the method to deutero acids. The 
e. m. f. of cell II for an H20-D 20  mixture in which 
the mole fraction of deuterium is n, is16

RT (QH2 +  QD2)n
2F (Q)„(H+ +  D + )j(a -); (7)

For low ionic strengths where the salt effect of the 
quinhydrone electrode is negligible (QH2 +  
QL>2)„ =  (Q)„ and

= E°n -  - p  In (H + +  d +)„(C1-)„ (8)

In this equation En is the e. m. f. of cell II and 
E°n is the standard e. m. f. of cell I when the frac­
tion of deuterium in the solvent is the same for 
both cells. Defining the dissociation constant 
of an acid in an H20-D 20  mixture as17

(15) Harned and Owen, T h i s  J o u r n a l , 52, 5079 (1930); Harned 
and Ehlers, ibid., 54, 1350 (1932); 55, 652 (1933).

(16) (H + +  D +) in these equations means the sum of the activi­
ties of all the hydrogen and deuterium ions whether hydrated or not.

(17) That it  is permissible thermodynamically to  write the sums 
(QH2 4- QD2) to and (H + +  D +) n in defining cell processes and dis­
sociation constants in H2O -D 2O mixtures can be shown as follows. 
When the quinhydrone electrode is used in an H 2O -D2O mixture there 
will be two oxidation-reduction systems; one is composed of quinone 
and hydroquinone

_  RT (QHi)
2 F (Q)n(H+);

and the other of quinone and hydroquinone-d2

Fu — F° — In (QD2)n Eh Eh 2p 1 (Q)n(D+)2
n

At equilibrium the potentials of the two system s are equal. Intro­
ducing into equation (7) the fraction, a, of hydroquinone-da and the 
fraction, of deuterium ion and omitting the chloride ion we obtain  
either

,0 _  RT (QH, +  QD,).(1 -  a) 
2F (Q)(H+ +  D +)2„(l -  /32)

n _  po _  E I  (QH2 +  QD,). (a)
“ n 2F (Q)(H+ +  D +)2 (/3)2

Hence the normal potential of the quinhydrone electrode as defined
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(H + + D + ) (A") 
(HA +  DA)

we substitute for (H+ +  D +) in equation (8)
(A-)»

(HA +  DA)(Cl-)„ K n
simplifying

, ,, En -  E l , (HA +  DA)»(Cl-)„
l°g K n = 2 M T /F  ~  Iog -----^~(A=r.---------

Introducing the activity coefficients and the 
molal concentrations m1} mi and Mz of the acid, 
of its ion and of the chloride ion, respectively

log K n En -  K  
2.3RT/F log m2 (9)

In the case of acids whose anions have unit 
charge, the last term is the ratio of the activity 
coefficients of two univalent ions and, being 
sensibly unity, can be neglected. The error in­
troduced will be particularly small when the ratio 
of the dissociation constants in H20  and in D20 is 
considered.

In the case of the dissociation of dihydrogen 
phosphate, the anion formed is a divalent ion and 
the last term in equation (9) becomes appre­
ciable, requiring extrapolation of the data to in­
finite dilution. We set

lo g /i/3/ / 2 = 2 A V Ï  +  3/z
where A is the theoretical constant of the Debye- 
Hiickel limiting law and B is an empirical con­
stant. Replacing the last term in equation (9) by 
these functions and transferring the term B to the 
left-hand side

loS K n +  B» = ^ ^ - 2 A V ï - l o ë ^  (10)

The data of Nims18 on this system indicate that a 
plot of the right-hand side of equation (10) 
against the ionic strength, ju, gives a straight line 
at least to an ionic strength of 0.17. The inter­
cept at zero ionic strength gives the logarithm of 
the thermodynamic ionization constant.

Experimental Results
In Table I are the observed potentials E™ for 

cell I, and the normal potentials, E°n.
by equation (7) differs from the normal potential E^ only by the 
factor

R T  . (1 -  a)
2F (1 -  j8)2

and from the potential E £ by the factor
R T ,  a2 
2F ï a J

These factors are constants for an H 2O -D 2O mixture containing a 
fixed fraction of deuterium.

(18) Nims, T h i s  J o u r n a l , 55, 1946 (1933).

T a b l e  I
E l e c t r o m o t iv e  F o r c e  o f  C e l l  I 

Each recorded potential is the mean of measurements 
with two cells filled with the same solution. Each cell 
contained duplicate quinhydrone and duplicate silver- 
silver chloride electrodes.

AS
Moles of 

HCl 
per liter 

of solvent
25° 45 0

0.1079 Ln E°n En E l
0 0.03049 0.2897 0 .4772 0.2756 0.4759
0 .02097 .2714 .4770 .2564 .4760
0 . 0 1 1 2 2 5 .2408 .4769 .2237 .4758
0.048 .02765 .2865 .4787 .2725 .4778

.048 .02482 .2809 .4783 .2665 .4774

.056 .02096 .2732 .4788 .2582 .4778

.056 .02034 .2714 .4785 .2562 .4774

.096 .01644 .2627 .4802 .2470 .4793

.096 .02094 .2744 .4801 .2594 .4791

.252 .02463 .2874 .4852 .2728 .4841

.252 .02169 .2810 .4850 .2660 .4839

.511 .02149 .2900 .4944

.547 .01958 .2865 .4955

.764 .01807 .2910 .5039 .2755 .5028

.775 .01869 .2937 .5052 .2782 .5038

.987 .02797 .3214
c °

.5130

.252 .02169
O

.2988 .4879
.511 .02149 .3080 .4976

Unpublished data of Noonan and La Mer em­
ploying the cell Pt D2/  DC1 /  AgCl-Ag indicate 
that the interionic activity coefficients of HCl and 
DC1 do not differ appreciably. The molal po­
tential of cell I was therefore calculated from the 
observed potentials, E%, by subtracting the e. m. f. 
of the cell

H2/HC1 (m — l)/AgCl-Ag-AgCl/HCl (m)/H2

The e. m. f. of this cell was calculated from the 
data of Harned and Ehlers.19

The differences of the molal potentials for 
cell I when the solvent is an H20-D 20  mixture 
and when it is H20  are plotted in Fig. 3 against 
the mole fraction, n, of deuterium in the solvent. 
A number of measurements were made in the 
neighborhood of 5% D20, where evidence for a 
minimum had been reported previously.4 No 
minimum was found, the differences being an 
almost linear function of the fraction of deuterium 
in the solvent. The least squares equation of the 
curve, obtained from the data at 25°, is

E n = E q + 0.02975w + 0.00985w2 -  0.00301»3 (11)

The same equation fits the data equally well at 
45 and at 5°, though additional data are de­
sirable at the latter temperature. The tempera­
ture coefficient of the e. m. f. is consequently the 
same in H20, in D20  and in their mixtures at

(19) Harned and Ehlers, ibid., 55, 2179 (1933).
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Kn
Ko . (■

(HjO) +  Af(HDO) +  N(  D20 ) + V (d2Q)3__
v m & r  v l .)V(h2o) V l

(  VÖEÖ) V I  +  -  (D20 ))((H 20) +  (HDO) +  (D20))
( 12)

temperatures between 5 
and 45°. The average 
deviation of the data from 
equation (11) is 0.2 mv.

Using equations (5) and (6), the exchange con­
stant, K 2y and the ratios of the dissociation con-

0 0.2 0.4 0.6 0.8 1.0
n.

Fig. 3.—‘The molal potential of cell I as a function of 
the mole fraction of deuterium in the solvent. The curves 
for 5 and 45 ° have been displaced upward by 4 and 8 
millivolts, respectively.

stants of hydroquinone and hydroquinone-d2 were 
calculated and are shown in Table II.

Temp,, °C.
Table II 

5 25 45
K, 19.1 15.6 ' 13.0
Ko/Kt 4.61 4.16 3.80

Since the temperature coefficient of the elec­
tromotive force is zero, the difference between the 
free energies of dissociation of hydroquinone and 
of hydroquinone~d2 is the same as the difference 
in the heats of dissociation. The difference in 
the entropies is zero within 0.4 entropy unit.

In Table III are the data on the composition

This is analogous to the equation employed by 
Gross, Steiner and Suess20 and Orr and Butler.21

The significance of the constants L, M  and 
N  is shown by the equations

/T  -  (H3Q+) VÏD2O]3 
V L  (d 3o +) V I S o p

1 _  (HsO+) jHDO]
M  (H2DO+) [H20]
^  (H3Q+) [D2O]
N  (HD20+) [H20]

In these equations, symbols in brackets represent 
moles per liter and symbols in parentheses repre­
sent activities.

Fig. 4.—Dissociation constant ratios for benzoic acid 
as a function of the mole fraction of deuterium in the 
solvent. The curves for 25 and 45° have been dis­
placed upward by 0.06 and 0.12 unit, respectively.

of the benzoic acid buffer solutions used in cell 
II, the e. m. f. data and the dissociation constants 
calculated from equation (9). The ratios K n/K 0 

are plotted in Fig. 4 against the mole fraction of 
deuterium in the solvent. K n is the dissociation 
constant in an H2O-D2O mixture and K 0 is the 
dissociation constant in H20. The short extra­
polation to D20 was made using the equation

L can be calculated from the equation3
t r 2FAE
log L  2.3R T +  log K,

Ks is the equilibrium constant of the reaction 
D2 +  H20  ^ ±1 H2 +  D2O, calculated from the 
data of Farkas and Farkas for the equilibrium

(20) Gross, Steiner and Suess, Trans. Faraday Soc., 32, 883 (1936).
(21) Orr and Butler, J . Chem. Soc., 330 (1937).
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T a b l e  III
C o m p o s it io n  o f  S o l u t io n s , E . m . f . D a t a  a n d  D is s o c ia t io n  C o n s t a n t s  For  B e n z o ic  A c id s  

Figures in parentheses show the number of cells from which the e. m. f. data were obtained. The average of the data is 
recorded as E n.

AS
Grams solute per liter solvent OEO 15° cO
Benzoic Sodium ZD

E°n
D

n 0.1079 acid benzoate NaCl Fn En K n 105 A En K n 105 E n K n IQ®
0.9787 0.04375 0.03771 0.04530 0.5128 0.1585 1.99 (2) 0.5116 0.1339 2 .00  (1) 0.5158 0.1832 1 .83  (1)

.9651 .02518 .02247 .07109 .5122 .1753 2 .03  (2) .5111 .1522 2 .07  (1) .5152 .1987 1 .8 5  (1)

.8799 .02891 .04166 .1040 .5087 .1546 2.23  (3) .5077 .1302 2 .24  (4) .5117 .1805 2 .1 3  (3)

.5242 .01434 .02447 .07087 .4949 .1555 3.55  (1) .4938 .13155 3 .53  (1) .4979 .1798 3 .3 3  (1)

. 5145 .01801 .01854 .05938 .4945 .1635 3.56 (1) .4934 .1400 3.52  (1) .4975 .1871 3 .3 2  (1)
0 .02382 .02026 .03242 .4770 .1493 6.16  (1) .4759 .1254 5.95  (1) .4800 .1733 5 .9 4  (1)
0 .01782 .02351 .05937 .4770 .1540 6.15  (1) .4759 .13075 6.01  (1) .4800 .1773 5 .7 2  (1)
0 .04117 .04565 
Weighted average for H 2O

.01184 .4770 .1602 6.02 (3) 
6.09

.4759 ,1372 5 .88  (2) 
5.93

.4800 .1833 5 .6 5  (2) 
5 .6 8

H20 +  HD HDO +  H2, of Urey and Ritten­
berg for the equilibrium H2 +  D2 2HD, and 
of Topley and Eyring for the equilibrium H20 +  
D20  2HD022. AE is the difference between
the e. m. f. of the cell H21 HCl | AgClAg when the 
solvent is D20  and when it is H20. We are in­
debted to Mr. Evan C. Noonan for permission 
to use his data for AE  before publication. The 
constants A E, K 3, and L are given in Table IV.

T a b l e  IV
C o n s t a n t s  f o r  E q u a t io n  (1 2 )

Temp., 0 C. 5 25 45
A E 0.0041 0.0042 0.0049
Ks 11.6 8.70 6.45
L 16.3 12.04 9.21
M 0.97 1.04 1.12
N 1.03 1.15 1.28

The constants M  and N  were obtained by fitting
equation (12) to the data for the dissociation con­
stant ratios for hydroquinone in H20-D 20  mix­
tures calculated by means of equations (5) and 
(11) (see Fig. 5). The constants M  and N  are 
given in Table IV and at 25° agree closely with 
the values 1.05 and 1.10 obtained by Orr and 
Butler.21

The ratios K q/K i Ïot benzoic acid, obtained by 
the extrapolation in Fig. 4, together with the dif­
ferences of heats, entropies, and free energies of 
dissociation are shown in Table V.

T a b l e  V
D if f e r e n c e  o f  M o l a l  H e a t s , F r e e  E n e r g i e s , a n d  

E n t r o p ie s  o f  D is s o c ia t io n  f o r  B e n z o ic  A cid

°C. K 0/ K 1 R  In K 0/ K 1
H 1- H 0

cal.
F 1—F0
cal.

S 1- S 0
cal./deg.

5 3.16 2.29 - 9 636 - 2 .3
25 3.13 2.27 175 676 - 1 .7
45 3.04 2.21 379 703 - 1 . 0

Subscript 1 refers to benzoic acid-d; subscript 0 to 
protobenzoic acid.

(22) Farkas and Farkas, Trans. Faraday Soc., 30, 1071 (1934); 
Urey and Rittenberg, J . Chem. Phys., 1, 137 (1933); Topley and 
Eyring, ibid., 2, 217 (1934).

At 25° the heat of dissociation of benzoic acid-d 
is 175 cal. greater than that of protobenzoic acid 
and the entropy of dissociation is —1.7 calories 
per degree less.

0 0.2 0.4 0.6 0.8 1.0
n .

Fig. 5.—Dissociation constant ratios for hydroquinone 
as a function of the mole fraction of deuterium in the 
solvent. The curves for 25 and 45 ° have been displaced 
upward by 0.08 and 0.16 unit, respectively.

The composition of the phosphate buffer solu­
tions used in cell II in the determination of the 
dissociation constant of H2PC>4“ at 25° and the 
e. m. f. data are given in Table VI. In Fig. 6 
the dissociation constant data were extrapolated 
to infinite dilution employing equation (10). The 
extrapolated values are given in Table VII.

Equation (12) was employed in making the ex­
trapolation to pure D20. The ratio K q/K-l is 3.62.
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T a b l e  VI
C o m p o s it io n  o f  P h o s p h a t e  B u f f e r  S o l u t io n s  a n d  E. m . f . D a t a  

Each recorded potential is the mean of measurements with two cells filled with the ^ame solution. The figure in 
parentheses in column (4) represents moles of NaCl instead of KC1. s

AS
n  "  0.1079 K H 2PO4

Moles of solute per liter 
Na2H P 0 4 

2 H 2O KCl ifn J En
-  (log K  

+  Bn)
0 0 .0 3 6 7 1 0 .0 1 6 8 6 (0 .0 3 8 7 7 ) 0 .1 2 6 1 0 .4 7 7 0 0 .0 0 3 5 7 .2 9 0
0 .0 1 0 9 6 .0 1 0 3 8 .0 1 9 9 4 .0 6 2 0 4 .4 7 7 0 -  .0 3 5 7 7 .2 4 2
0 .0 1 0 5 1 .0 0 5 9 6 7 .0 2 1 4 5 .0 4 9 8 7 .4 7 7 0 -  .0 2 1 6 7 .2 3 2
0 .0 0 1 9 6 4 .0 0 1 3 9 0 .0 0 4 5 6 1 .0 1 0 6 9 .4 7 7 0 -  .0 6 9 7 7 .1 5 5
0 .0 0 2 9 0 8 .0 0 1 3 0 4 .0 0 4 7 4 9 .0 1 1 5 7 .4 7 7 0 -  .0 5 8 5 7 .1 8 6
0 .0 0 8 8 9 6 .0 0 3 1 9 6 .0 0 8 6 8 8 .0 2 7 1 8 .4 7 7 0 -  .0 3 4 5 7 .1 9 9
0 .9 0 8 9 .0 1 4 0 3 .0 1 0 6 5 .0 1 3 3 9 .0 5 9 3 7 .5 0 9 9 -  .0 3 6 5 7 .7 3 4

.9 0 6 9 .0 0 2 6 9 9 .0 1 7 5 5 .0 3 1 9 2 .1 1 1 6 .5 0 9 9 -  .0 0 7 0 7 .7 7 3

.9 0 4 2 .0 2 0 2 6 .0 1 4 8 8 .0 1 7 0 1 .0 8 1 9 6 .5 0 9 8 -  .0 2 8 0 7 .7 5 1

.9 8 5 4 .0 1 8 9 7 .0 1 5 2 4 .0 2 0 4 5 .0 8 5 2 1 .5 1 3 7 -  .0 2 5 3 7 .8 0 7

T a b l e  VII
D is s o c ia t io n  C o n s t a n t  R a t io s  f o r  H2PO4- , 25°
n log Kn Kn 108 Kn/Ko K9/Ki

0.000 8.810 6.46 1 1
.9063 8.309 2.04 0.316
.9854 8.255 1.80 0.279

(1.000) 8.250 1.78 0.276 3.62

Discussion
In Fig. 7 the ratios K 0/K 1 for benzoic acid, hy­

droquinone, and H2P04~ are plotted against log

K q. The length of the lines in the figure shows 
the estimated probable error of the dissociation 
constant ratio. In view of the fact that the dis­
sociation constants of the proto and of the deutero 
acids were determined by exactly the same 
method, any constant errors of the method tend 
to cancel when their ratios are considered. The 
average deviation of the ratio should therefore be 
a fair measure of the probable error.

For benzoic acid, the average deviation of the

data from the curve in Fig. 4 is 1%. For H2P04“, 
the necessity of extrapolating first to infinite 
dilution and afterward to pure D20  increases the 
uncertainty of the result and 2% is a better 
estimate. For hydroquinone the assumptions 
underlying equation (5) introduce an error which 
cannot be estimated. On the basis of the average 
deviation of the e. m. f. data (0.2 mv.), the average 
deviation for the ratio K 0/K i is 1.6%.

The ratios for acetic acid (from the closely 
agreeing conductance and e. m. f. 
data of La Mer and Chittum23 and 
of Korman and La Mer4) and for 
chloroacetic acid (from the conduct­
ance data of Lewis and Schütz2) are 
also plotted in Fig. 7. The data 
for acetic acid fit a curve similar to 
that for benzoic acid with an aver­
age deviation of about 1%. The 
precision of the data for chloro­
acetic acid cannot be estimated, for 
Lewis and Schütz do not report the 
exact fraction of deuterium in their 
H20-D 20  mixture. The dissocia­
tion constant for chloroacetic acid-d, 
is being redetermined in this Labo­
ratory by Mr. James Yates.

The curve in Fig. 7 passes through 
or very near all the points and is consistent with an 
extrapolated ratio equal to unity at log K q = 1.75, 
or K q = 55, the dissociation constant of H30+. 
The ratio decreases as the strength of the acid 
increases; for acids approaching the strength of 
I i30+, the dissociation constants may be the 
same in H20  and in D20.

It should be noted that of all the data in the 
literature on the dissociation constants of deutero

(23) La Mer and Chittum, T h i s  J o u r n a l , 58, 1642 (1936).

M-
Fig. 6.—The secondary dissociation of phosphoric acid in H20 -D 20  

mixtures at 25 0 as a function of ionic strength. The lower curve refers to 
data obtained with H20. The upper curve refers to data obtained with 
90.6% D20.
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Fig. 7.—Ratios of dissociation constants for proto and deutero acids 
from conductimetric and potentiometric measurements.

Acid Ko K o/K i Reference

(1) h 3o + 55.5 (1)
(2) Chloroacetic 1 .7 2 b X 10-3 2.74 2
(3) Benzoic 6.09 X 10-6 3.13 This paper
(4) Acetic 1.84 X 10-5 3.33 23, 4
(5 ) H2P 0 4“ 6.46 X 10~8 3.62 This paper
(6) Hydroquinone0 2.66 X 10-11 4.16 This paper

a K 0 is the geometric mean of the first and second dis­
sociation constants.24

acids, these are the only ones which have been 
obtained by modern conductimetric methods or 
by potentiometric methods employing cells with­
out liquid-liquid junctions between H20 and 
D20. We have pointed out the difficulty of 
interpreting the cell reactions and therefore the 
dissociation constant data obtained from cells 
with liquid junctions.

Summary
The cell Pt | QQH2-QQD2 HC1-DC1(H20 -  

D20) I AgCl-Ag was reinvestigated at 25° and 
the measurements were extended to 5 and 45°. 
No minimum was found at 5% deuterium, the 
e. m. f. being an almost linear function of the 
deuterium content of the solvent. The tem­
perature coefficient of the e. m. f. is the same in 
H20  and in D20. The cell

Benzoic acid
Pt QQH2-QQD2 Sodium benzoate (H20 -D 20) 

Sodium chloride
AgCl-Ag

was studied at 5, 25 and 45°. The heat of dis­
sociation for benzoic acid di is 175 calories greater 
than for protobenzoic acid at 25°. The difference 
in the entropies of dissociation is 1.7 calories per 
degree. The cell

Pt
KH2PO4

QQH2-QQD2 Na2H P042H20  (H20 -D 20) 
KC1

AgCl-Ag

was studied at 25°.
The ratio of the dissociation constants for the 

deutero acid referred to, the proto acid for hy­
droquinone, H2P04~ and benzoic acid are com­
pared with the ratios for acetic and chloroacetic 
acids as determined by other investigators using 
both thermodynamic and conductivity methods. 
The ratios decrease as the strength of the acid 
increases and may become unity for acids as 
strong as H30 .+

(24) Sheppard, Trans. Am. Electrochem. Soc., 39, 429 (1921). N ew  Y ork , N . Y . R eceived A pril  25, 1938
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The Catalytic Interaction of Hydrogen and Deuterium with Ethylene and Deutero-
ethylenes on Copper
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Numerous efforts have been made to elucidate 
the detailed mechanism of the catalytic hydro­
genation of ethylene by studies of the kinetics of 
interaction of ethylene with hydrogen and deuter­
ium.4 The possibility of a more penetrating analy­

sis of the problem presented itself to us in the 
preparation of ethylene-and various deuterium- 
substituted ethylenes, permitting therefore cata­
lytic studies in which the effect of the substitu­
tion of the unsaturated partner in the hydrogena­
tion process could be tested independently with 
both hydrogen and deuterium as the addition 
agents.

(1) Aspirant du Fonds National de Recherche Scientifique, Bel­
gium.

(2) Francqui Professor, 1937, University of Louvain, Belgium.
(3) Docent, University of Louvain, Belgium.
(4) (a) Farkas, Farkas and Rideal, Proc. Roy. Soc. (London), 

A146, 630 (1934); (b) Klar, Z. physik. Chem., B27, 317 (1934); Z. 
Elektrochem., 43, 379 (1937); (c) Pease and Wheeler, T h i s  J o u r n a l , 
57, 1149 (1935); (d) Farkas and Farkas, Trans. Faraday Soc., 33, 
678. 827 (1937); T h i s  J o u r n a l , 60, 22 (1938).

Experimental Details
Gases. Ethylene was obtained by the interaction 

of ethyl alcohol and sulfuric acid. The gas was freed from 
ether and acid fumes in the usual way and purified by 
liquefaction and fractionation. I t  was stored in a reser­
voir in the reaction system (Fig. 1) in which the process of 
condensation and removal of volatile impurities could be 
repeated at intervals if necessary.

Ethylene-^4 was obtained by the action of zinc on ethyl­
ene dibromide-d4 prepared by interaction of acetylene-^ 
and deuterium bromide. The acetylene-^ was prepared 
by interaction of 99.6% deuterium oxide with a high grade 
calcium carbide, freed from water by heating a t 500° for 
several hours. The deuterium bromide was prepared by 
the hydrolysis of resublimed phosphorus pentabromide 
with 99.6% deuterium oxide. The ethylene-J4 was puri­
fied by vacuum distillation and the middle fraction (6 liters) 
was admitted to a reaction reservoir, A, the walls of which 
had been covered with molten sodium to eliminate traces 
of bromine compounds which might have survived the 
purification process. Raman spectra observations of this 
product indicate that it is 90-95% C2D4 or better than 
97.5% deuterium content of the hydrogen of the hydro­
carbon.

Ethylene-<i2 was obtained by catalytic exchange be­
tween ethylene and deuterium oxide on an active nickel 
catalyst a t 150 ° during several days. The central fraction 
of 6 liters from the purification process showed, by Raman 
spectra, that its D-content was slightly greater than 50%, 
and that it was composed predominantly of symmetrical 
cis- and trans-C2H2D2, with much smaller amounts of the 
unsymmetrical CH2:= C D 2 and C2H3D and C2HD3.

The hydrogen and deuterium were obtained by electroly­
sis of appropriate solutions of NaOH and NaOD. The 
gases were purified over hot copper, dried over phosphorus 
pentoxide and liquid air and stored in receptacles of Type 
B. Some hydrogen used was further purified by adsorp­
tion on and desorption from charcoal.

Catalysts.—The copper catalyst employed was pre­
pared by dehydration and reduction of a co-precipitated 
mixture of magnesium hydroxide-copper hydroxide in the 
molecular ratio 4:1 whose catalytic characteristics have 
been described already by Taylor and Joris.8 In many of 
the experiments only 0.5 g. of catalyst, corresponding to 
0.11 g. copper, was employed. In some of the last experi­
ments 4 g. of the catalyst was used.

Apparatus.—The reaction vessel F (85-cc. volume) 
shown in Fig. 1 was of a shape which permitted the distri­
bution of the catalyst on the horizontal areas of the several 
“stories,” thus providing greater accessibility of catalyst to 
gas mixture. Gas mixtures were prepared in E, from the 
storage reservoirs, A and B; via the vessel C. The gases 
were introduced into the reaction vessel by raising the 5

(5) Taylor and Joris, Bull. soc. chim. Belg., 46, 241 (1937).
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mercury level in E, the gases passing through the trap D 
cooled in solid carbon dioxide-acetone mixtures to mini­
mize access of mercury vapor to the catalyst system. Dur­
ing reaction, the mercury level was maintained at the glass 
point near the entrance to the capillary tubing, pressures, 
a t constant volume, being read on the manometers J, 
through which, also, the apparatus could be evacuated. 
Between experiments, the catalyst was evacuated to a pres­
sure of 10 “4 mm. at the temperature of the succeeding 
experiment if above that of the preceding.

Procedure.—Experiments have been performed at 
—20, 0, 20 and 40°. The gas ratios studied were 1:1, 2:1 
and 1:2, the unit pressure being 5 cm. for each component, 
10 cm. for the constituent in excess in the non-stoichio- 
metric mixtures.

Experimental Results
With the smaller amount of catalyst first used 

a small drift was noted in catalyst activity. The 
data have been presented graphically in Figs.
2-6, in small groups covering a particular variable 
to be investigated and in a sequence such that any 
variation due to the observed fatigue of the cata­
lyst would be minimized in its effect on the con­
clusions to be drawn.

Fig. 2.—Experiments a t 40° (5 cm.,
5 cm.): 1, C2H4 +  H2 (40° 3); 2, C2D4 +
H2 (40° 2); 3, C2D4 +  h>2 (40° 2); 4,
C2H4 +  n 2 (40° 3).

Note on Figs. 2-8.—Dotted lines indi­
cate hydrogenation; full lines indicate 
deuterization. Circles indicate C2H4; 
dots indicate C2D4.

In Fig. 2 are presented the data on stoichi­
ometric mixtures of the four gases taken in pairs 
in the order shown, reacting at 40°. These

experiments show unquestionably (a) that ethyl­
ene-^ hydrogenates more rapidly than ethylene 
and (b) that the rate of reaction of both with deu­
terium is approximately one-half that with hy­
drogen. This latter result confirms that of 
Pease and Wheeler40 on a different but active 
copper catalyst.

0 30 60 90
Time in minutes.

Fig. 3.—Experiments at 20°: 5,C2H4-f 
D2; 6, C2D4 -b D2; 7, C2H4 +  H2; 8,
C2D4 +  H2.

The data of Fig. 3 confirm both these conclu­
sions for stoichiometric pairs of gases at 20°. 
The data with hydrogen are comparable with those 
at 40°. With deuterium the spread between the 
two ethylenes is less than at 40° but this is prob­
ably largely experimental error and, even in this 
case, ethylene-̂ 4 is still a faster reactant than 
ethylene.

Experiments 11-14 at 40° in Fig. 4 once more 
confirm these results and supply data on varying 
rate with varying concentration. The reaction is 
faster than that of the stoichiometric mixture in 
presence of excess deuterium and markedly slower 
with excess of the ethylenes. In the latter cases, 
also, the change in rate with time is much greater 
than with the stoichiometric mixtures. This is 
also shown by the data of Experiments 15-17 in 
Fig. 5, the rates of 16 and 17 again pointing to a 
reaction with deuterium somewhat less than 
half that with hydrogen.

The data of Experiments 20-23 at 40° presented 
in Fig. 6 show that the 50% D-substituted ethyl­
ene reacts at a rate intermediate to that of ethyl-



1984 G. J oris, H. S. Taylor and J. S. J ungers Vol. 60

Fig. 4.—Experiments at 40°: 11,
2C2H4 +  D2 (10 cm. C2H4 +  5 cm. D2); 
12, 2C2D4 +  D2 (10 cm. C2D4 +  5 cm. 
D2); 13, C2D4 +  2D2 (5 cm. C2D4 +  
10 cm. D2); 14, 2C2D4 T  H2 (10 cm. C2D4 
+  5 cm. H2).

the results obtained, a new series of experiments 
was carried out with 4 g. of the copper oxide-mag-
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Fig. 6.—Experiments at 40°: 20,
C2H4 +  H2; 21, C2(DH)2 +  H2; 22, 
C2D4 +  H2; 23, C2H4 +  H2.

ene and ethylene-^. A comparison of Experi­
ments 20 and 23 gives an indication of the degree 
of reproducibility attainable in separated runs. 
At 0° the same influence of extent of deuterium 
substitution on the velocity is found.

To test the effect of catalyst deterioration on

Fig. 5.—Experiments at 40°: 15, 10
cm. C2D4 +  D2; 16, 5 cm. C2H4 +  2D2; 
17, 5 cm. C2H4 +  2H2.

nesium oxide mixture as source of catalyst mass. 
In Fig. 7 are presented the data of the first ex­
periments, Nos. 1, 2 and 3 on the new catalyst
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Fig. 7.—At 20 °, influence of deteriora­

tion P, 5 cm.: 1', C2H4 +  H2; 2',
C2(HD)2 +  H2; 3', C2D4 +  H2; 23', 
C2H4 +  H2; 24', C2D4 +  H2.

at 20° with stoichiometric mixtures of hydrogen 
and C2H4, C2(HD)2 and C2D4, respectively. It
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will be noted that, initially, within the experi­
mental error, all three ethylenes show the same 
rate of reaction. During the succeeding twenty 
experiments the activity of the catalyst showed 
a slow but progressive deterioration, which was 
accompanied by a progressive increase in the dif­
ferences of hydrogenation rate between C2H4 and 
C2D4, as shown by Experiments 23 and 24 on the 
same diagram. With ethylene the half life has 
increased from six to twelve minutes, while that 
of ethylene-^4 has changed from six to nine and 
one-half minutes. Since Experiment 24 with C2D4 
succeeds Experiment 23 with C2H4 and still shows 
a faster reaction rate although catalyst activity 
is slowly decreasing, it is evident that the differ­
ences in rates observed with the deteriorating 
catalyst are a function of the two gases and not 
wholly to be ascribed to the deterioration process.

This is true also of the data presented in Fig. 8 
for the effect of temperature in the range —20 to 
+40° with the stoichiometric mixtures of C2H4 

and C2D4 with hydrogen. The sequence of tem­
peratures studied was —20, +20, 0 and 40°. In 
every case C2D4 was studied after C2H4 and except 
at —20° is, in every case, the faster process. At 
0, 20 and 40° the times for one-quarter reaction 
are, respectively, Ti/4 = 24, 20, 5.3, 4.6, 1.5 and
1.4 minutes. These data correspond to apparent 
activation energies of hydrogenation E obsdXC2H4) 
= 11.8 kcal. and E 0bsd.(C2D4) = 11.3 kcal. In 
this temperature range, therefore, the differences 
between C2H 4 and C2D4 decrease with increasing 
temperature. The differences are real but their 
trend with temperature may well be within the 
error of experiment. Since, in this temperature 
range, the influence of varying gas ratios (Fig. 4) 
points to a unimolecular reaction with respect to 
hydrogen, inhibited by ethylene, the observed 
activation energy jE0bsd. is related to the true 
activation energy Et by the equations

E o b sd .(C 2H4) =  E < (  C2H4) —  X h 2 +

Eo b sd .(C 2D l) =  E f ( C 2D-i) —  AH2 +  ^ C 2D4 

where the X’s refer to the respective heats of ad 
sorption. The small difference in observed acti­
vation energies (0.5 kcal.) is divided in some inde­
terminate manner between the true activation 
energies and the heats of adsorption of the two 
ethylenes. Since, in general, one would expect 
XC2d4 to be somewhat larger than \ c2h4> it would 
follow that the true activation energy for the 
reaction between C2H4 and hydrogen would be 
somewhat more than 0.5 kcal. greater than the

true activation energy in the hydrogenation of 
C2D4. As might be expected from this reasoning 
the rate of hydrogenation of C2D4 is actually 
greater than that of C?H4 and the intermediate 
case, C2H2D2, is intermediate between these two 
extremes. Why the true activation energy should 
be greater for ethylene than for ethylene-d4 is not 
apparent.

We can avoid these difficulties of detailed 
mechanism by stating the observed facts, quite 
generally, in terms of the concept of the activated 
complex. At a given ratio of hydrogen to any of 
the ethylenes, the rate indicates that the concen­
tration of the activated complex (C2HiCD6_JC)* on 
the surface is greater, the greater the D-concen- 
tration of the complex.
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Fig. 8.—Influence of temperature on 
H2 +  C2H4 and C2D4 (5 cm.): 21' and 
22' a t -2 0 ° ; 25' and 26' at 0°; 23' and 
24' a t 20°; 27' and 28' a t 40°.

This same factor must also be operative in the 
reactions which involve the comparative rates of 
reaction between ethylene or ethylene-d4 and 
hydrogen or deuterium. With either unsaturated 
hydrocarbon the velocity of reaction with deu­
terium is only one-half that with hydrogen. On 
surfaces largely covered with the unsaturated 
hydrocarbon, collision rates of hydrogen and 
deuterium with the free surface would introduce a 
factor of 1.4 in favor of the hydrogen reaction. 
What we have termed the concentration of ac­
tivated complex would, as we have seen, favor 
more rapid reaction of deuterium by an amount
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of the order of 10%. It is therefore evident that 
a definite part of the difference in rates of reaction 
with hydrogen and with deuterium, approximately 
one-third of the total difference in rate, is to be 
ascribed to factors associated with zero-point 
energy differences of the hydrogen and deuterium, 
in their interactions with catalyst and substrate. 
In actual amount these are small, an energy dif­
ference of AE  = 250 cal. being sufficient, together 
with the collision factor and the concentration of 
complex, to account for the two-fold difference in 
velocity observed.

These considerations cannot be decisive in the 
experiments at —20° (Nos. 21 and 22) where the 
slow and approximately equal rates with C2H4 and 
C2D4 point to the availability of empty spaces for 
hydrogen adsorption as the rate-determining 
process.

Since the slow deterioration of the catalyst with 
time occurs progressively with any of the three 
ethylenes prepared by three different methods, we 
cannot ascribe it to impurities in the gases em­
ployed. Rather must it be ascribed to progres­
sive irreversible reactions of the ethylenes them­
selves on the active catalysts which we have 
employed, leading to carbonaceous deposits on 
the most active centers, the deposits being re­
tained during the evacuation procedures inter­
vening between experiments. Such deterioration 
has been well established previously with nickel 
catalysts, but has not generally been noted hith­
erto with copper catalysts. The catalysts here 
used are, as we have already established,5 very 
much superior in activity to copper catalysts 
hitherto studied. It is evident, from the data, 
that the rate-determining factors change with 
changes in the active centers studied, the differ­
ences between the rates of hydrogenation of 
C2H4, C2(HD)2 and C2D4 being negligible on the 
most active centers, and definite but relatively

small on centers of lesser activity. This again 
illustrates the observation frequently made that 
the kinetics of a given heterogeneous surface re­
action can vary widely with variation in the sur­
face activity.6

Acknowledgment.—We wish to express our 
indebtedness to Professor Marc de Hemptinne who 
so kindly placed at our disposal the supplies that 
we have used of deuterium and of the various 
deutero-ethylenes.

Summary
1. The rates of addition of hydrogen and of 

deuterium to ethylene, ethylene-d2 and ethylene-d4 
on active copper catalysts have been studied in 
the temperature range —20 to +40°.

2. The addition of deuterium occurs at a rate 
approximately one-half that of hydrogen on the 
several ethylenes.

3. Initially, on catalysts of high activity, no 
differences are observed in the rates of hydrogena­
tion of the several ethylenes.

4. A slow deterioration of the catalyst, as­
cribed to irreversible reactions of ethylene leading 
probably to carbonaceous depositions, progres­
sively occurs.

5. With decreasing activity due to this poison­
ing, small differences in the rates of hydrogenation 
of the ethylenes are observed, the more highly 
deuterized ethylenes reacting more rapidly.

6. Collision rates of hydrogen and deuterium 
with the surface are inadequate to account for 
the relative rates of addition observed. Zero- 
point energy differences are also involved.

7. The apparent activation energies of these 
reactions average 11.5 kcal. in the temperature 
range studied.
L o u v a in , B e l g iu m  R e c e iv e d  J u n e  6 , 1938

(6) See, especially, Pease, T h i s  J o u r n a l , 45, 1196 (1923), for 
varying kinetic behavior of the reaction H2 +  C2H4 on copper cata­
lysts of varying activity.
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The System Ammonium Selenate-Magnesium Selenate-Water at 30O1
B y  R a lph  W. L a w r en c e  and  G. B rooks  K in g

Relatively few ternary systems of the type 
selénate-selenate-water have been investigated. 
Meyer and Aulich2 studied the following systems 
at 25°: Na2Se04-MgSe04-H 20 ; K2Se04-MgSe04-  
H20 ; K2Se04-CaSe04-H 20 ; Na2Se04-CaSe04-  
H20 ; and K2Se04-Na2Se04-H 20 . It was of interest 
to study further salt pairs of this type and to 
compare these with the corresponding sulfate 
systems. The purpose of the present investiga­
tion was to study solubility relationships in the 
system (NH4)2 Se04-MgSe04-H 20. Although the 
double salt (NH4)2Se04-MgSe04-6H20 has been 
reported, solubility data in this system appear 
to be entirely lacking.

Experimental
Materials and Apparatus.—The preparations of selenic 

acid and ammonium selenate have been described previ­
ously.3 Magnesium selenate was prepared by dissolving 
magnesium carbonate in selenic acid and recrystallizing the 
salt.

An electrically controlled thermostat was employed, 
allowing the temperature to be maintained at 30 =*= 0.05°.

Methods of Analyses.—The ammonium selenate was 
determined by distilling the ammonia from an alkaline 
solution into standard acid and the excess acid determined 
by titration with sodium hydroxide. The magnesium 
selenate was determined by precipitation of the magnesium 
as magnesium ammonium phosphate and subsequent igni­
tion to the pyrophosphate. Both determinations were 
checked by using samples of known magnesium and am­
monium content. Water was determined by difference. 
The results of duplicate determinations varied no more 
than three parts in one thousand.

Solubility Determinations.—Various mixtures of am­
monium selenate, magnesium selenate hexahydrate, and 
water were weighed out approximately and placed in 6-inch 
(15 cm.) Pyrex test-tubes. Each of these tubes was closed 
by a cork through the center of which passed a glass 
stirrer, surmounted by a small air turbine. None of the 
samples were dissolved by heating because of the danger of 
hydrolysis of ammonium selenate.

The tube contents were stirred continuously for a t least 
twelve hours before samples were taken for analysis. In 
order to ensure equilibrium, samples of the solutions were 
removed a t intervals and analyzed. Analysis showed that 
in all cases equilibrium conditions were reached in less than 
twelve hours.

(1) Part of a thesis presented by R. W. Lawrence in partial fulfil­
ment of the requirements for the degree of Master of Science at the 
State College of Washington.

(2) Meyer and Aulich, Z. anarg. allgem. Chem., 172, 321 (1928).
(3) Gilbertson and King, T h i s  J o u r n a l , 58, 180 (1936); King,

J . Phys. Chem., 41, 797 (1937)*

Samples were removed from the solution by means of a 
small pipet equipped with a cotton filter, the pipet being 
pre-heated to slightly above the temperature of the thermo­
stat. The solutions were weighed in glass-stoppered 
bottles. The tube and its content of wet residue was stop­
pered, the outside of the tube dried, and the tube and wet 
residue weighed. The residue was then transferred to a 
100-ml. volumetric flask. Aliquot portions were taken for 
analysis.

The solubility of magnesium selenate was determined by 
removing samples at intervals of four hours until con­
cordant results were obtained. A similar procedure was 
followed for ammonium selenate. Solubility determina­
tions of samples of pure magnesium selenate made up at 
different times by different individuals gave concordant 
results. The same is true for ammonium selenate.

Results
The compositions of solutions and residues are 

given in Table I and are shown graphically in 
Fig. 1. Solid phases were determined by the 
method of Schreinemakers.4

Table I
The System (NH4)2Se04-MgSe04-H 20  at 30°

Solution Residue
(N H 4)2S e0 4 

wt. % M gSe04 
wt. %

(N H 4)2S e0 4 
wt. %

M gSe04 
wt. % Solid phase

36.60 Ma
1.25 36.66 0.43 54.40 M
2.24 36.74 8.45 49.79 M +  D
2.29 36.76 12.61 40.00 M +  D
2.25 36.78 5.16 48.05 M +  D

Av. 2.26 36.76 M +  D
2.53 36.08 17.52 36.35 D
5.03 27.60 28.33 34.00 D
9.73 17.48 27.92 29.23 D

16.60 8.95 33.37 29.90 D
20.24 5.63 33.28 27.03 D
26.20 3.24 35.63 28.05 D
33.60 1.55 37.57 27.46 D
36.40 1.17 D
40.50 0.70 39.60 26.90 D
52.26 .22 45.24 20.77 D
55.13 .18 82.31 3.53 D +  A
55.17 .22 75.07 9.11 D +  A
55.15 .22 70.30 7.34 D +  A

Av. 55.15 .21 D +  A
54.16 A

“ M = MgSe04-6H20. D = (NH4)2Se04MgSe04-6H20. 
A = (NH4)2Se04

At 30° three solid phases: MgSe04-6H20, 
MgSe04*(NH4)2Se04*6H20, and (NH4)2Se04 exist. 
The double salt exists over almost the entire range

(4) Schreinemakers, Z. physik . Chem, ,  11, 75 (1893).
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of concentrations. The solubility curve for (NH^- 
Se04 was not experimentally realizable.

HoO

Fig. 1.—The isotherm at 30°: A represents
MgSe04-6H20 ; B represents MgSe04-(NH4)2- 
Se04-6H20.

Weston4 5 investigated the corresponding sulfate 
system and found that the solubility curves of 
both MgS04-7H20  and (NH4)2S04 could not be 
realized. The selenate and sulfate systems are 
analogous in nearly every respect.

(5) Weston, J . Chem . Soc., 121, 1223 (1922).

It should be noted that the solubilities given 
here for both magnesium selenate and for am­
monium selenate do not agree with previous de­
terminations.2,6 For the former, Meyer and 
Aulich give 31.2 wt. per cent, and for the latter, 
Tutton gives 57.9 wt. per cent. Tutton does 
not state his method for determining the solu­
bility.

Approximate solubility determinations at 60° 
have been made. It was found that the same 
phases are present at that temperature as at 30°, 
the solubility of each phase increasing with in­
creased temperature.

Acknowledgment.—Hydrogen peroxide used 
in the preparation of selenate salts was furnished 
by E. I. du Pont de Nemours and Company. 
This kindness is gratefully acknowledged.

Summary

1. The solubility relations in the system am­
monium selenate-magnesium selenate-water have 
been determined at 30°.

2. The system is analogous to the correspond­
ing sulfate system.

(6> A. E. H. Tutton, ibid., 89, 1071 (1906).

Pullman, Washington Received M arch 21, 1938

[Contribution from the Department of Chemistry of Kansas State College, N o. 240]

Maleic Acid Production—Vapor Phase Oxidation of Five-Carbon Olefinic Acids1
By W. L. F a ith  and M. F. Y antzi

It has been shown that maleic acid may be pro­
duced by the catalytic oxidation of crotonic acid, 
or the corresponding aldehyde.2,3 The purpose 
of the present work was to study the catalytic 
vapor phase oxidation of several five-carbon ole­
finic acids under similar conditions. The major 
objective of the study was to determine whether 
the chief product of such oxidation would be 
maleic acid or a five-carbon unsaturated dicar- 
boxy lie acid.

Three acids were chosen for the work: 2-pen- 
tenoic acid, CH3CH2CH=CHCOOH; 3-pentenoic 
acid, CH3CH=CHCH2COOH; tiglic acid, CH3- 
CH=C(CH3)COOH.

It was felt that the results of the study might
(1) The experimental work reported here is a part of Project No. 

137 of the Kansas State College Engineering Experiment Station.
(2) Otto Drossbach, U. S. Patent 1,880,991 (Oct. 4, 1932).
(3) W. L. Faith and A. M. Schaible, T h i s  J o u r n a l , 60, 52 (1938).

aid research on the catalytic vapor phase oxida­
tion of olefin hydrocarbons.

Preparation of the Acids.—The 2-pentenoic acid was 
prepared by the method of Boxer and Linstead.4 The acid 
boiled a t 103-111° under 19 mm. pressure.

The 3-pentenoic acid was prepared by the method of 
Linstead, Noble and Boorman.5 This acid boiled at 90- 
92° under 10 mm. pressure.

Tiglic acid was prepared by the method of Michael and 
Ross.6 The crystals melted at 64°.

Method and Apparatus.—The apparatus used for the 
oxidation of the 2- and 3-pentenoic acids was essentially 
the same as that previously described.3 In the oxidation 
of the tiglic acid, a preheater for the primary air was added 
to prevent deposition of tiglic acid crystals in the tube 
leading from the vaporizer to the catalyst chamber.

The bath surrounding the vaporizer was maintained a t
(4) S. E. Boxer and R. P. Linstead, / .  Chem. Soc., 740-751 (1931).
(5) R. P. Linstead, E. G. Noble and E. J. Boorman, ibid., 557- 

561 (1933).
(6) A. Michael and J. Ross, T h i s  J o u r n a l , 55, 3684 (1933).
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a constant temperature of 71.1° for the runs on the 2- and
3-pentenoic acids, and raised to 80.3° for those on tiglic 
acid. The catalyst, vanadium pentoxide deposited on a 
carrier of aluminum balls, also was prepared as before.

Analytical Methods
In most runs, 1 to 2 cc. of acid to be oxidized was intro­

duced a t a constant rate for a period of two hours.
Carbon dioxide was determined by passing a known 

portion of the exhaust gases through a gas-scrubbing bottle 
containing barium hydroxide solution for a period of 
twenty minutes during the run. The barium carbonate 
thus obtained was filtered, redissolved in hydrochloric 
acid and determined as barium sulfate in the usual man­
ner.

The only acid product which formed in any quantity was 
maleic acid, and it was determined as the barium maleate 
monohydrate, using the same procedure as that described 
previously.3 Check analyses on known mixtures of 2- 
pentenoic acid and maleic acid were accurate within 2%.

The purity of the barium maleate monohydrate was 
proved by the quantitative conversion to barium sulfate 
in the usual manner.

Anal. Calcd. for C4H2C>4Ba*H2C>: Ba, 50.98. Found: 
Ba, 50.85, 50.86.

Further proof that the solid product was maleic acid (or 
anhydride) was shown by its conversion to fumaric acid 
under the influence of light in the presence of bromine.

In the case of known mixtures of 3-pentenoic acid and 
maleic acid, check analyses were accurate within 1.5%. 
Again the purity was proved by conversion to barium 
sulfate.

Anal. Calcd. for C4H2C>4Ba-H20 : Ba, 50.98. Found: 
Ba, 50.80, 50.81.

The acid was also converted to fumaric acid as above.
Check analyses on mixtures of maleic acid and tiglic acid 

were accurate within 2%, but since no maleic acid was 
found in the oxidation products of tiglic acid, a purity test 
was not made.

Aldehyde was determined by the neutral sodium sulfite 
method.7 Maleic acid was found to offer no interference 
under the conditions of this test.

Discussion and Results.—Typical results ob­
tained by oxidation of the three acids are shown in 
Table I. The 2- and 3-pentenoic acids showed 
little difference in their oxidation characteristics. 
Maximum maleic acid conversions were obtained 
at 450° with both acids. In all cases more carbon 
dioxide was produced than could be accounted 
for by the reaction
CH3CH2CH=CHCOOH +  302 — >

HOOCCH=CHCOOH +  C02 +  2H20

With both acids, maleic acid conversions in­
creased with increasing molar air-acid ratios. 
No maleic acid was found in the products of tiglic 
acid oxidation.

(7) P. C. R. Kingscott and K. S. G. Knight, “ Methods of Quanti­
tative Organic Analysis,” Longmans, Green and Co., New York, 
N . Y., 1914, p. 245.

A mixture of aldehydes was found in the prod­
ucts of all runs. No single aldehyde was identi­
fied. Tests for malonic, acetic, oxalic, glutaconic 
and citraconic acids were negative. It should be 
noted that conversions to carbon dioxide in excess 
of that accompanying maleic acid formation 
varied considerably. Apparently total oxidation 
increases with the age of the catalyst, although 
no difference could be detected in maleic acid con­
versions.

Table I
Results of Oxidation of Five-Carbon Olefinic Acids 

A. 2-Pentenoic acid

Catalyst
temp.,

°C.

Molar
air-acid

ratio

Conversion to Complete 
maleic acid conv. to 

and CO2, CO2 ,
% %

“Other
acid”a
conv.,

%

Aldehyde
conv.
mole,
%

300 1580 26.3 8.4 24.8
350 1580 35.6 13.5 5.7
400 1580 38.8 18.3 3.8
450 1580 33.8 17.2 1.9
500 1580 29.6 15.0 1.9
450 1180 27.9 34.1
450 1580 32.8 26.0 5.1
450 1940 34.1 26.0 1.5
450 3040 34.8 28.6 1.5

B. 3-Pentenoic acid
300 1060 25.4 6.7 12.0 18.8
350 1060 38.2 7.7 4.7 15.3
400 1060 42.5 11.8 2.1 12.9
450 1060 35.4 13.2 0.0 11.8
500 1060 30.9 17.0 0.0 11.2

C. Tiglic acid
270 840 0.0 85.6 1.0
350 840 .0 16.4 72.6 10.0
400 840 .0 28.6 58.6 25.0
450 840 .0 35.5 38.6 33.0

0 Calculated in each case as the original acid.

Acknowledgment.—The authors wish to ac­
knowledge the able assistance of H. F. Freeman 
who prepared the acids used in this investigation.

Summary

The catalytic vapor phase oxidation of 3 five- 
carbon olefinic acids was studied using a vana­
dium pentoxide catalyst.

2-Pentenoic acid was oxidized to maleic acid; 
a maximum conversion of 38.8% was obtained.
3-Pentenoic acid yielded maleic acid with a maxi­
mum conversion of 42.5%. Tiglic acid yielded 
only carbon dioxide and unidentified acids and 
aldehydes.
Manhattan, Kansas Received April 18, 1938
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The Two-Step Oxidation-Reduction of Lapachol, Lomatiol and Related Compounds

B y E dgar S. H ill

A number of quinones, both naturally occurring 
and synthetic, have been found to oxidize and 
reduce in alkaline solution in two steps, with the 
formation of an intermediate compound, or 
semiquinone. Among these are the anthra- 
quinonesulfonates,1 /3-naphthoquinone,2 phenan- 
threnequinonesulfonate,3 and phthiocol.4 Phthio: 
col is a substituted hydroxynaphthoquinone and 
related to it by structure are a large number of 
hydroxynaphthoquinone derivatives, which, de­
pending on the experimental conditions, form 
reversible oxidation-reduction systems. Some 
of these hydroxy naphthoquinones occur in a wide 
variety of plant materials, making their study of 
more than theoretical interest.

The author has been able to study successfully 
a number of these compounds by potentiometric 
methods and has found that their behavior in 
alkaline solution is similar to that of the quinones 
mentioned above. The compounds studied were 
lapachol, lomatiol, hydrolomatiol, hydroxyhy- 
drolapachol, iso-/3-lapachol, a-lapachone, /3-la- 
pachone, chlorohydrolapachol, bromo-/3-la- 
pachone, juglone and lawsone. The first five of 
these were found to be sufficiently stable in 
strongly alkaline solution to permit a thorough 
potentiometric study, and the remainder, al­
though too unstable in alkaline solutions for 
similar study, were believed to oxidize and reduce 
in a similar way, on the strength of their struc­
tural relationship and on colorimetric experiments.

Fieser5 has reported the normal potentials of 
lapachol, iso-/3-lapachol, chlorohydrolapachol, hy- 
droxyhydrolapachol, lomatiol, a-lapachone and 
/3-lapachone, working only in 50% alcohol, 0.1 
N  in hydrochloric acid and 0.2 N  in lithium 
chloride, using titanous chloride as reducing 
agent. No titrations were made in alkaline 
solution. Ball6 has reported the normal poten­
tials of several of these compounds for pH values 
ranging from 1.1 to 12.6, but obtained his values

(1) E. S. Hill and P. A. Shaffer, Proc. A m . Soc. Biol. Chem., 8, li
(1936) ; [7. Biol. Chem., 114 (1936)].

(2) L. Michaelis, T h i s  J o urnal , 58, 873 (1936).
(3) L. Michaelis and M. P. Schubert, J . Biol. Chem., 119, 133

(1937) .
(4) E. S. Hill, Proc. Soc. Exptl. Biol. Med., 35, 363 (1936).
(5) L. F. Fieser, T h is  J o urn al , 50, 349 (1928).
(6) E. G. Ball, 7 . Biol. Chem., 114, 649 (1936)*

by the method of mixtures. Ball, working inde­
pendently, recently has found7 by titration 
methods that lapachol, in alkaline solutions, 
exhibits two-step oxidation and reduction, similar 
to phthiocol. The normal potentials of juglone 
have been reported by Conant and Fieser,8 work­
ing again in alcoholic acid solution, and those of 
both juglone and lawsone by Friedheim,9 working 
over a considerably wider pH range, who found 
that rapid decomposition in alkaline solution pre­
vented the obtaining of titration curves reliable 
enough for analysis. Fieser and Fieser10 were 
able to titrate lawsone (2-hydroxy-1,4-naphtho- 
quinone) satisfactorily over the range pH 0.33- 
12.92.

Solutions of the quinones were titrated reduc- 
tively over a pH range from 7.1 to 14.3. The 
technique of potentiometric titration was the 
usual one and the concentration of the oxidants 
used was 0.0005 M  throughout. All potentials 
were measured at 30° and have been corrected to 
the hydrogen standard, and those values obtained 
in sodium hydroxide solutions have been cor­
rected for liquid junction potentials. The buffers 
used are tabulated with the potential values.

The compounds successfully titrated were lo­
matiol, hydrolomatiol, lapachol, hydroxyhydrola- 
pachol and iso-/3-lapachol. Since there is little 
difference in the normal potentials of the various 
systems (the maximum difference between any 
two being only 4 to 6 mv.), only one compound, 
lomatiol, will be discussed in detail and the others 
but briefly.

Lomatiol is 2-(5-hydroxy-/3-isopentenyl)-3-hy­
droxy-1,4-naphthoquinone and occurs in the 
seeds of the Australian plants, Lomatia ilicifolia 
and Lomatia longifolia. The coloring matter is 
the same in both species and was first isolated by 
Rennie11 and its constitution, synthesis, relation 
to and conversion into the other hydroxynaphtho­
quinone derivatives studied by Hooker.12 Solu­
tions of lomatiol were titrated reductively over a

(7) E. G. Ball, T h i s  J o u r n a l , 59, 2071 (1937).
(8) J. B. Conant and L. F. Fieser, ibid., 46, 1858 (1924).
(9) E. A. H. Friedheim, Biochem. J .,  28, 180 (1934).
(10) L. F. Fieser and M. Fieser, T h i s  J o u r n a l , 56, 1565 (1934).
(11) E. H. Rennie, 7 . Chem. Soc., 67, 784 (1895).
(12) S. C. Hooker, T h i s  J o u r n a l , 58, 1181 (1936).



Aug., 1938 Oxidation-R eduction of Complex Quinones 1991

11 12 13 14 15
pH.

Fig, 1.—The three normal potentials, referred to the normal hydrogen electrode at 
30°, of lomatiol, plotted against pH: Em, normal potential of the system fully oxi- 
dized-fully reduced form; E\, that of the system semiquinone form-fully reduced form; 
Et, tha t of the system totally oxidized form-semiquinone form.

pH range from 7.1 to 14.3, and it was found from 
an analysis of the titration curves that the sepa­
ration of the two steps begins a little above pH 9.0 
and is more distinct in more alkaline regions.

A summation of the data for lomatiol is shown 
graphically in Fig. 1, giving the normal potentials 
plotted against pH. The separation never be­
comes so great as to produce a jump of the poten­
tial at 50% of the whole titration. The slopes 
of the titration curves varied all the way from
14.5 mv. at the lower limit to 36 mv. at about 
pH 14.24(3 M  sodium hydroxide). Table I shows 
the variations in the slopes (E{) and the attending 
variations in the formation constant, K , of the 
semiquinone and in the maximum ratio, M, of 
semiquinone to total material. The two steps 
always overlap so much that, at the most, about 
61% of the total material in the form of the

semiquinone is in equilibrium with the other 
forms. The curve (Fig. 1) shows a second dis­
sociation constant of the reductant at about pH
11.74, which is in agreement with the findings of 
Ball,6 and possibly a third in the neighborhood of 
pH 14.3, although titration data at this pH 
(3 M  sodium hydroxide) are not too reliable on 
account of badly drifting potentials and the high 
liquid junction potentials involved. The sepa­
ration of the two component systems is small and 
the precise location of the dissociation constant 
of the semiquinone is a bit uncertain. It is very 
close to the second dissociation constant of the 
reductant, possibly in the neighborhood of pH
11.68-11.7. The points on the Ei and E2 curves 
in this region are drawn elliptically to show 
possible variations; slight variations in the S  
value in this region will cause rather large varia-
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Table I 
Lomatiol

Temperature: 30°. Em(E0') represents the mean normal potential; Ei, E2, normal potential of the lower and of the
higher step; Ei, index potential; S, 3^(100% axis — 0% axis) for a tangent drawn to all curves at 50% reduction, ac­
cording to Elema13; K , semiquinone formation constant; M, maximum ratio of semiquinone to total material. Concen­
tration of quinone: 0.0005 if .

£ m  (£ < /) , Ei, £ 2  -  E i , E i , £ 2 , K Mpn Buffer m v . mv. S mv. mv. mv.

7.1 Phosphate . -1 9 1 .2 14.5 28 -104 -1 3 9 .2 -2 4 3 .2 0 0
9.87 Carbonate -409 14.5 28.5 -  90 -3 6 4 -454 0.031 0.08

10.97 Phosphate -473 14.5 28.5 -  90 -428 -518 .031 .08
11.49 Phosphate -5 0 0 .2 15.5 29.25 -  76 -4 6 2 .2 -5 3 8 .2 .055 .105
11.92 Phosphate -520 16 29.75 -  66 -487 -553 .08 .124
12.08 Phosphate -5 2 5 .2 16.5 31 -  52 -4 9 9 .2 -5 5 1 .2 .17 .17
12.6 0.1 M  NaOH -545 18.5 35 -  20 -535 -555 .59 .277
12.96 0.2 M  NaOH • -5 5 5 .5 19.5 37.5 -  5 -553 -558 .83 .31
13.34 0.5 M  NaOH -566 .9 22.5 42 +  1 0 -5 7 1 .9 -561 .9 1.45 .39
13.68 1.0 M  NaOH -574 26.5 50 +  32 -590 -558 3.4 .46
13.82 2.0 M  NaOH -577 32 55 +  42 -598 -556 5.02 .54
14.24 3.0 M  NaOH -583 36 68.5 +62-66 -614-616 -552-550 10.0 .61

K  = (76.63S -  2)2, (13) £ 2 -  Ex =  0.06 logK , (14) M  = v " K /( V ’k  +  2). (3)

tions in the value of E2 — Ex. The largest value 
for K  was found to be 10. The fact that the 
titration curves were smooth, with no jump in the 
middle, is in keeping with the mathematical 
interpretations of Michaelis and Schubert,3 which 
allow for no lateral points of inflection unless K  is 
greater than 16.

The color changes are worthy of comment. 
In all lomatiol solutions above pH 8.0, the fully 
oxidized form is cherry-red. Between pH 10.0 
and 12.6, the intermediate color is brownish- 
orange with a bluish tinge appearing as the pH 
increases. Above pH 13.0 the semiquinone color 
is brownish-violet and almost pure purple at pH 
14.24. The completely" reduced form is pale 
yellow below pH 13.0 and greenish-yellow above 
this point.

Parallel investigations on hydrolomatiol, lapa­
chol, hydroxyhydrolapachol, and iso-/3-lapachol 
resulted in potential values almost identical with 
those of lomatiol, and with only minor variations 
in the amount of semiquinone formation (Table
II). All of these compounds have been de­
scribed by Paternö, Hooker, Fieser, et al. Hy­
drolomatiol12 is prepared by the hydrogenation of 
lomatiol. Lapachol15-17 is 2-(Y,7-dimethylal- 
lyl)-3-hydroxy-1,4-naphthoquinone and is found 
in the grain of a number of South American woods. 
Hydroxyhydrolapachol15»16 can be prepared by 
the action of potassium hydroxide on /3-lapachone.

(13) B. Elema, Rec. trav. chim., 54, 76 (1935).
(14) L. Michaelis, J .  Biol. Chem., 96, 703 (1932).
(15) E. Paternó, Gazz. chim. Hal., 12,’ 337 (1882).
(16) S. C. Hooker, J .  Chem. Soc., 61, 611 (1892).
(17) L. F. Fieser, T h i s  Jo urn al , 49, 857 (1927).

Iso-j3-lapachol18,5 is isomeric with lapachol, and 
differs only in color from the other compounds of 
this series. Solid iso-^-lapachol is brick-red, 
while the other compounds mentioned are yellow. 
In alkaline solution, it is intensely purple, the 
intermediate reduction stage is brownish-red and 
the completely reduced form is greenish-yellow.

Table II
Comparison of the Values of K, the Semiquinone 

Formation Constant

pH Lomatiol
Hydro­

lomatiol Lapachol

Hydroxy­
hydro­

lapachol
Iso-0-

lapachol

7.1 0
9.87 0.08

10.2 0.034
10.4 0.11
10.97 .08
11.18 0.09 .05 0.05 .15
11.49 .10
11.75 .11 .19
11.92 .12
12.08 .17 .16 .14 .12 .25
12.6 .27 .24 .26 .21 .26
12.96 .31 .28 .29 .28 .29
13.34 .39 .38 .35 .34 .37
13.68 .46 .47 .46 .46 .46
13.82 .54 .55 .55 .55 .56
14.24 .61 .61 .61 .61

All of these compounds gave stable potentials 
during titration in all of the alkaline buffers ex­
cept the strong sodium hydroxide solutions. 
Here, the quinones undergo decomposition and 
irreversible changes, causing drifting potentials. 
It is due to this instability that the values for E2 
in the range of pH 13.6-14.24 deviate from the

(18) S. C. Hooker, J .  Chem. Soc., 69, 1355 (1896).
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base line (Fig. 1). Table II shows a comparison 
of the maximum ratios of semiquinone to total 
material for all of the quinones. The Ex and E2 
curves all intersect the Eo' curves in the neighbor­
hood of pH 13.1-13.2. The values of pKr2 agree 
closely with those of Ball,6 and the values of E0' 
vary but slightly. The E0':pH  curve for these 
compounds is about 10-12 mv. more positive 
than that of phthiocol. These quinones are 
extremely insoluble in acid solution, but titrations 
in alcoholic acid buffers failed to show any step 
formation in this region.

a - Lapachone, - lapachone, chlorohydro­
lapachol and bromo-jS-lapachone were not titra- 
table in alkaline solution due to their rapid decom­
position. a-Lapachone, first obtained by Pater- 
nö15 by the action of nitric acid on lapachol, and 
later described by Hooker,16 decomposes rapidly 
in alkali. The same is true of /3-lapachone,15,16 its 
ortho isomer. Both of these compounds are in­
soluble in alkalies in the cold, but are dissolved 
gradually by a boiling 1% solution of sodium 
hydroxide, and in so doing undergo change, 
Bromo-/3-lapachone15,16 can be obtained by treat­
ing lapachol with hydrogen bromide gas in chloro­
form solution, and is also extremely insoluble. 
The bromine of bromo-/Llapachone is easily 
displaced from the molecule by alkalies and the 
substance reverts to 0-lapachone, making it use­
less for titration. Chlorohydrolapachol16 is a 
product of the direct addition of hydrogen chloride 
to lapachol. In contact with dilute alkalies, 
chlorohydrolapachol is converted into a mixture 
of lapachol, hydroxyhydrolapachol, a-lapachone 
and jft-lapachone, the latter two of which crystal­
lize out, all of these complications making it im­
possible to study the compound potentiometri- 
cally. The similarity in structure of these com­
pounds with the ones successfully titrated, cou­
pled with the fact that slow reduction in test-tube 
experiments gives rise to similar intermediate 
color changes, seem to indicate that they too 
possess the ability to form semiquinones.

For the opportunity to study potentiometrically 
these compounds of the lapachol group, the author 
is greatly indebted to Dr. Louis F. Fieser, who 
kindly placed at his disposal pure samples of these 
materials left by the late Dr. Samuel C. Hooker, 
whose exhaustive study of hydroxynaphthoqui­
none chemistry is unique in the literature of 
organic chemical research.

The potentials of the naturally occurring hy-

droxynaphthoquinones, juglone and lawsone, were 
reinvestigated. Lawsone is 2-hydroxy-1,4-naph­
thoquinone and occurs in the leaves of the henna 
plant (Lawsonia inermis) and juglone, the coloring 
matter contained in the husks of walnuts, is 5- 
hydroxy-1,4 -naphthoquinone. Friedheim9 re­
ported an irregularity in the slopes of titration 
curves obtained with these substances at pH 7 
and above, and suggested that this irregularity 
pointed toward semiquinone formation. This 
possibility was not pursued, due to the instability 
of the pigments in alkaline media. On reinves­
tigating these compounds, the author also found 
it impossible to obtain reliable titration curves 
with juglone and lawsone at pH greater than
7.0 due apparently to the decomposition of these 
compounds in alkaline buffers. In the case of 
lawsone, which was extracted from henna leaves 
by the method of Tommasi,19 the fault probably 
lay in the purity of the material used, since Fieser 
and Fieser,10 working with a completely pure 
substance, were able to titrate this compound 
successfully in buffers as alkaline as pH 12.92. 
It is the intention of the author to reinvestigate 
the potentials of lawsone, using a thoroughly pure 
synthetic sample. The juglone used was pre­
pared synthetically by oxidation of 1,5-dihydroxy- 
naphthalene with chromic-sulfuric acid mixture, 
according to Bernthsen and Semper.20 Test-tube 
experiments seemed to show intermediate colors 
when these quinones were oxidized and reduced, 
and, since they are so similar in structure to 
phthiocol, lomatiol, et al., it might be suggested, 
pending further work, that these pigments be in­
cluded among anionic semiquinone formers. On 
comparing juglone with lawsone and the afore­
mentioned hydroxynaphthoquinones, one might 
draw the conclusion that substitution of the ben­
zene ring containing the quinone oxygens has 
considerable to do with potentiometric stability.

Conclusion
Semiquinone formation by lomatiol, lapachol, 

and other hydroxynaphthoquinones has been 
investigated. The two-step character of the 
oxidation-reduction becomes evident at about 
pH 9.5 and becomes more distinct as the solution 
becomes more alkaline. The ratio of semiqui­
none to total material reaches a maximum of 0.61 at 
pH 14.24. It corresponds to an index potential 
of 36 mv. and a formation constant of 10. The

(19) G. Tommasi, Gazz. chim. ital., 50, 263 (1920).
(20) A. Bernthsen and A. Semper, Ber., 20, 938 (1887).
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data presented add both to the knowledge of with a quinoid structure as a group, 
naturally occurring pigments, and of substances S t . L o u is , M is s o u r i  R e c e iv e d  J u n e  9 , 1938

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

2-Phenyl-4-benzoylfuran
B y R eynold  C. F uso n , C. L. F lem in g  and  R o b er t  J ohn son

Very few /3-keto furans are known and of these 
none has an unsubstituted a-position. 2-Phenyl-
4-benzoylfuran (IV) is, therefore, unique. In 
the study of the application of the principle of 
vinylogy to ketones we chanced to prepare this 
furan and noted that its properties reflected its 
unusual structure. This observation led us to 
examine these properties in some detail.

The furan was made by treating 1,2-dibenzoyl-
1-propene (I) with selenium dioxide. Since the 
diketone is a vinylog of acetophenone it was ex­
pected that the methyl group would be attacked. 
Evidently this group is oxidized and the furan is 
formed by rearrangement and subsequent loss of 
water. Of especial interest in this connection is 
the observation that only one-half mole of sele­
nium dioxide is required to convert one mole of the 
diketone (I) to the furan (IV). This corresponds 
to the amount of oxidation necessary to form the 
hydroxy compound (II). The latter could re­
arrange to the dienol (III) by a 1,5- or a double
1,3-shift. The dienol would be expected to lose 
water to form the furan.

Se02
CeHsCOCH—CCOCeHs-------^

I
c h 3

I
C6H6COCH=CCOC6Hö —

I
CHaOH

II
- h 2o

CeHöC^CHCCOCeHö — ----- > HC----CCOC6H5
I II II II

OH CHOH C6H5C CH
N d/

I II  IV

This mechanism suggests that the method 
might be general for ketones of the type 
RCOC C CH3̂ ,pQ -^ea we o b je c te d  2,3-

dibenzoyl-2-butene (V), dypnone (VI) and croto- 
nophenone (VII) to a similar treatment. Only 
dypnone yielded a furan; the other two ketones 
were recovered unchanged even after long treat­
ment with the oxidizing agent. This indicates

that this method of preparing furans is highly 
specific. It should be mentioned that 2,4-di- 
phenylfuran (VIII), the product obtained from 
dypnone, had been prepared in low yields by the 
oxidation of dypnone with nitrobenzene.1

CHS

C6H5COC=CCOC6H51
c h 3

V
C6H5COCH=CHCH3

VII

CeHöC^CHCOCeHg
I

c h 3
VI
HC----- CC6H5

II II
C6H5C CH

x y
VIII

The most striking property of 2-phenyl-4- 
benzoylfuran is the ease with which it reacts with 
alkalies, ammonia or aniline. This appears less 
extraordinary if we consider that the compound is 
vinylogous with benzoic esters and might, there­
fore, be expected to be sensitive to hydrolytic and 
ammonolytic agents. Aqueous alkalies hydrolyze 
it rapidly to 1,2-dibenzoylethane and formic acid 

HC----- CCOCeHs

C6H5C CH +  2H20  -— >-
CeHsCOCH.CH.COCeHs +  HCOOH 

Ammonia and aniline convert the furan, re­
spectively, into the pyrrole (IX) and the anil (X) 
of the expected phenylpyrrole.

HC----CCOCeHs HC--- CC=NC6H5
II II II II

C6Hf,C CH C6H5C CH
' \ nt/ /

H 1
c 6h 5

IX X
CeHs

HC----- CCOC6H5
1

TIC----- CCHOH
II II ii ii

C6H 5C CH C6H5C CH
' <) /

c 6h 5
XI X II

(1) Engler and Dengier, Ber., 26, 
soc. roy. Belg., [3] 26, 534 (1893).

1446 (1893); cf. Delacre,
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Hydrolysis transforms the latter into the N- 
phenylpyrrole (XI) and aniline. It is of interest 
to note that the benzoylpyrrole (IX) does not 
show the sensitiveness to alkalies that charac­
terizes the benzoylfuran (IV).

The furan was remarkably stable to acids. 
Long treatment with hot alcoholic hydrochloric 
acid partially transformed it into a high-melting 
derivative which appeared to be trimolecular. 
Its structure was not investigated further.

The behavior of the benzoylfuran under alkaline 
and acidic conditions is in distinct contrast with 
the usual reactions of the furan nucleus. In 
general this nucleus is characterized by stability 
to alkalies and extreme sensitiveness to acids, 
whereas the converse is true of the present furan. 
However, this is in harmony with the view already 
mentioned that /3-keto furans are vinylogsof esters.

A number of reactions were carried out which 
affected only the carbonyl group. Oximes were 
prepared of the benzoylfuran (IV), the pyrrole
(IX) and the N-phenylpyrrole (XI). Reduction 
of the furan gave a carbinol (XII) which was char­
acterized by the formation of a benzoate and a 
p-nitrobenzoate. Attempts to effect differential 
oxidation were unavailing. Sodium chlorate in 
the presence of vanadium pentoxide gave only 
benzoic acid. Ozonolysis led to a similar result.

Confirmation of the structure of the benzoyl­
furan (IV) was obtained by degrading it to 2- 
phenylfuran (XIV). The furan formed an oxime 
which underwent the Beckmann rearrangement 
to give the corresponding anilide. The latter 
was hydrolyzed to 2-phenyl-4-furoic acid (XIII) 
which in turn was converted to 2-phenylfuran 
(XIV) by heating.
IV — > oxime — >  anilide — >

HC---- CCOaH HC-----CH
II II — >  II II .

C6H5C CH C6H5C CH
N d/
X III XIV

In contrast to the benzoylfuran (IV) the furoic 
acid (XIII) was very resistant to the attack of 
reagents. The ring was not attacked by alkalies 
or ammonia and decarboxylation could be ef­
fected only with difficulty.

Experimental
1,2-Dibenzoyl-l-propene (I).—This compound was pre­

pared from mesaconyl chloride and benzene by a modifica­
tion of the method described by Lutz and Taylor.2 The 
following is a typical procedure. Twenty-five grams of

(2) Lutz and Taylor, T h i s  J o u r n a l , 55, 1177 (1933).

mesaconyl chloride, prepared by the method of Meyer,3 
was added, with stirring, to an ice-cold suspension of 
45 g. of aluminum chloride in 150 cc. of benzene. Fifteen 
minutes was required for the addition of the acid chloride. 
Stirring was continued for fifteen minutes after completion 
of the addition; the mixture was cooled in an ice-bath 
during the entire reaction period.

The reaction mixture was then hydrolyzed and worked 
up in the usual way. The solution was concentrated and 
cooled; a yellow solid separated and was collected on a 
filter. Two crystallizations from alcohol gave 32.0 g. of
1,2-dibenzoyl-1-propene; m. p. 52.0-52.5°. The yield 
was 85% of the theoretical amount. I t  was found neces­
sary to work up the reaction mixture as rapidly as possible 
after hydrolysis. If this Was not done the product was 
contaminated with a green oil which greatly retarded the 
separation of a crystalline product.

2-Phenyl-4-benzoylfuran (IV).—The oxidation was car­
ried out in the usual way, using 60 cc. of dioxane, 2 cc. of 
water, 5.6 g. (0.05 mole) of selenium dioxide and 25.0 g. 
(0.10 mole) of the diketone. After eight hours the selenium 
was collected on a filter and washed with hot dioxane. 
The filtrate was poured into water ; the brown solid which 
separated was collected on a filter and air dried. After 
crystallization from ether there was obtained 15.5 g. of
2-phenyl-4-benzoylfuran; the yield was 63% of the theoreti­
cal amount.

Anal. Calcd. for Ci7H i20 2: C, 82.24; H, 4.87; mol. 
wt., 248. Found: C, 82.69, 82.31; H, 4.96, 5.15; mol. 
wt., 249, 254.

The furan is sparingly soluble in ether, from which it 
separates as colorless needles which melt a t 113.7-114.0°. 
It is moderately soluble in alcohol and glacial acetic acid. 
It reduces a potassium permanganate solution readily and 
decolorizes a carbon tetrachloride solution of bromine with 
the evolution of hydrogen bromide.

Dypnone.—This ketone was made by the method of 
Calloway and Green.4 The oxidation of 22.3 g. (0.10 mole) 
of dypnone with 5.6 g. (0.05 mole) of selenium dioxide 
was carried out in the usual way. No crystalline material 
could be isolated from the tarry product and so it was dis­
tilled in vacuo. The 2,4-diphenylfuran (VIII) distilled a t 
about 200 ° under 3 mm. pressure and solidified in the side- 
arm. After two crystallizations from alcohol there was 
obtained 2.3 g. of colorless plates; m. p. 110.7-111.0°. A 
solution of the pyran in concentrated sulfuric acid exhibited 
an intense violet fluorescence; this was reported also by 
Engler and Dengier.1 The furan changed on standing, 
in the solid state or in solution, to an insoluble colorless 
powder which did not melt below 250°; this change was 
also noted by Delacre.1

Crotonophenone and 2,3-Dibenzoyl-2-butene.—Each of 
these compounds was recovered unchanged after long 
treatment with selenium dioxide.

Reactions of 2-Phenyl-4-benzoylfuran
Cleavage with Alkali.—A solution of 2.5 g. of the furan, 

75 cc. of alcohol and 30 cc. of a 10% sodium hydroxide 
solution was heated under reflux for forty-five minutes. 
The resulting mixture was Steam distilled; no product

(3) Meyer, Monatsh., 22, 423 (1901).
(4) Calloway and Green, T h i s  J o u r n a l , 59, 810 (1937).
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other than alcohol was found in the distillate. The resi­
due was acidified with phosphoric acid and again steam- 
distilled; the clear distillate was acidic.

This distillate was neutralized with sodium hydroxide 
and evaporated to dryness. An aqueous solution of this 
salt reduced a solution of potassium permanganate im­
mediately. A portion of the dry salt was heated with p- 
bromoaniline; after crystallization from dilute alcohol 
the product melted at 115.8-116.8°. A mixture of the 
product with an authentic specimen of ^-bromoformanilide 
also melted at 115.8-116.8°.

The solid residue which remained in the flask after 
the steam distillation was collected on a filter and recrys­
tallized from alcohol. There was thus obtained 0.7 g. 
of colorless needles; m. p. 145.2-146.2°. A mixture of this 
product with an authentic specimen of 1,2-dibenzoylethane 
also melted at 145.2-146.2°.

The same products were formed when the furan was 
treated with potassium carbonate under similar condi­
tions.

Reaction with Hydrochloric Acid.—A solution of 1.0 g. 
of the furan, 20 cc. of concentrated hydrochloric acid and 
50 cc. of alcohol was heated under reflux for eighty hours. 
The solution was diluted with water and cooled; a solid 
product separated. This material was collected on a filter 
and purified by recrystallization from alcohol. A portion 
of the product was insoluble in boiling alcohol and was 
removed. The solid which separated when the filtrate 
was cooled was isolated by filtration; there was obtained 
in this way 0.5 g. of unchanged starting material.

The insoluble product separated above was purified by 
several recrystallizations from aqueous acetone; it be­
comes brown at 211.5° and melts with decomposition at 
214.8-215.8°.

Anal. Calcd. for C5iH340 6: C, 84.28; H, 4.72; mol. 
wt., 727. Found: C, 84.24, 84.10; H, 4.73, 4.65; mol. 
wt. (Rast), 686.

The compound separates from dilute acetone as color­
less fluffy needles. I t is insoluble in dilute acids and bases 
and forms a green solution in concentrated sulfuric acid. 
I t does not contain chlorine.

The same product was formed by treating the furan with 
a methyl alcoholic solution of dry hydrogen chloride.

Reaction with Ammonium Hydroxide.—A mixture of
1.0 g. of the furan, 5 cc. of concentrated ammonium 
hydroxide and 10 cc. of alcohol was heated at 130-140° 
for eighteen hours. The reaction was carried out in a 
stainless steel bomb. A solid product was isolated from 
the reaction mixture by filtration and washed with water. 
This material was then extracted several times with boiling 
alcohol; the extract was discarded. After two crystalliza­
tions of the residue from dilute acetone there was obtained 
0.5 g. of 2-phenyl-4-benzoylpyrrole (IX) in fine yellow 
needles which melted at 213.7-215.5°.

Anal. Calcd. for Ci7H13ON: C, 82.57; H, 5.30; N, 
5.66; mol. wt., 247. Found: C, 82.73; H, 5.51; N, 5.42, 
5.59; mol. wt. (Rast), 256.

The pyrrole is sparingly soluble in alcohol and readily 
soluble in ether and benzene. It is insoluble in dilute acids 
and bases; it forms an orange solution in concentrated sul­
furic acid. I t reduces a potassium permanganate solution 
readily and decolorizes a bromine solution with the evolu­

tion of hydrogen bromide. I t was recovered unchanged 
after treatment with sodium hydroxide under conditions 
similar to those used in the cleavage of the parent furan. 
It forms an oxime which separates from dilute alcohol as 
fine, faintly pink needles which soften at 171° and melt 
with decomposition at 188.5-191.5°.

Anal. Calcd. for Ci7Hi4ON2: N, 10.68. Found: N, 
10.89.

Reaction with Aniline.—A solution of 5.0 g. of the furan 
in 50 cc. of dry aniline was heated under reflux for seventy- 
two hours. The solution was then cooled and concen­
trated under a pressure of 3 mm.; absolute alcohol was 
added to the residue. The solid product which separated 
was collected on a filter, washed with absolute alcohol and 
recrystallized from a mixture of dry benzene and petroleum 
ether (b. p. 60-90°). There was thus obtained 2.3 g. of a 
solid in the form of clumps of colorless needles. After 
further crystallization the anil (X) melted at 230.5-231.0°.

Anal. Calcd. for C29H22N2: C, 87.40; H, 5.57; N, 
7.03. Found: C, 87.59; H, 5.61; N, 7.08.

The anil is readily soluble in benzene and moderately 
so in absolute alcohol. In contact with concentrated sul­
furic acid it turns yellow but does not dissolve.

The hydrolysis of the anil was carried out by adding 20 
cc. of dilute hydrochloric acid to a suspension of 1.5 g. of 
the anil in 75 cc. of alcohol. A yellow color appeared in­
stantly and the mixture became slightly warm. The re­
action mixture was allowed to stand at room temperature 
for forty-eight hours and then was diluted with water. 
The solid product was isolated by filtration, dried and re­
crystallized from ethyl acetate. There was obtained in 
this way 0.8 g. of l,2-diphenyl-4-benzoylpyrrole (XI) 
which melted at 240.0-241.0 °. Further crystallization did 
not alter the melting point.

Anal Calcd. for C23H i7ON: C, 85.42; H, 5.30; N, 
4.33. Found: C, 85.68, 85.87; H, 5.58, 5.37; N, 4.53.

The pyrrole (XI) separates from ethyl acetate or from a 
benzene-petroleum ether (b. p. 60-90 °) mixture as colorless 
silky needles. I t is practically insoluble in alcohol, spar­
ingly soluble in acetone, ether or ethyl acetate and mod­
erately soluble in benzene. I t forms a straw-yellow solu­
tion in concentrated sulfuric acid. The oxime of the pyr­
role was prepared in the usual way; it separates from dilute 
alcohol as colorless needles which melt a t 215.5-218.5°.

Anal. Calcd. for C23H18ON2: N, 8.28. Found: N, 
8.13.

Reduction to the Carbinol.—A solution of the furan in 
ethyl acetate was treated with hydrogen in the presence 
of a nickel catalyst.6 The solid residue obtained by 
evaporating the solution to dryness was crystallized from 
alcohol. The carbinol was thus obtained as colorless 
needles which melted at 128.1-129.1°.

Anal. Calcd. for Ci7H i40 2: C, 81.57; H, 5.64. Found: 
C, 81.82; H, 5.62.

The carbinol is readily soluble in ethyl acetate and in 
ether. I t forms a wine-colored solution in concentrated 
sulfuric acid.

The benzoate, prepared in pyridine solution, separates 
from alcohol as colorless needles which melt at 123.1- 
124.1°. 5

(5) Covert and Adkins, T h i s  J o u r n a l , 54, 4116 (1932).
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Anal. Calcd. for C24H18O3: C, 81.32; H, 5.12. Found: 
C, 81.11; H, 5.15.

The ^-nitrobenzoate separates from alcohol as rosets of 
colorless needles which melt a t 109.5-109.8°.

Anal. Calcd.forC24H17O6N: N ,3.51. Found: N ,3.49.
Conversion to 2-Phenylfuran.—The oxime of 2-phenyl-

4-benzoylfuran was prepared in absolute alcohol solution in 
the presence of pyridine. I t is readily soluble in the com­
mon organic solvents and separates from dilute alcohol as 
colorless needles which melt at 149.0-149.4°.

Anal. Calcd. for Ci7H i30 2N: C, 77.55; H, 4.98; N, 
5.32. Found: C, 77.70; H, 5.13; N, 5.46, 5.40.

The Beckmann rearrangement was carried out by adding 
phosphorus pentachloride to a solution of the oxime in 
absolute ether. After crystallization from alcohol with 
the aid of Norite the anilide of 2-phenyl-4-furoic acid was 
obtained as colorless plates which melted at 192.0-193.0°.

Anal. Calcd. for Ci7H130 2N : N, 5.32. Found: N, 5.44.
The anilide was hydrolyzed with alcoholic potassium 

hydroxide; it was necessary to heat the solution under re­
flux for twenty-four hours to cause complete reaction. 
The aniline was separated by steam distillation and identi­
fied as l-phenylazo-2-naphthol, m. p. 128-129°. The 
residue was treated with Norite and acidified. Crystalli­
zation from alcohol produced colorless needles of 2-phenyl-
4-furoic acid which melted at 208.0-209.0°.

Anal. Calcd. for CnH80 3: C, 70.25; H, 4.25; neut. 
equiv., 188. Found: C, 70.20; H, 4.49; neut. equiv., 191, 
190.

The acid is readily soluble in acetone, moderately soluble 
in alcohol, sparingly soluble in benzene, xylene, ether and 
chloroform. I t  forms a yellow solution in concentrated 
sulfuric acid.

The acid was not converted to the corresponding pyr­
role when treated with ammonium hydroxide in a bomb 
at 180°. Decarboxylation did not occur when it was sub­
jected to the following treatments:

1. A mixture of the acid and copper bronze was heated 
to 250°.

2. A mixture of the acid and copper bronze in quinoline 
was heated at 225° in a stream of nitrogen.

3. A mixture of the acid and copper bronze in benzyl- 
methylaniline was heated at 280 ° for one hour.

4. A mixture of the sodium salt of the acid and soda- 
lime was heated for two hours at 375° under a pressure of 
10 mm.

The reaction was finally carried out by heating the acid 
overnight at 275 ° in a high-pressure bomb. The 2-phenyl- 
furan obtained in this way had the following properties: 
b. p. 107-108° (18 mm.); w20d 1.5968; 1.083. These
data are in agreement with those found for a sample pre­
pared by the method described by Kondo and Suzuki.6

Summary
1,2-Dibenzoyl-l-propene is transformed into

2-phenyl-4-benzoylfuran by treatment with se­
lenium dioxide. The furan is readily hydrolyzed 
by aqueous alkalies to give 1,2-dibenzoylethane 
and formic acid. Ammonia and aniline react to 
give the corresponding pyrroles. By a series of 
reactions the benzoylfuran was degraded to the 
known 2-phenylfuran.

(6) Kondo and Suzuki, J. Pharm. Soc. Japan, No. 544, 501 (1927): 
C. A., 21, 3362 (1927).
Urbana, Illinois Received May 31, 1938

NOTES

The Structure of Cholesteryl Chloride
By Ernst Bergmann

In work with cholesteryl chloride, as carried 
out in various laboratories and also in this In­
stitute, certain conflicting evidence has accu­
mulated with regard to its usual formula (I). 
The main point is the following one: while the 
two epimeric cholestyl chlorides react with sodium 
acetate under Walden inversion,1 cholesteryl 
chloride has been found in our laboratory to give 
the same cholesteryl acetate which is obtained 
by direct acetylation of cholesterol.2 Recently,

(1) Marker and co-workers, T h i s  J o u r n a l , 57, 1755, 2358 (1935).
(2) That cholesterol and cholesteryl chloride have identical con­

figuration, has been discussed in Helv. Chim. Acta, 20, 590 (1937).

Marker and co-workers3 have reported that
7-oxocholesteryl chloride, the constitution of 
which follows from the characteristic absorption 
band at 270 mix of a,/?-unsaturated ketones4 be­
haves “normally” toward sodium acetate, giving 
an acetate under configurational inversion. Be­
sides that, Marker and his co-workers have 
pointed out that cholesteryl chloride reacts under 
much less drastic conditions than the other 
chlorides mentioned.5

Reactions of halogenides with acetate ions are
(3) Marker and co-workers, T h is  J o u r n a l , 59, 619 (1937).
(4) Unpublished results from our la b o r a t o r y  (Miss F. Gold­

schmidt); compare for 7-oxocholesteryl acetate, Fckhardt, Ber., 7 1 , 
461 (1938).

(5) Compare Mauthner, Chem. Central., 80, II, 1537 (1909).
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now generally accepted to occur with Walden 
inversion,2,6 with one exception, if the halogenide 
belongs to the allyl derivatives. In this case 
the possibility of allylic rearrangement prevents 
any prediction of the steric course taken by a 
substitution reaction. Therefore, the above dif­
ficulty would be overcome if cholesteryl chloride 
were able to react in the form (II),7 deriving 
from &Z/ö-cholesterol.8 The reaction of form 
(II) with sodium acetate would be accompanied 
by a shift of the double bond.9 In the case of 
7-oxocholesteryl chloride the conjugation with 
the carbonyl group would stabilize the C=C— 
double bond in the “classical” 5,6-position.

It is interesting to note that similar conditions 
have been observed by Linstead and Rydon10 in 
the case of buten-(l)-ol-(4), which is converted 
by a mixture of sulfuric and hydrobromic acids 
partly into 4-bromobutene-(l), and partly into 
4-bromobutene-(2). On the basis of Juvala’s11 
results, the high substitution velocity, too, of 
cholesteryl chloride would be understood more 
easily.

Analogous considerations apply to the case of 
chloroandrostenone (III), which in contrast with

(6) Cf. also Cowdrey, Hughes, Ingold, Masterman and Scott, 
J. Chem. Soc., 1252 (1937). Fieser, in “The Chemistry of Natural 
Products Related to Phenanthrene,” Reinhold Publishing Corp., 
New York, 1937, p. 392, has not yet taken these facts into account.

(7) The allylic nature of certain reactions of cholesteryl chloride 
has been discussed by Wagner-Jauregg and Werner [Z. physiol. 
Chem., 213, 119 (1932)] on the basis of the old allylic formula for 
cholesterol.

(8) The preparation of the chloride corresponding with alio- 
cholesterol is prevented by the easy dehydration of this substance: 
Schoenheimer and Evans, T h is  J o u r n a l , 58, 182 (1936); J. Biol. 
Chem., 114, 567 (1936).

(9) The ability of cholesteryl chloride to react as (I) will account 
for the hydrosonati'vc formation of a cholestane and not a coprostane 
derivative.

(10) Linstead and Rydon, J. Chem. Soc., 1995 (1934).
(11) Juvala, Ber., 63, 1989 (1930).

the corresponding saturated chloroandrosterone 
is able to react with sodium benzoate without 
configurational inversion. This behavior may 
again be due to the possibility of III reacting in an 
allylic form.

Finally, it may be mentioned that this possibility 
is not necessarily limited to (I) and (III), but may 
apply to corresponding derivatives of other strong 
acids as, e. g., toluenesulfonic acid.12

(12) Compare Stoll, Z. physiol. Chem., 246, 6 (1937).

The Daniel Sieff Research Institute
Rehovoth, Palestine Received March 4, 1938

Racemization During Esterification by Diazo­
methane

By Ernst Bergmann and Yaïr Sprinzak

In the course of experiments on Walden in­
version, we had to prepare optically active methyl 
bromosuccinate. While esterification with methyl 
alcohol in the presence of concentrated sulfuric 
acid1 gave satisfactory results, a series of experi­
ments carried out with diazomethane gave in­
variably a racemic ester.

(-)-Bromosuccinic acid (1.5 g., rotation in 
acetone: c 3.000; l  9.9 cm.; o l d  —2.18°, hence
[a] D —72.7°), finely pulverized, was added at 
zero temperature to a solution of diazomethane, 
prepared from ethyl nitrosomethylcarbamate 
(5 g.) and 25% methyl-alcoholic potash solution 
(7 cc.) in ether (30 cc.). The acid disappeared 
quickly; after thirty minutes of standing, the 
yellow solution was evaporated and the remaining 
racemic methyl bromosuccinate distilled in vacuo; 
b. p. 87° (2.5 mm.); yield 1.4 g. (Calcd. for 
C6H90 4Br: Br, 35.5. Found: Br, 35.4).

As check experiments, a sample of the same 
(-)-bromosuccinic acid was kept for thirty min­
utes with a mixture of ether and methyl alcohol 
(6:1) and the optically active methyl ester in con­
tact with diazomethane solution, prepared as 
above, for two hours. In both cases, no changes 
in optical rotation were observed.

Therefore we are inclined to assume that the 
racemization is connected in some way with the 
esterification mechanism. An analogous obser­
vation has been made incidentally by Stoermer 
and Starck2 in the case of the optically active 
acid

(1) Holmberg, Ber., 56, 125 (1926).
(2) Stoermer and Starck, ibid., 70, 479 (1937).
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which is racemized too in the course of esterifica­
tion by diazomethane.

Furthermore, the observation reported by 
Schlenk and Bergmann3 may be recalled, that 
fluorene-9-carboxylic acid behaves—at least to 
a certain extent—abnormally toward diazo­
methane, giving dimethyl dibiphenylenesuceinate.

(3) Schlenk and Bergmann, Ann., 463, 194 (1928).
The Daniel Sieff Research Institute
Rehovoth, Palestine R eceived March 4, 1938

Remark on the Mechanism of the Fittig Reaction
By O. Blum-Bergmann

(1) Bachmann and Clarke1 have shown, some 
years ago, that the by-products formed in the 
biphenyl synthesis from boiling chlorobenzene 
and sodium metal indicate the intermediary for­
mation of free phenyl radicals. Analogous re­
sults are obtained at room temperature, working 
in benzene solution.

To bromobenzene (50 g.), dissolved in benzene (50 g.) 
in a Schlenk tube,2 sodium slices (10 g.) were added in 
nitrogen atmosphere, reaction starting quickly and caus­
ing a marked rise in temperature. When this first re­
action ceased, the mass was shaken for two days, diluted 
with benzene (100 cc.) and separated by decantation from 
the excess sodium metal. Water was added, the benzene 
solution washed several times with water, dried and evapo­
rated in vacuo and the residue fractionated at 13-15 mm.
(a) B. p. 123-129°. This fraction crystallized completely ; 
it consisted of pure biphenyl; m. p. 69-71°; yield 6.8 g.
(b) B. p. 165-200°. The yellowish oil solidified almost
quantitatively, on trituration with methyl alcohol; yield
2.1 g. From methyl alcohol, stout prisms, m. p. 56-57°, 
which according to their physical properties and the analy­
sis proved to be tf-phenyl-biphenyl, described before by 
Bachmann and Clarke.1 (Calcd. for CisHu: C, 93.9; 
H, 6.1; mol. wt., 230. Found: C, 93.5; H, 6.0; mol. 
wt. (camphor), 241, 236.) (c) B. p. 200-250°, yellowish
oil, which crystallized on trituration with light petroleum 
(b. p, 80-100°) (yield 0.26 g.) and was purified from the 
same solvent. Long needles of triphenylene; m. p. and 
mixed m. p. with an authentic sample, 195° (Calcd. for 
Ci8H i2: C, 94.7; H, 5.3; mol. wt., 228. Found: C, 
94.6; H, 5.3; mol. wt. (camphor), 257, 255).

(2) Theoretically free phenyl radicals may occur either 
in the formation from sodium and bromobenzene of

(1) Bachmann and Clarke, T h is  J o u r n a l , 49, 2089 (1927). Cf. 
J. v. Braun and Kurtz, Ber., 70, 1224 (1937); Oldham and Ubbe- 
lohde, J. Chem. S o c ., 201 (1938).

(2) Compare Houben-Weyl, “Die Methoden der organischen 
Chemie,” Vol. IV, Georg Thieme Leipzig, 1924, p. 959.

phenylsodium3 or in the interaction between the latter 
compound and a second bromobenzene molecule or in both 
processes. Horn and Polanyi4 showed that, on inter­
action with dilute sodium vapor, bromobenzene forms bi­
phenyl, undoubtedly via phenyl radicals. On the surface 
of metallic sodium, on the other hand, it will be expected 
that a second sodium atom will always be near enough for 
phenylsodium formation when the first metal atom has re­
moved the halogen from the C-Hal bond,5 although, ob­
viously, temporary radical formation cannot be excluded. 
Therefore it is more likely that the reaction of the alkyl- 
sodium compound with bromobenzene involves the inter­
mediary production of the radicals. In favor of this, the 
observation may be reported that phenylsodium, on in­
teraction with bromobenzene, gives triphenylene (C6H4)3 
too, indicating formation of phenyl radicals and their dis­
proportionation into benzene and phenylene radicals 
CeLU.6

Diphenylmercury (6 g.) was shaken in benzene solution 
with sodium slices (10 g.) for two days;7 the phenyl­
sodium containing mass was then separated by decanta­
tion from the excess metal, and bromobenzene (7 cc.) 
(twice the theoretical amount) added. The mixture was 
kept at 70'° for forty-eight hours and poured out into water. 
Treatment as above gave (besides some bromobenzene) 
(a) biphenyl, b. p. 120-160° (22 mm.), m. p. 65°, yield 
1.45 g.; (b) triphenylene, b. p. 200-220° (13 mm.) after 
trituration of the crude product (1 g.) with light petro­
leum and recystallization from the same solvent, m. p. 
194-195.5°.

(3) Schlubach and Goes, Ber., 55, 2889 (1922).
(4) Horn and Polanyi, Z. physik. Chem., 25B, 151 (1934).
(5) Ziegler and Schaefer, Ann., 479, 150 (1930).
(6) In the famous experiments of Wieland, Popper and Seefried 

[Ber., 55, 1816 (1922)] on the dissociation of benzene-azotriphenyl- 
methane, the occurrence of benzene instead of free phenyl may also 
be due to incidental formation of triphenylene which so far has not 
been isolated from the reaction mixture.

(7) Compare Schlenk and Holtz, ibid., 50, 268 (1917),
The Daniel Sieff Research Institute
Rehovoth, Palestine Received March 4, 1938

Hydrogenation of Ethylene and Partially Deu- 
terized Ethylene on Catalytic Metal Surfaces

By G. G. Joris and J. C. Jungers

The hydrogenation on catalytic copper of 
ethylene, ethylene-d4 and partially deuterized 
ethylene (50%D) has been measured and found 
to be faster for the heavy compound.1 To gain 
further information on this reaction and establish 
that this was not due to accidental circumstances, 
the hydrogenation of ethylene and partially 
deuterized ethylene was. carried out on nickel, 
cobalt and platinum surfaces. The rates meas­
ured for mixtures of 5 cm. of ethylene and 7.5 
cm. of hydrogen are given in the table and show

(1) G. G. Joris, H. S. Taylor and J. C. Jungers, T h is  J o u r n a l  
1982 (1938).
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quite definitely that in all cases studied the 
reaction is faster for the heavy compound.

Times of One-Half Reaction (in Min .)
Catalyst Temp., °C. C2H2D2 C2H4

Nickel +64 13 28
Platinum -21 12 18
Cobalt 0 2.8 3.5

The columns give the nature of the catalyst, 
the temperature of the experiment, the time of 
half reaction for the heavy and light compound.
Department of Chemistry Received July 21, 1938 
University of Louvain 
Louvain, Belgium

Some Phenacyl and ^-Substituted Phenacyl 
Esters

By R. V. Lundquist

Some phenacyl and ^-substituted phenacyl es­
ters of organic acids have been prepared for the 
identification of those acids. They were prepared 
by the method of Judefind and Reid.1

Heptylic Acid.—The phenacyl ester was a 
liquid.

Dichloroacetic Acid.—The phenacyl ester was 
a liquid; the ^-bromophenacyl ester, observed 
m. p. 98.2 to 99.3°; the ^-chlorophenacyl ester, 
observed m. p. 93.0 to 93.8°.

a-Bromo-rc-butyric Acid.—The phenacyl ester 
was a liquid; the ^-phenylphenacyl ester, ob­
served m. p. 103.5 to 104.0°.

Acetylsalicylic Acid.—The phenacyl ester,’ 
observed m. p. 105.0 to 105.5°.

The esters were obtained in excellent yield and 
the solid esters were purified easily to a constant 
melting point.

(1) Judefind and Reid, T h is  J o u r n a l , 42, 1043 (1920).
Contribution from the Received May 25, 1938
Chemistry Laboratory 
University of Idaho 
Moscow, Idaho

Acid Dissociation Constants in Dioxane-Water 
Mixtures. A Correction of the Dissociation 

Constant of Benzoic Acid
By Cecil C. Lynch and Victor K. La Mer

Professor Martin Kilpatrick and Dr. L. John 
Minnick of the University of Pennsylvania kindly 
called our attention to the fact that the dissocia­
tion constants of benzoic acid as giyen in the 
“ In ternational Critical Tables,” Vol. VI, p. 279, 
are in error by a factor of ten and that this had

led to an unnecessary restriction of statement in 
our paper of the above title.1 When the most re­
cent value for 25°2 is plotted in our Fig. 8 instead 
of the erroneous “I. C. T.” value (6.15 X 10“4), the 
anomalous behavior of benzoic acid as compared 
with acetic, propionic and butyric acids disap­
pears. Log K benzoic becomes a linear function of 
the reciprocal of the dielectric constant between 
D = 78 and 21, and now conforms closely to the 
behavior of the three aliphatic acids. In Table 
III, p. 1257, Kacetic (D = 34.3) should read 5.62 
X 10~7 instead of 5.01 X 10~7 and the second' 
datum for propionic acid (.D = 21.0) should read 
5.33 X 10~9 instead of 5.30 X 10~9.

(1) Lynch and La Mer, T h is  J o u r n a l , 60, 1252 (1938).
(2) 6.31 X 10~5, Brockman and Kilpatrick, ibid., 56, 1483 (1934).

Department of Chemistry 
Columbia University
N ew York, N . Y. Received June 23, 1938

The Hydrolysis of Methyl Iodide
By R ichard A. Ogg, Jr.

The hydrolysis of methyl iodide in pure water1 
has been shown to be kinetically first order with 
respect to methyl iodide, and unretarded in rate 
by the resulting hydriodic acid. Essentially 
similar results have been found by the author in 
a brief study of methyl iodide hydrolysis in a 
mixture of equal volumes of anhydrous methanol 
and water. The solutions (some 0.02-0.08 molar 
in methyl iodide) were heated in sealed nitrogen- 
filled tubes. Reaction was followed by titration 
of the resulting hydriodic acid. The last stages 
of the reaction were complicated by formation of 
considerable iodine (Moelwyn-Hughes found only 
traces)—undoubtedly as a result of the side 
reaction CH3I +  H30+ +  I~ —> CH4 +  I2 +  
H2O. (The solutions containing most iodine gave 
off inflammable gas on opening the tubes.) Dis­
placement of the equilibrium

CH3OH +  H30 + +  I -  7 - ^  CH3I +  2 H20  

to the right by the large concentration of meth­
anol in the solvent explains the importance of 
the side reaction—as contrasted to the results 
in pure aqueous solution.

Very good first order rate constants were ob­
tained up to some 60% completion of the reaction 
(iodine formation then became troublesome). 
At 100 and 55° the rate constants were found to 
be, respectively, some 3 X 10“4 (average from

(1) E. A. Moelwyn-Hughes, Proc. Roy. Soc. (London), A164, 295 
(1938).
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three runs, with following respective sets of con­
stants corresponding to successive time intervals—
3.1, 2.9, 3.0, 3.1, 3.2, 3.1,3.0,3.1; 2.9, 3.0, 2.8,3.0) 
and 3.2 X 10-6 sec.-1 (average from two runs, with 
following respective sets of constants—3.3, 3.4,
3.2, 3.1; 3.1, 3.0, 3.2, 3.1). The corresponding 
values found by Moelwyn-Hughes for the reaction 
in aqueous solution are 4.47 X 10-4 and 4.9 X 10-6 
sec.-1. The effect of replacing a portion of the 
sol vent water by methanol is thus to diminish the 
rate of methyl iodide hydrolysis. Comparison of 
the figures at the respective temperatures indicates 
that the activation energy is but slightly affected, 
if at all. These results are entirely similar to the 
effects of solvent change on the rates of hydrolysis 
of secondary and tertiary alkyl halides in mix­
tures of ethanol and water.2 It would appear that 
the hydrolyses by neutral water of methyl halides 
are kinetically similar to the corresponding reac­
tions of secondary and tertiary halides, and that 
an identical intimate mechanism obtains for all 
of these reactions.

(2) See E. D. Hughes, Trans. Faraday Soc., 34, 185 (1938), for a 
review of this field.
Chemical Laboratory R eceived June 13, 1938
Stanford University 
Stanford University, Calif.

A New and Direct Method for the Determination 
of Creatine. I. Preliminary Report

By Charles F. Schaffer

Investigations on the origin and significance of 
the excretion of creatine in the urine have re­
ceived no general acceptance. The reason for 
this uncertainty is that creatine is not determined 
directly, but by difference. The preformed crea­
tinine is determined by Folin’s colorimetric 
method, and then the urine is heated with acid 
which converts the creatine to creatinine. The 
creatinine is then redetermined. The difference 
between this total creatinine value and that of the 
preformed creatinine is called creatine. The fal­
lacies of such an analytical procedure are obvi­
ous; especially when considering that the quan­
titative determination of creatinine itself is made 
by measuring its reducing'action. In fact it has 
been pointed out independently by Arnold,1 
Emden,2 Hurtley,3 Greenwald4 and confirmed by

(1) Arnold, Zentr. inn. Med., 21, 417 (1900).
(2) Emden, Zentr. Stoffenechael, Verdauungs-Krankheiten, N. F., 2, 

25Q-289 (1907).
(3) Hurtley, Lancet, 184, 1160 (1913).
(4) Greenwald, J. Biol. Chem., 14, 87 (1913).

Graham and Poulter,5 that acetoacetic acid is 
capable of showing a false presence of creatine.

In attempting to formulate a copper reagent 
that would eliminate entirely the effect of reducing 
nitrogenous substances, but still retain its maxi­
mum ability to be reduced by sugars, Folin and 
Svedberg6 developed one which is reduced by ni­
trogenous substances such as uric acid, creatine, 
creatinine and allantoin, but is not affected by 
sugar.

It was the use of this reagent which enabled 
Larson7 to promulgate his colorimetric method 
for the determination of allantoin.

The subsequent use of this procedure for the 
determination of added allantoin in urine of man 
resulted in the recovery of excessive amounts. 
On investigation it was found that the substance 
responsible for this greatly increased reducing 
action was creatine.

Aware of the negligible amounts of allantoin 
present in human urine, it was decided that an 
earnest endeavor to utilize this procedure for the 
determination of creatine warranted investigation. 
It was soon discovered that by increasing the 
alkalinity of the copper solution, creatine demon­
strated reducing properties which varied directly 
as its concentration and could be measured quan­
titatively.

Larson’s procedure, slightly modified for its 
adaptation to creatine, is used. The determina­
tion is made by treating a portion of the filtrate 
of the test sample in a Folin-Wu8 sugar tube with 
the ammoniacal copper solution; the alkalinity 
is increased by the addition of sodium hydroxide 
solution, and immediately it is placed in a rapidly 
boiling water-bath, for ten minutes, cooled and 
the blue color, developed after the addition of 
acid molybdate, compared with a 1-mg. creatine 
standard similarly treated.

Reagents Required
Phospho-24-tungstic Acid.—It is essential that the 

phosphotungstic acid used be pure. Larson obtained in­
consistent results in the precipitating power of eight 
different lots of c. P. phosphotungstic acid procured from 
four leading manufacturers and the results have been sub­
stantiated in this Laboratory. Basic lead acetate;9 5%  
(by weight) sulfuric acid solution; Folin ammoniacal cop -

(5) Graham and Poulter, Proc. Roy. Soc. (London), B87, 205 
(1913).

(6) Folin and Svedberg, J. Biol. Chem., 70, 418 (1926).
(7) Larson, ibid., 94, a (1932).
(8) Wu, ibid., 43, 197 (1920).
(9) Hawk and Bergeim, “Physiological Chemistry," Biaticènn. 

Philadelphia, Pa., 11th ed., 1937.
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per reagent;10 20% sodium hydroxide solution; acid 
molybdate reagent;11 creatine standard: dissolve 100 mg. 
of creatine in water and dilute to 100 cc.

Technique.—Place 1.5 g. of phosphotungstic acid in a 
large Pyrex tube, 30- to 50-cc. capacity, and dissolve in 6 
cc. of water. With the aid of a pipet add 4 cc. of urine 
sample and centrifuge until clear. Add 4 cc. of the basic 
lead acetate solution and centrifuge again.12 When clear, 
add 6 cc. of 5% sulfuric acid and recentrifuge. Transfer 2 
cc. of the resultant, clear filtrate to a Folin-Wu sugar tube. 
Add 2 cc. of ammoniacal copper solution and 1 cc. of 20% 
sodium hydroxide. Place in a vigorously boiling water- 
bath for ten minutes, cool, add 2 cc. of acid molybdate re­
agent, dilute to mark and compare immediately with a 1- 
mg. creatine standard similarly treated.

Observations
The phosphotungstic acid precipitates the 

proteins and some of the other interfering sub­
stances while the addition of lead acetate removes 
the excess phosphotungstic acid and the remaining 
interfering substances. The subsequent use of 
sulfuric acid precipitates the excess lead com­
pletely.

The optimum alkalinity of the medium required 
for the creatine to exert its most efficient reducing 
action necessarily detracts from the non-sugar 
reducing properties of the copper solution.

Normally, urine contains traces of glucose which 
are so minute that the error introduced by such 
amounts is negligible. However, when sugar is 
present in any appreciable amounts it must 
either be removed by the brief fermentation proc­
ess described by Folin and Svedberg6 and de­
signed for use on filtrates, or the quantitative 
sugar determinations of Folin-Wu11 run in con­
junction with the determination of creatine. This 
latter method is preferred as the fermentation 
procedure must be regulated -rather too exactly, 
otherwise the reducing powers are increased 
rather than decreased.

Recovery of Creatine Added to Urine.—
Urine that had no reducing action on the copper 
solution or at best produced only a slight colora­
tion which was impossible to read colorimetrically 
was selected and varying amounts of a standard 
creatine solution added.

Filtrates of these various specimens were then 
prepared as described above, and the determina­
tion proper performed on the filtrates.

(10) Folin, J. Biol. Chem., 82, 88 (1929).
(11) Folin and Wu, ibid., 41, 367 (1920).
(12) Prior to the addition of the basic lead acetate, I-arson recom­

mends refrigerator incubation of the tube for one-half hour to mini­
mize the time reautt-  ̂ complete phosphotungstate precipitation. 
rruia iJiocedure may be omitted as the results obtained, on final 
analysis of the filtrate, show very little variation.

From a series of twenty-eight different deter­
minations recoveries ranging from 90 to 110% 
were obtained in contrast to recoveries of 82 to 
92% employing the method of Folin.

The accompanying protocol shows a compari­
son of the values for creatine recovery, obtained 
by both the Folin and the suggested colorimetric 
method, when added to urine.

Protocol
Comparison of Creatine Recoveries after the 

Addition of a D efinite Amount to Urine
Recovery Recovery

Creatine Folin Colorimetric
Urine
no.

present, 
mg. 

per cc.
method, 

mg. 
per cc.

Percentage
error

method, 
mg. 

per cc.
Percentage

error
1 2.6 2.5 -  3.9 2.6 0
2 3.6 3.2 -1 1 .2 3.4 - 5
3 4.6 3.8 -1 7 .4 4.45 - 3
4 1.0 0.92 -  8.0 0.97 - 3
5 2.0 1.83 -  8.4 2.1 + 5
6 3.0 2.57 -1 4 .3 3.12 + 4
7 1.0 0.88 -1 2 .0 0.97 - 3
8 2.0 1.74 -1 3 .1 1.92 - 4 .2
9 3.0 2.38 -2 0 .7 3.13 + 4 .5

10 0.6 0.49 -1 7 .7 0.6 0

Conclusion
A preliminary report on a direct method for 

the determination of creatine in urine is presented. 
The full report is to be submitted on completion 
of the work.
Biochemical and Research Laboratories 
The N ational Drug Company
Philadelphia, Penna. Received M ay 13, 1938

The Common Basis of Intramolecular 
Rearrangements. IV.1 A Correction:

The Benzilic Acid Rearrangement
By Frank C. Whitmore

Since the formulation of the working hypothe­
sis used in this Laboratory, no facts have been 
found contrary to the assumption of the basis of 
molecular rearrangement as due to a carbon with 
an open sextet of electrons. However, the ex­
treme extension of the hypothesis to include the 
benzilic acid rearrangement involving the addition 
of a proton to benzil to form a positive ion, cannot 
be supported. Ingold2 has proposed the exist­
ence of an intermediate negative ion produced by 
the addition of hydroxyl ion to benzil and indi-

(1) Whitmore, T h is  J o u r n a l , 54, 3274 (1932); Whitmore and 
Stahly, ibid., 55, 4153 (1933); Whitmore and Fleming, J. Chem. Soc., 
1269 (1934); Wallis and Whitmore, T h is  J o u r n a l , 56, 1427 (1934).

(2) Ingold, “Ann. Repts. Chem, Soc. (London),” Vol. XXV, 1928, 
pp.124-134,
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cated the importance of an alkaline medium in thé 
transformation.3 The reaction rate study con­
ducted by Westheimer4 indicated the existence of a 
bimolecular reaction between benzil and hydroxyl 
ion which can best be explained by the formation 
of the same negative ion. Recent investigation by

(3) Ingold, “Ann. Repts. Chem. Soc., (London)” Vol. XXX, 1933, 
p. 177.

(4) Westheimer, T h i s  J o u r n a l , 58, 2209 (1936).

Roberts and Urey5 on the oxygen interchange of 
benzil with water of a higher concentration of H20 18 
indicates a more rapid exchange in alkaline than in 
neutral solution which is explained by the rapid, 
reversible addition of hydroxyl ion to form a nega­
tive ion with benzil, followed by rearrangement.

(5) Roberts and Urey, ibid., 60, 880 (1938).

State College, Penna. Received June 4, 1938

COMMUNICATIONS TO T H E  EDITOR

THE SALT EFFECT IN THE PARAMAGNETIC 
CONVERSION OF ^-HYDROGEN

Sir:
In 1934 Sachsse [Z. physik. Chem., B34, 429 

(1934); Z. Elektrochem., 40, 531 (1934)] reported 
that the rate constants for the conversion of 
^-hydrogen by solutions of paramagnetic ions were 
independent of the concentrations of these ions if 
the change in solubility of hydrogen with changing 
ionic strength were taken into account. To this 
is now added the fact that these rate constants are 
also independent of the concentration of added 
diamagnetic salts. The measurements were made 
by shaking the solutions with p-H2 at a shaking 
speed in the range at which the conversion rate 
was independent of the shaker speed. The ratio 
of gas volume to solution volume was known and 
kept constant. The apparent rate Was inde­
pendent of hydrogen pressure.

Some representative data are given in the 
following table for which the solution volume is 
always 100 cc., the gas pressure ca. 100 mm., the 
concentration of manganous chloride 0.02 M, at 
room temperature.

Expt. Molality of 
diamagnetic salt &Ó.02 X 103 /(Ostwald)

k(l, m~l, 
min._1)

1 0 3.03 0.0198 7.9
2 0.3 M  CaCl2 2.75 .0173 8.2
3 0 2.15 .0198 8.0
4 1 M  NaNOa 1.65 .0158 7.7
5 2 M  NaNOs 1.41 .0127 8.2
6 0.6 M  BaCl2 1.56 .0151 7.7

In experiments 1 and 2 the gas volume is 45.1 cc.; 
in expts. 3 to 6 the gas volume is 64 cc. k' is the 
observed first order rate constant calculated by
&Ó.02 =  ~  log -  K  where t  is the time in
minutes, (^-H2)o/(^-H2)t is the rate of the initial

£-H2 concentration to that at the time t and is 
the correction for the conversion by pure water 
under the same conditions and calculated in the 
same way. For expts. 1 and 2 k'w = 0.07 X 10“3 
and for expts. 3 to 6 k'w = 0.05 X 10“3. k is 
the velocity constant reduced to unit Mn++ ion 
concentration and corrected for the gas not in
solution by the relation k = c~ X k'
where Fg is the gas volume, Vs the solution vol­
ume, l the Ostwald solubility of H2 (from Seidell’s 
“Solubilities”) and MMnCh the molality of the 
manganous chloride.

Thus the rate of conversion of p-H2 — > o-H2 
by Mn++ can be expressed by

~ d(d̂ H2) -  i(M n ++) (p-H.)

where (Mn++) and (p-H2) are the concentrations 
of Mn++ ion and £-H2, respectively. There is no 
need to introduce any activity factor of Brönsted 
fMn++fm/fMn++'m> although the concentration 
of the diamagnetic salts was carried as high as 
4 M  NaN03 and 2.4 M  CaCl2 in 0.02 M  man­
ganous chloride. If it is incorporated it must be 
a constant and this is not unreasonable since the 
two reactants completely retain their inde­
pendent identities throughout the reaction.

The effectiveness of the inhomogeneous mag­
netic field of the ion is independent of the ionic 
environment of the paramagnetic ion. This is 
in agreement with the observation of Sachsse that 
solutions of manganous sulfate and manganous 
chloride give the same rate constant.
Department of Chemistry Melvin Calvin
University of California 
Berkeley, California

Received July 18, 1938
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THE CATALYTIC CONDENSATION OF GRIGNARD 
REAGENTS WITH HYDROCARBONS

Sir:
Meyer and Togel [Ann., 347, 55 (1906)] 

observed that the addition of water during the 
formation of the Grignard reagent from bromo­
benzene resulted in the formation of large amounts 
of biphenyl. It is also well-known that phenyl- 
magnesium bromide does not react with bromo­
benzene to yield biphenyl. These facts suggested 
to us the possibility that this reaction might be 
due to the formation of free phenyl radicals, 
and that under suitable conditions these might 
condense with certain reactive molecules. This 
assumption was strengthened when the above 
reaction was carried out in the presence of a 
large excess of mesitylene; only a trace of bi­
phenyl and a 13% yield of 2,4,6-trimethyl- 
biphenyl were obtained.

We have now extended our study of this new 
condensation reaction to include several Grignard 
reagents and hydrocarbons and we are able to 
draw the following tentative conclusions. (1) 
The reaction involves the already-formed Grig­
nard reagent. (2) The presence of both water and 
metallic magnesium is necessary. (3) Catalytic 
quantities of water and magnesium are sufficient, 
indicating that these agents serve only to initiate 
chain reactions. (4) A minimum amount of 
ether should be employed. (5) The reaction is 
applicable to a variety of Grignard reagents and 
hydrocarbons.

The following preparation of diphenylmethane 
from benzylmagnesium chloride and benzene is 
representative of the procedure now in use:
0.3 g. of magnesium turnings is allowed to 
react completely with 2.0 g. of benzyl chloride 
in 0.10 mole of ether in the usual manner. Then
1.5 moles of benzene and enough magnesium to 
make a total of 0.25 mole are added, followed by 
slow addition over a period of two hours of a 
mixture of one mole of benzene and enough 
benzyl chloride to make a total of 0.25 mole. 
The temperature rises to about 45° during the 
addition of the mixture and stirring is continued 
for another hour. 0.025 to 0.3 mole of water 
is then added (the mixture contains a little un­
reacted magnesium) and the mixture is stirred 
for another hour. • The amount of water, or the 
rate, or the temperature a t which it is added, 
has no m arked elfect on the yield. The products 
are isolated by standard procedures.

The following yields of condensation products 
have been obtained:

Yield on
basis of
halideGrignard used,reagent Hydrocarbon Products found %

CeHsCmMgCl Benzene Diphenylmethane 29
Dibenzyl 18

CeHsCHaMgCl ra-Xylene 2,4- Dimethyldiphenyl-
methane 17

C6H6CH2MgCl Mesitylene 2,4,6-Trimethyldiphenyl-
me thane 20

CeH5CH2MgCl Cyclohexane Benzylcyclohexane None
CaHsMgBr Toluene 4-Methylbiphenyl \  esti- 10

Biphenyl ƒ mated 20
CeHöMgBr m-Xylene Dimethylbiphenyl 9
CeHeMgBr Chlorobenzene Chlorobiphenyl 5

Biphenyl 39
CeHsMgBr Cyclohexane Biphenyl 39

Phenylcyclohexane None
CHaMgl Benzene Toluene 0.06

^-Xylene .03

Further work on the problem is actively under 
way and we hope to publish soon the results of 
our findings.
George H erbert J ones Laboratory M. S. Kharasch 
The University of Chicago William Goldberg
Chicago, Illinois Frank R. Mayo

Received July 21, 1938

THE ACTIVITY OF CERTAIN NICOTINIC ACID 
DERIVATIVES AS GROWTH ESSENTIAL 

FOR THE DYSENTERY BACILLUS
Sir:

Recent evidence indicates that nicotinic acid or 
its amide is of wide biological significance. The 
compound has been shown to be a part of War­
burg's coenzyme, important in the treatment of 
human pellagra and canine black tongue, and 
essential for the growth of staphylococci, the 
diphtheria bacillus and the dysentery bacillus.

In a previous report [Koser, Dorfman and 
Saunders, Proc. Soc. Exptl. Biol. Med., 38, 311 
(1938)] the authors have shown that 0.004 micro­
gram per cc. will cause growth of certain members 
of the dysentery group in a synthetic medium 
otherwise unable to support growth. The essen­
tial role of nicotinic acid was demonstrated by the 
use of a synthetic culture medium consisting of 
fifteen amino acids, dextrose, and several in­
organic salts. In such a medium many dysentery 
strains fail to grow. Upon the addition of nico­
tinic acid, however, development of the organisms 
took place. In order to test the relationship be­
tween biological activity and chemical structure 
we have tested a series of compounds related to 
nicotinic acid. The solutions were tested in 
decimal dilutions of molar concentration.
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Pyridine-2-sülfonic acid, trigonelline, 6-methyl- 
nicotinic acid, nipecotic acid, isonicotinic acid, 
/3-acetylpyridine, /3-picoline, and pyridine were 
completely devoid of growth-promoting activity. 
The following substances showed 3+  growth 
(comparable to veal infusion broth) in the dilu­
tions indicated: nicotinic acid, nicotinamide, 
methyl nicotinate M  X 10 “7, trigonelline amide, 
ethyl nicotinate, nicotinuric acid, ethyl nicotino- 
acetate M  X 10“6, nicotinic acid N-methyl amide 
M  X 10-5, nicotinonitrile M X 10 ~4. Picolinic 
acid and quinolinic acid showed activity at a 
dilution of M  X 10 “4 but there is some possibility 
that these two preparations may be contaminated 
with traces of nicotinic acid. They are being 
synthesized by reactions which will exclude the 
possibility of any contamination and the results 
of tests of their growth-promoting activity will be 
reported later.

We are grateful to Dr. Frank M. Strong for 
samples of a number of compounds tested.

This investigation was aided by a grant from 
the Committee of Scientific Research of the 
American Medical Society.
D epartment of Biochemistry Albert Dorfman
and Department of Bacteriology Stewart A. Koser 
and Parasitology Felix Saunders
University of Chicago 
Chicago, I II .

Received July 15, 1938

THE CHEMILUMINESCENCE OF THE CHLORO­
PHYLLS, AND OF SOME OTHER PORPHYRIN 

METAL COMPLEX SALTS
Sir:

Recently, Helberger [Naturwiss., 26, 316 
(1938)] reported a case of chemiluminescence, 
found in experimenting with the complex magne­
sium salt of phthalocyanin, and of substances with 
related chemical structure.

It is of considerable interest to study the chemi­
luminescence of porphin and of meso tetrasub- 
stituted porphins, which are now synthetically 
accessible [Rothemund, T hts J ou r n a l , 57, 2010 
(1935); 58, 625 (1936)], and of the chlorophylls, 
especially with regard to the problem of photo­
synthesis.

We found that upon adding pure chlorophyll 
a to tetrahydronaphthalene (“Tetralin”), heated 
to about 125°, the red chemiluminescence is just 
perceptible. The intensity of the phenomenon 
increases with increasing temperature, exhibiting 
a beautiful red glow between 160 and 190°, di­

minishes then, and disappears, when the solution 
is boiled for a few minutes. Addition of more 
chlorophyll a to the hot solution causes the chemi­
luminescence to reappear. Chlorophyll b shows 
the same behavior. The magnesium and the 
zinc complex salts of porphin as well as of a,fi, 
y ,8-tetraphenylporphin react in the same manner, 
and with the same color of luminescence. The 
free porphyrins, porphin, and a:,/3,7,5-tetraphenyl- 
porphin, or their hemins, copper, nickel, cobalt, or 
silver complex salts react negative. When one 
adds, however, magnesium filings to a solution of 
a,/3,7,5-tetraphenylporphin in tetralin, and allows 
the mixture to stand for some time, the chemi­
luminescence can be observed upon heating. No 
change of color or intensity of the glow takes 
place, if one bubbles oxygen or carbon dioxide 
through the hot solution. The following sub­
stances show the phenomenon, when used as sol­
vents for porphyrin magnesium or zinc complex 
salts: tetrahydronaphthalene, xylene, p-cymene, 
and bromocyclohexane.

After the reaction, the solution differs spectro­
scopically from the unheated solution; the in­
vestigation of the reaction products from the 
above mentioned substances in the different sol­
vents is in progress.
C. F. Kettering Foundation Paul Rothemund
for the Study of Chlorophyll
and Photosynthesis
Antioch College
Yellow Springs, Ohio

Received July 16, 1938

THE STRUCTURE OF THE INSULIN MOLECULE
Sir:

On the basis of the Cyclol hypothesis, a struc­
ture C2 was proposed for the insulin molecule.1 
C2 is a cage structure consisting of a fabric carry­
ing side chains, bent over a truncated tetrahedral 
framework. The only metrical parameter, a (a 
mean between C-C and C-N bond lengths), taken 
as 1.5 A., defines the dimensions of C2. C2 mole­
cules with axes parallel fit the rhombohedral cell 
of the insulin lattice given by an x-ray analysis. 
They can be arranged with any orientation a in 
the corresponding hexagonal cell, and a was 
necessarily left undetermined.1 Further data, 
namely, Patterson-Harker diagrams, have now 
become available.2

It has been stated that these diagrams are in-
(1) Wrinch, Trans. Faraday Soc., 33, 1368 (1037)\~
(2) Crowfoot, Proc. Roy. Soc., (London) 164A, 580 (1938).
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compatible with the structure I proposed for in­
sulin.2 I have therefore made a study of the 
Patterson-Harker diagrams given by C2. The 
skeleton of C2 is a truncated tetrahedron with six 
slits whose centers give an octahedron of side l = 
S \ / 6a. All the vectors between points on its 
framework lie on or within a truncated octahedron 
of side 21 = 16a/ 6a = 33.9 A. Postulating con­
centrations of atoms near these six octahedral 
points of the C2 we obtain Patterson-Harker 
peaks for a molecule at O which lie at the corners 
and midpoints of the sides of the octahedron 21 
with center at O. The figure shows the projection 
on the c-plane of these 18 peaks giving a hexagon 
with center at O, with side length 33.9 A. There

~n 1 1 1 1 1 1 1 1 1 l 1 1 1
10 20 30 40 50 60 70 A

Fig. 1.—The c-plane projection of the Patterson-Harker 
map of the six slits of the C2 molecule, superposed upon 
the corresponding projection obtained from the X-ray 
analysis of insulin.

are six at its corners, six at the midpoints of its 
sides, and six at the midpoints of lines joining 
alternate corners, indicated for convenience as A, 
B, and C, respectively.

We now notice that Crowfoot’s c-plane projec­
tion also gives 18 peaks per molecule, reproduced 
in Fig. 1, which fall into a pleasing pattern of 
hexad, triad, and dyad sets. Superposing the C2 
hexagon on this diagram, we turn this hexagon 
about its center, through an increasing angle a 
until any of its points fall upon a Crowfoot peak. 
We find with a = 6° that all A peaks fit on A 
peaks, B peaks on B peaks, and C peaks on C 
peaks, as shown in Fig. 1.

This procedure allocates to the molecule at O, 
one A peak in each of the hexad sets surrounding 
the points 1, 2, 3, 4, 5, 6; the most remote B peak 
of each neighboring triad set; the nearer C peak 
of each neighboring dyad set. Drawing corre­
sponding hexagons around other molecules, all 
the A, B, and C peaks are filled in. The six near­
est A and B peaks around O are contributed, one 
each, by the molecules associated with the posi­
tions 1, 2, 3, 4, 5, 6, and none of them by the 
molecule at O.

So far the details of the skeleton and the posi­
tions of the side chains attached to the C2 mole­
cule have been left out of account. Nevertheless, 
the 18 peaks per molecule in Crowfoot’s c-plane 
projection are given in the correct" positions, on 
the assumption that there are concentrations of 
atoms at the six slits.

The full investigations will shortly be published.
Long Island Biological Station D. M. Wrinch
Cold Spring Harbor, Long Island

Received July 15, 1938
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NEW BOOKS

Chemical Principles, with Particular Application to Qualita­
tive Analysis. By John H. Y oe, Ph.D., Professor of 
Chemistry, University of Virginia. John Wiley and 
Sons, Inc., 440 Fourth Ave., New York, N. Y., 1937. 
ix +  311 pp. 29 figs. 15.5 X 23.5 cm. Price, $2.75.

A Laboratory Manual of Qualitative Analysis. By John 
H, Y oe, Ph.D., Professor of Chemistry, University of 
Virginia. John Wiley and Sons, Inc., 440 Fourth Ave., 
New York, N. Y., 1938. ix +  219 pp. 7 figs. 15.5 X
23.5 cm. Price, $2.50.
This text is a good example of the modern Leftist tend­

ency in Qualitative Analysis. I t offers the student, in a 
compass of 300 pages, a comprehensive and somewhat 
amplified review of most of the theoretical material in 
General Chemistry: fundamental laws, definitions and 
principles, chemical change, kinetic theory, states of mat­
ter, solutions, homogeneous and heterogeneous equilibrium, 
precipitation theory, complex ions and coordination, pH, 
oxidation-reduction, kinetics of reactions, thermo-, electro-, 
and photo-chemistry, atomic structure, colloids. The 
presentation of each topic is of necessity very brief, with a 
minimum of mathematics and derivations; but seems 
satisfactory for general review; the sections on atomic 
heats, the early periodic table, the gas laws, solubility and 
washing of precipitates, and osmotic pressure would benefit 
by revision and a slightly different mode of treatment. 
The book will provide a substantial basis for a review 
of chemical fundamentals, but will be criticized by some 
instructors as containing very little about Qualitative 
Analysis, being largely a repetition of the student’s earlier 
work, and not offering any appreciable advance in chemical 
theory for the well-grounded student ready for a course in 
physical chemistry.

The accompanying Laboratory Manual supplies the 
basis for a large but flexible course of experimental work, 
with many preliminary tests in addition to the regular 
schemes. The method of cation analysis is a composite 
of the well-known Fresenius and Noyes methods, while the 
anion identification schemes are based on the groups of 
volatile, barium, silver, and soluble radicals. The use of 
organic reagents and spot tests is encouraged and there is a 
section on Dry Methods of Analysis.

Allen D. Bliss

Qualitative Chemical Analysis. Revised edition. By 
Louis J. Curtman, Professor of Chemistry, City Col­
lege, The College of the City of New York. The Mac­
millan Company, 60 Fifth Avenue, New York, N. Y., 
1938, xii +  514 pp. 44 figs. 15 X 22 cm. Price, 
$3.75.
A review of the first edition of this text was published in 

This Journal in March, 1932 (Vol. 54, page 1257). The 
second edition resembles the first edition but has been re­
written more nearly completely than most revised texts. 
The book consists of the usual prefaces, introduction and

appendix and five major parts. The first major part, 
‘‘Theory,” occupies 115 pages and includes discussions of 
structure of atoms, valence, coordination theory, dipole 
moments, Brönsted’s theory of acids and bases, Kohl- 
rausch’s law of independent migration, the complete ioni­
zation theory of Debye and Htickel, activity coefficient, 
ionic strength and all of the other topics usually discussed 
by texts in qualitative analysis. These ideas are made an 
integral part of the text, and their applications to analysis 
are shown. The second and fifth parts of the text furnish 
information regarding the metal ions and acids or anions, 
respectively. They include 105 and 48 pages. Besides 
colors of compounds and their solubilities in water, many 
applications of theory are made at appropriate points. 
For instance, solubilities of sulfides are discussed: ZnS in 
HCl by union of S= with H30  +; CuS in HNO3 by oxidation 
of S= by N 03~; HgS in aqua regia by oxidation of S= and 
also formation of HgCfi^. Part three deals with problems 
which would occur in volumetric quantitative analysis. 
I t includes only sixteen pages but part one contains an 
abundance of problems and exercises based on the other 
topics treated in the text. Part four, sixty pages, gives 
directions for preliminary experiments and a systematic 
analysis for metal ions. Directions for micro analysis and 
for setting up a system of individual reagents are included 
in the text. The sixteen-page table of analytical constants 
included in the first edition has been omitted. The sub­
ject matter is well chosen for a year’s work in qualitative 
analysis, The arrangement is logical and the descriptions 
and explanations as clear and simple as truth permits. 
References to other books and to journals are frequent. 
The print is clear and errors are few. I t is an improvement 
on the former edition as well as a modernization and a 
revision,

F. E. Brown

Spectroscopy in Science and Industry. Edited by 
George R. Harrison. Proceedings of the Fifth 
Summer Conference in Spectroscopy and its Applica­
tions. Held in Massachusetts Institute of Technology, 
Cambridge, Massachusetts, July 19-22, 1937. The 
Technology Press: John Wiley and Sons, Inc., 440 
Fourth Avenue, New York, N. Y., 1938. vii +  134 pp. 
60 figs. 19 X 25,5 cm. Price, $3.00.
This conference, held at the Massachusetts Institute of 

Technology in July, 1937, was probably the largest gather­
ing of practical spectroscopists ever assembled. Thirty- 
six papers, twenty-nine of which appear in the present 
volume, comprise discussions of the most varied applica­
tions of spectroscopy. The main emphasis, quite under­
standably, is upon apparatus and method, A spectacular 
achievement in metallurgical analysis is the posting of a 
complete quantitative analysis for five impurities in 
iron by two operators within seven minutes. Absorp­
tion measurements, in the visible and in the infrared, serve 
for rapid analysis of mixtures difficult to separate and
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identify chemically; to evaluate degrees of polymerization, 
molecular arrangements, and reaction rates; and as aids 
in the solution of biochemical problems in great variety.

Unfamiliarity with modern spectroscopic methods prom­
ises to be especially disadvantageous to analysts, but the 
same will be true, in varying degrees, for workers in other 
branches of science.

George S. Forbes

Über die Bildung und den chemische Bau der Kohlen.
(The Formation and Chemical Structure of Coal.)
By Paul Erasmus, Ohlau. Verlag von Ferdinand
Enke, Hasenbergsteige 3, Stuttgart W, Germany, 1938.
viii +  121 pp. 16.5 X 25.5 cm. Price, RM. 10.
This is the twelfth volume of publications in the field of 

fuel geology, edited by Prof. W. Gothan. The author, 
Paul Erasmus, who was a colleague of Bergius, was killed 
in a laboratory accident in 1936, and the purpose of this 
publication, as stated by the editor in a foreword, is partly 
to give expression to the interesting points of view of the 
author, and partly to honor his memory.

That part of the work which has to do with the chemical 
structure of coal and which will be of greater interest to the 
chemist, comprises nineteen pages; the balance is devoted 
to a discussion of investigations of coal formation in nature.

In the part devoted to chemical structure there appear 
sections on the nature of hydrogen in coal, the oxygen, on 
the effects of hydrolysis, on the unitary character of coal, 
and on artificial coal. The greatest part of the chemical 
investigations upon which these sections are based, are 
stated to have been carried out in Bergius’ laboratory in 
1926-1930.

The point of view developed is that coal is a tridimen­
sional polymer of relatively small aromatic and hydro­
aromatic units, ten carbon atoms each, linked through 
linear and cyclic ether oxygen bonds, and that the principal 
mass of the coal is essentially unitary in character. Res­
ins, waxes, coloring materials, cuticles, and so forth, are 
specifically excluded from the discussion, and the findings 
are stated to apply chiefly to the bright coals as opposed to 
the durains.

In discussing the different methods of attack, solvent 
degradation of bright coal is stated to result in extract frac­
tions of hydrogen-carbon ratios varying from 0.8 to 1.0, 
but in constant carbon-oxygen ratios of 10.0. The idea 
that solvent degradation may be due to partial hydrogena­
tion is rejected. By fractional vacuum distillation of the 
extracts from bright coals it is said to be possible to recover 
12.5% of the weight of the pure coal as a substance of 
composition CioHuO.

By primary hydrogenation of bright coals at 360°, a 
stoichiometric, easily reproducible reaction is said to take 
place and on the basis of twenty carbon atoms, sixteen are 
always found in liquid and solid products and four in the 
form of gases, while half the oxygen remains in organic 
combination and haif is found as water. Based on sixteen 
carbon atoms the series of products formed contain from 
twelve to twenty-four hydrogen atoms, but the carbon- 
oxygen ratio is constant at sixteen to one.

Durain is looked upon as the primary hydrogenation 
product of bright coal and because of its higher hydrogen

content, its particular value as raw material for commercial 
hydrogenation is pointed out.

In the section dealing with the nature of oxygen in coal, 
it is said that up to 50% of the oxygen in the extracts from 
low rank bituminous coals can be identified as carboxyl by 
phenylhydrazine. In the degradation products of high 
temperature alkali treatment, by which yields of 50% of 
simple products are obtained from natural and artificial 
bituminous coals, a large part of the oxygen is found as 
hydroxyl, characterized by acetylation. Hydrolysis is 
looked upon as taking place in two steps, the first being the 
opening of the oxygen-containing cycles to form hydroxyl 
groups, without any considerable change in molecular 
weight, and the second, the hydrolysis of the linear ether 
linkages with consequent degradation to small units. This 
second step is incomplete, conversions are usually 30-40% 
and in exceptional cases 60-80%, due to the tridimensional 
structure of the coal as compared with a simple linear 
polymer like cellulose. Crystalline bodies were obtained 
by the bromination of the water-soluble hydrolytic prod­
ucts, but no compounds were isolated.

The second part of the book, comprising ninety-four 
pages, is a comprehensive review of our knowledge of coal 
formation in nature. There are four broad headings: 
Humoliths, Saproliths, Fusains, and Anthracite and 
Graphite. Under the Humoliths are discussed decay, 
peat formation, the chemistry of the humic acids, moors 
and the transformation of various kinds of peat to brown 
and bituminous coals. Under Saproliths are treated the 
origins of the dull coals, oil shales, bitumens and petroleum, 
only a few pages being devoted to the last three. The 
usual view as to the origin of the Fusains, from forest fires, 
is accepted. The temperature of transformation of bi­
tuminous coals to anthracite is placed at 380° or above.

This book will be of very great interest to fuel geologists 
and to all those working in the field of coal chemistry. The 
part dealing with chemical structure is very poorly docu­
mented, and important statements and conclusions are in­
adequately supported by experimental data. Editor 
Gothan apologizes for this in a foreword, and points out 
that had the author lived, the experimental data would no 
doubt have been presented in the scientific journals. 
Apparently neither author nor editor had knowledge of 
recent American contributions in the field of the chemistry 
of coal.

Henry C. Howard

Aanvullingen der Thermostatica. (Supplement to Ther­
mostatics.) By Prof. Dr. J. E. Verschaffelt, Uni­
versity of Ghent, De Sikkel, Antwerp, Belgium. 160 
pp. 16 X 24.5 cm.
Instead of preparing a revised edition of his “Thermo- 

statics” [reviewed in This Journal, 55, 5065 (1933)], the 
author has preferred to edit an appendix with corrections, 
in which the same division into chapters and sections is 
maintained as occurs in the 1933 edition of “Thermo­
statics.” The system of symbols and the nomenclature 
originally proposed by the Institut International du 
Froid is still adhered to, although no general agreement 
among chemists and physicists in different countries has 
been attained. The significant contributions to physical
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sciences of the past decade have been incorporated under 
new section headings and some space is devoted to familiar 
topics previously omitted, e. g.t the Donnan membrane 
relationships. In striking contrast to the prevailing 
tendency of the present day toward specialization, the 
writer has tried to maintain a proper balance between the 
physical and the chemical aspects of his subject. Never­
theless, there can be no doubt that Thermostatics and its 
Supplement will appeal more to physicists than to chem­
ists.

H. S. van Klooster

Analytische Chemie der Sauerstofïsauren des Schwefels.
(Analytical Chemistry of the Oxygen Acids of Sulfur.) 
By Prof. Dr . Albin Kurtenacker, German Technical 
Institute, Brtinn. Ferdinand Enke Verlag, Hasenberg­
steige 3, Stuttgart-W, Germany, 1938. ix +  216 pp. 8 
figs. 16.5 X 25 cm. Price, RM. 18; bound, RM. 
19.60.
This book is a very satisfactory compilation of the in­

formation that is to be had on the analytical chemistry of 
the oxygen acids of sulfur. Methods for the determination 
of sulfates, thiosulfates, sulfites, sulfides, polythionates, 
hyposulfites, persulfates and monopersulfates are de­
scribed and in many cases these are critically discussed. 
Considerable space is devoted to the determination of the 
various types of compounds in the presence of one another, 
and particular attention is given to the interference of one 
compound in the determination of another. The effects of 
other substances are also discussed.

The plan of the book is to give qualitative tests for the 
identification of the different classes of acids of sulfur first, 
and then to describe quantitative methods of determina­
tion. In general, the quantitative discussion includes 
gravimetric and volumetric methods; in special cases, 
colorimetric, nephelometric, gasometric and microanalyti- 
cal methods are also given.

The book carries a good subject index, and is especially 
rich in references to the literature, some 822 being given. 
I t is a distinct addition to texts that deal with chemical 
analysis, and should find good use in any laboratory that 
must analyze for the oxygen acids of sulfur.

G. E. F. Lundell

The Analytical Chemistry of Tantalum and Niobium 
(Columbium). The Analysis of their Minerals and the 
Application of Tannin in Gravimetric Analysis. By W. 
R. Schoeller, Ph.D. Foreword by G. Roche Lynch. 
Nordemann Publishing Company, Inc., 215 Fourth 
Avenue, New York, N. Y., 1937. xvi +  198 pp. 14.5 
X 22.5 cm. Price, $5.50.
This monograph welds into a comprehensive analytical 

scheme the analytical methods developed by Doctor 
Schoeller and his co-workers during the past twenty years, 
and which have been described in some 33 original papers 
under the general title: “Investigations into the Analytical 
Chemistry of Tantalum, Niobium, and their Mineral 
Associates.” In the welding, the old has been liberally 
fluxed with new material, the scope of which is by no means 
confined to earth acid analysis.

Of the three parts into which the monograph is divided, 
the first deals with primary considerations such as tantalum 
and niobium compounds of analytical importance, the 
chemical composition of tantalum and niobium minerals, 
alkaline and acid fluxes, the tartaric acid method for the 
analysis of tantaloniobate minerals, the hydrofluoric acid 
method for the analysis of titanoniobate minerals of the 
rare earths, and other methods.

The second covers quantitative separation methods in­
volving tantalum, niobium, titanium, zirconium, tungsten, 
thorium, rare earths, uranium, beryllium, aluminum, and 
iron.

The third contains a discussion of the use of tannin as a 
reagent, and methods of separation and determination 
based on its use in the presence of mineral acid, acetate, 
tartrate, oxalate or ammonia. In addition to the elements 
just listed, these methods cover vanadium, chromium, 
manganese, copper, zinc, gallium, tin, and uranium. The 
monograph concludes with chapters on the detection of 
tantalum and niobium in minerals, and on the literature 
dealing with earth-acid analysis.

The monograph brings to fruition the work of a master 
in the field of earth-acid analysis. I t  will be found indis­
pensable by anyone who is working in this difficult field, 
and will be a very worthwhile addition to the library of 
anyone who is interested in inorganic chemical analysis.

G. E. F. Lundell

Hydrophobic Colloids. Symposium on the Dynamics of 
Hydrophobic Suspensions and Emulsions, under the 
Auspices of the Colloidchemistry Section of the “Neder- 
landsche Chemisch Vereeniging.” Held a t Utrecht on 
the 5th and 6th of November, 1937. Reprinted from 
“Chemische Weekblad,” 1938. Published by D. B. 
Centen’s Uitg. Mij. N. V., Amsterdam, Holland, 1938. 
180 pp. 15.5 X 23.5 cm. Price, Dutch florins 4.
The opening address of the Symposium was made by 

Dr. J. H. De Boer, President of the Committee on Ar­
rangements. Professor H. R. Kruyt then gave a general 
introduction in which he pointed out that hydrophobic 
colloids had been selected for discussion at this Symposium 
because they are, at least ideally, the simplest of all colloids 
and offer an opportunity to study advantageously three 
important types of problems appertaining to all colloidal 
systems: 1. Why do the particles of a mere suspension 
tend to adhere to each other? (questions of attraction); 2. 
what must be done to prevent this? (questions of peptiza­
tion) ; 3. what promotes coalescence? (question of floccu­
lation).

The papers were as follows: The first, by Dr. Hamaker, 
described an ingenious graphical method for the study of 
the attractive and repulsive forces; the second, by Pro­
fessor Rutgers, dealt with the electric double layer and its 
behavior in an external electric field; the third, by Dr. 
Verwey, on the double layer and stability of lyophobic 
colloids; the fourth, by Professor Tendeloo, on counter ion 
exchange with lyophobic colloids; the fifth, by Dr. Voet, 
on lyotropic effects in lyophobic systems; the sixth, by Dr. 
Overbeek, on the protective and sensitizing action of 
hydrophilic colloids on hydrophobic sols; the seventh, by 
Dr. van der Minne, consisted of (I) general remarks on
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emulsions, and (II) emulsification with lyophobic colloids, 
and the eighth, by I. H. Eilers, dealt with technical appli­
cations of base materials in the emulsified state.

After each address there is a printed discussion, often 
of decided interest.

The account of this Symposium, published in English, 
will be of great value to students of colloid chemistry, since 
it represents the most recent work and ideas of an active 
and progressive group of Dutch investigators.

Arthur B. Lamb

A Textbook of Qualitative Chemical Analysis. By
Arthur I. Vogel, D.Sc. (Lond.), D.I.C., F.I.C., Head 
of Chemistry Department, Woolwich Polytechnic. 
Longmans, Green and Company, 114 Fifth Avenue, 
New York, N. Y., 1937. xi +  383 pp. 14.5 X 22.5 
cm. Price, $3.00.

Qualitative Analysis. By H. V. Anderson, B.Ch.E,, 
M.S., Associate Professor of Chemistry, Lehigh Uni­
versity, and T. H. Hazlehurst, A.B., Ph.D., Assistant 
Professor of Chemistry, Lehigh University. Second re­
vised edition. Prentice-Hall, Inc., 70 Fifth Avenue, 
New York, N. Y., 1937. xiii -f 280 pp. Illustrated.
14.5 X 21 cm. Price, $2.25.

An Elementary Course in Qualitative Analysis. By
William Lloyd Evans, Jesse Erwin D ay and Alfred 
Benjamin Garrett, The Ohio State University. Ginn 
and Company, 15 Ashburton Place, Boston, Massachu­
setts, 1938. vii +  234 pp. 21 X -27 cm. Price, $2.00.
The scope of the first of these textbooks of Qualitative 

Analysis is indicated by the following statement in the 
preface: “The ultimate object was to provide a textbook 
at moderate cost which can be employed by the student 
continuously throughout his study of the subject.”

The material is divided into the following sections: The 
Theoretical Basis of Qualitative Analysis; Analytical 
Operations; Reactions of the Cations; Reactions of the 
Anions; Systematic Analysis of Inorganic Substances; 
Modification of the Systematic Analysis for Phosphate, 
etc.; Reactions of some Rarer Elements. The theoretical 
treatment is somewhat more extensive than usual, includ­
ing the interionic attraction theory, some mention of the 
proton theory of acids and bases, electrode potentials, 
calculation of the electromotive force of cells, indicators, 
and their use for determining hydrogen ion concentrations. 
This treatment is in general adequate for the purpose, with 
the minor criticism that in some few cases reactions are 
explained by mechanisms which seem unnecessary at 
present. The descriptive material covers the reactions of 
most importance in qualitative analysis; a considerable 
number of organic reagents are included. The system of 
analysis for the cations is, in general, conventional; the 
procedures are presented in tabular form so that the 
manipulative directions are somewhat brief. Additional 
details in regard to the limitations of the methods of sepa­
ration and the sensitivity of the reactions would be ad­
vantageous in a book of this scope. The acidic analysis is 
confined to certain group tests followed by individual con­
firmatory tests. The treatment of the rarer elements is 
brief, the reactions of some thirteen elements being covered 
in twenty pages.

The text by Anderson and Hazlehurst is a revision of the 
previous edition by Long, Anderson and Hazlehurst. In 
the preface to this edition the authors state that they have 
felt justified in making but few changes in the experi­
mental part of the book; in consequence this review will be 
largely restricted to the new material. The theoretical 
presentation has been largely rewritten, has been separated 
from the related experimental procedures and is now 
collected in the first hundred pages; in spite of this the 
treatment appears to be pedagogically effective.

Acids and bases are defined as proton donors and ac­
ceptors and an analogy is drawn between the neutralization 
process and the electron transfer in oxidation-reduction 
reactions; however, the older viewpoint of the partial 
ionization of salts is retained. There may be in some cases 
too great a tendency toward over-simplification for the 
purpose of clarity of presentation to the student. The 
physical phenomena of the precipitation process are 
treated in considerable detail.

A few statements of chemical fact are questioned: for 
example, the mercurous ion is represented as being mono- 
atomic, while both this text and that of Vogel imply that 
the cuprous ion is di-atomic, formulas such as K2Cu2(CN)8 
being given.

An attem pt to maintain the interest of the student is 
made by numerous references to the industrial application 
of the elements and their reactions. In  general, the text 
appears to be well worthy of consideration for elementary 
courses where it is not desired to emphasize the more 
quantitative features of either theory or laboratory prac­
tice.

I t is stated in the preface that the text by Evans, Day 
and Garrett is designed for those students for whom ele­
mentary qualitative analysis is an integral part of their 
first or second year study of chemistry. I t  is more ele­
mentary in its approach and more distinctly a laboratory 
manual than the two preceding books; both the material 
and procedure of the course are given in considerable 
detail.

The cation analysis is introduced by a lecture demon­
stration of the group separations with tabular forms being 
provided wherein the student is to record his observations. 
Following this, experiments on the reactions of the cations 
are given. These are divided into Precipitation and 
Separation Reactions, Confirmatory Reactions, and Sup­
plementary Reactions. These are followed by the sys­
tematic analysis which is shown by tabular outlines carry­
ing the procedures, and by flow sheets. The procedures 
used are evidently designed more for simplicity of per­
formance than analytical exactness. The anions are pre­
sented similarly and some twenty-seven constituents are 
included. The anion analysis consists essentially of group 
tests and identification of the individual constituents by 
separate confirmatory tests.

The theoretical material is collected in the last fifty 
pages of the book, and the reviewer is pleased to observe 
that it appears to be designed to explain the experimental 
phenomena which have gone before, rather than an exposi­
tion of the entire field of chemistry. This book should 
appeal to teachers who feel that the proper approach to 
qualitative analysis is through demonstration experiments 
and laboratory work.
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The book has flexible cardboard covers and a two-ring- 
perforated sheet type of binding.

E. H. Swift

Combustion, Flames and Explosions of Gases. By
Bernard Lewis, Ph.D., U. S. Bureau of Mines Experi­
ment Station, and Guenther von Elbe, Ph.D., Coal 
Research Laboratory, Carnegie Institute of Tech­
nology, Pittsburgh, Pennsylvania. Cambridge Uni­
versity Press: The Macmillan Company, 60 Fifth 
Avenue, New York, N. Y., 1938. xv-f-415 pp. 79 figs.
14.5 X 22.5 cm. Price, $5.50.
I t  is twenty-five years since Bodenstein first demon­

strated, in the hydrogen-chlorine combination, the exist­
ence of a chain reaction. That concept has been among 
the most fruitful in the domain of reaction kinetics in the 
intervening years not only in pure science but also in the 
applications of science in industrial life. The present 
volume is an excellent exemplification of the application 
of the chain concept to the general field of combustion and 
in particular to that of hydrogen, carbon monoxide and the 
hydrocarbons. After a discussion of the theoretical 
foundations of the chain theory in Chapter 1, three chapters 
are devoted to the chain reactions of oxidation of the gases 
just mentioned. One is amazed at the complexity of phe­
nomena revealed by the detailed analysis of processes still 
largely formulated in the elementary texts by simple 
stoichiometrically balanced equations of the type 2H2 +  
0 2 = 2H20. The multitude of detailed mechanisms which 
such an equation hides is revealed in Chapter 2. Even 
this oxidation is relatively simple compared with the oxi­
dation of even the simplest hydrocarbon. The authors 
rightly observe that, with these latter, “there is consider­
ably less assurance of discovering unique solutions to the 
various problems. In any kinetic treatment...at the pres­
ent time, a certain amount of speculation is unavoidable 
and it is not surprising to find divergencies of opinion 
among investigators?” The reader should not expect 
finality in this volume, but may well feel a deep indebted­
ness to the authors for their incorporation, in the first 125 
pages, of the results of their own penetrating and mature 
consideration, over a period of years, of a great complex of 
material that has accrued from researches vigorously prose­
cuted in many important laboratories principally in Rus­
sia, Germany, England and the United States. To the 
assembly of those data a great mass of experiment and 
excellent technique has been contributed.

The remaining 250 pages of the book, however, have an 
equally compelling appeal. Emission spectra and ioniza­
tion, ignition by sparks, the propagation of flames, the 
influence of vessel shape and motion variables on these 
flames, stationary and diffusion flames, the theory of 
burning velocity and detonation, these are among the 
chapters incorporated in Part II. Beautiful illustrations 
are employed to clarify the text; see especially pp. 153, 
186, 189, 191, 259. Part III  discusses the state of the 
burnt gas with important thermodynamic features properly 
stressed. Part IV discusses problems in technical combus­
tion including industrial heating and internal combustion 
engines. I t  is hard to see how the mind of any chemist, 
physicist or engineer could not be enormously enriched and 
enlarged by this presentation of a subject which has al­

ways been rich in fascination to the enquiring mind from 
the days of the remote ancestors who made the first fires to 
those who daily put combustion to use either with the Bun­
sen flame or at the turn of the ignition key in modern motor 
transportation. Alternatively, the book may be read as 
an excellent illustration of penetrating scholarship illumi-' 
nating a by no means elementary field of research.

Hugh S. Taylor

Numerical Problems in Advanced Physical Chemistry.
By Dr. J. H. Wolfenden. Oxford University Press,
114 Fifth Avenue, New York, N. Y., 1938. 227 pp. 
Price, $2.75.
This reviewer has never before discovered any set of exer­

cises for students that was even mildly exciting to read 
through, but here is one that provides very interesting 
reading indeed. The idea behind this unique book is to 
give the student of advanced physical chemistry a set of 
problems each of which is taken from some recently pub­
lished investigation. In other words, instead of trivial 
exercises that are obviously merely exercises, these are 
problems to which some one has actually wanted to know 
the answers.

There are one hundred and thirty-three problems in the 
book, covering a very wide range of topics such as Funda­
mental Constants, Stoichiometry, Gaseous Equilibrium, 
Heterogeneous Equilibria, Thermochemistry and Thermo­
dynamics, Conductivity of Solutions, Equilibria in Solu­
tion, Electrochemistry, Photochemistry, Molecular Struc­
ture, Crystal Structure and Radioactivity. References to 
the original papers from which the data for the problems 
were taken are given, as well as references to the appropri­
ate parts of certain standard textbooks. In addition, each 
problem has a footnote containing suggestions and related 
information. The answers are listed at the end of the 
book.

Some of the problems are simple enough for use in an 
elementary physical chemistry course, but probably most 
of them are more suitable for somewhat more advanced 
students. They appear to be well chosen and should be of 
great value to graduate students and advanced under­
graduates in physical chemistry.

E. Bright Wilson, Jr.

A Text-book on Crystal Physics. By W. A. Wooster, 
M.A., Ph.D., Lecturer in the Department of Mineralogy 
and Petrology, University of Cambridge. Cambridge 
University Press: The Macmillan Company, 60 Fifth 
Avenue, New York, N. Y., 1938. xxii +  295 pp. 107 
figs. 14.5 X 22.5 cm. Price, $4.00.
In this book the author attempts to present the field of 

classical crystal physics in a form suitable for students 
having only an elementary knowledge of physics, mathe­
matics and crystallography.

Tensors are introduced in the first chapter and the re­
strictions imposed upon the tensor components due to the 
invariance under symmetry operations are discussed. 
Much space could have been saved in the succeeding chap­
ters if the author had included a little of the algebra of ten­
sors. For instance reciprocal tensors are used implicitly in
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several sections of the book, and ought to have been de­
fined in this first chapter.

The following chapters discuss in turn homogeneous 
deformation, conduction, induction, optics, piezo-electric­
ity, pyro-electricity and elasticity.

In keeping with the assumed deficient knowledge of the 
reader the presentation is held on an elementary level. As 
a consequence the treatment is mainly descriptive, and the 
mathematical formulations, if given, are often sketchy and 
lack rigor. A discussion of Born’s lattice theory was 
naturally outside the scope of a book of this kind. In a 
series of tables the author gives, however, qualitative, em­
pirical correlations between observed properties and the 
atomic arrangement.

The material given in the book is well chosen and organ­
ized. While the book is not suited for students who have 
some knowledge of theoretical physics, it may be warmly 
recommended to the type of students for which it is written.

W. H. Zachariasen
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[Contribution from the Kent and George Herbert Jones Chemical Laboratories, University of Chicago]

The Catalytic Dehydrogenation of Sugar Alcohols1
B y  J .  W. E. G la ttfeld  and Solomon G er sh o n

The preparation of aldoses by the oxidation of 
the corresponding sugar alcohols has been ac­
complished with varying degrees of success by 
several investigators. The published methods 
have not given encouraging results when applied 
to the preparation of some of the rare and more 
expensive aldoses. /-Galactose and (//-erythrose 
are sugars which might be made available for study 
if a method for accomplishing the dehydrogena­
tion of the alcohols in a sufficiently convenient 
and inexpensive manner could be devised. A 
catalytic dehydrogenation process in which plati­
num is the catalyst was considered to have possi­
bilities in this direction and the dehydrogenation 
of mannitol and dulcitol was attempted to test it.

Dehydrogenation of mannitol should give but 
one aldohexose, (/-mannose, and one 2-ketohexose, 
(/-fructose. This consideration together with the 
fact that the phenylhydrazone of mannose is 
particularly easy to separate in good yield makes 
mannitol an ideal alcohol for study. Fischer2 
treated mannitol with dilute nitric acid and iso­
lated mannose phenylhydrazone and phenylglucos- 
azone. Since then the presence of aldoses and 
ketoses in solutions obtained by oxidative treat­
ment of hexitols has been verified on numerous 
occasions. In the case of dulcitol the aldohexoses 
and 2-ketohexoses theoretically possible as dehy­
drogenation products are (/-galactose, /-galactose, 
(/-tagatose, and Z-tagatose.

(1) This article is condensed from a dissertation which was pre­
sented by Solomon Gershon in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy in the University of Chicago.

(2) E. Fischer, Ber., 20, 832 (1887).

With the possibilities outlined above in mind, 
the catalytic dehydrogenation of the two hexitols 
by the use of platinic oxide monohydrate as the 
catalyst source was undertaken. The course of 
the reaction and the effect of changes in the pos­
sible variants were studied first. Mannitol was 
used exclusively as the alcohol in this study; the 
data obtained are reported below under the head 
“Dehydrogenation Study.” Procedures for the 
isolation of the aldoses produced from the alcohols 
were then investigated; the data here accumulated 
are reported under the head “Isolation Study.” 
Finally the experimental work which yielded the 
data discussed under these two heads is reported 
under the head “Experimental Part.”

Dehydrogenation Study
The preliminary data on the course of the reac­

tion were obtained by analysis of the dehydro­
genated mannitol solutions for total reducing 
material (Benedict titration), for aldose content 
(iodometric titration), and for acid content (titra­
tion with alkali). In order to determine the extent 
of oxidation of the primary products of hexitol 
dehydrogenation and the nature of their oxidation 
products, (/-mannose and (/-fructose were subjected 
to catalytic oxidation under the conditions that 
prevailed during the oxidation of mannitol. The 
data accumulated are given in Table I. In each 
case the dehydrogenation was carried out on a sam­
ple of 10 g. of substance in 200 cc. of water solution.

Dehydrogenation of (/-Mannose.—The data in 
Table I indicate that d-mannonic acid was the

2013
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Table I
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Catalytic Dehydrogenation of ^-Mannose and ^-Fructose

Time,
hrs.

A
Total red. power 
(calcd. as hexose) 
(Benedict titr.),

%

100 -A  
Loss in total 
red. power, 

%

B
Mat. oxid. to acid C 
(calcd. as hexonic Aldose present 
acid) (alkali titr.), (iod. titr.),

% %

^ X 100
Red. mat. present 

as aldose,
%

D
Mat. oxid. 
to osone. 
(iod. titr.),

%
B + D,

%
^-Mannose

0 100.0 0.0 0.0 100.0 100.0
12 67.2 32.8 33.8 66.7 99.2
24 50.0 50.0 68.9 51.5 103.0
36 43.5 56.5 90.1 49.3 113.3
48 35.2 64.8 103.6 41.7 118.4
60 25.0 75.0 115.7 29.1 116.4
72 14.0 86.0 122.3

^-Fructose
0 100.0 0.0 0 .0“ 0.0 0.0

12 93.7 6.3 18.4 14.6 33.0
24 93.7 6.3 18.5 20.3 38.8
36 90.7 9.3 21.5 26.5 48.0
48 90.7 9.3 23.8 30.3 54.1
60 90.3 9.7 30.0 32.1 62.1
72 88.3 11.7 30.0 34.7 64.7

a This column calcd. as 2-ketohexonic acid.

only oxidation product of d-mannose in the early 
stages of the oxidation (the loss in reducing power 
32.8%, twelve hours oxidation, coincided fairly 
well with the gain in hexonic acid content, 33.8%). 
Furthermore, the only reducing material present 
during this period was unchanged ^-mannose (the 
amount of aldohexose present, as determined by 
iodometric titration, coincided with the total 
amount of reducing material present as deter­
mined by Benedict titration). As the dehydro­
genation proceeded, however, the situation 
became more complex. A consideration of 
all the facts supports the conclusions that 
the second step in the oxidation process was 
the formation of d-mannuronic acid from 
d-mannonic acid and the third step the 
formation of d-mannosaccharic acid from 
d-mannuronic acid. The discussion below 
provides the basis for these conclusions.

A few of the theoretically possible pri­
mary oxidation products of d-mannonic acid 
(I) are indicated by the given formulas. 
d-Mannuronic acid (II) is a reducing aldu- 
ronic acid. 2 - Keto -d -mannonic acid (III) 
and 5-keto-d-mannonic acid (IV) are reduc­
ing keturonic acids. d-Mannuronic acid 
reduces both Benedict’s solution and iodine

an equivalent weight of aldohexose3 whereas the 
amount of iodine consumed in the two cases is the 
same. Hence, if alduronic acid were present with 
^-mannose an iodometric analysis would show more 
aldose, calculated as J-mannose, than would be 
indicated by a total reduction method. If ke­
turonic acids were present with ^-mannose, the 
iodometric analysis would show less aldose than 
would be obtained by a total reduction method. 
The per cent, aldose actually found by iodomet-

H H 
H H O O

0 = C— C— C— C— C— 0 = 0  —  ̂
H O O H H O 

H H H
II

t
H H 

H H H O O
HC—C—C—C—C—C = 0   >

O O O H H O
H H H H

I

H H 
H H O O 

HC—C—C—C—C—C = 0  
O || O H H O
H O H H

IV

H H 
H H O O

o = c —C—C—C—C—c = o
O O O H H O 
H H H H

V

H
H H H O

HC—C—C—C—C—C = 0  
O O O H || O 
H H H O H  

III

solution whereas the two keturonic acids reduce the 
former but the latter only slightly, if at all. The 
reducing power of alduronic acids as measured by 
Benedict’s solution is generally less than that of

ric titration in the solution of d-mannose which 
had been oxidized for twenty-four hours or more

(3) H. Ohle and R. Wolter, Ber., 63, 843 (1930); F. Ehrlich and 
R. Guttmann, ibid., 67, 573 (1934); W. F. Goebel and F. H. Babers, 
J. Biol. Chem., 100, 573 (1933); Z. I. Kertesz, ibid., 108, 127 (1935)
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was greater than that found by Benedict’s titra­
tion (Table I). This is best explained on the 
assumption that ^-mannonic acid was being oxi­
dized to d-mannuronic acid. Undoubtedly some 
keto-mannonic acid was also formed but the 
amount must have been small. That d-mannu- 
ronic acid (II) was further oxidized to d-manno- 
saccharic acid (V) was shown by the isolation of 
the monohydrate of calcium d-mannosaccharate.

Nelson and Cretcher4 have reported that d- 
mannuronic acid lactone reacts to some extent 
with alkaline iodine solutions to produce iodo­
form. The odor of iodoform was detected in some 
of the iodometric titrations carried out but no 
precipitation of iodoform occurred in the dilute 
solutions titrated. The consumption of iodine 
in iodoform formation would result in high 
values for the calculated amounts of aldose present 
and thus would nullify to some extent the argu­
ment presented for d-mannuronic acid formation. 
The authors, however, believe the amount of 
iodine consumed in iodoform formation in the 
dilute solutions titrated to have been so small as 
not to affect the reasoning to any appreciable 
extent. That iodoform was formed was proved 
by treatment of the undiluted dehydrogenated 
mannitol solutions with alkaline iodine solution; 
iodoform precipitated and was identified by melt­
ing point.

Hexoses, at elevated temperatures and in acid 
solution, give levulinic acid which is known to re­
act with alkaline iodine solution to give iodoform. 
^-Glucose, d-mannose, J-galactose, and d-fructose 
were heated for twenty-four hours in a d-galac- 
tonic acid-lactone solution under conditions which 
prevailed in the hexitol oxidations. Benedict 
and iodometric titrations were made on the solu­
tions before and after such treatment. No 
marked difference in results was observed. Levu­
linic acid apparently was not generated and could 
not, therefore, have been the source of the iodo­
form in the iodometric analyses.

Dehydrogenation of ^-Fructose.—The possible 
six-carbon atom aldehydes that could be formed 
from <2-fructose (VI) are indicated below (VII and 
VIII). The aldehydes as well as the correspond­
ing acids produced by their oxidation are reducing 
substances. Even after seventy-two hours of 
oxidation the ^-fructose solution retained 88.3% 
of its original reducing power. Analysis of this

(4) W. F. Nelson and L. H. Cretcher, T h is Jo urn al , 52, 2130 
(1930).

H
H H H O H 

H C—C—C—C—C—CH 
O O O H || O 
H H H O H  
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H
H H H O

HG—C—C—C—C—C—O 
O O O H 1 H 
H H H O

VII

H
H H O H 

0 = C — C—C—C—C—CH 
H O O H || O 

H H O H
VIII

solution showed a 34.7% aldehyde and a 30.0% 
acid content. Thus 35.3% of the d-fructose was 
left unoxidized. When this solution was treated 
with phenylhydrazine in the cold an abundant 
yellow precipitate, identified as d-glucosazone, 
formed in a few minutes. The speed with which 
the precipitate formed indicated its source was 
d-glucosone (VII) and not ^-fructose (VI). A 
2% solution of ^-fructose and phenylhydrazine 
did not produce a precipitate for twenty-five 
minutes while a 5% solution required ten to 
fifteen minutes.

Dehydrogenation of Mannitol.—The facts and 
conclusions recorded above aid in arriving at an 
interpretation of the data for the dehydrogena­
tion of mannitol presented in Tables II and III. 
These data and some additional facts presented 
below indicate a course of reaction represented 
by the following scheme chart.

The first point to be noted is that the passage of 
air through a mannitol solution at 80-90° for 
thirty-five hours had practically no effect on the 
mannitol (Table II, 1). When platinic oxide 
monohydrate was added to a mannitol solution 
at 80-90° the mannitol was oxidized and the pla­
tinic oxide reduced to platinum (2, 3). The re­
action between the oxide and mannitol was 
stoichiometric (4) (see Experimental Part). The 
passage of air through a mannitol solution which 
contained catalyst resulted in a dehydrogenation 
of the mannitol beyond the stoichiometric point. 
This indicates a catalytic effect of the platinum 
formed (5-8, etc.). Spent catalyst alone, i. e., the 
platinum formed from the oxide in previous ex­
periments, was without effect on mannitol (9). 
In the presence of air, however, the spent catalyst 
was a catalytic agent (10).

Experiments intended to compare oxygen with 
air as the oxidizing agent indicated the latter to 
be more efficient (11, 12). This was due to the 
fact that the oxide was reduced to platinum much 
more slowly in the presence of oxygen than in air
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Some Possible Oxidation Products of ^-Mannitol 
2-Keto-d-mannonic acid

t
d-Mannose — > ^-Mannonic acid — > ^-Mannuronic ac id  > d-Mannosaccharic acid

4
5-Keto-d-mannonic acid

d-Mannitol
2-Keto-d-mannuronic acid

t .^-Fructose — > J-Glucosone — > 2-Keto-<i-mannonic ac id  >■ J-Arabinose +  C 02
i  i

5-Keto-d-mannose 5-Keto-d-fructuronic acid

which of course delayed the catalytic effect of the 
platinum. When time was allowed for the com­
plete reduction of the oxide before the use of oxygen 
or air the former was more efficient. In such cases 
the time of reaction with oxygen was only 40-45% 
of that when air was used. Fifty grams of manni­
tol in 350 cc. of solution required the use of air 
for ninety-six hours in order to obtain maximum 
yields of mannose, whereas only fifty-five to 
sixty hours was required with oxygen. Twenty- 
five grams of mannitol in 200 cc. of solution re­

quired fifty-five hours with air but only thirty- 
two hours with oxygen.

The addition of the oxide in portions had no 
advantage. The addition of the entire amount of 
oxide at the start produced slightly better results 
because of longer contact between all of the cata­
lyst and the solution (13b, 14). The amount of 
catalyst for best results depends somewhat on the 
amount of mannitol to be oxidized and the volume 
of solution (6, 7). Fifteen to 50 grams of manni­
tol in a 200-400 cc. volume can be dehydrogenated

Table II
Dehydrogenation of Mannitol

Expt.
Temp.,a

°C.
Catalyst,

g-

Mannitol 
in 200 cc. 

soln., 
g.

Time,
hours Conditions &

A, oxid. to 
red. mat. (calcd. 
as d-mannose) 

(Benedict 
titr.), %

B, oxid. to acid 
(calcd. as 

hexonic acid) 
(alkali 

titr.), %
A +  B,

%
1 80-90 0.0 5.0 35* Air® 0.0 0.1 0.1
2 80-90 1.0 5.0 35® No air 11.0
3 80-90 0.5 5.0 35® No air 9.8
4 75 1.011 5.0 24 No air 19.1 6.7 25.8
5 80-90 1.0 5.0 . 35® Air 41.8
6 80-90 1.0 5.0 3F Air 64.5
7 80-90 0.5 5.0 31® Air 49.1
8 85 1.0 2.5 24 Air 37.6 65.5 103.1
9 80-90 1.0 ƒ spent 5.0 31® No air 0.0

10 80-90 1.0 \  catalyst 5.0 31® Air 32.6
11 60 1.0 ƒ 2.5 46 Air 32.6 86.0 118.6
12 60 1.0 1 100 cc. 46 Oxygen 14.2 31.4 45.6
13® 85 4.0 5.0 2 Air, 8.6 1. 28.8 21.1 49.9
13* 85 4.0 5.0 8 Air, 30.0 1. 34.4 24.6 59.0
14 85 4.0d 5.0 8 Air, 30.0 1. 31.6 17.0 48.6

Oa, lb. R. p. m.
15 27 1.0 2.5 24 30 185 5.8 1.4 7.2
16 80 1.0 2.5 24 30 185 28.0 29.9 57.9
17 80 1.0 2.5 12 25 300 20.1 9.4 29.5
18 75 0.84 2.5 32® 10 300 20.8 11.6 32.4
19®’ 63 1.0 f 2 .5 45 23 l a i r  245 

23 J 245
18.6 7.3 25.9

19* 63 1.0 1 100 cc. 86 28.0 10.0 38.0
® Thermometer in the oil-bath for all cases except when pressure was used; in pressure work the temperature of the 

solution is recorded. 6 In  all experiments in which air was used the air was started immediately after the catalyst was 
added. * Active bubbling of air through the solution to maintain an excess a t all times, d Catalyst added in 1-g. por­
tions every two hours, 6 Intermittent heating, eight hours per day,



Sept., 1938 The Catalytic Dehydrogenation of Sugar Alcohols 2017

satisfactorily with 2 g. of platinic oxide monohy- 
drate.

The length of time required to reduce the oxide 
to platinum, as determined by change of color 
from brown to black, was dependent on the tem­
perature and concentration of material being oxi­
dized; the higher the temperature and the more 
concentrated the solution, the faster the reduc­
tion. Two grams of platinic oxide monohydrate 
was not reduced by 5 g. of mannitol in 200 cc. of 
solution after twenty-four hours of stirring at 30° 
whereas only forty-five minutes was required at 
75°. Twenty-five grams of mannitol in 200 cc. of 
solution reduced 2 g. of oxide in twenty to twenty- 
five minutes at 80° while 15 g. required thirty to 
thirty-five minutes.

The optimum temperature for the catalytic de­
hydrogenation was 80-85° (thermometer in bath). 
Higher temperatures caused excessive carameliza- 
tion and decomposition whereas lower tempera­
tures necessitated longer reaction periods.

The effectiveness of the catalyst was not altered 
by varying its temperature of preparation. Pla­
tinic oxide monohydrate samples prepared at 400, 
485, 535, and 600° all proved equally effective.

The use of oxygen or air at increased pressures, 
without first allowing time for the reduction of the 
oxide to platinum black, was less effective than 
oxidation at atmospheric pressure (15-19). In 
most cases the oxide was not reduced after twenty- 
four hours of agitation at the increased pressure. 
If sufficient time was allowed for the reduction of 
the oxide and pressure then applied, dehydrogena­
tion proceeded much faster at the increased pres­

sures than by simply bubbling oxygen or air 
through the solution (see Experimental Part and 
Table IV).

After the preliminary work discussed above, an 
extended study of dehydrogenation with platinum 
oxide and air at atmospheric pressure was made. 
From the data of Table III it is seen that during 
the first twenty-four hours mannitol was oxidized 
to about equal amounts of d-mannose and other 
reducing material. During the first thirty-six 
hours the percentage mannitol oxidized to reduc­
ing material exceeded the percentage mannitol 
oxidized to acid. As the concentration of the 
sugars increased the rate of acid formation in­
creased, and the iodometric aldose titrations in­
dicated increasing amounts of aldehyde. A faint 
iodoform odor was perceptible in the iodometric 
titrations of the sixty and seventy-two hour sam­
ples. Iodoform crystals were deposited when the 
undiluted seventy-two hour sample was treated 
with sodium carbonate and iodine. All oxidized 
mannitol solutions gave positive ketose tests and 
the twenty-four hour sample as well as the sub­
sequent samples gave positive naphthoresorcin 
tests indicative of uronic acids.

The maximum value obtained for percentage 
mannitol oxidized to reducing substances, calcu­
lated as ^-mannose, was 64.7% [Table III, (1)]. 
In pressure dehydrogenations the maximum value 
obtained was 67.7% [Table IV, (7)]. These 
values are higher than any previously reported 
value and demonstrate the possibilities of the 
catalytic dehydrogenation of sugar alcohols when 
properly controlled.

Hexitol 
(15 g. in 

200 cc. sol.)
(l)Marmitol

Table III
Catalytic Dehydrogenation of Hexitols

Time,
hrs.

A
Oxid. to red. material 
(calcd. as aldohexose) 

(Benedict titr.),
%

B
Oxid. to acid # 

(calcd. as hexonic 
acid) (alkali titr.),

%

c
Oxid. to aldose 

(iod. titr.),
%

j . x 100
Red. mat. pres­

ent as aldose, 
%

A + B,
%

0 0.0 0.0 0.0 0.0 0.0
12 21.6 15.7 10.7 49.5 37.3
24 35.9 29.8 23.1 64.3 65.7
36 57.3 49.3 46.8 81.7 106.6
48 64.7 76.0 59.5 92.0 140.7
60 58.8 111.7 65.3 111.0 170.5
72 43.5 165.0 55.4 127.4 208.5
0 0.0 0.0 0.0 0.0 0.0

12 12.4 9.2 8.5 68.5 21.6
24 19.4 24.6 13.5 69.6 44.0
36 40.0 42.8 34.8 87.0 82.8
48 55.2 61.6 55.2 100.0 116.8
60 42.3 84.0 46.5 109,9 126.3
72 29.2 104.4 31,0 106,1 133,6

(2)Dulcitol
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Isolation Study
Mannitol.—It is apparent from the data of 

Table III (1) that the percentage mannitol oxi­
dized to reducing material is in itself not a suffi­
cient criterion of best condition for aldose isola­
tion. A thirty-six hour sample showed 57.3% 
oxidation whereas a sixty-hour sample showed 
58.8% oxidation to reducing material, yet the 
latter was contaminated with over twice as much 
acid as the former. Analysis of a solution might 
indicate 30-^10% oxidation to reducing material 
and yet the solution might contain very little d- 
mannose, the reduction being due mainly to uronic 
acids. Such a solution would not be suitable for 
d-mannose isolation. The best criterion for iso­
lation of d-mannose was found to be that point 
at which the solution showed 55-60% oxidation to 
reducing material and about 50% oxidation to 
acid.

The best yield of mannose from mannitol oxi­
dation found recorded in the literature was that 
of Fenton and Jackson5 who used hydrogen per­
oxide with ferrous catalyst and obtained a 42% 
yield of mannose as crude orange-colored phenyl­
hydrazone. In the catalytic dehydrogenation of 
mannitol reported in this paper a 35.3% yield of 
mannose was obtained as white phenylhydrazone, 
which when decomposed according to the method 
of Herzfeld,6 yielded a sirup which contained 
d-mannose equivalent to a 92% yield, from which 
in turn crystalline d-mannose in 50% yield was 
obtained calculated from the phenylhydrazone. 
Calculated from the mannitol the yield of 
d-mannose sirup was 32.5%, and of crystalline 
d-mannose 17.6%. The mannose was also iso­
lated as oi-methyl-d-mannoside, from the oxidized 
mannitol solutions from which the acids had been 
removed, in 19.9% yield and from solutions from 
which the acids had not been removed in 10.5% 
yield. The mannoside can be converted to crys­
talline d-mannose in 70% yield.7

After removal of the acids and of the d-man­
nose, phenylglucosazone was isolated. This was 
indicative of the presence of d-fructose. The 
Seliwanoff8 ketose tests and the results of the 
iodometric analyses were also evidence for the 
presence of ketose. Calcium salts were isolated

(5) H. J. H. Fenton and H. Jackson, J. Chem. Soc., 75, 1 (1899).
(6) A. Herzfeld, Ber., 28, 442 (1895); E. Abderhalden, "Handbuch 

der biochemischen Arbeitsmethoden,” Urban and Schwarzenberg, 
Berlin, Vol. II, 1909, p. 74.

(7) C. S. Hudson and E. L. Jackson, T h is  J o u r n a l , 56, Ó58 (1934).
(8) T. Seliwanoff, Ber., 20, 181 (1887); E. Abderhalden, ref. 6, 

p. 109.

at various times from the reducing solutions. 
Analysis of one salt indicated it to be the monohy­
drate of calcium d-mannonate and that of another 
the monohydrate of calcium d-mannosaccharate 
(see below).

Dulcitol.—The analytical results obtained in 
the catalytic dehydrogenation of dulcitol are pre­
sented in Table III (2). The products of the re­
action are of the same type as found with manni­
tol. Thus dZ-galactose, d/-tagatose, dZ-galactonic 
acid, d/-galactosone, 2-keto-d/-galactonic acid, dl- 
galacturonic acid, and mucic acid are present in 
the reaction solution.

The best yield of d/-galactose reported in the 
literature is that of Neuberg and Wohlegemuth9 
who used 3% hydrogen peroxide in the presence of 
ferrous sulfate to oxidize the dulcitol and obtained 
a solution which contained 40% reducing sugars. 
From this these authors obtained dZ-galactose in 
10% yield by direct isolation and in about 30% 
yield when they used phenylhydrazine. In the 
catalytic dehydrogenation of dulcitol herewith 
reported a 30% yield of dZ-galactose, isolated as 
the phenylhydrazone, was obtained. Crystalline 
dZ-galactose was isolated from the phenylhydra­
zone in 52% yield. The yield of crystalline dl- 
galactose obtained was 15.5% based on the dul­
citol.

E. Votocek and co-workers10 have reported the 
quantitative precipitation of d-galactose as 2,4- 
dibromophenylhydrazone monohydrate from 
aqueous acetic acid solution. With this fact in 
mind, a dulcitol solution was subjected to catalytic 
dehydrogenation until it showed about 50% oxi­
dation to reducing material. ^/-Galactose was 
isolated in 23.5% yield as a pink anhydrous 2,4- 
dibromophenylhydrazone.

d/-2,4-Dibromophenylgalactosazone and dl- 
phenylgalactosazone were isolated from the fil­
trates obtained after removal of the corresponding 
hydrazones. Mucic acid also was isolated* Two 
barium salts were isolated and analyzed for bar­
ium. One contained 26.42% barium, the other 
34.93% barium. Barium d/-galactonate con­
tains 26.03% and the dihydrate of barium mucate 
contains 35.80% barium.

The salts isolated from the various reducing 
solutions cannot be considered pure substances 
even with satisfactory analyses. Barium dl-

(9) C. Neuberg and J. Wohlegemuth, Z. physiol. Chem., 36, 221 
(1902).

(10) E. Votocek, V. Ettel and B. Koppova, Bull. soc. chim., [4] 
39, 278 (1926).
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galactonate contains 26.03% barium whereas 
barium ^/-galacturonate contains 26.24%. The 
isolated barium salt which contained 26.42% 
barium did contain some of the barium dZ-galac- 
turonate. Its solution reduced Benedict's solu­
tion and gave a faint naphthoresorcin test.

Experimental Part
Reagents and Procedures.—(1) The platinic oxide 

monohydrate was prepared by the method of Adams, 
Voor hees, and Shriner11 as modified by Schimpff12 for larger 
amounts of catalyst. (2) The mannitol, dulcitol, and d- 
galactose were products of the Kahlbaum Chemical Com­
pany. (3) The (/-glucose, (/-fructose, and (/-mannose were 
products of Pfanstiehl Chemical Company. (4) 2,4- 
Dibromophenylhydrazine was prepared from /3-acetyl- 
phenylhydrazine by the method of Humphries and Evans.13 
The /3-acetylphenylhydrazine was prepared by the method 
of A. Kaufmann.14 (5) The naphthoresorcin was manu­
factured by the Eastman Kodak Company.

All iodometric analyses were made by the method de­
veloped by Cajori.15 In all cases in which alcoholic solu­
tions were to be analyzed, the alcohol was first removed 
by evaporation of the sample to a thick sirup in vacuo at 
60-70°. Water was then added and the evaporation re­
peated. Iodoform formation due to the presence of the 
alcohol thus was avoided.

The acidimetric analyses were performed as follows. An 
excess of 0.1 N  sodium hydroxide solution was added to 
the sample to be analyzed (phenolphthalein indicator). 
The solution was heated on a steam-bath for three minutes, 
after which time the solution still retained the pink color. 
An excess of 0.1 N  hydrochloric acid was then added and 
the three-minute heating was repeated. The solution was 
then cooled and the excess acid determined by titration 
with standard alkali.

Tollens’ naphthoresorcin16 test for glycuronic acids was 
performed according to the modification of Neuberg and 
Kobel.17

1. Dehydrogenation of Mannitol
Preliminary Dehydrogenation Work.—All of the pre­

liminary work was performed with mannitol. In all but 
the pressure work the solution of mannitol was made in a 
500-cc. three-necked flask fitted with a mercury-seal 
stirrer, an efficient condenser, and an air inlet tube. The 
flask was immersed in a paraffin oil-bath which was heated 
on an electric hot plate. The temperature of the oil-bath 
was regulated by means of a rheostat. The conditions 
desired (recorded in Table II) were maintained by suitable 
adjustment of the rheostat, air flow, or other variables. 
In all cases in which the volume of air used is recorded a 
gasometer was used. In  all cases, the air or oxygen was

(11) Adams, Voorhees and Shriner, “Organic Syntheses,” 1928, 
John Wiley and Sons, Inc., New York City, Vol. VIII, p. 98.

(12) G. W. Schimpff, Ph.D. dissertation, Dept, of Chemistry, 
University of Chicago, 1935.

(13) J. E. Humphries and R. Evans, J. Chem. Soc., 127, 1676 
(1925).

(14) A. Kaufmann, Ber., 42, 3480 (1909).
(15) F. A. Cajori, J. Biol. Chem., 54, 617 (1922).
(16) B. Tollens, Ber., 41, 1788 (1908).
(17) Neuberg and Kobel, Biochem. Z.t 243, 435 (1931).

passed through concentrated sulfuric acid and then 
through a long calcium chloride tube before entrance into 
the reaction flask. The reaction solutions were filtered to 
remove platinum and then analyzed.

In the case of the test runs for which the data are pre­
sented in Table III  the solutions were analyzed every 
twelve hours. All samples showed positive ketose tests. 
All samples beyond the twelve-hour sample showed posi­
tive naphthoresorcin tests.

All work ’performed under pressures greater than atmos­
pheric was carried out in the hydrogenation apparatus 
manufactured by the Burgess-Parr Company of Moline, 
Illinois. The tank was filled with oxygen or air a t the 
pressure desired. The pressure bottle was wired to main­
tain the reaction mixture at desired temperatures.

Stoichiometric Relationship between Catalyst and 
Hexitol.—Five grams of mannitol was dissolved in 200 cc. 
of boiled water at 75° in a three-necked flask fitted with a 
mercury-seal stirrer and condenser. The platinic oxide 
monohydrate (1.011 g.) was added with stirring. The 
oxide was reduced but did not settle readily after eight 
hours of stirring at 75°. The stirring at 75° was contin­
ued overnight, after which time the platinum settled read­
ily and left a colorless solution. The platinum was re­
moved by filtration and the filtrate was analyzed for total 
reducing material, aldose, and acid. The amount of 
mannitol oxidized to reducing material (calculated as d- 
mannose) was 0.953 g. (62.3% of the reducing material 
was aldose). This would require 0.642 g. of the platinic 
oxide monohydrate. The amount of mannitol oxidized to 
acid (calculated as monobasic acid) was 0.335 g. which 
would require 0.451 g. of the oxide. A total of 1.093 g. of 
oxide is thus theoretically necessary. This value is 0.082 
g. in excess of the amount of oxide actually used and is 
slightly in excess of the amount accountable for by experi­
mental error. The simplifications made in the calculation 
of the per cent, mannitol oxidized, however, would tend to 
make such small differences. There can be no doubt that 
the reaction is stoichiometric.

Preparation of the Phenylhydrazone of (/-Mannose.— 
Fifty grams of mannitol was dissolved in 350 cc. of hot dis­
tilled water in a three-necked flask fitted with a mercury- 
seal stirrer, an efficient condenser, and an air-inlet tube. 
The flask was immersed in an oil-bath maintained a t 80- 
85° throughout the dehydrogenation. Two grams of 
platinic oxide monohydrate was added. Stirring was be­
gun and allowed to continue for thirty minutes. Oxygen 
was then passed through the solution rapidly enough to 
keep the catalyst uniformly suspended. The stirring and 
passage of oxygen was maintained for sixty hours (when 
air was used, ninety-six to one hundred hours was neces­
sary). The platinum was allowed to settle (about ten 
minutes) and the solution was filtered. The filtrate and 
washings were concentrated to about 200 cc. a t 55-60° 
under reduced pressure. A filtered solution of 40 g. of 
phenylhydrazine hydrochloride and 60 g. of sodium acetate 
trihydrate in 300 cc. of water (made by the application of 
gentle heat) was then added slowly and with stirring to the 
concentrated solution. A precipitate began to form in 
about one minute. The mixture was allowed to stand for 
one and one-half hours with occasional stirring. The yel­
low precipitate was separated by filtration and washed
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with water. After it had been drained free of excess water 
on a Büchner funnel the precipitate was heated in about 
700 cc. of acetone until the acetone boiled. The mixture 
was then cooled, subjected to filtration, and the solid 
washed with cold acetone. The phenylhydrazone of d- 
mannose was left as a fine white powder which weighed 
twenty-six grams. This corresponded to a 35.3% yield. 
The product melted with decomposition at 195-196° 
(corr.) and was found to be suitable for d-mannose isola­
tion. „

A portion of the phenylhydrazone was recrystallized 
twice from 95% alcohol, dried in a vacuum desiccator, and 
analyzed for carbon, hydrogen, and nitrogen with the 
results recorded below.

Anal. Calcd. for Ci2H i80 5N2: C, 53.30; H, 6.71; N, 
10.37. Found: C, 53.37; H, 6.53; N, 10.17.

Isolation of d-Mannose from Phenylhydrazone.—
Twenty-five grams of the phenylhydrazone of d-mannose 
was added in small portions to a mixture of 20 g. of benzal­
dehyde, 25 cc.of alcohol, and 25 cc. of water which was kept 
hot on a steam-bath. The mixture was then refluxed for 
thirty minutes during which time 35 cc. of water was added. 
The mixture was cooled and subjected to filtration. The 
precipitate was triturated with small amounts of water and 
again separated by filtration. I t  was identified, after 
recrystallization from dilute alcohol, as the phenyl­
hydrazone of benzaldehyde (m. p. 154.5°). The combined 
filtrates from the benzaldehyde phenylhydrazone were 
extracted with ether; the separated aqueous layer was 
heated with charcoal and filtered. The solution thus ob­
tained had a volume of 225 cc. and a rotation of +2.00°. 
This indicates the presence of 15.2 g. of d-mannose (theo­
retical yield, 16.6 g.). The solution was evaporated to a 
sirup at reduced pressure and at 50°. The sirup weighed
16.5 g. and contained 91.7% mannose (Benedict titration). 
An optical rotation analysis showed the sirup to be 93.0% 
mannose.

A mixture of the sirup and 35 cc. of glacial acetic acid 
was warmed to 60° and maintained at 60° for one hour in 
order to effect complete solution of the sirup in the acid. 
The solution was allowed to cool slowly to room tempera­
ture and stored for one day, during which time crystals 
appeared. The mixture was then stored in the refrigerator 
for four days. The crystalline d-mannose was removed by 
filtration and washed with two 5-cc. portions of glacial 
acetic acid, followed by small volumes of alcohol and 
ether. The crystals were dried to constant weight in a 
vacuum desiccator which contained sodium hydroxide. 
The crystals then melted a t 130-131° (corr ) and weighed 
7.0 g. This corresponded to a 50% yield of d-mannose. 
The specific rotation of the d-mannose was +14.9°. 
From the acetic acid filtrates 3.5 g. of a white sirupy man­
nose was precipitated by the addition of ether.

Isolation of a-Methyl-d-mannoside.—- Fifty grams of 
mannitol dissolved in 350 cc. of water was oxidized with 
oxygen at 80-85° for fifty-five hours in the presence of 
2 g. of platinic oxide monohydrate. The solution was 
filtered to remove platinum; the acids were removed from 
the filtrate with barium carbonate as described under the 
head ‘‘Isolation of Calcium and Barium Salts” below.

The combined alcohol filtrates obtained after the re­
moval of the acids as barium salts were evaporated to a

thick sirup in vacuo a t 55°. The residue was kept a t re­
duced pressure and 55° for one hour and then in vacuo over­
night. I t  was then treated with 150 cc. of a 2%  solution of 
hydrogen chloride in anhydrous methyl alcohol (acetone 
free). The mixture was gently refluxed for two hours on a 
steam-bath. Agitation was necessary during the first ten 
minutes to assist in the solution of the sirup. The solution 
was cooled somewhat, treated with 3-4 g. of charcoal, and 
then refluxed for thirty minutes. The solution was filtered 
hot. Small portions (a total of 20 cc.) of hot anhydrous 
methyl alcohol were used to complete the transfer. The 
filtrate was placed in the refrigerator for fifty hours. The 
crystalline mannoside was then removed by filtration and 
washed with a little cold absolute methyl alcohol followed 
by a little dry acetone. The air-dried «-methyl-d-man- 
noside melted a t 189-191° (corr.), did not reduce Bene­
dict’s solution, and had a specific rotation of +79.0° at 
20°. A 16.5% yield (8.8 g.) was obtained by this proce­
dure. The filtrate was concentrated to 40 cc. a t 35° in vacuo 
and placed in the refrigerator for four days. One and 
eight-tenths grams of crystals (m. p. 185-187°, corr.) was 
obtained, making a total yield of 19.9% (10.6 g.).

Isolation of Calcium and Barium Salts.—The following 
general procedure was used for the isolation of the calcium 
or barium salts from the solutions obtained by the oxida­
tion of 25 g. of each of the oxidized hexitols. The plati­
num was first removed by filtration. The filtrate was 
treated with excess calcium or barium carbonate and the 
mixture maintained a t 80° (thermometer in oil-bath) for 
one to two hours. Frequent or continuous stirring was 
employed throughout this heating. The excess carbonate 
was removed by filtration and the filtrate was concentrated 
at 55-60° in vacuo to a volume of about 50 cc. Three 
hundred cc. of hot alcohol was then added slowly and the 
mixture thoroughly shaken. The mixture was cooled and 
the supernatant liquid filtered. The residual gummy 
barium or calcium salts were treated with 25 cc. of hot 
water and the mixture again treated with 150 cc. of hot 
alcohol. After one hour the solution was again decanted 
through the filter. The barium or calcium salts were left 
behind in the form of a gum. The combined alcoholic 
solutions were used for aldose and osazone isolations (see 
below). The calcium or barium salt gums were dissolved 
in hot water, treated with charcoal, and the solutions 
filtered. Hot alcohol was added in small amounts to the 
hot filtrates until a permanent turbidity occurred. The 
solutions were then cooled and allowed to stand overnight. 
The salts which had crystallized out were separated from 
the solution by filtration, washed with 60-80% alcohol, 
and dried in a desiccator. The dried salts were then re­
crystallized by solution in hot water followed by repre­
cipitation with alcohol as described above. The salts thus 
obtained were dried in a vacuum desiccator.

Two calcium salts were thus isolated from twenty-five 
grams of mannitol which had been subjected to oxidation 
for forty-eight hours. During the recrystallization process 
the major portion of the calcium salt precipitated from the 
aqueous alcohol solution as an amorphous white solid. 
The filtrate from this solid deposited more salt on standing. 
The first salt contained 9.06% while the second contained 
14.80% calcium. Calcium d-mannonate monohydrate 
contains 8.94% calcium, while calcium d-mannosaccharate
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Table IV
Pressure Dehydrogenation

In  all cashes 25 g. of mannitol was dissolved in 200 cc. of water except in experiment 6 where 15 g. was dissolved in 
100 cc. of water; the shaker was regulated at 300 rev. per min. In all cases thirty minutes of shaking at atmospheric
pressure was used after each addition of catalyst. The temperature was 83°.

Expt.
Initial 

oxy. press., 
lb.

Catalyst
added,

g-
Time,

hrs.
Press.
deer.,
lb.

Oxid. to reducing 
material (calcd. 
as d-mannose) 
(Benedict titr.)

%

Oxid. to acid 
(calcd. as 

hexonic acid) 
(alkali titr.)

%

Yield of 
d-mannose 
as phenyl­
hydrazone,

%
1 40 2.0 2.0 4.6

5.0a 0.0 32.3 31.6 16.8
2a 42 2.0 2.0 5.0
b 42 1.0 1.0 2.0 35.1 53.0 14.0

3a 42 2.0 1.0 4.8
b 42 1.0 1.0 2.2 49.4 56.2 20.7

4a 42 2.0 1.0 4.3
b 42 2.0 0.5 2.1 41.3 59.2 16.4

5a 42 2.0 1.0 5.5
b 42 1.0 1.0 2.2
c 42 1.0 1.0 1.5 44.4 73.4 5.6

6 40 2.0 2.5 4.6 39.0 56.6 11.4
7 42 2.0 2 .5& 5.0

3.5 hot
2 .5 cold 
4.0 hot 3.0

22.0 hot and cold 0.2 67.7 58.3 25.4
a The hours listed are in addition to those listed in the same experiment. 6 The hours listed in this case are only ap­

proximate ; the wire connected to the bottle snapped off twice while shaking, thus allowing the bottle to cool.

monohydrate contains 15.05% calcium. Fischer and 
Hirschberger18 prepared a hydrated calcium J-mannonate 
which contained 8.78% calcium.

Isolation of Phenylglucosazone from an Oxidized Man­
nitol Solution.—The aqueous alcohol solution from which 
the calcium salts had been removed was treated with a 
filtered solution of 20 g. of phenylhydrazine hydrochloride 
and 30 g. of sodium acetate trihydrate in 150 cc. of water. 
The mixture was allowed to stand for one and one-half 
hours and then subjected to filtration. The filtrate was 
reserved for the isolation of glucosazone. The precipitate 
was washed with water, heated with 200 cc. of acetone un­
til the latter boiled, the mixture cooled, subjected to filtra­
tion, the precipitate washed with acetone, and dried. This 
yield of phenylhydrazone of d-mannose was 20%.

The filtrate saved for glucosazone isolation was treated 
with 10 g. of phenylhydrazine in 10 cc. of 50% acetic acid 
and the solution heated on a steam-bath for two hours. 
The mixture was cooled and subjected to filtration. The 
precipitate was washed with water followed by alcohol, 
and dried. A yield of 9.5% glucosazone was obtained. 
The melting point was 206-207° (corr.). The product was 
recrystallized from 65% alcohol, dried, and analyzed for 
nitrogen.

Anal. Calcd. for C18H22O4N4: N, 15.64. Found: N, 
15.53.

Pressure Dehydrogenations.—Twenty-five grams of 
mannitol was dissolved in 200 cc. of hot water in a pressure 
bottle. The bottle was wired and by regulation of the 
current a temperature of 83° was maintained. Two 
grams of platinic oxide monohydrate was added and the 
bottle shaken a t 300 revolutions per minute and at atmos­

pheric pressure for thirty minutes, when the catalyst was 
black. The bottle was carefully evacuated until the 
solution began to boil and then filled with oxygen a t 42 lb. 
(3 atm.) pressure. The evacuation and filling were re­
peated three times. After the third filling, shaking was 
started and maintained for one hour. The pressure de­
creased 4.8 lb. (0.3 atm.). After one hour of agitation at 
the increased pressure, the catalyst activity ceased and the 
use of oxygen by the mannitol stopped. One gram of pla­
tinic oxide was added after the pressure had been released, 
the mixture was shaken a t atmospheric pressure for thirty 
minutes followed by evacuation and filling with oxygen at 
42 lb. (3 atm.) pressure as described. This time there was 
a decrease of 2.2 lb. (0.15 atm.) in one hour. (It is to be 
noted that the catalyst was added in several portions dur­
ing the pressure dehydrogenations rather than in one por­
tion as was more desirable in atmospheric pressure de­
hydrogenations. The cessation of catalyst activity a t the 
increased pressures makes such a procedure necessary.) 
The solution was cooled for about thirty minutes and then 
the pressure was released and the solution filtered. The 
small amount of colloidal platinum was removed from the 
filtrate by the use of charcoal. Analysis of the filtrate 
from the charcoal showed tha t 49.4% of the mannitol had 
been oxidized to reducing material, calculated as ^-man­
nose, and that 56.2% had been oxidized to acids, calculated 
as hexonic acid. The d-mannose was isolated as the 
phenylhydrazone in 20.7% yield from this solution. 
Table IV lists the data for other experiments with different 
conditions.

The main disadvantage of pressure dehydrogenations is 
the tendency for the oxidation to proceed beyond the aldose 
in the later stages of the oxidation, thus building up high 
concentrations of acid at the expense of aldose. As a re­(18) Fischer and Hirschberger, B e r . ,  22, 3219 (1889),
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suit, the yields obtained by pressure dehydrogenation were 
lower than those obtained at atmospheric pressure.

2. Dehydrogenation of Dulcitol
Isolation of Mucic Acid.—The data for the results 

obtained in a test run in which 15 g. of dulcitol in 200 cc. of 
water a t 80° and 2.0 g. of platinic oxide monohydrate were 
used, are presented in Table III  (2). The solution which 
remained after the seventy-two hour sample had been re­
moved deposited a crystalline substance that was identified 
as mucic acid by its melting point (213°, corr.) and that of 
its diphenylhydrazide19 (241°, corr.).

Isolation of ^/-Galactose with 2,4-Dibromophenyl- 
hydrazine.—Fifteen grams of dulcitol in 200 cc. of water at 
80° was treated with 2.0 g. of platinic oxide monohydrate 
and the procedure described in the case of mannitol carried 
out. After thirty minutes, air was passed through the 
solution for forty-four hours. This solution gave positive 
ketose and naphthoresorcin tests and showed that 47.2% of 
the dulcitol had been oxidized to reducing material (calcu­
lated as ^/-galactose) and that 48.8% had been oxidized to 
acid (calculated as dl-galactonic acid). Iodometric analy­
sis showed that 90% of the reducing material was aldose. 
The solution was filtered to remove platinum and the fil­
trate concentrated in vacuo a t 50° to about 35 cc. A fil­
tered solution of 20 g. of 2,4-dibromophenylhydrazine in 
140 cc. of 50% acetic acid (prepared by gentle warming) 
was added slowly to this concentrate. The mixture was 
filtered rapidly to remove a small amount of red oil which 
formed and the filtrate allowed to stand for three hours at 
room temperature. The mixture was stirred several 
times during this period. The precipitate was removed by 
filtration, washed with 100 cc. of 5% acetic acid, 25 cc. of 
diluted alcohol, and finally with ether. The filtrate was 
saved for osazone isolation. The 2,4-dibromophenyl- 
hydrazone of ^/-galactose thus obtained was faintly pink 
and melted at 151-152° (corr.). The yield was 23.5%. 
Three recrystallizations from dilute alcohol raised the 
melting point to 171-172° (corr.). Charcoal was used in 
each recrystallization. The pure 2,4-dibromophenylhy- 
drazone was white. I t  was dried at room temperature over 
magnesium perchlorate for two days at 20 mm. pressure 
and was then analyzed for nitrogen.

Anal. Calcd. for C^HiöOs^Biy: N, 6.55. Found: N, 
6.64.

The 2,4-dibromophenylhydrazone of ^/-galactose was 
decomposed with benzaldehyde by the method of Herzfeld 
and yielded the 2,4-dibromophenylhydrazone of benzalde­
hyde and ^/-galactose. The former melted at 103° (corr.) 
after several recrystallizations from dilute alcohol while the 
latter melted at 142-144° (corr.).

Isolation of the 2,4-Dibromophenylosazone of dl- 
Galactose.—The filtrate saved for osazone isolation was 
heated for two hours on a steam-bath. A black oil settled 
out. The mixture was cooled and about 4 g. of solid crys­
tallized out. This was separated from the oil which re­
mained on the bottom of the flask and was recrystallized 
from dilute alcohol. I t was identified as the 2,4-dibromo- 
phenylhydrazide of acetic acid by its melting point., 147° 
(corr.).

The oil was dissolved in boiling 60% alcohol and the

(19) C. Billow, Ann., 236, 194 (1886).

solution treated with charcoal, filtered, and cooled. I t  de­
posited 4 g. of a yellow precipitate which decomposed at 
145-149° (corr.). This was recrystallized from dilute 
alcohol to which charcoal had been added and thoroughly 
dried over phosphorus pentoxide. The compound decom­
posed at 152-153° (corr.).

Anal. Calcd. for C isH u C ^B r^  N, 8.32. Found: N, 
8.37.

Isolation of dl-Galactose with Phenylhydrazine.—
Twenty-five grams of dulcitol was dissolved in 350 cc. of 
hot water in a three-necked flask fitted as described for 
mannitol. Two grams of platinic oxide monohydrate was 
added when the solution had reached 80°. The mixture 
was stirred for one hour after which air was bubbled through 
the solution for seventy hours. The solution then showed 
60.3% of the dulcitol to have been oxidized to reducing 
material (calculated as d/-galactose) and 56.0% to acid. 
The solution gave positive ketose and naphthoresorcin 
tests. The platinum was removed by filtration and the 
acids were removed as barium salts by the general method 
described.

The alcoholic filtrate from the precipitated barium salts 
was concentrated at 40-50° a t reduced pressure to a thin 
sirup which was treated with 9 g. of distilled phenyl­
hydrazine in an equal volume of 50% acetic acid. The 
mixture was warmed gently a few minutes on a steam-bath, 
stoppered, and set aside in a dark place a t room temperature 
for twenty-four hours. The yellow precipitate was sepa­
rated by filtration and washed with a small amount of 50% 
alcohol. The filtrate was saved for the isolation of the dl- 
osazone. The precipitate was washed further with abso­
lute alcohol and ether and dried. I t  decomposed at 144- 
148° (corr.). The yield of this impure phenylhydrazone 
was 30%. Recrystallization of the phenylhydrazone 
resulted in considerable loss because of solubility and be­
cause of the formation of osazone. I t  was therefore used 
without purification for the isolation of ^/-galactose.

The crude phenylhydrazone was treated with 300 cc. 
of water and 12 g. of benzaldehyde. The mixture was kept 
on a steam-bath for thirty minutes, cooled, and subjected 
to filtration. The filtrate was extracted with ether several 
times and the separated aqueous solution was decolorized 
with charcoal. The solution was optically inactive. I t 
was concentrated a t 50-55° a t reduced pressure to a thick 
sirup which weighed 5.3 g. The sirup was dissolved in hot 
alcohol and the solution deposited 3.8 g. of ^/-galactose 
crystals, a 15.5% yield calculated from dulcitol used. 
The crystals were dried in vacuum over calcium chloride at 
15 mm. pressure for two days. The melting point was 145° 
(corr.). Oxidation with nitric acid yielded mucic acid. 
Analysis by Benedict titration showed the material to be 
98.6% ^/-galactose. Iodometric analysis showed it to be 
99.2% dZ-galactose.

Isolation of dWPhenylgalactosazone.—The filtrate set 
aside for osazone isolation was treated with a filtered solu­
tion of 20 g. of phenylhydrazine hydrochloride and 30 g. of 
sodium acetate trihydrate in 100 cc. of water. The mix­
ture was heated on the steam-bath for one and one-half 
hours, cooled, and subjected to filtration. The precipitate 
was washed with absolute alcohol and then with ether. 
The dry dl-osazone weighed 3.5 g. indicating a 7.3% yield. 
I t decomposed at 207° (corr.). I t  was recrystallized from



Sept., 1938 T he Reductive Alkylation of Aniline 2023

alcohol and dried in vacuo over calcium chloride. The 
compound decomposed a t 208-209° (corr.).

Anal. Calcd. for C18H22O4N4: N, 15.64. Found: N, 
15.71.

Isolation of Barium Salts.—The gummy barium salt 
obtained in a sixty-hour oxidation of 25 g. of dulcitol was 
heated with charcoal and hot water which dissolved all 
but 0.5 g. of material. The solution was filtered and 
concentrated a t reduced pressure and 55° to a thin sirup. 
Alcohol was added very slowly to precipitate the barium 
salt and the mixture then warmed on a steam-bath for one 
hour. The mixture was cooled and subjected to filtration. 
The precipitate was washed with alcohol and with ether. 
I t  was dried in a vacuum desiccator for one hour, followed 
by two hours in an oven a t 100°.

Anal. Calcd. for barium d/-galactonate: Ba, 26.03; 
for barium d/-galacturonate, 26.24. Found: Ba, 26.43,
26.40.

The barium salt obtained by an identical procedure in a 
seventy-two hour oxidation contained 34.93% barium; 
calculated for barium mucate dihydrate, 35.80%. Neither 
salt decomposed at 250° and both gave naphthoresorcin 
tests.

Summary

A convenient method for the catalytic dehy­
drogenation of sugar alcohols was developed. 
Mannitol and dulcitol were the hexitols studied. 
The advantage of the method lies in the ease of 
controlling the amount of hexitol dehydrogenated. 
The results obtained indicate that the method is 
most satisfactory for aldose isolation in the case

of alcohols which yield but one aldose or a ^/-al­
dose when dehydrogenated.

Platinic oxide monohydrate was used as the 
source of the platinum catalyst. The oxide acts 
first as an oxidizing agent.

The effect of change in the possible variants 
was studied.

The course of the reaction was determined by a 
combination of isolation of products and analyti­
cal procedures. Mannitol was oxidized to d- 
mannose and ^-fructose. ^-Mannose was oxi­
dized, in the main, to d-mannonic acid, d-mannu- 
ronic acid, and finally to d-mannosaccharic acid. 
The ^-fructose was oxidized, in the main, to 
d-glucosone and 2-keto-d-mannonic acid. Other 
products were also formed in small amounts. 
The products with dulcitol were similar in nature.

^-Mannose was conveniently prepared by the 
catalytic dehydrogenation of mannitol. The 
d-mannose was isolated from the reaction mix­
tures as the phenylhydrazone and as the a-methyl- 
d-mannoside.

d/-Galactose was prepared similarly from dul­
citol.

The catalytic dehydrogenation method gives 
promise of being satisfactory for the preparation 
of sugars like dZ-erythrose from the alcohol, eryth- 
ritol.
Chicago, Illinois Received June 21, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

The Reductive Alkylation of Aniline

B y W illiam  S. E merson

Although the reductive alkylation of amines is 
a well-known reaction,1 it has found little applica­
tion with primary aromatic amines. Clarke, 
Gillespie and Weisshaus,la using formic acid as 
their reducing agent, methylated tribromoaniline 
with formaldehyde to give 77% of N,N-dimethyl- 
tribromoaniline. However, they obtained only 
polymers when aniline was used. While Skita 
and Keil2 were able to prepare cyclohexylaniline 
from aniline and cyclohexanone in the presence

(1) (a) Clarke, Gillespie and Weisshaus, T h is  J o u r n a l , 55, 4571
(1933); (b) Skita, Keil and Havemann, Ber., 66 , 1400 (1933); (c)
Forsee and Pollard, T h is  J o u r n a l , 57, 1788 (1935).

(2) Skita and Keil, Ber., 61, 1682 (1928).

and P h il ip  M . W alters

of platinum and hydrogen, they did not mention 
their yield. Wallach3 obtained di-77-amylaniline 
by heating valeraldehyde with phenylammonium 
formate, but he also gave no yield. The patent 
literature4 contains references to the reductive 
alkylation of primary aromatic amines. In view 
of the importance of the reaction as a synthetic 
method, we felt that its possibilities with primary 
aromatic amines should be investigated.

The mechanism of the reaction is probably the 
following

(3) Wallach, Ann., 343, 54 (1935).
(4) German Patents 376,013, 491,856, 503,113.
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tate as the condensing agent gave the 
best results.

Using this general procedure, the 
reaction was extended to other alkyl- 
anilines. The method as developed 
gave N-alkylanilines from aniline 
and aldehydes in 47 to 65% yields. 
The results are summarized in Table 
II.

It cannot be said definitely that the amino alcohol 
(I) is reduced directly as suggested by Wallach3 or 
that it is dehydrated to the Schiff base (II) before 
reduction. In either case the product would be 
the same, and it is quite possible the reaction 
follows both courses. Schiff bases have been re­
duced catalytically to secondary amines.5

In his study of the reaction between secondary 
aromatic amines and formaldehyde in the presence 
of hydrochloric acid, Wagner6 found that the con­
densation product on immediate reduction gave 
the tertiary amine, while on reduction after a few

Experimental
General Procedure.—All of the experiments were car­

ried out in an Adams machine7 for catalytic reduction. 
The catalyst was either platinum oxide8 or Raney nickel.9 
In each case 9.3 g. (0.1 mole) of aniline was dissolved in 
150 cc. of ethyl alcohol and from 0.2 to 0.5 mole of aldehyde 
added. This mixture, along with the catalyst, was then 
placed in the machine and shaken a t an initial hydrogen 
pressure of about 50 lb. (3 atm.). When no more gas was 
absorbed (usually from 0.3 to 0.4 mole was taken up), the 
catalyst was removed by filtration and the alcohol distilled 
on the steam-bath. After the remaining oil had been 
steam-distilled, the distillate or the residue (depending on 
the amine) was fractionated to obtain the product.

Table I
Aniline Plus Acetaldehyde

Expt. Reduction catalyst G. Condensing agent G. Product Yield, %
1 Platinum oxide 0.1 None Aniline
2 Platinum oxide .1 GI. AcOH 7 (0.11 mole) Polymer Quant.
3 Platinum oxide .2 NaOAc 1 N-Ethylaniline 41
4 Raney nickel 58 None Mixture of amines
5 Raney nickel 58 0.1 N  NaOH 1 cc. N-Ethylaniline 25

N,N-Diethylaniline 10
6 Raney nickel 58 NaOAc 1 N-Ethylaniline 58

hours of standing it gave the alkyltoluidine. Ap­
parently the amino alcohol (III) which was first 
produced was dehydrated, forming the hydro­
chloride of the anhydro-benzyl alcohol as the in­
termediate in the rearrangement. Clarke, Gilles­
pie and Weisshaus’ results with anilinela suggest 
that this intermediate or some rearrangement 
product of it polymerizes in the case of primary 
aromatic amines.

From a consideration of this mechanism, it was 
felt that in order for the reaction to be of value 
with primary aromatic amines, it would be neces­
sary to employ a reducing agent powerful enough 
to reduce the amino alcohol (I) and a condensing 
agent mild enough to avoid dehydration and poly­
merization. For this purpose hydrogen and a 
catalyst seemed ideal. From a series of prelimi­
nary studies (Table I), it was found that Raney 
nickel as the reduction catalyst and sodium ace-

(5) (a) Skita and Keil, Ber., 61, 1452 (1928); (b) Buck, T his
J o u r n a l , 53, 2192 (1931).

(6) Wagner, ibid., 55, 724 (1933).

Table II
Alkylanilines

Aniline
Yield,

% Derivative
M. p. of 

derivative, °C.
Recorded 
m. p., °C.

Ethyl 58 Picrate 133-135 13210
w-Propyl 52 Acetamide 48 47-4811
«-Butyl 47 ^-Bromobenzene- 85-86 87i2

n-Amyl 62
sulfonamide

m-Nitrobenzene- 74-75 13

«-Heptyl 65
sulfonamide 

p-Bromobenzene- 115 14

Benzyl 50
sulfonamide

Hydrochloride 210-212 214-21615

(7) Adams and Voorhees, “Organic Syntheses,” Coll. Vol. I, 
1932, p. 53.

(8) Adams, Voorhees and Shriner, ibid., p. 452.
(9) Covert and Adkins, T h i s  J o u r n a l , 54, 4116 (1932).
(10) Vignon and Evieux, Compt. rend., 147, 67 (1908).
(11) Pictet and Crepieux, Ber., 21, 1106 (1888).
(12) Marvel and Smith, T h i s  J o u r n a l , 45, 2696 (1923).
(13) Anal. Calcd. for Ci7H20O4N2S: S, 9.19. Found: S, 9.22.
(14) N,w-heptylaniline is a new compound; b. p. 125-130° 

(30 mm.); d202o 0.906; w20d  1.5080; M d calcd. 63.3; M d Found 63.0. 
Anal, óf -̂bromobenzenesulfonamide. Calcd. for Ci9H2402NSBr: 
Br, 19.5. Found: Br, 19.7 (Parr bomb).

(15) Brand, Ber., 42, 3460 (1909).
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Preliminary Experiments.—These were carried out 
using aniline and acetaldehyde with a variety of reduction 
and condensation catalysts. The results are summarized 
in Table I.

The products were identified by their physical properties 
and picrates.

Alkylanilines.—Six alkylanilines were prepared using 
the procedure developed in preliminary experiment 6. In 
Table II are summarized the compounds prepared, the 
yields, and the method of identification. In the case of the 
first four alkylanilines up to 10 % of the tertiary amines 
were produced, but no tertiary amines were found in the 
case of N,w-heptylaniline and N-benzylaniline. The re­

duction mixture always contained some aniline indicating 
the equation given above is reversible. This probably 
accounts for the fact that the yields range from 47 to 65%.

Summary
A procedure has been developed for the reduc­

tive alkylation of primary aromatic amines, using 
aldehydes in the presence of Raney nickel, hydro­
gen, and sodium acetate. By this method six 
alkylanilines have been synthesized in 47 to 65% 
yields.
Urbana, III. Received June 22, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

The Reaction of Acid Anhydrides with Anils
B y  H. R. Sn y d e r , R. H. L e v in  and  P. F. W il e y

Conjugated systems of the type —CH=N—N 
= C H — have not been shown to undergo the 
Diels-Alder condensation, but observations have 
been reported1,2 which suggest that this type of 
reaction might be brought about under proper 
conditions. A study of the reaction between 
benzalazine and maleic anhydride was under­
taken to test this idea. Heterocyclic compounds 
were not isolated, but the study has revealed cer­
tain facts which are of interest in connection 
with the general question of the reaction between 
acid anhydrides and anils.

When a solution of benzalazine and maleic 
anhydride in ordinary ether was refluxed, benzal- 
maleinhydrazine (I) and benzaldehyde were 
slowly formed. The use of ether containing dis­
solved water resulted in more rapid formation of 
the same products. With anhydrous ether solu­
tions only a trace of benzalmaleinhydrazine was 
produced. The reaction therefore appears due 
to hydrolysis of benzalazine followed by reaction 
with maleic anhydride.
(A) c 6h 5c h = n —n = c h — c 6h 5 +  h 2o

C6H 5C H = N —NH—CH(OH)C6H5 ^ =± 1
c 4h 2o 3

C6H5CHO +  C6H5C H = N —NH 2 — — >
C6H 5C H = N —n h c o c h = c h — c o 2h

( I )

Ekeley and Lefforge3 recently reported the 
displacement of one or both of the benzal groups

(1) Wagner-Jauregg obtained small amounts of a crystalline sub­
stance thought to be a fo's-pyrazolidine by refluxing a benzene solution 
of maleic anhydride and benzalazine [Ber., 63, 3219 (1930)].

(2) W. W. Moyer observed the formation of an apparently neutral 
solid by heating a mixture of benzalazine and maleic anhydride to the 
boiling point (private communication).

(3) Ekeley and Lefforge, T h is  J o u r n a l , 58, 562 (1936).

of benzalazine by treatment with acetic anhy­
dride. By analogy with the previous interpre­
tation of the reaction of acetic anhydride with 
anils,4 they assumed the initial reaction to be 
the addition of acetic anhydride yielding CöHö- 
CH=NN(COCH3)CH(C6H5)OCOCH3 (II). La 
Parola5 used this mechanism to account for the 
reaction of maleic anhydride with anils in the 
presence of water. In the present investigation 
it has been found that the rate of formation of 
the supposed addition product from benzalaniline 
and acetic anhydride is considerably increased 
when small amounts of acetic acid are added. 
The primary reaction, contrary to the assump­
tion of Ekeley and Lefforge, is therefore addition 
of acetic acid. In the second step a molecule of 
acetic acid is liberated and may renew the cycle 
(B).
(B) C6H5C H = N —C6H5 +  CH3COOH

(CH3C 0)20
C6H5CH(OCOCH3)NHC6H5 (III) ----------------

C6H5CH(OCOCH3)N(COCH3)C6H5 (IV) +
CHsCOOH

Compounds formed by addition of acetic acid 
and thioacetic acid to anils have been reported.6-8 
These substances have been formulated as con­
taining the groupings —N(COCH3)CH(OH)— 
and —N(COCH3)CH(SH)—. The cyclization of 
benzalanthranilic acid, discussed later in this re­
port, indicates the alternate mode of addition (B).

(4) Ekeley, et al., ibid., 34, 161 (1912); 35, 282 (1913); 36, 603 
(1914); 37,582 (1915); 44,1756 (1922); Gazz. chim. ital., 62,81 
(1932).

(5) La Parola, ibid., 64, 919 (1934).
(6) Von Auwers, Ber., 50, 1599 (1917).
(7) Eibner, ibid., 34, 659 (1901).
(8) Galatis, ibid., 66, 1774 (1933).
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Preliminary experiments indicate that a similar 
addition of acetic acid to the double bond in 
benzalazine does not occur to the same extent 
as in the case of benzalaniline. Thus we have so 
far been unable to obtain the compound (II) 
from benzalazine and acetic anhydride even 
when acetic acid was added to the mixture. 
However, addition of water to such a mixture 
brought about rapid reaction, with the produc­
tion of sym-diacetylhydrazine and benzalacetyl- 
hydrazine in good yields. It is indicated, there­
fore, that the reaction observed by Ekeley and 
Lefforge was due to atmospheric moisture.

The behavior of benzalanthranilic acid is of 
particular interest. When this compound is 
heated with acetic anhydride the metoxazine 
derivative (VII) is formed.4 The production of 
this substance might be accounted for on the 
basis of initial addition of acetic anhydride4 or 
of acetic acid as discussed above. However, 
w^ramolecular addition of carboxyl group to the 
double bond might occcur yielding the oxazine 
VI which would be converted to VII by acetic 
anhydride.

yCÖ2Ü
(C) C6H4 : £ ±

\ st= c h —c6h 6
V

/ c o \
C6H4 °  (CH3CO)20

V  ,CH—CeHj *“
\ n h

VI
/ c o \

C6H4 I
\  / C H —CeHs 

N—COCHs
VII

That the metoxazine derivative (VI) may be 
formed from benzalanthranilic acid was proved 
by the reaction with phenyl isocyanate. When 
an equimolecular mixture of these substances was 
warmed a rapid reaction ensued and the expected 
phenylurea derivative (VIII) crystallized. Heat­
ing with dilute hydrochloric acid converted

O
II

(D~IV7 ~ ^ V I CeHsNCO  ̂ C J / C \ ( )

\  /CH—CeH6
vsr

I
CONHCcHs

VIII

VIII into benzaldehyde and N-phenylcarbamyl- 
anthranilic acid.

Confirmation of the existence of the cyclic 
form of benzalanthranilic acid has been obtained 
by Rodebush, Buswell and Roy9 in this Labora­
tory from measurement of the infrared absorp­
tion. The absorption curve of a solution of the 
substance in carbon tetrachloride indicated the 
presence of both —COOH and )>N—H groups.

The reaction of benzalanthranilic acid with 
acetic anhydride therefore involves ring closure 
followed by acetylation (C). On the basis of 
this mechanism it might be expected that maleic 
anhydride, succinic anhydride or phthalic an­
hydride would react with benzalanthranilic acid 
under anhydrous conditions. However, attempts 
to induce such reactions under conditions similar 
to those employed with acetic anhydride have been 
unsuccessful, both in this work and that of La 
Parola.5

The production of the oxazoline observed by 
Galatis8 in the reaction between 0-benzalamino- 
phenol and acetic anhydride may be explained on 
the basis of a similar cyclization.10 The infrared 
absorption curve of o-benzalaminophenol in car­
bon tetrachloride solution at room temperature 
shows that under these conditions the compound 
exists entirely as the cyclic form.9

Experimental
Benzalmaleinhydrazine.—To 75 cc. of ether saturated 

with water in a glass-stoppered flask were added 5.2 g. of 
benzalazine and 2.5 g. of maleic anhydride. After four 
days the benzalmaleinhydrazine, 4.2 g. or 78% of the theo­
retical, was collected and washed with ether. This sub­
stance is almost insoluble in the common solvents. After 
purification from acetonitrile it melted a t 183°.

Anal. Calcd. for CiiH i0O3N2: C, 60.55; H, 4.58; N, 
12.84; neut. equiv., 218. Found: C, 60.11; H, 4.88; N, 
13.06; neut. equiv., 221.

Extraction of the ethereal mother liquor with sodium 
bisulfite solution, followed by regeneration of benzaldehyde 
and treatment with phenylhydrazine gave 2.7 g. or 55% of 
benzalphenylhydrazine; m. p. 156-157°. Similar treat­
ment of an ether solution of benzalazine gave no benzal­
phenylhydrazine.

In a parallel experiment in which no water was added 
to the ether employed as the solvent a very small amount, 
estimated as less than 0.05 g., of benzalmaleinhydrazine, 
was formed.

Degradation óf Benzalmaleinhydrazine.—A mixture of 
0.805 g. of benzalmaleinhydrazine and 150 cc. of water was 
heated to reflux for two hours. On cooling benzalazine

(9) Rodebush, Buswell and Roy, unpublished work.
(10) Cyclization of a corresponding thiophenol derivative has 

been demonstrated by Lankelma, T h is  Jo ur n a l , 53, 2654 (1931).
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separated and was collected. The filtrate was diluted to 
250 cc. in a volumetric flask. A 50-cc. portion required
16.2 cc. of 0.0502 N  sodium hydroxide for neutralization 
to phenolphthalein. The neutralized solution was shaken 
with 2 cc. of benzaldehyde, causing the formation of more 
benzalazine. The solution became acid and required an 
additional 16.2 cc. of the alkali for neutralization. These 
values are in accordance with the equations below.

2C6H5C H = N —NHC0CH==CHC02H +  H20  —
C4H404(maleic acid) +  C6H5C H = N —N =C H C 6H5

+  NH2NH2-C4H40 4 (1)
NH2NH2-C4H40 4 +  2C6H5CHO — >

C6H6C H = N —N = C H C 6H6 +  C4H40 4 (2)

Catalysis of the Reaction between Benzalaniline and 
Acetic Anhydride by Acetic Acid.—In each of two 25-cc. 
flasks were placed 4.5 g. of benzalaniline and 2.5 cc. of pure 
acetic anhydride. To one mixture was added 0.5 cc. of 
glacial acetic acid. The flasks were closed with corks 
and allowed to stand at 55-65° for eighteen hours. They 
were then stored a t -J-5° in a refrigerator overnight. The 
reaction mixture containing acetic acid was allowed to 
come to room temperature and was filtered. The solid 
was washed with two 5-cc. portions of cold ether. The 
weight of the supposed addition compound (IV) was 5.0 
g.; m. p. 131-132°. An attem pt to recover unchanged 
benzalaniline from the filtrate failed. Similar treatment of 
the reaction mixture to which acetic acid was not added 
gave 1.8 g. of IV. From the mother liquor there was re­
covered 1.6 g. of impure benzalaniline.

The Reaction of Benzalazine with Acetic Anhydride and 
Water.—Attempts to prepare the addition compound (II) 
from benzalazine and acetic anhydride by the method used 
with benzalaniline failed even when the reaction period 
was seven days.

A mixture of 10.4 g. of benzalazine and 15.3 g. of acetic 
anhydride was stirred over the steam-bath and 2.5 cc. of 
water was added in one portion. Heating and stirring were 
continued for thirty minutes. From the mixture, by a 
modification of the procedure of Ekeley and Lefforge,3 
there was obtained 2.0 g., 34% of the theoretical, of sym- 
diacetylhydrazine and 3.0 g., 37% of the theoretical, of 
benzalacetylhydrazine.

Benzalanthranilic Acid and Phenyl Isocyanate.—A mix­
ture of 5.6 g. of benzalanthranilic acid and 3.0 g. of phenyl 
isocyanate, protected by a calcium chloride tube, was 
warmed. A reaction occurred and most of the material 
separated as transparent crystals. The mixture was 
cooled and washed with about 50 cc. of benzene. The

yield of crude material (VIII) was quantitative. After 
purification from toluene or chloroform it melted at 171°.

Anal. Calcd. for C2iHi60 3N2: N, 8.14. Found: N,
8.12.

A mixture of 0.2 g. of the oxazine (VIII), 1 cc. of concen­
trated hydrochloric acid and 5 cc. of water was heated to 
the boiling point for about five minutes. The odor of 
benzaldehyde was clearly evident. The insoluble solid 
material was separated and shaken with 5 cc. of 5% 
sodium hydroxide solution. Acidification of the filtered 
extract gave N-phenylcarbamylanthranilic acid, m. p. 180- 
181°.

Benzalanthranilic Acid and Maleic, Succinic and Phthalic 
Anhydrides.—Anhydrous equimolecular mixtures of ben­
zalanthranilic acid and one of these anhydrides heated on 
the steam-bath alone or in dioxane solution, or refluxed 
in benzene solution, did not react. When access of mois­
ture was not prevented, for instance, when a benzene solu­
tion of benzalanthranilic acid, with maleic anhydride or 
succinic anhydride, was allowed to stand in an open beaker, 
an almost quantitative yield of o-carboxymaleanilic acid 
or of o-carboxysuccinanilic acid, respectively, was ob­
tained as demonstrated by mixed melting points made with 
authentic samples. The mother liquor in each case smelt 
strongly of benzaldehyde.

Summary
In anhydrous ether solutions benzalazine and 

maleic anhydride do not react. If water is pres­
ent the benzalazine undergoes hydrolysis, fol­
lowed by reaction with maleic anhydride to form 
benzaldehyde and benzalmaleinhydrazine.

The reaction between benzalaniline and acetic 
anhydride is catalyzed by acetic acid.

Benzalanthranilic acid undergoes cyclization 
by addition of the carboxyl group to the nitrogen- 
carbon double bond. The cyclic form reacts with 
phenyl isocyanate.

Certain reactions previously formulated as 
direct addition of acetic anhydride to the nitrogen- 
carbon double bond are better interpreted as in­
volving (1) addition of water or carboxylic acid to 
the double bond followed by (2) acetylation by 
acetic anhydride.
Urbana, Illinois Received March 28, 1938
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[Contribution from the School of Chemistry and Physics of the Pennsylvania State College]

* The Reducing Action of f-Butyl Grignard Reagent on Acyl Chlorides

B y F r ed  L. G r een w o o d , F ra n k  C. W h itm o r e  and  H arry  M. C r ooks

In an attempt to prepare di-/-butyl ketone or 
di-/-butylcarbinol by the action of /-butylmag- 
nesium chloride on pivalyl (trimethylacetyl) 
chloride it was found that the chief products are 
neopentyl alcohol and neopentyl pivalate re­
sulting from the reduction of the acid chloride 
by the Grignard reagent.
(CHsj t c = 0  +  2(CH3)3CMgCl — >-

I
Cl
(CH3)3CCH2OMgCl +  2(CH3)2C =C H 2 +  MgCl2 

The action of £-butyl Grignard reagent with 
pivalyl chloride has been studied by the addition 
of the Grignard reagent to a large excess of acid 
chloride at a low temperature, and by the addi­
tion of the acid chloride to a large excess of the 
Grignard reagent at the reflux temperature of 
ethyl ether. Moreover, we have added isobutyryl 
and ^-butyryl chlorides to a large excess of Grig­
nard reagent at ethyl ether reflux temperature. 
The results are summarized in Table I.

Table I

Acid chloride
Ratio of

(CHsbCMgCl to acid chloride Products% addition % reduction
PivalyP 1/6 32.4 8
Pivalyl6 4/1 1.5 94.0
Isobutyryl 5/1 63.0 20.0
w-Butyryl 4/1 71.0 9.0

a Grignard reagent added to acid chloride at -1 0
addition product hexamethylacetone, reduction product 
neopentyl pivalate. 6 Acid chloride added to Grignard 
reagent at about 40°. Addition product was 3di-/-butyl- 
carbinol resulting from addition of 1 mole of Grignard re­
agent followed by reduction; reduction product was neo­
pentyl alcohol.

In all reactions the isobutylene formed corre­
sponded to two moles of Grignard reagent per 
mole of acid chloride reduced to primary alcohol 
plus one mole of Grignard reagent per mole of 
ketone reduced to secondary alcohol. The al­
cohols were identified by preparation of deriva­
tives and mixed melting points with known ma­
terials. Exception was made in the case of n- 
propyl-2-butylcarbinol and isopropylT-butyl- 
carbinol which were identified by comparison 
of the physical constants of the substances and 
of their derivatives with those reported for these 
compounds by Haller and Bauer,1 and by Conant,

(1) Haller and Bauer, Ann. chim. phys., [8] 29, 313 (1913).

Webb and Mendum.2 Neopentyl pivalate was 
identified by hydrolysis and the preparation of 
known derivatives of the hydrolysis products.

In all cases the Grignard reagent used was fil­
tered and free from particles of magnesium. All 
attempts to find the aldehyde corresponding to 
the primary alcohol obtained failed.

Experimental
Preparation of the /-Butylmagnesium Chloride Solu­

tion.—A calibrated three-liter flask was equipped, by 
means of a trident, with reflux condenser, separatory funnel 
and mercury-sealed stirrer. To 121.5 g. of magnesium 
turnings (5 moles) in the flask was added 5 cc. of tertiary 
butyl chloride in 30 cc. of dry ether. A few drops of ethyl 
bromide started the reaction. When vigorous reaction had 
started, 300 cc. of dry ether was added and followed by the 
remainder of 460 g. (5 moles) of tertiary butyl chloride (b. 
p. 50° at 738 mm.; n 20D 1.3859) dissolved in 1400 cc. of dry 
ether. The halide solution was added at such a rate that 
refluxing was continuous. This required about eighteen 
hours. Sitrring was continued for an hour after end of 
addition. The solution was allowed to stand overnight 
and then titrated by the method of Gilman.3 The yield of 
reagent was 75-85%. The clear solution was filtered 
through two layers of cloth under pressure of dry nitrogen. 
The filtrate contained no particles of magnesium.

Preparation of Acid Chlorides.—Pivalic acid was pre­
pared by carbonation of £-butylm agnesium chloride in 60% 
yield.4 Treatment of the acid with thionyl chloride gave 
an 80% yield of pivalyl chloride, b. p. 70.5-71 ° a t 250 mm., 
w20d 1.4118.

Isobutyric acid (b. p. 151° a t 732 mm., n 20D 1.3920) was 
prepared by alkaline permanganate oxidation of isobutyl 
alcohol. Isobutyryl chloride was obtained in 75% yield 
by the use of thionyl chloride, b. p. 90-91°, n 20D  1.4070.

w-Butyryl chloride was obtained in 80% yield by treat­
ment of the acid (Eastman Kodak Co.) with thionyl chlo­
ride: b. p. 101-101.5° (730 mm.); n 20d 1.4117.

Apparatus.—The reactions were carried out in the ap­
paratus used in the preparation of the Grignard reagent 
except that the system was closed and the exit gases led 
through the condenser to a gas-collecting carboy.

Three fractionating columns were used, all of the adia­
batic, total reflux, variable take off type packed with single­
turn glass helices: column 1, 1.5 X 66 cm., 12 theoretical 
plates; column2, 1 X 45 cm., 9 plates; column 3, 0.9 X 53 
cm., 13 plates.

Addition of ^-Butylmagnesium Chloride to Pivalyl 
Chloride.—A solution of 966.5 g. of pivalyl chloride (8.0 
moles) in 1 liter of dry ether was placed in the reaction flask 
and cooled to —10° (thermometer in the solution). To

(2) Conant, Webb and Mendum, T h i s  J o u r n a l , 51, 1246 (1929)..
(3) Gilman, Wilkinson, Fishel and Meyers, ibid., 45, 150 (1923).
(4) “Organic Syntheses,” Vol. VIII, 104 (1928).
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this was added, over a period of seventeen hours* a solution 
of 1.5 moles of /-butylmagnesium chloride in 1 liter of dry- 
ether. During the addition the temperature was kept at 
— 10° or below. After addition was complete the ice-bath 
was exchanged for a water-bath and the reaction mixture 
heated to 50° to drive off dissolved gases. The Grignard 
complex was decomposed by pouring over crushed ice, the 
layers were separated and the aqueous layer extracted well 
with ether. The combined ether layers were extracted 
with an excess of saturated sodium bicarbonate solution 
which was saved for recovery of the excess pivalic acid. 
The ether solution was concentrated and fractionated 
through Column 1. Refractionation through Column 2 
yielded the following fractions:

B. p. (740 mm.)
1 151-153
2 153-164
3 164-165
4 124(93 mm.)

W20d w t . ,  g .

1.4175-83 67.4  
1.4161-40 50.3  
1.4033-5 14.1
1.4093 15.3

Product
Hexamethylacetone 
Mixture (?) 
Neopentyl pivalate 
Pivalic anhydride

Fraction 1 was identified as hexamethylacetone by com­
parison of the physical constants with a known sample and 
then by conversion to the carbinol by sodium reduction. 
The resulting di-/-butylcarbinol was identified by means of 
the phenylurethan, m. p. 120.5-121 °, mixed with a known 
sample (118.5-120°) it melted at 120-121°. Haller and 
Bauer reported the m. p. as 118-119°.

Fraction 3 was hydrolyzed with 25% KOH, to give an 
solid alcohol, which was converted to the phenylurethan, 
m. p. 111.5-112°. Mixed with the known derivative of 
neopentyl alcohol (1 12 - 1 12.5 °) it melted at 1 1 2 °. Acidifi­
cation of the alkaline layer yielded an acid which gave an 
amide of m. p. 153-154°. Mixed with the known amide of 
pivalic acid (153-153.5°) it melted at 153-154°.

Fraction 4 was hydrolyzed in aqueous potassium hy­
droxide solution to give a solid acid which gave pivalamide. 
No non-acidic hydrolysis products were formed.

During the reaction 6.5 1. of isobutylene were collected 
in the gas carboy, 0.25 mole, a 17% yield based on the 
Grignard reagent used which is in accordance with the 8% 
yield of neopentyl trimethylacetate as reduction product.

Addition of Pivalyl Chloride to /-Butylmagne sium 
Chloride.-—To a solution of 3.9 moles of 2-butylmagnesium 
chloride in 2 liters of ether was added 1 . 1  moles of pivalyl 
chloride, undiluted, over a period of four and one-half hours. 
During this time 90 liters of gas came off consisting of 
about 4C% ether and 55% isobutylene (slightly over two 
moles of isobutylene measured at 29° and 733 mm.).

After standing overnight the Grignard complex was de­
composed by pouring slowly over 2 kg. of crushed ice, the 
layers separated and the aqueous layer steam distilled 
until there was no further odor of alcohol in the fresh dis­
tillate. The aqueous distillate was saturated with sodium 
carbonate and thoroughly extracted with ether. All ether 
solutions were then combined and dried. The ether was 
removed through Column 3 and the products fractionated 
through the same column.

B .p .
(737 mm.) 

°C. W t., g . Product

1 75-100 6.0 Impure hexamethylethane
2 106-112 88.0 M. p. 50°, neopentyl alcohol
3 163-166 1 . 8 Semisolid, di-2-butylcarbinol

The phenylurethan of 2 melted at 112.5-113.5°; mixed 
with the known derivative of neopentyl alcohol ( 1 12 -  
112.5°), it melted 112-113°. The a-naphthylurethan of 2 
melted 98.5-99°, mixed with the known (98.5-100.5°) it 
melted at 98.5-99.5°.

The phenylurethan of 3 melted 120.5-121°; mixed with 
the known derivative of di-/-butylcarbinol (119-121°) it 
melted at 120- 1 2 1 °.

The yield of neopentyl alcohol was 94% while that of di- 
/-butylcarbinol was 1.5%.

Addition of Isobutyryl Chloride to ^-Butylmagnesium 
Chloride.—The addition of 0.84 mole of isobutyryl chloride 
(89 g.) to 4.2 moles of £-butylmagnesium chloride in 2 liters 
of ether required four hours. During the reaction 1.34 
moles of gas was given off which contained 93.5% iso­
butylene, 1.49 moles, per mole of acid chloride.

The liquid products gave the following

B. p.
(738 mm.)

°C. W20 D W t., g . Product

1 79-81 1.3910 7 .5
2 90-103 2 .2 Solid, hexamethylethane
3 103-106 1.3950 12.5 Isobutyl alcohol
4 145 1.4281 82.0 /-Butylisopropylcarbinol

The phenylurethan of 3 melted at 83-83.5°, mixed with 
the known derivative of isobutyl alcohol (84-84.5°) it 
melted at 83-84°. The «-naphthy lure than of 3 melted at 
97-97.5°, mixed with the known derivative (98-98.5°) it 
melted at 97-98°.

The phenylurethan of 4 melted at 86.5-87° and the a- 
naphthylurethan at 103-104°. Conant gives the melting 
point of the phenylurethan as 89 ° and assumes Haller and 
Bauer’s reported value of 79 ° to be a misprint.

The isobutyl alcohol isolated amounted to a 20% yield 
based on original acid halide while the secondary alcohol 
accounted for 63% of the original acid chloride.

Addition of w-Butyryl Chloride to /-Butylmagn esium 
Chloride.—The addition of 0.98 mole of w-butyryl chloride 
to 4.0 moles of Grignard reagent dissolved in two liters 
of ether required five and one-half hours. During the reac­
tion 1.1 moles of gas was given off which contained 84% 
isobutylene, a yield of 94% isobutylene based on the acid 
chloride.

The liquid products were worked up as before.

B. p.
(744 mm.) 

°C. w2°d W t., g . Product

1 79-82 1.3908 7 .5
2 100-106 2 Solid, hexamethylethane
3 115-116.5 1.3993 6 .5 1-Butanol
4 152-153 1.4275 90.8 £-Butyl-w-propylcarbinol

The phenylurethan of 3 melted at 62-62.5 °, mixed with
the known derivative of 1 -butanol (62-62.5°) it melted at 
62-62.5°. The a-naphthylurethan melted at 70-71°, 
mixed with the known derivative (71-72°) it melted at 70- 
71°.

The phenylurethan of 4 melted at 70.5-71.5° and the a- 
naphthylurethan at 113-114°. Haller and Bauer report a 
boiling point of 155-157° for this carbinol and a melting 
point of 70-71 ° for the phenylurethan.

The 1-butanol isolated amounted to 9% based on the
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acid chloride used while the secondary carbinol isolated 
accounted for 71% of the acid chloride.

All melting points are uncorrected.

Summary

1. The reaction of /-butylmagnesium chloride 
with a large excess of pivalyl chloride at —10° 
gives a 32% yield of hexamethylacetone and an

8% yield of neopentyl alcohol as its pivalic ester.
2. The reaction of a large excess of /-butyl- 

magnesium chloride at about 40° with pivalyl, 
isobutyryl and ^-butyryl chlorides results, re­
spectively, in a 1.5, 63 and 71% yield of addition 
and in a 94, 20 and 9% yield of reduction of the 
acid chloride to primary alcohol.
State College, Penna. Received June 4, 1938

[Contribution from the School of Chemistry and Physics of the Pennsylvania State College]

The Action of /-Butylmagnesium Chloride on /-Butylacetyl Chloride
By Frank C. Whitmore and J. W. Heyd

The preparation of /-butylneopentylcarbinol 
in quantity for use in a dehydration study in­
volved the reaction of /-butylmagnesium chloride 
with /-butylacetyl chloride. An investigation of 
the reduction products has proved interesting 
when compared with the action of the same 
Grignard compound on trimethylacetyl chloride.1 
The addition of the acid chloride to /-butylmag- 
nesium chloride produced /-butylneopentylcar­
binol in 71% yield together with a 1% yield of 
neopentylcarbinol. Investigation of the prod­
ucts of this reaction boiling above the secondary 
carbinol indicates a 5% yield of /-butylneopentyl- 
carbinyl /-butylacetate as the product of the esteri­
fication of the secondary alcohol complex with 
unreacted acid chloride. However, addition of 
/-butylacetyl chloride to a suitable excess of 
/-butylmagnesium chloride permitted all of the 
secondary carbinol to be recovered without 
esterification, thus raising the yield to 76%.

Addition of a slight excess of a filtered solution 
of /-butylmagnesium chloride to an ethereal solu­
tion of /-butylacetyl chloride, produced /-butyl- 
neopentyl ketone in 51% yield. In this case all 
of the secondary carbinol formed as reduction 
product underwent esterification in the presence 
of excess acid chloride to yield 17% of pure /-butyl- 
neopentylcarbinyl /-butylacetate. Attempts to 
saponify this ester by refluxing with alcoholic 
potassium hydroxide for seventy-one hours or by 
heating for fifty-six hours in a sealed tube at 
90-100° were not successful. However, an au­
thentic sample of the ester obtained from the reac­
tion of /-butylneopentylcarbinol and /-butyl- 
acetyl chloride checked in physical constants

(1) Greenwood, Whitmore and Crooks, T h i s  J o u r n a l , 60, 2028 
(1938).

with the reduction product and proved equally 
stable toward saponification under similar con­
ditions.2

No reduction was obtained when /-butyl neo- 
pentyl ketone was treated with a solution of 
aluminum isopropylate in isopropyl alcohol. 
This inertness and the inability to form a semi­
carbazone or an oxime3 are related to the steric 
arrangement about the carbonyl group of this 
ketone. The inertness of the ester is dependent 
on similar steric conditions.

(CH3)3CCH2C = 0  CH2C(CH3)3
! I

O--------CHC(CH3)3

Experimental
Addition of /-Butylacetyl Chloride to /-Butylmagnesium 

Chloride.—A solution of 5.4 moles of /-butylmagnesium 
chloride in 2400 cc. of dry ether was prepared by the action 
of /-butyl chloride, b. p. 50° (732 mm.), n20D 1.3850, on 
magnesium. /-Butylacetyl chloride, b. p. 79° (150 mm.), 
n20d 1.4212, was prepared in 86% yield from /-butylacetic 
acid and thionyl chloride.4 Addition of 336 g. (2.5 moles) 
of the acid chloride in a liter of ether to the Grignard solu­
tion (5.4 moles) was completed in three days and then the 
thick reaction mixture was refluxed for four days. The 
complex was decomposed with ice, the products extracted 
with ether and the solvent removed with an efficient col­
umn.5 Fractionation of the products yielded: Fractions
1-3, 72.9 g., b. p. 34-81° (735 mm.), n20d 1.3520-1.3880;
4-5, 34.0 g., 81-167°, 1.4081-1.4220; 6-9, 282.3 g., 167- 
173°, solid; 10-11, 47.9 g., 122-208° (50-45 mm.), 1.4363- 
1.4450; solid residue, 15.4 g. Fractions 6-9 represent a 
71% yield of /-butylneopentylcarbinol. A portion of the 
solid, by a series of fractional crystallizations, gave a pure 
sample of carbinol, m. p. 49.4° (corr.).

(2) Since the completion of this paper, J. S. Whitaker of this 
Laboratory has succeeded in partially saponifying this ester and 
identifying /-butylacetic acid as the acid fragment.

(3) Bouveault and Locquin, Bull. soc. chim., [3] 35, 642 (1906).
(4) Homeyer, Whitmore and Wallingford, T h i s  J o u r n a l , 55, 

4209 (1933).
(5) Whitmore and Lux, ibid., 54, 3451 (1932).
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A similar run using 2.25 moles of acid chloride was also 
completed and the material from both reactions boiling 
above the secondary carbinol was refractionated to give 8 
fractions, 61.1 g., b. p. 90° (5 mm.), nwd 1.4392-1.4359. 
Refractionation of these gave 8 fractions, 39.7 g., b. p. 90° 
(5 mm.), n20D 1.4367-1.4339, which represented a 5% yield 
of /-butyffieopentylcarbinyl /-butylacetate. The refrac­
tive index gradually approached the correct index for the 
synthetic ester, n2Qd 1.4320. The boiling point was correct 
for the ester. The mol. wt. found from the depression of 
the f. p. of benzene is 250; calcd. 256.

The fractions of the two preparations boiling in the 
range of 79-168° (732 mm.), were combined and refrac­
tionated to give 2 fractions, wt. 6.9 g., b. p. 139-143°, n20d  
1.4150-1.4179. These were identified as neopentylcar- 
binol by means of the a-naphthylurethan, m. p. 82-83°, 
which gave no depression with a -naphthylurethan of 
known neopentylcarbinol. The yield of this reduction 
product was thus 1 %.

An addition of 0.65 mole of /-butylacetyl chloride to
1.5 moles of /-butylmagnesium chloride produced the 
secondary carbinol in 76% yield with no evidence for the 
formation of /-butylneopentylcarbinyl /-butylacetate.

Addition of /-Butylmagnesium Chloride to /-Butylacetyl 
Chloride.—To a solution of 128 g. (0.95 mole) of /-butyl­
acetyl chloride in 1300 cc. of ether was added one mole of /- 
butylmagnesium chloride in a liter of ether over a period of 
thirty-six hours. The addition complex was decomposed 
with ice, extracted with ether, and the product fraction­
ated, after removal of solvent, to give: 1, 2, 54.8 g., b. p. 
33-110° (728 mm.), n 20D 1.3520-1.3640; 3-6, 7.8 g., 110- 
158°, 1.4042-1.4125; 7-9, 18.9 g., 158-161°, 1.4135- 
1.4150; 10-12, 75.4 g., 161°, 1.4158-1.4160; 13-14, 15.9 
g., 161-164°, 1.4167-1.4175; residue, 39.2 g. Fractions 
10-12 represent a 51% yield of /-butyl neopentyl ketone, 
which did not form a semicarbazone or oxime and yielded a 
2,4-dinitrophenylhydrazone with great difficulty, m. p. 
123.5-124.5°.

The residue of this fractionation was combined with that 
of a 0.5 mole run to give 6 fractions of pure /-butylneo­

pentylcarbinyl /-butylacetate, wt. 33 g. (17% yield), b. p. 
90° (5 mm.), n20d 1.4320, d204 0.8553. Molecular refrac­
tion; calcd. 77.74, found 77.73. Anal. Calcd. for Cie- 
H320 2: C, 75.0; H, 12.5. Found: C, 75.6; H, 12.6.

Treatment of 19.8 g. of the pure ester with 12 g. of 
potassium hydroxide in 60 cc. of absolute methyl alcohol 
at reflux temperature for seventy-one hours gave no evi­
dence of saponification. Treatment of 16.7 g. of the ester 
with 20 g. of potassium hydroxide in 125 cc. of 95% ethyl 
alcohol in a sealed tube at 90-100° for fifty-six hours like­
wise gave no evidence of saponification.

Preparation of /-Butylneopentylcarbinyl /-Butylacetate. 
—The addition of 53 g. (0.39 mole) of /-butylacetyl chloride 
to 55.3 g. (0.35 mole) of /-butylneopentylcarbinol, m. p. 
50-51 °, gave a slight evolution of heat. The reaction mix­
ture was refluxed for two hours, cooled, washed with 10 % 
sodium carbonate solution, dried with anhydrous potas­
sium carbonate and fractionated to give: 1-5, 22.2 g., b. p. 
30-94° (5-7 mm.), n2Qd 1.4188-1.4260; 6- 8, 16.5 g., 93° 
(7 mm.), 1.4312-1.4316; 9-12, 36.0 g., 93° (7 mm.), 
1.4318-1.4320; 13, 5.7 g., 93° (7 mm.), 1.4311; residue, 1.6 
g. Fractions 6-13 represent 65% yield of the ester. A 
density determination on fraction 10, n20D 1.4320, indicated 
d204 0.8549. Treatment of 10 g. of the synthetic ester with 
20 g. of potassium hydroxide in 120 cc. of 95% ethyl alcohol 
gave no indication of saponification after refluxing the mix­
ture for seventy-two hours.

Summary
1. A study has been made of the normal ad­

dition and reduction products formed by the 
addition of /-butylacetyl chloride to /-butylmag­
nesium chloride and of those formed by the re­
verse addition.

2. The synthesis and physical constants of 
/-butylneopentylcarbinyl /-butylacetate have been 
described.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  4, 1938

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

Photochemical Studies. XXVIII. The Photochemical Decomposition of Ethyl 
Methyl Ketone by Wave Lengths from 1850-2000 A.

B y  Victor R . Ells and W . Albert N oyes, J r .

Ethyl methyl ketone, in common with other ke­
tones, absorbs in the near ultraviolet, the approxi­
mate limits being 2400 and 3200 A. No discrete 
structure could be found in this region,1 although 
fluorescence may be excited, at least by the 3130 
A. line of mercury. However, recent work2 on the 
fluorescence of acetone has raised the question as 
to whether the ketones or some of their decompo-

(1) D un can , Ells and Noyes, T h is  J o u r n a l , 58, 1454 (1936).
(2) Matheson and Noyes, ibid., 60, 1857 (1938).

sition products are mainly responsible for the emis­
sion of fluorescent radiation.

The photochemical decomposition of ethyl 
methyl ketone in the near ultraviolet has been in­
vestigated by Norrish and Appleyard.3 The 
products of the reaction were found to be carbon 
monoxide and approximately equal amounts of 
ethane, propane and butane, together with small 
amounts of ethylene and acetaldehyde. In the

(3) Norrish and Appleyard, J . Chem. Soc., 874 (1934).
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analogous decomposition of acetone at room tem­
perature, biacetyl has been shown to be one of the 
main products.4

The second region of absorption in ketones oc­
curs just below 2000 A. and may be investigated 
also with the aid of quartz apparatus. At these 
wave lengths acetone gave approximately equal 
amounts of hydrocarbon (ethane) and carbon 
monoxide,5 indicating thereby that little or no bi­
acetyl is formed. However, the quantum yield 
for the decomposition did not approach unity, 
apparently, as the pressure was lowered, thus 
leading to some difficulties in the theoretical in­
terpretation of the results.

The present work was undertaken with the ob­
ject of ascertaining whether ethyl methyl ketone 
behaves in a manner analogous to acetone in the 
region of 1850 to 2000 A. or whether the quantum 
yield is higher. The entire question of the adia­
batic transfer of polyatomic molecules between 
energy states rests on a very insecure theoretical 
foundation and the introduction of such an idea6 
was made only because of the apparent difficulty 
in accounting by more rational means for the fate 
of all of the absorbed energy.

As will be seen it is not necessary, for ethyl 
methyl ketone, to use unorthodox ideas for the 
explanation of the experimental facts, at least in 
the wave length region studied.

Experimental Procedure and Results
(а) The Determination of Diketones among the Re­

action Products in the Near Ultraviolet.—Since it is quite 
important to know all of the reaction products in order to 
arrive at a proper estimate of the quantum yield, it was 
decided first to ascertain whether diketones are produced 
upon irradiation of ethyl methyl ketone in the near ultra­
violet region.

Reactions were carried out in a Pyrex cell with plane 
window using as a light source a capillary mercury arc.7 
The wave lengths were greater than 3000 A. and the ab­
sorption was due almost entirely to the group of lines near 
3130 A.

The ethyl methyl ketone was synthesized by the aceto­
acetic ester synthesis. Ethyl acetoacetate was added to 
the proper amount of sodium metal dissolved in ethyl 
alcohol to form the sodium compound of the enol form. 
Methyl iodide was added and the mixture refluxed for 
.several hours until it no longer gave an alkaline reaction. 
T^he alcohol was distilled off, water added and the ethyl 
^methylaqetQacetate extracted with diethyl ether. After 
.purification by  fractional distillation, the ethyl methyl-

(4) Barak and Style, Nature, 135, 307 (1935); Spence and Wild, 
.ibid., 138, 206 (1936); J . Chem. Soc., 352 (1937).

(5) Howe and Noyes, T h i s  J o u r n a l , 58, 1404 (1936).
(б) Norrish, Crone and Saltmarsh, J . Chem. Soc., 1456 (1934).
(7) Heidt and Daniels, T h is  J o u rn al , 54, 2381, 2384 (1932).

acetoacetate was hydrolyzed with 10% sodium hydroxide 
and the ethyl methyl ketone distilled off. In addition to 
fractional distillation, the ethyl methyl ketone was purified 
by formation of the bisulfite compound which was decom­
posed by potassium carbonate to reform the ketone. 
Fused potassium carbonate was used as the final drying 
agent. The boiling point of the final material was 79.4 ±
0 .2 ° .

The ethyl methyl ketone was kept flowing through the 
reaction cell by immersing traps in water at different 
temperatures. After irradiation for a period of sixty to one 
hundred hours, liquid air was placed on one of the traps 
and the non-condensable gases collected by means of a 
Toepler pump, after which they were analyzed for carbon 
monoxide by the method of Blacet and Leighton.8

The condensed liquids were removed from the system 
and treated with hydroxylamine hydrochloride, nickel 
chloride and ammonium hydroxide solutions to quantita­
tively precipitate the diketones as nickel glyoxime salts. 
The precipitates were filtered through Gooch crucibles and 
weighed. Although a method has been developed by 
Johlin9 for separating some of the possible salts, the small 
amount of precipitate (1-3 mg.) rendered this impracticable, 
so that an average molecular weight of 316.9 was taken.

Four runs were made showing that the following per­
centages of carbon monoxide appeared as diketones among 
the reaction products: 11.7, 9.9, 11.3, 10.6; average 10.9. 
It is apparent, therefore, that diketones are formed upon 
irradiation of ethyl methyl ketone in the near ultraviolet 
and this fact must be taken into account in obtaining a 
final theory of the mechanism of the reaction.

(b) The Determination of the Quantum Yield at 
1850-2000 A.—The light source has been described5 and 
consisted of a spark between rotating aluminum disks. 
The group of lines from 1855 to 1990 A. was separated by 
focal isolation. In this region ethyl methyl ketone shows 
several bands1 and a weak continuous absorption.

The method of gas analysis used for the products was 
essentially that described by Manning30 and used in the 
work on acetone.5 After irradiation, the ethyl methyl 
ketone and products were, as far as possible, condensed 
with liquid air and the residual gases (carbon monoxide, 
ethane and methane, if present) were pumped off with a 
Toepler pump and measured with a McLeod gage. Pro­
longed pumping and several evaporations and recondensa­
tions were necessary to effect removal of the ethane. 
The analysis of this fraction was carried out exactly as 
described.10 No ethylene was found in these gases, indi­
cating that the Type II decomposition of ethyl methyl 
ketone described by Norrish and Appleyard3 does not seem 
to be very important in this wave length region.

A second fraction of reaction products was next removed 
by replacing the liquid air by a solid-liquid pentane mix­
ture at about —155°. This fraction would contain pro­
pane and butane as well as any acetaldehyde and carbon 
dioxide which might have been formed. This fraction was 
burned with oxygen using the hot platinum wire as previ­
ously described.10

(8) Blacet and Leightan, Ind . Eng. Chem., Anal. Ed., 3, 266 (1931); 
Blacet, Leighton and McDonald, ibid., 5, 272 (1933)..

(9) Johlin, T h i s  J o u r n a l , 37, 892 (1915).
,(10) Manning, ibid., 56, 2589 (1934).
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In all cases an excess of carbon monoxide was found, 
indicating superficially, as with acetone,5 that diketones 
were not formed. However, it has been emphasized by 
Norrish and his co-workers6 that the hydrocarbons are 
quite soluble in the condensed ketones and that some 
difficulty is encountered in effecting their removal.

To further test the possibility of diketone formation, the 
spectrum of biacetyl was photographed in the far ultra­
violet.11 An intense band at 57,295 cm .-1, which is well 
removed from any bands of ethyl methyl ketone,1 could be 
used for the identification of biacetyl. Other bands also 
furnished confirmatory evidence for the formation of this 
compound. A series of photographs was made with known 
pressures of biacetyl and a comparison of the spectra of the 
reaction products, from which carbon monoxide and ethane 
had been removed, with these standards permitted a very 
rough estimate to be made of the amount of biacetyl 
produced. No estimate of the amounts of the other pos­
sible diketones could be made, so that the three were as­
sumed to be present in equal amounts. Moreover, some 
diketones would be formed during the photographing of 
the spectrum so that no great accuracy is claimed for the 
amount of diketones formed. One band at 58,086 cm .-1 
which appeared on some of the spectra may have been due 
to one of the other diketones.

The hydrogen bromide actinometer was used, as previ­
ously,5 for the determination of the number of quanta ab­
sorbed. Runs made with the purpose of obtaining proof 
for the existence of biacetyl were made in an all quartz 
cell and the results agreed with those obtained in the cell 
with windows attached by wax.

Table I shows the analysis of the gases formed during 
reaction.

T a b l e  I
C o m p o s it io n  o f  R e a c t io n  P r o d u c t s

Carbon
Ketone

pres­
sure,
mm.

monoxide 
(mm. in 

anal, 
app.)'

Hydro­
carbons,

mm.

„ % Carbon
mon­
oxide

Ethane,
mm.

Propane,
mm.

Butane,
mm.

70 0.0222 0.0197 53.0 0,0062 0.0066 0.0069
62 .0140 .0089 61.1 .0026 .0034 .0029
58 .0129 .0099 56.6 .0036 .0035 .0028
25 .0182 .0157 54.0 .0056 .0054 .0047
14 .0224 .0227 49.7 .0079 .0071 .0077
4 .0114 .0099 53.5 . 0032 .0035 .0032

11 .0176 .0135 56.6 .0049 .0045 .0041

From the data in Table I it is seen that the 
average ratio ethane .-propane:butane is 1:1.03:
0.95, so that the relative amounts of these hydro­
carbons agree very closely with those reported by 
Norrish and Appleyard3 in the near ultraviolet.

Table II presents data on the number of mole­
cules of carbon monoxide produced per quantum 
absorbed by ethyl methyl ketone.

In order to estimate how much biacetyl was 
formed, the spectrum of this substance was 
photographed in a 15-cm. tube at pressures which 
were estimated on a McLeod gage. As little as

(11) Ells, T h i s  J o u r n a l , 60, 1864 (1938).

0.0001 to 0.0002 mm. was sufficient to cause the 
57295 cm.-1 band to be recognizable.

After irradiation of ethyl methyl ketone, the 
liquids were condensed with liquid air and the 
carbon monoxide and ethane were pumped off. 
The trap, which was fitted with a small bulb which 
could be broken by a magnetic hammer, was 
sealed off and attached to the cell in front of the 
spectrograph. The trap was immersed in dry 
ice-ether mixtures during the photographing of 
the spectrum. The vapor pressure of biacetyl 
is about 0.01 mm. at —70° send about 0.004 mm. 
at -77°.

The volume of the cell used for photographing 
the spectrum was about 0.13 of the volume in 
which the gases were measured in the quantum 
yield determinations. If the three diketones are 
formed in equal amounts, multiplying the num­
ber of molecules of biacetyl by six will give the 
number of molecules of ethyl methyl ketone which 
have disappeared during irradiation due to dike­
tone formation. Multiplication of the approxi­
mate pressure of biacetyl in the absorption cell 
by 0.77 gives the pressure of ethyl methyl ketone 
which would have disappeared in the larger volume.

Table III gives rough estimates of the extent 
of the diketone reaction in four runs.

The order of magnitude of the fraction of the 
reaction which leads to diketone formation seems 
to be the same as in the near ultraviolet, but the 
data are too inaccurate to permit a definite state­
ment on this point to have much meaning.

It should be mentioned in passing that similar 
experiments were performed on acetone after the 
conclusion of this work to ascertain whether bi­
acetyl was formed in sufficient quantity to make 
a correction necessary on the previous work.5 No 
biacetyl could be detected in this case, but this 
matter is worthy of a more thorough investigation.

Since biacetyl is formed to a considerably less 
extent from acetone in the near ultraviolet as the 
temperature is increased it was decided to make 
quantum yield determinations at higher tempera­
tures. Moreover, Winkler12 studied the photo­
chemical decomposition of acetone from 60 to 
400°, at wave lengths 2200 to 3200 A. and found 
methane and ketene among the products, the 
ketene being detected by effects observed by 
Ross and Kistiakowsky.13 The quantum yield 
which was 0.3 at 60° increased to 1 at 160°.

(12) Winkler, Trans. Faraday Soc., 31, 761 (1935).
(13) Ross and Kistiakowsky, T h i s  J o u r n a l , 56, 1112 (1934).
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Run

Ketone
press.,
mm.

Molecules 
CO 

X 10

Intensity
(arbitrary

units)

Incident 
quanta 
X 10-17

F raction 
absorbed

Absorption
coeff.a

k
Quantum

yield

27 90 0.605 18.2 0.94 0.92 0.028 0.70
24 52 .753 20.0 1.20 .77 .029 .81
20 30 1.113 15.9 1.86 .79 .053 .76
23 25 1.113 19.2 1.72 .83 .072 .77
21 24 0.589 18.4 1.06 .79 .065 .71
29 24 1.064 19.1 1.83 .77 .061 .76
18 22 1.178 23.2 2.66 .57 .039 .77
22 16.5 1.113 18.0 1.91 .77 .088 .76
14 14 4.388 20.4 6.66 .85 .135 .77
17 11 3.448 18.8 6.32 .72 .11 .76
19 8 1.636 18.3 2.97 .69 .15 .79
25 6 0.982 20.7 1.57 .82 .29 .76
31 5 1.505 19.6 2.50 .78 .30 .77
15 4 2.233 17.1 5.40 .58 .22 .71
26 1.75 0.605 20.2 1.30 .63 .63 .74
33 1.00 .654 17.9 1.71 .47 .63 .82
28 0.75 .392 17.6 1.60 .30 .47 .83
30 .73 .982 18.6 3.63 .31 .51 .87
32 .34 .245 18.8 2.55 . 115 .60 .84
34 .09 .196 17.2 4.25 .052 .59 .88
35& .017 .098 17.6 ( .010) ( .60) (1 .2 )
46& .018 .196 17.8 ( .010) ( .60) (1 .1)
36° 18 1.685 22.2 3.14 .71 0.75
* The absorption coefficient is calculated from the equation—kp (mm.) =  lne {fraction transmitted). It is quite evident 

that Beer’s law is not obeyed for the radiation used, thus indicating that more than one wave length is being absorbed. 
b The quantum yield in these runs is calculated using the same k (0.60) as found in Run 34. Since the fraction absorbed 
is thus probably too low, the quantum yields are probably too high. c This run was made in the all quartz cell referred 
to above.

T a b l e  III
E x t e n t  o f  t h e  D ik e t o n e ,R e a c t io n

Run

Ketone
pressure,

mm.

Estimated 
pressure 
biacetyl 

(abs. cell)

Press.,
CO,
mm.

Equiv. 
press, of 

ethyl 
methyl 

ketone (in 
anal, app.)

Approx, 
quantum  
yield of 

di ketone 
reaction

46 0.018 0 .0 0 0 1 0 .0 0 1 2 0 .0 0 0 1 0.06
45 13 .0 0 2 0 .0250 .0016 .05
44 14 .0085 .0890 .0070 .06
47 43 .0 0 1 2 .0080 .0009 .08

In the present work on ethyl methyl ketone 
runs were made from 100 to 200°. No ther­
mal decomposition was found, but methane was 
formed photochemically. No method of testing 
for ketenes was practicable. Table IV presents 
the data.

T a b l e  I V

Qu a n t u m  Y ie l d  a t  E l e v a t e d  T e m p e r a t u r e

Ketone
press., Temp.,

Quantum 
yield 
of CO Fraction Ratio

Quantum 
yield 

Of CH4
Run mm. °C. formation absorbed CO/CH 4 formation
47 43 105-110 0.79 0 .60 4 .2 0 .19
41 4 .75 160-165 .79 .36 4 .0 .20
42 45 160-165 .85 .74 2 .2 .38
48 43 195-200 .71 .59 1.5 .47

The amount of methane seems to increase both 
with increasing temperature and with increasing

pressure. In run 47 a spectroscopic test was made 
for biacetyl and only a trace was found. This 
might have been produced during the photo­
graphing of the spectrum.

Discussion
It is quite evident from the data in Tables II 

and III together that as the pressure is lowered 
the over-all quantum yield for the disappearance 
of ethyl methyl ketone in the wave length region 
1850-2000 A. approaches unity. The highest 
value observed experimentally is about 0.95 and 
this is well within the experimental error of 1.00.

At higher pressures the yield decreases, so that 
the average of runs conducted at pressures over 
20 mm. is 0.83 (allowing 0.08 for the biacetyl reac­
tion) .

Since Beer's law is not obeyed, it is necessary 
to allow for at least two and probably more differ­
ent types of absorption. Thus we may write 
down the following primary processes

Ii K + hv = Ki (1)
I2 K + hv = CH3CO + C2H5 (2)
Is K + hv = C2H5CO + CH3 (3)
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where K represents a molecule of ethyl methyl 
ketone and Ki an excited molecule. The active 
molecules may fluoresce, may dissociate or may 
be deactivated by collision. No fluorescence 
could be detected in the visible, in contradistinc­
tion to the behavior in the near ultraviolet.1 With 
acetone, also,5 no fluorescence excited by these 
wave lengths could be detected. Therefore we 
may write the following reactions for K i:

h Ki +  K =  K +  K (4)
k 2 Ki =  CH3CO +  C2Hs (5)
k z Ki =  C2H5CO +  CH3 (6)

If, now, none of the free radicals recombine to give 
ethyl methyl ketone, we arrive at the following ex­
pression for the quantum yield of ketone decompo­
sition

Ii +  h  +  Is

Since the relative values of A, I 2 and J3 change 
with pressure, the quantitative application of 
equation (7) would have little meaning. It is 
evident, however, that it may be made to fit the 
data on quantum yields. According to this 
equation the yield should become one at zero pres­
sure and this seems to be true. At higher pres­
sures the variation of quantum yield will depend 
upon the relative magnitudes of the absorption 
coefficients for the three primary processes as well 
as on the magnitudes of ki, k2 and &3. Little more 
can be said concerning the variation of over-all 
quantum yield from the data at room tempera­
ture.

There may be a slight tendency for the amount 
of biacetyl to increase with the pressure, the tend­
ency of this substance to dissolve in the ethyl 
methyl ketone being a factor which might prevent 
the increase from becoming more noticeable. 
This could be explained easily on the basis of the 
higher optical absorption and consequently greater 
chance of reaction between free radicals.

If (1), (2) and (3) are the only primary proc­
esses (the simultaneous splitting off of both alkyl 
groups would not be impossible), the following 
equations must be considered

CH3CO = c h 3 +  CO (8 )
C2H5CO = C2H5 +  CO (9)
CH3CO +  CH3 CO = (CH3 CO) 2 (1 0 )
CH3CO +  C2H6CO = CH3COCOC2H5 (1 1 )
C2H5CO +  C2H5CO = (C2H6CO) 2 (1 2 )
c h 3 4” CHs = C2He (13)
c h 3 +  C2H5 = CH3CH2 CH3 (14)
C2H5 +  C2H5 = C4H10 (15)

(7)

As the temperature is increased, methane could 
be formed by
CHs +  CH3COC2H5 = CH4 +  C4H7O (free radical) (16)

Rice and Herzfeld14 ascribe a heat of activation 
of 15,000 cal. to the analog of (16) in acetone. 
The free radical could split off an ethyl or a methyl 
group to give ketene or methyl ketene. For this 
reaction Rice and Herzfeld give an activation 
energy of 48,000 cal., so that it would become 
important only at high temperatures.

The fact that equal quantities of the hydrocar­
bons ethane, propane and butane have been found 
in this work as well as by Norrish and Appleyard3 
is quite interesting. Presumably these reactions 
occur through the formation of quasi-molecules 
which must be stabilized by collision with a third 
body. That a statistical equilibrium is not es­
tablished is evident since there is not twice as 
much propane as of either of the others. The 
number of binary collisions for (13), (14) and (15) 
will be in the ratio 1.00:0.87:0.83. With equal 
concentrations of the free radicals, the same steric 
factors, molecular diameters and activation en­
ergies, the rates of formation and hence the 
quantities produced should be in this same ratio. 
Assuming the same activation energies, the steric 
factors (or molecular diameters) must increase 
in the reverse order. This might imply that the 
more complex the quasi-molecule the greater the 
chance of a suitable three-body collision, a not un­
expected result.

Reactions (8) and (9) involve small heats of re­
action and for (8) Rice and Herzfeld give a heat 
of activation of 10,000 cal. This accounts for the 
fact that little diketone is formed at the higher 
temperature.

Summary
1. Photochemical decomposition of ethyl 

methyl ketone in the near ultraviolet (largely 
with the 3130 A. line of mercury) leads to the 
production of diketones, approximately 11% of 
the reaction going in this way at room tempera­
ture.

2. The quantum yield of carbon monoxide 
formation from ethyl methyl ketone at room tem­
perature with wave lengths from 1850 to 2000 A. 
increases from about 0.70 to about 0.88 as the 
pressure decreases from 90 mm. to 0.1 mm.

3. Diketones are formed in this region of the 
spectrum. The formation of biacetyl has been 
shown spectroscopically.

(14) Rice and Herzfeld, T h is  J o urn al , 56, 284 (1934).
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4. The total quantum yield of ethyl methyl ke­
tone decomposition with wave lengths below 2000 
A. is nearly one at low pressures when allowance 
is made for diketone formation.

5. At higher temperatures some methane is 
formed, but at room temperature the principal

hydrocarbons are ethane, propane and butane in 
approximately equal amounts.

6. Possible secondary reactions have been dis­
cussed.
U n i v e r s it y  o f  R o c h e s t e r
R o c h e s t e r , N e w  Y o r k  R e c e iv e d  J u n e  20, 1938

[C o n t r ib u t io n  f r o m  t h e  S ch o o l  o f  C h e m is t r y  o f  t h e  I n s t it u t e  o f  T e c h n o l o g y  o f  t h e  U n i v e r s it y  o f  M in n e s o t a ]

Studies on Aging and Properties of Precipitates.
XXIII. The Postprecipitation of Ferrous Sulfide with Cupric Sulfide

B y  I . M . K o lthoff a n d  F r a n k  S . G r if f it h 1

Böttger and Druschke2 found that iron is 
found in a precipitate of copper sulfide when the 
latter is formed under such conditions that no 
precipitation of iron sulfide alone occurs. Even 
when the copper sulfide was precipitated from 
solutions which were 2 N  in nitric, hydrochlo­
ric or sulfuric acid, iron was found in the pre­
cipitate. In the present paper it is shown that 
iron sulfide is not cp-precipitated but post-pre­
cipitated with cupric sulfide.

Experimental
The materials used were c. p. products. The stock fer­

rous sulfate solution was kept in 0.1 A  sulfuric acid, the 
latter inhibiting the air oxidation. A fresh solution was 
prepared frequently. Concerning the method of treat­
ment of the solutions with hydrogen sulfide reference is 
made to previous papers.3

After shaking in an atmosphere of hydrogen sulfide for a 
given period of time the solutions were filtered and the 
precipitate washed with 0.1 A hydrochloric acid which had 
been saturated with hydrogen sulfide. The filtrate and 
washings were evaporated to a volume of 25-50 ml., thus 
removing the hydrogen sulfide, 5 ml. of 5 A  hydrochloric 
acid was added and any ferric iron formed reduced with a 
slight excess of stannous chloride. After the further 
classical treatment the ferrous iron was titrated with 0.05 
A  potassium dichromate using sodium diphenylamine sul­
fonate as indicator. In those cases in which the amount of 
iron removed from solution was very small the iron was 
determined in the washed precipitate. The latter was 
dissolved, the iron oxidized and precipitated with ammonia. 
The precipitate was dissolved, the iron reduced to the 
ferrous state and titrated with 0.005 A potassium dichro­
mate.

(1) From a thesis submitted by Frank S. Griffith to the Graduate 
School of the University of Minnesota in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, June, 1937.

(2) W. Böttger and K. Druschke, A nn ., 453, 315 (1927).
(3) I. M. Kolthoff and D. R. Moltzau, J . Phys. Chem., 40, 779 

(1936); Kolthoff and Griffith, ibid , 42, 531 (193»); see also thesis 
of junior author.1

Experimental Results

In order to get an impression of the order of magnitude 
of the precipitation of iron, various preliminary experi­
ments were carried out. One hundred ml. of solution con­
taining 5 mmol, of cupric sulfate and 1.25 mmol, of ferrous 
sulfate and being 1.55 A  in sulfuric acid (after precipitation 
of copper 1.65 A) was treated with hydrogen sulfide for 
fifteen minutes, filtered, and the iron determined in the 
precipitate. Only 0.05 mg. of iron or 0.07% of the original 
amount was found in the precipitate. The experiment was 
repeated with the solution heated to 95° before saturating 
with hydrogen sulfide; 0.19 mg. of iron (0.27%) was found 
in the precipitate. A similar set of experiments was run 
with the solution being 0.53 A in sulfuric acid (after pre­
cipitation of copper sulfide 0.63 A): precipitation at
room temperature, 0.42 mg. of iron in precipitate (0.60%); 
precipitation started at 95°, 0.75 mg. of iron in precipitate 
(1.07%). The amounts of iron found in the precipitates 
(room temperature) are about one-fifth of those expected 
from the results of Böttger and Druschke. However, 
these authors do not state the time of precipitation; it is 
shown later that the amount of iron entering the precipi­
tate increases with the length of time of contact with the 
copper sulfide.

Evidence of Postprecipitation: Effect of Time before 
Filtration, Concentration of Acid and of Temperature.—
In the following experiments a mixture was used containing 
5 mmol, of copper sulfate and 1.25 mmol, of ferrous sulfate 
in 100 ml. In some of the experiments the iron was present 
during the precipitation of the copper sulfide, in others it 
was added one or two minutes after precipitation of the 
copper. Hydrogen sulfide was bubbled through continu­
ously during the course of the experiments; in the one- 
month experiments the gas outlet, after a few hours, had a 
fine capillary. The flasks were shaken continuously except 
in the one-month experiments. After the period of shak­
ing given in Table I the filtrates were analyzed for iron.

From the fact that the extent of precipitation of the iron 
is about the same, regardless of whether the copper sulfide 
is precipitated in the presence of iron or the iron is added 
after precipitation of copper, it follows conclusively that 
we are dealing with a phenomenon of postprecipitation. 
The amount of postprecipitation decreases rapidly with
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T a b l e  I

P o s t p r e c ip it a t io n  o f  I r o n  S u l f id e . E f f e c t  o f  T im e , A c id  a n d  T e m p e r a t u r e
Temp, after Concn. of H2SO4 Iron added

addition of iron, after pptn. of Cu, before or after Iron in precipitate in %  after-------
°C. N pptn. of Cu 15 min. 4 hours 4 days 1 month

25 0.25 Before 0.4 0 .8 1 .0
25 .25 After .4 .8
25 . 125 Before .8 3 .3 5 .0 -5 .8 5.5
25 .125 After 1 .0 4 .0
75® .252 Before 2.1 3 .6 4 .5 -5 .0
75® .252 After 2 .0 4 .0
75® .125 Before 6.4 7.3 9 .5 -10 .0
75® . 125 After 5.0 7 .0
98® .125 Before 10.2 12.5 14.5
956 .25 Before 9 .5 -9 .8
95& .125 Before 16-18

® Temperature is given at beginning of experiment after precipitation of copper sulfide. No further heat was applied. 
b The suspension was reheated to 95° four times during the course of an experiment.

increasing sulfuric acid concentration. The rate of post­
precipitation and probably also the amount of postprecipi­
tation increases with the temperature. It is doubtful 
whether distribution equilibrium of iron between solution 
and solid has been attained in any of the experiments. 
The copper sulfide ages with time and, as will be shown 
later, its effect upon the postprecipitation of iron decreases 
with increasing age.

Precipitation at Higher Temperatures.—When higher 
temperatures were maintained the rate of postprecipitation 
was found to be much greater. Experiments were carried 
out with solutions of the same composition as those in 
Table I, the acid concentration being 0.125 N. The 
following are a few typical figures: temperature 50°;
precipitated after one hour 7.0%, after four hours 8.0%, 
after thirty hours 9.6% of iron. Temperature 90°, pre­
cipitated after forty-five minutes 13 to 14% of iron, after 
twelve hours 15 to 16%. Apparently, most of the post­
precipitation occurs during the first fifteen to thirty min­
utes.

Effect of Varying the Iron and Acid Concentrations.—
In the following experiments 100 ml. of solution was taken 
containing 5 mmol, of copper sulfate and varying amounts 
of ferrous sulfate and sulfuric acid. The solutions were 
heated to the boiling point, put on the shaker in the air- 
bath at 95° and hydrogen sulfide was passed through for 
one hour. At the time these experiments were performed 
it was believed that the iron sulfide was present in the solid 
phase in the form of a solid solution. The experiments 
were made with the intention of determining the distribu­
tion coefficient of the iron sulfide between the liquid and 
solid phases. From the results given in Table II it is seen 
that the amount of iron postprecipitated increases with in­
creasing iron concentration of the solution and decreases 
markedly with increasing acid concentrations, but the value 
of the distribution coefficient of the iron sulfide calculated 
from the results was not found to be constant. From the 
analytical view-point it is of interest to mention that no 
postprecipitation of iron is found at room temperature 
from solutions being at least 0.5 N  in hydrochloric or 1 N  
in sulfuric acid, when filtration is made soon after the pre­
cipitation of copper.

Postprecipitation of Iron Sulfide with Aged Copper 
Sulfide.—At room temperature it was found to make little

T a b l e  II
E f f e c t  o f  C o n c e n t r a t io n  o f  I r o n  a n d  o f  A cid

Concn. of 
H2SO4 after 

pptn. of CuS,

Concentration 
of FeSCb # 

Original Final Fe in ppt., Fe in ppt.,
N M % mmol.

0.125 0.0013 0.00079- 39 to 36 0.051-0.046

.125 .013
.00083
.0113 12.5 to 13 .16 -  .17

.250 .0013 .00115 11 .014

.250 .013 .0121- 6 .5  to 5.2 .085- .067

.250® .0130
.0123

8 .6 .11
.250 .1295 .1275 1.4  to 1.5 .19 -  .18

® Ten millimoles of copper sulfide instead of five.

difference whether the iron was present during the precipi­
tation of copper sulfide or added a few minutes afterward. 
At higher temperatures, however, the amount of iron found 
postprecipitated was always less (3 to 4%) when the iron 
was added after precipitation of the copper sulfide, indi­
cating a rapid aging of copper sulfide at elevated tempera­
tures. In order to study the effect of aging more 
systematically experiments were carried out in the follow­
ing way. The acidified copper solution was introduced in 
an Erlenmeyer flask closed by a rubber stopper with two 
holes. Through one hole passed the inlet tube of the 
hydrogen sulfide; through the other a tube sealed to an 
ampoule containing 10 ml. of acid iron solution. The 
bottom of the ampoule had been blown thin in order to 
facilitate breaking. It was provided with a small hole in 
the neck which served as an exit for the gas. The copper 
solution was heated to the boiling point, and kept there for 
at least five minutes to bring the iron solution in the ampoule 
to the same temperature. After this time the flask was 
placed in a box maintained at 90°, and hydrogen sulfide 
passed through the copper solution. The mixture was 
shaken for the time specified in Table III as the ‘'age of 
CuS” after which time the iron solution was added by 
punching a hole in the bottom of the ampoule with a glass 
rod. After shaking for fifteen minutes more the mixture 
was filtered and the filtrate analyzed for iron. The mix­
ture contained 5 mmol, of copper sulfide, and 1.25 mmol, of 
ferrous sulfate in 100 ml.; the sulfuric acid concentration 
after adding the iron solution was 0.125 N ,
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Table III
Effect of Aging of Copper Sulfide a t  95°

Age of 0 2 7 20 4 17 36
CuS min. min. min. hours hours hours

Fe in
ppt., % 12.5 9 6 .0 5 .5 2 .0 0-1 0

The copper sulfide ages rapidly at 95° and becomes much 
less effective in its promotion of the precipitation of iron 
sulfide. Kolthoff and Pearson4 showed that aged copper 
sulfide is more effective than the fresh product in causing 
the postprecipitation of zinc sulfide. The mechanism of 
the zinc postprecipitation is quite different from that of 
iron sulfide. The zinc sulfide separates from supersatu­
rated solution as a separate phase; the iron, on the other 
hand, is removed from a solution undersaturated with 
respect to ferrous sulfide.

The rapid aging of cupric sulfide at 95° explains why it is 
not possible to attain distribution equilibrium of the iron 
in the long period experiments. Thus, working at 95° it 
was not possible to obtain more than 16 to 18% of the iron 
in the precipitate under conditions specified in Table I 
(final acidity 0.125 N). When, on the other hand, the 
copper solution was added slowly to the acid ferrous sulfate 
solution which was kept at 95° and saturated with hydro­
gen sulfide it was possible to obtain a precipitate containing 
23 to 25% of the iron (final conditions as above).

All results reported so far indicate that the iron sulfide 
in the solid phase is present either as a solid solution or in 
the form of a chemical compound. X-ray investigations, 
kindly carried out by Mr. M. L. Fuller5 of the New Jersey 
Zinc Co., Palmer ton, Penna., by the power method with a 
mixed precipitate revealed the lines of copper sulfide and of 
chalcopyrite, CuFeS2. Apparently, then, the speed of 
formation of copper sulfide is greater than that of chalco­
pyrite. The former, however, is not stable in the presence of 
ferrous iron and hydrogen sulfide in the solution, and at not 
too high acidities, it is slowly transformed into chalcopyrite.

Solubility of Ferrous Sulfide.—It has been stated be­
fore in this paper that the iron sulfide is postprecipitated 
with copper sulfide from solutions in which the solubility 
product of iron sulfide is not exceeded. Since the solu­
bility of most slightly soluble sulfides depends much upon 
the degree of perfection and crystal modification it was 
decided to determine the solubility of iron sulfide aged 
under various conditions. Bruner and Zawadski6 deter­
mined the solubility of ferrous sulfide by passing hydrogen 
sulfide through solutions of ferrous sulfate until equi­
librium was reached and by dissolving ferrous sulfide in 
dilute acid. As an average they obtained in solutions 
saturated with hydrogen and ferrous sulfides a value of 
[Fe++]/[H +]2 of 3.4 X 1Ö4. Moser and Behr7 dissolved in 
0.01 N  sulfuric acid a product which had been precipitated 
at room temperature and aged for eighteen hours. Using 
the value of Noyes and Sherrill8 for the second dissociation

(4) I. M. Kolthoff and E. A. Pearson, 7 . Phys. Chem., 36, 549 
(1932).

(5) The authors take this occasion to thank Mr. Fuller for his 
valuable cooperation.

(6) L. Bruner and J. Zawadski, Z. anorg. allgem. Chem., 65, 143 
(1909).

(7) L. Moser and M. Behr, ibid., 134, 49 (1924).
(8) M. vS. Sherrill and A, A. Noyes, T h i s  J o u r n a l , 48, 1861 (1926).

constant of sulfuric acid a value of [Fe++]/[H +]2 of 5.5 X 
104 is calculated from their data.9

The determination of the solubility of both fresh and 
well-aged iron sulfide was attempted. The following 
products were used:

Product 1: Fresh.—A solution of 30 g. of ferrous sul­
fate and 100 g. of ammonium acetate in 100 ml. of water 
was kept saturated with hydrogen sulfide at room tempera­
ture for one hour. A portion of the precipitate was washed 
four times with 0.012 N  hydrochloric acid using the centri­
fuge for separating liquid and solid.

Product 2.—A solution of 28 g. of ferrous sulfate and 
15 g. of sodium acetate in 100 ml. of water was kept satu­
rated with hydrogen sulfide for eighteen hours at room 
temperature and the precipitate collected.

Product 3.—A molar solution of ferrous sulfate was 
saturated with hydrogen sulfide at 0°, the bottle containing 
the suspension was closed by a rubber stopper held by a 
wire and placed on the sand-bath at 80° for ten days (final 
pH  was 2.30). The product was composed of black crys­
tals sufficiently large to be seen by the naked eye.

An excess of the iron sulfide was shaken with acid, which 
previously had been saturated with hydrogen sulfide, for 
eight hours or longer. The sulfide was then allowed to 
settle or was centrifuged and the clear solution siphoned 
out of the flask by means of hydrogen sulfide under pres­
sure from the Kipp generator. The hydrogen ion activity 
of the solution was determined colorimetrically or by 
means of the glass electrode and the iron content after 
filtration was determined by the dichromate method. The 
results are given in Table IV.

Table IV
Solubility of Iron Sulfide of Yarious Age in Acid at 

25° (Direct Method)

Product
used Age HCl, N p n

Ml. 0.05 N  
K aC nO  for 
titrn. 50 ml. 

of soln.
[Fe-n  

[H +1 /
l 2

1 Fresh 0.012 3 .50 5 .7 5 -5 .4 6 8 .3  X 10*

1 Fresh .012
3 .6 0 “
3 .6 0 & 6.05 9 .7  X 104

2 18 hrs., r. t. .012 3 .45a 6 .33 5 .0  X 104
3 10 days 80° .025 3 .1 9 6 13.46 3 .2  X 104
3 10 days 80° .025 3 .2 3 & 12.20 3 .5  X 104
3 10 days 80° .025 3 .1 8 6 12.85 2 .9  X lO4
3 10 days 80° .025 3 .1 3 & 11.95 2 .2  X 104
3 10 days 80° .025 3 .2 0 6 11.80 2 .0  X 104

a Measured colorimetrically with tetrabrom phenol blue. 
h Measured with the glass electrode.

It should be mentioned that an error of 0.05 in pH. 
causes an error of 20% in the value of the quotient [Fe++]/ 
fH+]2. The value obtained with product 2 (5.0 X 104) 
which was prepared according to the directions of Moser 
and Behr7 is in good agreement with that calculated from 
these authors’ figures (5.5 X 104). From the results in 
Table IV it is seen that the solubility of iron sulfide depends 
little upon the age of the product, the value of [Fe++]/ 
[H+]2 being about 9 X 104 for a fresh product and about 
3 X 104 for drastically aged products.

(9) Kolthoff, J . Phys. Chem., 35, 2711 (1931), in calculating this 
ratio from Moser and Behr’s data made a mistake in that he failed to 
take into account the decrease of the concentration of the strong acid 
by the dissolved iron sulfide.
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It was also attempted to reach solution equilibrium from 
the other side. One hundred milliliters of 0.125 M  ferrous 
sulfate was placed in a flask which was shaken continuously 
while a slow stream of hydrogen sulfide was passed through. 
If the time of precipitation was longer than seven days, the 
flask was stoppered after that time and allowed to stand 
without further shaking.

Table V
Solubility of Iron Sulfide after Precipitation

Ml. of 0.05 N
Time of 

pptn.
Temp.,

°C. m
K^CraCb for titrn. 
of 10 ml. of soln. [Fe + +] / [ H +p

20 hours 25 3.01 23.68 1.2 X 105
70 hours 25 2.94 23.64 9 .0  X 104
7 days 25 2 .64 23.33 2 .2  X 104
1 month 25 2.00 20.90 1.0 X 103
20 hours 90 2.60 23.28 1.9 X 104
70 hours 90 2.31 27.65 5 X 103

The solubility of iron sulfide at 90° in solutions saturated 
with hydrogen sulfide seems to be slightly less than that at 
room temperature. The figures indicate that the post­
precipitation of iron sulfide with copper sulfide even at 
higher temperature (Tables I, II and III) cannot be a 
separation of the former in the pure form.

In order to substantiate this conclusion in an unequivo­
cal way the following experiment was carried out. One 
hundred ml. of 0.0125 M  ferrous sulfate in 0.125 N  sulfuric 
acid was saturated with hydrogen sulfide and heated to the 
boiling point, whereupon some of the well-aged, crystalline 
product No. 3 of iron sulfide was added. The mixture was 
shaken for one hour at 90° while hydrogen sulfide was 
passed through the flask. The filtrate and washings re­
quired 41.9 ml. of 0.05 M  potassium dichromate, whereas 
the original iron solution required only 26.00 ml. Thus, 
some of the iron sulfide had gone into solution. If cupric 
sulfide instead of the well-aged iron sulfide had been added 
(Tables I, II) some of the iron would have been removed 
from solution. This conclusion is in agreement with the 
results of the X-ray analysis, which showed that the iron is 
present in the precipitate in the form of chalcopyrite.

That the postprecipitated iron sulfide is incorporated in 
the copper sulfide precipitate was also shown by experi­
ments in which mixed precipitates were extracted with 0.2

N  hydrochloric acid. Hardly any of the postprecipitated 
iron was extracted. Even upon washing at room tempera­
ture with 1 and 3 N  hydrochloric acid (saturated with 
hydrogen sulfide) it was impossible to extract all of the 
iron. A hot extraction with 3 N  acid removed all of the 
iron.

Finally, experiments were made in which zinc and mer­
curic sulfides instead of cupric sulfides were used as pro­
moting agents of the precipitation of iron in acid solution. 
In agreement with Böttger and Druschke2 it was found 
that these sulfides did not cause the precipitation of any 
iron at room temperature and at 80° at an acidity of 0.125 
N  sulfuric acid, even after seventeen hours of shaking.

Summary
1. Iron sulfide is postprecipitated with cupric 

sulfide from acid solutions which are under­
saturated with regard to pure ferrous sulfide. 
The postprecipitated iron sulfide is difficultly 
extracted with 3 N  hydrochloric acid. The pres­
ence of CuFeS2 in the mixed precipitate was shown 
by X-ray analysis.

2. The rate of postprecipitation is small at 
room temperature but large at 70-95°. Due to 
aging of the cupric sulfide it is difficult to attain 
the true state of equilibrium.

3. The amount of postprecipitated iron in­
creases with increasing ferrous iron concentra­
tion and decreasing hydrogen ion concentration 
and increasing amounts of cupric sulfide.

4. The promoting effect of cupric sulfide upon 
the precipitation of iron sulfide decreases rapidly 
upon aging at 90°.

5. The solubility of fresh iron sulfide ex­
pressed by the ratio of [Fe++]/tH +]2 in solution 
saturated with hydrogen sulfide was found to be 
9 X 104 at room temperature, that of mildly or 
drastically aged products 5 to 3 X 104. 
M in n e a p o l is , M i n n . R e c e iv e d  M a y  4, 1938
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The Ternary Systems Sodium lodate-Sodium Chlorate-Water and Potassium lodate-
Potassium Chlorate-Water at 25 and 50°

B y  J o h n  E . R icci

Introduction.—The results of studies of ter­
nary systems involving either sodium iodate or 
sodium chlorate indicated that it would be inter­
esting to investigate the system sodium iodate- 
sodium chlorate-water. Sodium iodate, for ex­
ample, is known to exhibit a rather marked tend­
ency to form double compounds with other sodium 
salts, such as sodium chloride, bromide, iodide, 
nitrate and sulfate.1 Sodium chlorate, on the 
other hand, has been found so far to form only 
one double salt, namely, NaCKV3Na2S04.2 
The present solubility measurements on the sys­
tem sodium iodate-sodium chlorate-water were 
made for the purpose of extending the informa­
tion on the two series of salts, alkali iodates and 
alkali chlorates, and to investigate any possible 
compound formation or solid solution taking 
place between the two specific salts at these tem­
peratures. The system potassium iodate-po- 
tassium chlorate-water was studied simultane­
ously, both to extend the measurements to the 
corresponding potassium salt system and, by 
taking advantage of the more certain attainment 
of equilibrium in the latter system, to use it as a 
check on the analytical method needed for the 
investigation of the more troublesome sodium 
salt system. The results of the phase rule study 
of these systems, at 25 and 50°, indicate no 
compound formation in either combination, and 
no solid solution for any of the solid phases, 
within the limits of experimental accuracy.

Materials and Methods.—The sodium and potassium 
iodates were recrystallized e. p. material, dried at 100-110°. 
Analysis by titration with standard sodium thiosulfate 
(standardized against very pure potassium iodate), 
showed them both to be 100.0% pure. The chlorates were 
high grade c. p . material, powdered and dried at 150-200°.

The procedure for the solubility determinations was in 
general that usually described for similar phase rule investi­
gations. Densities of saturated solutions, reported for the 
25° isotherms, were determined by means of pipets cali­
brated for delivery. Temperatures were controlled to 
± 0 .01 ° .

For the analysis of the saturated solutions, the iodate 
was determined by treatment with excess of potassium io­
dide and a limited amount of acetic acid, and titration of the

Cl) Ricci, T h is  J o u r n a l , 56, 295 (1934).
(2) Ricci and Yanick, ibid., 59, 491 (1937).

liberated iodine by means of standard thiosulfate solution. 
Tests showed this method for the determination of iodate 
in the presence of large amounts of chlorate to be very 
exact. The procedure was to treat the iodate-chlorate 
solution, diluted to 50-60 ml., with 5-6 g. of potassium 
iodide and 2 ml. of glacial acetic acid, and to titrate at once 
with thiosulfate. In such low acidity the interference due 
to oxidation of iodide by even large amounts of chlorate, 
proves to be altogether negligible, while the reaction of the 
iodate is complete and rapid. Employing this acidity 
throughout, very small amounts (0.1 to 0.3 g.) of sodium 
iodate were titrated in the presence of up to 20 g. of sodium 
chlorate, the determination proving exact in every case (the 
average error being one part in three thousand).

A similar procedure was described by Barneby,3 who, 
however, tried it in the presence of much smaller amounts 
of chlorate only.

The total dissolved solid was determined by evaporation 
to dryness, and the chlorate salt then calculated by differ­
ence.

No difficulty was encountered in the solubility deter­
minations for the potassium salt system. The usual pro­
cedure—preparation of complexes of exact composition, 
analysis of the filtered saturated solution and identification 
of solid phases by algebraic extrapolation of the tie-lines 
connecting these two compositions—proved satisfactory 
and very accurate. To ensure attainment of equilibrium, 
the mixtures were stirred for periods of five to nine days, 
and the equilibrium checked by repeated analysis of the 
solution. The mean error of the extrapolation of tie-lines 
to the compositions of the pure phases was only 0.09%, 
verifying the applicability of the titration method em­
ployed and the dependability of the experimental pro­
cedure in general.

The attainment of solubility equilibrium in the sodium 
iodate-sodium chlorate system is much slower. Com­
plexes of exact composition can be prepared only from 
anhydrous sodium iodate, while the stable phase for this 
salt, for the whole of the 25 ° and part of the 50 ° isotherm, 
is the monohydrate, NaKVIUO. The hydration of 
sodium iodate, however, particularly in the presence of high 
concentrations of other salts, is extremely slow in reaching 
completion. In every case in which the original sodium 
iodate was seeded with monohydrate crystals in the pres­
ence of dissolved sodium chlorate, even though the solid 
phase formed was always quite obviously the correct hy­
drate from its very distinctive appearance, nevertheless 
the mathematical extrapolation of tie-lines through the 
points representing saturated solution and total complex 
was always such as to indicate that the remaining solid 
contained about 1% either of sodium chlorate (in solid 
solution) or of unchanged anhydrous sodium iodate. 
This was observed repeatedly even for mixtures stirred for 
as long as sixty days (at 25°). Many experiments were

(3) Barneby, ibid., 38. 330 (1916).
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made with this procedure, the results of which, however, 
are not included in the tables here presented, inasmuch as it 
was proved subsequently that the apparent deviation of 
the composition of the solid phase from that of pure Na- 
I 0 3-H20  was due simply to lack of equilibrium or incom­
plete hydration, and that there is in reality no formation of 
mixed crystals at all at the temperatures studied.

The procedure finally employed to obtain equilibrium 
results for this system, wherever the solid phase is NalCV 
H20 , involved the addition of the component sodium chlo­
rate to mixtures already containing the completely hydrated 
N aI03H2C) and water, obtained by stirring sodium iodate 
and water, seeded with the monohydrate, for several days. 
As the composition of the total complex could not be 
known with any accuracy in such a procedure, the wet 
residue was analyzed in every case, and the solid phase 
then identified by algebraic extrapolation through satu­
rated solution and wet residue. A check on the attainment 
of equilibrium was again made and the minimum time 
allowed (six days at 25°) was found to be sufficient; the 
analysis of one solution, stirred for six days, gave 1.52% 
N aI03 and 43.00% NaC103; after nineteen more days, 
1.52% N aI03 and 42.98% NaC103.

For all other solid phases in both systems, at the tempera­
tures studied, equilibrium was readily attained from the 
original complexes of exact composition, and the phases 
were regularly identified by ordinary algebraic extrapola­
tion through solution and total complex. At 50° in the 
sodium salt system, metastability for either anhydrous or 
hydrated sodium iodate can be maintained easily, in the 
first case by starting with anhydrous sodium iodate and 
not seeding, and in the second case by following the pro­
cedure described above, hydrating the sodium iodate com­
pletely before addition of sodium chlorate.

T a b l e  I
S y s t e m  K I03-KC103-H 20

Saturated solution 
W t. %

KIOs KClOs Density

Original complex 
Wt. %

KIOs KCIO3 Solid phase

—25 °-
8.45 0.00 1.043 k io 3
7.05 2.31 1.070 20.00 2.00 k io 3
5.85 5.31 1.082 19.04 4.58 k io 3
5.43 6.78 1.091 18.00 6.54 k io 3 +  KC103
5.44 6.79 1.092 12.48 12.54 k io 3 +  KC103
5.44 6.81 1.089 6.99 17.92 k io 3 +  KC103
5.42 6.81 1.086 5.01 19.00 k io 3 +  KC103
5.43 6.80 1.090(av.) KIOs +  KClOs
2.92 7.31 1.068 2.52 20.02 KClOs
0.00 7.90 1.048

—50 °-

k cio3

13.21 0.00 k io 3
10.87 3.71 27.07 3.03 k io 3
8.76 8.58 25.06 7.00 k io 3
7.26 13.76 22.04 11.54 KIÖ3 +  KClOs
7.27 13.77 14.03 18.93 KIOs +  KClOs
7.27 13.77 7.98 24.12 KIOs +  KClOs
7.27 13.77(av.) KIOs +  KClOs
5.27 14.31 4.48 27.04 KClOs
2.41 15.11 2.03 28.17 KClOs
0 .00 15.78 KClOs

Results.—The results for the system K I03-  
KCIO3-H2O are shown in Table I and Fig. 1;

H20

those for the system NaI03-NaC10 3-H 20  in 
Tables II and III and Figs. 2 and 3.

T a b l e  I I

S y s t e m  N aI03-NaC103-H 20  a t  25°
Saturated solution W et residue

Wt. % W t. %
NaIC>3 NaClC>3 Density NalOs NaClOs Solid phase

8.57 0 .00 1.075 NalOs-HsO
4.51 8.36 1.098 25.12 6.33 NaI0s-H20
3.14 16.50 1.146 24.91 12.39 NaI0s-H20
2.43 24.67 1.204 27.37 17.78 N a I0 3H20
1.97 32.57 1.273 29.77 22.53 N a I0 3H20
1.69 38.66 1.332 28.02 27.40 N a I0 3H20
1.52 42.99 10.00 38.96 N a I0 3 H20

(total
complex)

1.46 44.56 1.396 28.04 31.48 N a I0 3*H20
1.39 46.37 1.404 23.40 35.03 N a I0 3 H20
1.33 48.13 1.425 28.22 33.83 N a I0 3-H20
1.30 49.19 1.440 24.57 36.50 N a I0 3 H20

Original Complex
1.29 49.42 1.445 5.99 46 .94 N a I0 3 H20  +  NaClOa
1.29 49.40 9 .98 44.97 N a I0 3 H20  +  NaClOs
1.29 49.32 1.441 8 .0 47 .0 N a I0 3H20  +  NaClOj
1.29 49.44 1.446 4 .99 50.49 NaI0s-H20  +  NaClOs
1.29 49.32 1.444 5 .0 54 .0 N a I0 3-H20  +  NaClOs
1.29 49.40 2 .05 56.23 NalOs H20  +  NaClOs
1.29 49.38 1 .444(av. ) N a I0 3 H20  +  NaClOs
1.16 49.52 1.444 1.01 55.95 NaClOs
0.00 50.14 NaClOs

In the potassium salt system the only solid 
phases found are the pure anhydrous salts them­
selves; the algebraic extrapolation of tie-lines 
indicates, at both temperatures, ilo solid solution 
formation on either side of the diagram.

Similarly, in the sodium salt system, no com­
pound formation is found, and the salts again
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Table III
System N aI03-NaC103-H 20  at 50°

Saturated
solution W et residue
Wt. %

NalOa NaClOa
W t. %

NalOa NaClOa Solid phase*»

13.49 0 .0 0 NalOa H20
7 .67 10.02 36.02 6.81 NaIOa-H20
5.69 16.56 37.87 10.26 NaI0a*H20
4.91 20.61 31.69 14.17 NalOa HaO
3.23 33.33 32.49 22 .22 N a I0 a H 20
2.41 43.71 31.24 29.29 NalOa-HüO
2.12 48.95 31.48 32.99 NalOa H20  (m)
1.92 53.20 27.13 38.23 NalOa H20  (m)
1.87 .54 .58 32.29 36.23 N a I0 3*H20  (m) +  NaClOa

Original Complex

1.87 54.61 12.0 54 .0 N a I0 3 H 20  (m) +  NaClOa
1.87 54.59(av.) NalOa H20  (m) +  NaClOa
2.50 43.41 17.99 36.52 NalOa (m)

(2 .2 45. )a N a I0 3 +  NaI0a-H20
2.14 47.86 17.01 40.58 NalOa
1.75 53.83 16.99 45 .48 NalOa
1.71 54.69 11.99 53.97 NalOa +  NaClOa
1.68 54.74 2.99 61.01 NalOa -f  NaClOa
1.69 54.71(av.) NalOa +  NaClOa
1.26 54.98 1.01 63.96 NaClOa
0.00 55.74 NaClOa

a By interpolation. b (m) =  Metastable.

exist in the pure state, without the formation of 
mixed crystals, within the limits of the accuracy 
of the algebraic extrapolation of tie-lines. For 
the case of the phases anhydrous sodium chlorate

H20

and anhydrous sodium iodate, this accuracy is 
quite high, since the extrapolation is performed 
through the accurately analyzed solution and the 
composition of a total complex of exact prepara­
tion. The mean absolute deviation from purity 
for these solid phases, as indicated by the ex­
trapolations for both temperatures, was 0.026%,

the algebraic mean being less than 0.004%. For 
the monohydrate of sodium iodate as solid phase, 
the extrapolation was by means of the saturated 
solution and the composition of the wet residue. 
At 25°, at which temperature the wet residue can 
be analyzed quite accurately, the mean absolute 
deviation of the extrapolated tie-lines from the 
point representing NaI03*H20  was 0.14%, the 
mean algebraic error being only —0.03%. At 
50°, however, a wet residue cannot be analyzed 
so accurately, due to evaporation during sampling; 
as a consequence the absolute average error of 
extrapolation at this temperature was 0.38%, the 
algebraic average, however, being only —0.08%.

It can be said, therefore, that for all phases and 
at both temperatures the salts exist in the pure 
state, without formation of mixed crystals.

Anhydrous sodium iodate exists as a stable 
solid phase for the system N aI03-NaC103-H 20  at 
50°, at high concentrations of sodium chlorate, 
even though the transition temperature between 
anhydrous and monohydrated sodium iodate in 
the binary system with water is 23.4° above this 
temperature. At the same time the solubility 
curve of the monohydrate can be followed con-

H20

Fig. 3.—System N aI0 3-N aC 103-H 20  at 50°.

tinuously to a metastable isothermally invariant 
point, at which the solid phases are NaC103 and 
NaI03*H20. The two solubility curves, how­
ever—that for anhydrous and that for hydrated 
sodium iodate—are so nearly parallel and close 
together that it would be very difficult to deter­
mine their point of crossing directly. It can be
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estimated, nevertheless, from the concentration of 
sodium iodate along the two curves, that the 
isothermally invariant point representing equilib­
rium between the two forms of the iodate must 
have the approximate composition 2.2% NalOs 
and 45% NaCl03. At higher concentrations of 
sodium chlorate the anhydrous sodium iodate has 
the lower solubility and is therefore the stable 
phase. These relationships are indicated in the 
table of results for this isotherm, but cannot be 
shown with any clearness in the figure.

2043

Summary
Solubility measurements are given for the two 

ternary systems KIO3-KCIO3-H 2O and N aI03-  
NaC103-H 20  at 25 and 50°. Neither compound 
formation nor solid solution is observed for 
either system at these temperatures. In the 50° 
isotherm of the system N aI03-NaC103-H20, 
anhydrous sodium iodate is found to exist as a 
stable phase over a limited range of the solubility 
curve at high concentrations of sodium chlorate. 
N e w  Y o r k , N .  Y . R e c e iv e d  J u n e  17, 1938

S o l u b il it y  of H a l id e s  in  A n h y d r o u s  A cetic  A cid

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n iv e r s it y  o f  K a n s a s ]

The Solubility of Halides in Anhydrous Acetic Acid
B y  A r t h u r  W . D a v id so n  a n d  W il b e r t  C h a p p e l l

It was reported by Benrath,1 as early as 1905, 
that a large number of chlorides are appreciably 
soluble in glacial acetic acid and may be crystal­
lized unchanged from such solutions. Quanti­
tative data on the solubility of halides in this 
solvent are limited, however, to the still earlier 
work of Étard2 on mercuric chloride, the studies 
of Menschutkin on systems of acetic acid with 
calcium chloride, magnesium bromide and io­
dide,3 and antimony chloride and bromide,4 
and the recent determination by Scholl, Hutchi­
son and Chandlee5 of the solubility of barium 
chloride in pure acetic acid and in the presence 
of various concentrations of sodium bromide.

The present paper includes solubility data, 
over a wide range of temperature, for sodium, po­
tassium, ammonium, barium, strontium, cupric 
and mercuric chlorides, as well as for mercuric 
bromide and iodide. Of these salts, strontium 
chloride proved to be by far the most soluble at 
room temperature, and mercuric chloride to have 
the greatest solubility at the boiling point of the 
solvent. Experiments with cadmium chloride 
showed the solubility of this salt to be too small 
to be measured.

Method

Preparation of Materials.—Pure anhydrous acetic acid 
was prepared as described in previous papers of this series.

(1) Benrath, J . prakt. Chem., [2] 72, 228 (1905); see also Davidson, 
T his Journal, 50, 1890 (1928).

(2) Étard, A nn . chim. phys., [7] 2, 555 (1894).
(3) Menschutkin, Z. anorg. Chem., 54, 89 (1907).
(4) Menschutkin, J . Russ. Phys.-Chem. Soc., 43, 1785 (1911).
(5) Scholl, Hutchison and Chandlee, T his Journal, 55, 3081 

(1933).

All the salts used, except mercuric bromide and iodide, 
were purified by recrystallization and dried to constant 
weight under suitable conditions. Mercuric bromide and 
iodide were prepared by precipitation, and were dried for 
several days at 110 to 115°.

Determination of Solubility.—In every case except for 
the chlorides of barium and strontium, the synthetic 
method, as described in previous papers, was used. 
Duplicate determinations, with the usual precautions, 
were made of the equilibrium temperatures. The values 
given are believed to be correct to within 1 ° in the case 
of ammonium chloride and the mercuric halides, and 
to within 3° elsewhere, even in the case of cupric chlo­
ride, which gives a very steep temperature-concentration 
curve.

For barium and strontium chlorides the analytical 
method was used for determining solubilities. About 100 
cc. of the solvent was placed in contact with an excess of 
the solid solute in a tightly stoppered bottle, which was 
then maintained at the desired temperature in a suitably 
adjusted thermostat. After equilibrium had been reached, 
filtered samples were withdrawn by means of a pipet with 
a bit of cotton fitted over its tip, and the chlorine content 
of each sample was determined by the usual gravimetric 
method.

Analysis of Solid Phases.—The solids to be analyzed 
were separated from their saturated solutions by filtration 
with gentle suction, rapidly pressed between dried pieces 
of porous tile, and allowed to remain over pellets of sodium 
hydroxide in a desiccator, for a few minutes only. Samples 
were then weighed as quickly as possible, and their chlo­
rine content was determined in the usual way.

Results
Cupric, Sodium, Potassium and Ammonium 

Chlorides.—In the tables given below, 5  denotes 
the mole percentage of solute, and T  the corre­
sponding equilibrium temperature. These data 
are presented graphically in Fig. 1.
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I. Cupric chloride 
5  T

Solid phase CuCk
0.0081 35

.0150 50

.0163 62

.0218 75

III. Ammonium chloride 
(a) Solid phase HC2H3O2
0 16.60
0.053 16.53

(b) Solid phase: NH4CI
0.053 2 1

.065 25

.084 32

.095 38

. 1 10 43

.134 53

.150 58

.178 65

.209 72

.224 77

.259 84

.282 87

.312 92

.348 98

II. Sodium chloride 
5  T

Solid phase NaCl
0.076 30

.081 41

.085 45

.097 54

.105 60

.115 68

.130 76

.145 84

.166 92

IV. Potassium ch lorid e  

(a )  Solid p h a se  H C2H 3O 2

0.168 16.45

(b) Solid p h a se  K C 1

0.157 . 24
.170 30
.188 39
.207 47
.229 55
.239 59
.257 63
.272 70
.295 76
.336 87
.367 93

In the case of the alkali chlorides, the solid 
phases that separated from the saturated solution 
were shown, by analysis, to be the unsolvated 
salts. In the case of the copper salt it was im­
possible to obtain sufficient solid for an accurate

Fig. 1.—Solubility curves for CuCl2 (I), NaCl (II), 
N H 4CI (III) and KC1 (IV) in anhydrous acetic acid.

analysis, but the brownish-yellow color of the 
crystals indicated that they probably consisted of 
unsolvated cupric chloride.

Because of the extremely slow rate at which 
the alkali chlorides dissolve in acetic acid at low 
temperatures, there was room for some doubt as 
to whether or not the temperatures at which 
disappearance of crystals was observed, corre­
sponded to true equilibrium. In order to check 
this point, analyses were made on solutions which 
had been maintained at 30°, with continuous 
agitation, for ten days, after having been heated 
to 100° for an hour in contact with excess solute. 
The solubility values so obtained, in mole %, are 
compared below with those obtained by inter­
polation from the preceding tables. It will be

NaCl NHéCl KC1
Solubility, syulh. 0.076 0.076 0.170
Solubility, anal. . 073 . 080 .175

noted that the agreement, even at this low tem­
perature, is fairly good. Incidentally, the value 
given by Eichelberger6 for the solubility of am­
monium chloride (temperature not specified) 
corresponds to 0.078 mole %.

Barium and Strontium Chlorides.—The solu­
bility of barium chloride is too low to be deter­
mined accurately by the synthetic method. An­
alysis of solutions saturated by contact with 
excess solid for a week at 30 and at 45° gave, re­
spectively, 0.0077 and 0.0100 mole % of solute. 
The figure given by Scholl, Hutchison and Chand­
lee5 (p. 3084) for the solubility at 25° is equiva­
lent to 0.0059 mole %.

Preliminary experiments with strontium chlo­
ride immediately revealed that its solubility in 
acetic acid rapidly diminishes with increasing 
temperature. An attempt was made to de­
termine the solubility by noting the temperature 
at which the last of the solid phase just disap­
peared, on cooling the solution; the crystals 
dissolved too slowly, however, for concordant 
results to be obtained by this method. Ac­
cordingly, a saturated solution was prepared at 
about 15°, and transferred to a thermostat at 
the desired temperature. An abundant crop of 
crystals was formed, and equilibrium was at­
tained after agitation of the mixture for twelve 
hours. That portion of the freezing point curve 
in which acetic acid was the solid phase, how­
ever, was obtained by the determination of 
equilibrium temperature in the usual manner.

(6) Eichelberger, T his Journal, 56, 799 (1934).
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The data are tabulated below, and plotted in 
Fig. 2.

S t r o n t iu m  C h l o r id e - A c e t ic  A cid

5 T s T

(a) Solid phase HC2H30 2 (b) Solid phase SrCl2
0 16.60 1.67 98.9
0.55 16.32 2.22 83.0
1.09 16.05 3.28 60.0
1.81 15.68 4.04 45.0
3 .07 15.05 5.12 30.0
3.93 14.50 6.11 19.0
5.11 13.65

Analysis of solid phase (b) showed it to be un­
solvated. It will be noted that the solubility of 
the salt at 20° is almost four times as great as at 
100°; up to the present, this is the only case of 
retrograde solubility to have been observed in an 
acetic acid system.7

0 2 4 6
Mole % of SrCl2.

Fig. 2.—System SrCl2-HC2H302.

Mercuric Halides.—Unlike the alkali chlo­
rides, the mercuric halides were found to dissolve 
rather rapidly in acetic acid, so that saturation 
equilibria were readily attained in these systems. 
It is noteworthy that when a solution of mercuric 
iodide, saturated at 100°, was suddenly chilled 
to about 60°, the crystals deposited consisted of 
the metastable yellow variety of the salt; when 
the mixture was stirred, this gradually changed

(7) The solubility of strontium chloride in water shows no such 
trend. In aqueous solution, however, the solid phases in equi­
librium with the saturated solution, at least up to 200°, are hydrates, 
n o t the unsolvated salt. See Menzies, T h is  J o u r n a l , 58, 934 (,1936).

to the stable scarlet form. The intense color of 
the latter greatly facilitated the accurate deter­
mination of equilibrium temperatures.

The data are tabulated below, S  and T  having
I. Mercuric iodide III. Mercuric chloride

S T 5 T

Solid phase H gl2 (a) Solid phase HC2H30 2
0.011 31 0 16.60

.021 47 0.270 16.45

.030 56 .477 16.35

.045 67 

.065 76 

.097 90 

.134 100 

.192 110
II. Mercuric bromide

(b) Solid phase HgCl2-2HC2H30 2 
0.477 17 

.680 24 

.936 30 
1.06 33 
1.19 36

(a) Solid phase HC2H30 2 
0.194 16.50
(b) Solid phase HgBr2

(c) Solid phase HgCl2 
1.15 40 
1.30 46

0.261 25 1.46 53
.287 32 1.61 60
.350 41 1.81 66
.413 51 2.01 72
.477 58 2.22 - - 78
.650 71 2.42 84
.707 75 2.74 92
.860 86 3.05 97
.998 92 3.55 1 106

1.13 97 4.21 117
1.29 103
1.50 110

0 0.1 0 .2

100

80

d
g
gj 60

40

20

0 1.0 2.0 3.0 4.0
Mole % of solute.

Fig. 3.—Solubility curves for H gl2 (use upper con­
centration scale), HgBr2 (II) and HgCl2 (III) in an­
hydrous acetic acid.
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the same significance as before, and are presented 
graphically in Fig. 3.

In series I, the solid phase was shown to be 
unsolvated by the fact that a 1-g. sample did 
not impart any appreciable acidity to the water 
in which it was suspended. In II, analysis for 
bromine gave a result in accord with the com­
position of the unsolvated salt.

Benrath1 (p. 237) reported that mercuric chloride 
may be recrystallized unchanged from glacial 
acetic acid. The course of the solubility curve 
here obtained, however, clearly indicated the ex­
istence of two distinct solid phases of the solute, 
with a transition point at 33°. The mean of two 
analyses8 of the solid phase III (b) gave Cl, 
17.68% (calcd. for HgCl2-2HC2H302, 18.11%); 
while the mean of three analyses of solid 
phase III (c) gave Cl, 25.61% (calcd. for HgCl2, 
26.12%). Phase (b), then, is evidently a disol­
vate, which has not been reported previously. 
The solubility values presented in series III (b) 
and III (c) are, for the most part, considerably 
lower than those of Étard,2 who represented the 
solubility curve throughout this region as a 
straight line, and overlooked the presence of a 
solvate.

Discussion
For purposes of comparison, the solubilities at 

30° of the nine halides here studied have been 
brought together in Table I.

T a b l e  I

S o l u b il it y  o f  H a l id e s  i n  A n h y d r o u s  A cet ic  A cid  a t  30 °
Moles per Moles per

1000 g. 1000 g.
Salt Mole % solvent Salt Mole % solvent

CuCl2 0.0070 0.0012 SrCl2 5.12 0.899
N a C l .075 .0125 HgCl2 0.936 .157
N H 4C I .080 .0133 (disolvate)
KC1 .175 .0292 HgBr2 .284 .047
BaCh .0077 .0013 HgL .011 .0018

As might have been expected from their high
(8) In these and other analyses of mercuric halides, mercuric ion 

was removed by precipitation as mercuric oxide, before the precipi­
tation of the halide ion.

melting points and small tendency toward solva­
tion in this relatively slightly polar solvent, the 
first five of these salts are but slightly soluble in 
acetic acid. No explanation can be offered at 
present for the highly anomalous behavior of 
strontium chloride, whose differential heat of 
solution, at saturation, must be negative. The 
greater solubility of mercuric chloride, as com­
pared to the alkali chlorides, is probably due to 
the lower melting point of the former and its 
greater tendency toward solvation. This salt 
is almost as soluble in acetic acid as in water, 
while mercuric bromide and iodide, especially the 
latter, are distinctly more soluble in acetic acid 
than in water.

Freezing point depression data, which were 
available over a wide concentration range in the 
case of strontium chloride, were used to calculate 
values of the freezing point divergence function, 
j, for these solutions. The value of j  was found 
to remain practically constant, for molalities be­
tween 0.1 and 0.7, at 0.72. Such constancy in 
the value of j  is in accord with previous observa­
tions for this solvent,9 and its magnitude for this 
salt is almost identical with that found for the 
same concentration range in the case of strontium 
acetate.10

Summary
1. Solubility data over a wide range of tem­

perature have been obtained for cupric, sodium, 
potassium, ammonium, strontium and mercuric 
chlorides, and mercuric bromide and iodide, and 
at 30 and 45° for barium chloride, in anhydrous 
acetic acid.

2. Strontium chloride has been found to ex­
hibit retrograde solubility in this solvent.

3. The new solvate HgCl2*2HC2H30 2 has been 
isolated and analyzed.
L a w r e n c e , Ka n s a s  R e c e iv e d  J u n e  27, 1938

(9) Davidson and Geer, T h i s  J o u r n a l , 60, 1211 (1938).
(10) Davidson and Chappell, ibid., 55, 3531 (1933).
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[C o n t r ib u t io n  fr o m  t h e  J o h n s  H o p k in s  U n i v e r s i t y ]

The Calculation of the Ionization Constants of Inorganic Oxygen Acids from their
Structures

B y  A l e x a n d e r  K o ssia k o f f1 a n d  D a v id  H a r k e r

Introduction
In a given solvent, the free energy of ionization 

of an acid is directly related to its atomic con­
figuration. The object of this paper is the formu­
lation of a theoretical approach to the evaluation 
of this relationship. Due to the importance which 
is generally attached to theoretical calculations 
correlating physical properties with the structures 
of molecular systems, it is hoped that the treat­
ment presented here will prove of general interest.

The complicated nature of most acid mole­
cules and of highly polar solvents renders a rigor­
ous calculation of the free energy of ionization 
impracticable, if not entirely impossible. How­
ever, if the treatment is limited to non-resonating 
oxygen acids a number of reasonable assumptions 
may be made which facilitate a direct calculation 
of this quantity. The method of evaluation 
given here depends on the resolution of the free 
energy of ionization into one part which is es­
sentially constant for all acids in a given solvent, 
and another part which depends strongly on the 
structure of the acid. The constant part con­
stitutes a parameter in the equation; the vari­
able part can be explicitly calculated from struc­
tural data. Having determined the parameter 
from the experimental ionization constant of a 
single acid, the constants of other acids are 
uniquely determined. The procedure is simple 
and direct, enabling a calculation of the ioniza­
tion constant of an inorganic oxygen acid to be 
made in a short time with an average accuracy 
of =±=0.8 in log K.

Previous Work.—The wide variation found 
in the ionization constants of acids has aroused 
the interest of many investigators. The majority 
of these have contented themselves with making 
purely qualitative observations. G. Oddo2 noted 
that the ratio of oxygen to hydrogen atoms in an 
oxygen acid was related to its strength. Hantzsch 
and Langbein3 observed that the strength of an 
acid increased with the number of oxygen atoms 
per replaceable hydrogen and with the negativity of 
the central atom. Similar qualitative correlations

(1) American Can Co. Fellow, Johns Hopkins University.
(2) G. Oddo, Gazz. chim. ital., 5 2 ,1, 56 (1922).
(3) A. Hantzsch and W. Langbein, Z. anorg. allgem. Chem., 204, 

193 (1932).

have been made by a number of other authors.4
The problem has been treated quantitatively 

by Smallwood5 and by van Arkel and Carriere.6 
Smallwood calculated the relative strengths of 
some organic acids on the basis of dipole interac­
tion. Since carboxylic acids are resonating sys­
tems, it is impracticable to check Smallwood’s 
calculations by the method of this paper. Van 
Arkel and Carriere attempted to calculate the 
strengths of acids from the assumption that the 
charge distribution in the acid molecule is deter­
mined by the ions formed by the separate atoms. 
This assumption is not in agreement with the 
known structures for most of these molecules, and 
it is consequently not surprising that the treat­
ment does not lead to results in agreement with 
experiment. It may be noted that neither Small­
wood nor van Arkel and Carriere have considered 
the properties of the solvent.

Mechanism of Ionization.—There is good* evi­
dence that the ionization of an acid takes place 
through the transfer of the proton from the anion 
to a water molecule followed by the subsequent 
exchange of protons between water molecules.7 
The absence of free protons in solution, together 
with the abnormally large mobility of hydronium 
ion, provide ample justification for this picture. 
As will appear later, the mechanism involving 
proton exchanges is extremely valuable in simpli­
fying the calculation of acid strength. The process 
may be symbolized thus

A—H O—1 -H O—H1 O— H11
H

1
H

1
H

1(1)
A “ H—O- 1 -H +  O—H1 O—H  11

H
1

H
1

H
1(2)

A - H—O 1 H—O—-H + 1 O— H  11
H

1
H

1
H

1(3)
A “ H—O1 H—O H - 1 -O— H +11

H
1

H
I

H
_________ I

(4) R. Oda, S. Namamoto, J . Soc. Chem. Ind ., Ja p a n ., 35, Suppl. 
543 (1932); H. S. Simms, T h i s  J o u r n a l , 58, 1239 (1936); T. M. 
Lowry, Chemistry & Industry, 42, 1048 (1926).

(5) H. M. Smallwood, T h i s  J o u r n a l , 54, 3049 (1932).
(6) A. E. van Arkel and Carriere, Chem. Weekblad, 33, 182 (1936).
(7) J. D. Bernal and R. H. Fowler, J . Chem. P hys., 1, 515 (1933).
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and so forth. This process removes the proton 
from the anion and reorients the water molecules 
in the immediate vicinity of that oxygen on the 
anion from which the proton has been removed. 
Thus, there is no extensive displacement of water, 
but there is a certain amount of reorientation. It 
will be seen from the subsequent discussion that 
a calculation of the free energy change involved 
in this process is a good approximation to the 
total free energy of ionization of an acid.

By confining our attention to non-resonating 
oxygen acids of the non-metallic elements, we are 
enabled to make approximations which permit 
the calculation of their free energies of ionization. 
Oxygen acids—those in which the removable pro­
ton is attached to an oxygen atom—comprise a 
large majority of the inorganic acids, and con­
sequently the limitation of the treatment to this 
class causes no great loss in scope. The lack of 
knowledge concerning the energetics of resonating 
systems requires the elimination of the acids of 
boron, carbon, and nitrogen from the present 
treatment. A careful consideration of the ioni­
zation process for the non-resonating oxygen acids 
makes the following assumptions reasonable: 
r 1. The forces between a proton and an acid ion 
are due to an electron-pair bond with the nearest 
oxygen atom and to the electrostatic field of the ion.

2. The hydroxyl electron-pair bond is the same 
for all acids. Variations in strength from one 
acid to another are due solely to changes in the 
electrostatic field and symmetry of the ion.

3. Acid and anion molecules form hydrogen 
bridges to adjacent water molecules, and orient 
the more distant water molecules by their elec­
trostatic fields. These effects constitute the 
hydration of the molecules.

The first assumption is based on the fact that 
exchange forces diminish rapidly with distance 
and, therefore, will be extremely small between 
non-bonded atoms. The second assumption is 
reasonable due to the similarity of the binding of 
the central atom to the oxygens in the various acids. 
The third assumption is an expression of the ge­
ometry of hydration of anions and acid molecules. 
Hydroxyl groups rigidly orient the water molecules

surrounding them thus: / HM—O—H— - 0< , non- 
XH

hydroxyl oxygen thus: M—O----H—0N
H

Analysis of the Free Energy of Ionization.—
Consider an elementary ionization process, in

which a particular proton is transferred from a 
given acid molecule to a particular water mole­
cule. The reversible work done on the system 
is the sum of the work done in each of the follow­
ing processes.

1. Rupture of the O-H bond in the acid 
molecule.

2. Formation of the O-H bond in hydronium 
ion, H30 +.

3. Removal of the proton from the electro­
static field of the anion.

4. Reorientation of the water molecules.
5. Compression of the water molecules.
6. Change in volume of the system against 

atmospheric pressure.
Let A! to A 6 represent the reversible work done 

on the system in the processes 1 to 6, respectively. 
The work done on the system, AA, is given by 
the expression

AA = AF -  A(PV)

At constant pressure A (PV) — ~ A 6, the work 
done against atmospheric pressure. Therefore, 
the free energy change, AF', for the elementary 
ionization process, defined above, may be written

A F' = Ai +  A2 +  As +  Aa +  A 5 (1)

Assumption 2 implies that Ai is constant for 
all the acids considered, and A 2 does not depend 
upon the acid involved.

A 5 is the change in the compression work during 
ionization. T. J. Webb,8 in his calculation of the 
free energy of hydration of ions, has evaluated 
the compression work, Wc, in terms of the radii 
and charges of monatomic ions. For a univalent 
ion of radius 1.5 A., Wc is calculated to be 1 kcal. 
It increases as the square of the charge for a 
monatomic ion. However, for a polyatomic ion 
containing widely separated centers of charge, 
Wc will increase approximately with the first 
power of the total charge. The polyatomic 
anions of the oxygen acids are cases intermediate 
between these two extremes. The increase of 
Wc with the charge of the acid anion will be, there­
fore, considerably less than second power. The 
deviations from constancy in A 5 for the large 
complex anions under consideration should not 
exceed 0.5 kcal. The error involved in assuming 
A 5 to be constant is, consequently, small enough 
to obviate the necessity of its calculation for each 
acid.

Since A lf A 2, and A 5 are essentially constant for
(8) T . J. W ebb, T ip s  J o u r n a l , 4.8, 2589 (1926),
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the acids under consideration, we make the ap­
proximation that

A x +  A2 +  A 5 =  C (2)
where C depends only on the temperature. Con­
sequently

AF' — As ~1~ A4 -{- C  (3)
The Calculation of A3 +  A4.—It is now neces­

sary to show that A 3 +  A 4 may be calculated 
by computing the work done in removing a pro­
ton from the anion by successive transfers between 
water molecules. It has been noted that this 
process reorients the water molecules in the im­
mediate vicinity of that oxygen in the anion from 
which the proton has been removed. It remains 
to be shown that this work constitutes practically 
the entire work of reorientation resulting from the 
ionization process and, therefore, that A 4 is in­
deed included in the calculation.

The molecules of oxygen acids are, in general, 
complex structures, the peripheries of which con­
sist of strongly orienting groups. The assump­
tion has been made that these groups (oxygen and 
hydroxyl groups) rigidly orient the water mole­
cules surrounding them in a definite way. The 
consequence is that upon ionization, which 
changes one hydroxyl group in the molecule into 
a free oxygen, only the water molecules surround­
ing this hydroxyl are reoriented. As an example 
consider H2S04, which changes upon ionization 
into HS04“. The molecules in the immediate 
neighborhood will be arranged thus

/ H0

1 /

H /

04

No— --H - -O 3 — S — O i— H -------0 /

1 \  ■02 \

H

H

IO
/

/0
1

H

Ö4

H

\> 0 --------H — 0 3— S — O i -  -  - H —

02{
H

IO
h /

H

The main reorientation takes place in the solid 
angle including Oi, the waters surrounding 0 2, 0 3, 
and O4 maintaining their original orientations. 
Obviously, the first two proton transfers produce 
the total change in orientation of the nearest 
neighboring waters. While subsequent trans­
fers will not reorient all the more distant water 
molecules, the energy of reorientation of those 
water molecules which are neglected in the proc­
ess is small, due to the much greater dielectric 
constant at large distances and to thermal agita­
tion. Since a rigorous calculation of the total 
orientation effect would result in only a small 
correction, and would be extremely involved, the 
approximation is justified that the proton trans­
fer mechanism calculation includes practically all 
of the reorientation energy which depends on the 
structure of the acid.

We write, therefore, the work required to re­
move the proton from the electrostatic field of the 
anion, A3, plus that required to reorient the 
water molecules, A 4, to a sufficient approximation, 
as the sum
As +  A4 =  Wi +  W% +  Ws +  W4 +  . . .  =  s m  ( 4 )

where W\ is the change in potential energy ac­
companying the ith proton transfer. Webb8 has 
shown that a calculation of the electrical work 
involved in a process of this type leads to a term 
in the free energy change (AF) rather than to a 
term in the internal energy change ( AE).

The calculation will consist in the evaluation 
of the Wi s using the familiar formula for the 
change in mutual potential energy of two par­
ticles with charges q± and g2 as the distance be­
tween them changes from rx to r2

where e is the dielectric constant.
In order to apply the formula, we must inves­

tigate the charge distribution in the anion and the 
dielectric properties of the medium.

Distribution of Charge—There is considerable 
evidence that in an electron-pair bond between 
non-metallic atoms the two electrons are shared 
approximately equally.9 Since the molecules of 
the acids under consideration are held together by 
single electron-pair bonds, we assign to each atom 
all its non-bonding and half its bonding electrons 
for the purpose of calculating its effective charge.10

(9) L . O. B rockw ay and H . O. Jenkins, T h i s  J o u r n a l ,* 58, 2036  
(1936).

(10) L. Pau ling, ib id .,  5 3 ,1 3 6 7  (1931).
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The numerical value of this charge will be equal 
to the atomic number of the atom minus the 
number of electrons assigned to it. This number 
has been called the “formal charge.”

Let us take as an example. The Lewis
structure of this ion is

0
0 p 0

0

The phosphorus atom has a formal charge of 15 — 
14 = +1, the two “free” oxygens each have a 
charge of 8 — 9 = — 1, all other atoms have zero 
formal charge.

0 4 8 12 16
Distance in A.

Fig. 1.

In general, the actual charge distribution in a 
molecule is only approximately represented by 
the formal charges assigned to its atoms. In 
addition to the single ionic structure M+—0~, 
the doubly covalent structures M = 0  and com­
pletely ionic structures M ++0~ must be taken 
into account in any exact calculation of the energy 
of the M -0 bond. The effects of these two ad­
ditional bond types on the charge distribution will 
be in opposite directions, and, therefore, will 
partially cancel. Moreover, since we shall make 
calculations only for oxygen acids of the elements 
in the last three columns of the periodic table 
(not including the first row), we feel that due to the 
similarity in the central atoms the small dif­
ferences between the actual charge distributions 
and those given by the formal charge method 
should all be approximately equal. Since there 
is already a parameter C in the calculated free 
energy, this uniform difference can be appropri­
ately included in the parameter.

The excellent agreement between the experi­
mental and the calculated free energies of ioniza­
tion leads us to believe that the actual charge 
distribution for the acids considered can deviate 
only slightly from that given by the “formal 
charge” method.

Dielectric Constant.—The dielectric constant 
of a solvent in the immediate neighborhood of a 
charged particle, such as an ion, has an abnor­
mally low value due to the electrical saturation 
effect produced by the orientation of the solvent 
dipoles by the field. By the application of the 
Langevin theory to this problem, Debye11 has 
calculated the effective dielectric constant of 
water as a function of the distance from a uni­
valent ion. The result is shown in the graph, 
Fig. 1.

It is significant that the dielectric constant 
remains at a value of 3.0 up to a distance of about 
2 A. from the charged particle. Since the first 
proton transfer occurs within a distance of 1.8 A. 
from the nearest free oxygen atom (which de­
termines the value of e in this region), the change 
in potential energy, Wi, of the proton during this 
transfer should be calculated using a constant 
value of 3.0 for e. For equation (5) now re­
duces to the simple form

where j  refers to the yth atom in the anion.
Since the subsequent proton transfers occur at 

larger distances from the ion, where e is much 
greater, their contribution to 'LWi is small com­
pared to Wi. Consequently, deviations of the 
dielectric constant at distances of over 2 A. from 
the ion from the values predicted by Debye will 
not seriously affect the result.

The Calculation of the Free Energy of Ioniza­
tion, A F, from A F\ —It is now necessary to 
consider the relation between the free energy 
change AFf and A F which is defined in terms of 
the measured ionization constant 

AF  = - R T  In K  

where, for an acid HA
(A-)(H3Q+)

(HA)
It will be shown that the difference between AF' 
and AF consists of two terms: one independent 
of the nature of the acid, the other depending 
only upon the symmetry of the acid and anion 
molecules.

In the process to which AFf refers, it is implied 
that a particular proton is transferred from an 
acid molecule to a particular position on a certain 
water molecule; in the reverse process it is itn-

(11) M. P. Langevin, A nn . chim. phys., [8] 5, 70 (1905); P. 
Debye, “ Marx’ Handbuch der Radiologie,” Akademische Verlags- 
gesellschaft, Leipzig, 1925, Vol. VI, pp. 618-680; “ Polar Mole­
cules,” Chemical Catalog Co., New York, N. Y., 1929.
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plied that a particular proton is transferred from 
a hydronium ion to a certain free oxygen on an 
anion. AF, however, refers to a process in which 
this differentiation between equivalent positions 
is not made.

That term in the difference between the two 
quantities which arises from the equivalence of 
positions on water molecules, and of protons in 
hydronium ions, is dependent on the concentra­
tion of the solution, but not on the nature of the 
acid. Inasmuch as ionization constants are gen­
erally extrapolated to infinite dilution, this term 
is constant and can be absorbed in the parameter.

The term in the difference between AFf and 
A F which varies with the nature of the acid can 
be calculated as follows: Let be the number of 
equivalent hydrogens on the acid molecule and 
n0 the number of equivalent oxygens in the anion. 
Accordingly, in K f—calculated from the relation, 
AF' = —R T  In K '—the acid concentration to be 
used is ^h(HA) and the anion concentration is 
n0(A~). Therefore, disregarding factors inde­
pendent of the nature of the acid

K r == 7*o(A-)(H 30 +) = no K 
wh(HA) ws

Consequently
AF ------R T  In K ' +  R T  In —ns.

=  AF' +  R T  In —
f lB

-  2W  -f  R T  In ~  +  C (7)
f lB

The Numerical Computation of AF.—The
first step in the calculation of the work involved 
in the various proton transfers is the construction 
(on paper) of a scale model of the hydrated acid 
molecule. The correct distances between atoms 
and the bond angles are obtained from published 
results of X-ray and electron diffraction investi­
gations.12 The electrostatic energy of the proton 
in the acid molecule is calculated, and from this 
is subtracted its energy in a position adjacent to 
the oxygen in the nearest water molecule. This 
is the work W\. The work involved in the subse­
quent proton transfers is calculated in an analo­
gous manner.

We have taken the O-H-O hydrogen bridge 
distance to be 2.70 A. and the O-H bond distance 
to be 0.95 A. Each proton transfer, therefore, 
moves the proton a distance 0.80 A. along the 
hydrogen bridge.

(12) Zeitschrift f iir  Kristallographie, Erganzungsband (Struktur- 
bericht) I, II, III, Akademische Verlagsgesellschaft, Leipzig.

To evaluate C we take the experimentally de­
termined free energy of ionization of a single 
acid for which both the structure and the ioniza­
tion constant are well known. We have chosen 
H3PO4 for this purpose. From this one experi­
mental free energy we are enabled to calculate 
uniquely the ionization constant of any non-re­
sonating oxygen acid for which the structure is 
known. Conversely, if a number of structures 
can be written for a given acid, the experimental 
value of the ionization constant allows us to choose 
the true one.

The crystal structures of BPO4 and K H 2P 0 4 
have shown the system PO4 to be tetrahedral. 
The average P-O distance from these and other 
measurements is 1.53 A. Taking the P-O -H  
angle as 110° we can construct a scale model for 
the molecule H3PO4.

Fig. 2.—0 2 and 0 3 out of 
plane of fig. Formal charges 
given in parentheses. O3 
and O4 aire hydroxyl oxygens.

By the use of equation (6) we find for the first 
proton transfer

G-s)]
= 52.4 -  12.4 +  4.9 =  44.9 kcal.

Subsequent proton transfers contribute 1.2 kcal. 
more (calculated by the use of equation (5)), 
so that 'hWi = 46.1 kcal. Since there are three 
equivalent protons in H3PO4 and two equivalent

free oxygens on H2P04~, R T  In — =  R T  In -  =
Uh. 3

— 0.2 kcal. Experimentally —R T  log K  for 
H3PO4 in water at 298.1°K. is 2.9 kcal. From 
these data we can evaluate the parameter C in 
equation (7).

2.9 =  46.1 - 0.2 +  C C — -4 3 .0  kcal.

Since W\y which is very easy to compute, turns
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T a b l e  I

Acid da Wi Wi .
R T  In —  

«H A F ' A F —log K i —log K
— log Aobad. 

Tables14
H 4 G e 0 4 1.59 52.4 53.7 - 0 .8 9.8 9.9 7.2 7.3 8.6
h 3p o 4 1.53 44.9 46.1 -  .2 2.9 2.9 2.1 2.1 2 .16
h 2p o 4- 1.53 49.8 51.7 +  -2 8.2 8.9 6.0 6.5 7.2
h p o 4= 1.53 55.6 58.0 +  .6 14.3 15.6 10.5 11.4 11.9
H 3P O 3 1.53 44.9 46.1 .0 3.1 3.1 2.3 2.3 1.6
H2POs~ 1.53 49.8 51.6 +  -6 8.6 9.2 6.3 6.7 6.7
h 4p 2o7 1 .53c 44.4 45.6 -  .6 2.0 2.0 1.5 1.5 0.9
H 3P 2 07~* 1.53 46.3 47.6 +  -6 5.1 5.2 3 .7 3.8 2.0
H 2P 2 (>7~ 1.53 52.0 53.8 -  .4 9.8 10.4 7.2 7.6 6.7
h p 2o7s 1.53 53.9 55.9 + 1 .1 13.2 14.0 9.7 10.3 9.4
H3As0 4 1.66 45.4 46.6 - 0 .2 3.4 3.4 2.5 2.5 2.3
H2As0 4- 1.66 49.4 51.3 +  .2 7.8 8.5 5.7 6.2 7.0
HAs0 4= 1.66 54.6 56.8 +  .6 13.4 14.4 9.8 10.5 9.2
H 3AS 0 3 1.66 52.4 53.7 -  .6 10.0 10.1 7.3 7.4 9.2
h s o 4- 1.50 43.3 44.9 +  .8 2.3 2,7 1.7 2.0 1.7 1.915
h 2so 3 1.50 44.8 46.1 .0 3.0 3.1 2.2 2.3 1.9
h s o 3- 1.50 50.0 52.0 +  -6 8.8 9.6 6.4 7.0 5.3 7 .016
H 2S e 0 3 1.73 45.6 46.9 .0 3.8 3 .9 2.8 2.9 2.3
H S e O s" 1.73 49.2 51.0 +  .6 8.0 8.6 5.9 6.3 8.1
H 2T e 0 3 1.84d 46.0 47.3 0 4.2 4.3 3.1 3.1 2.5
H T e 0 3- 1.84 49.2 51.0 +  -6 8.0 8.6 5.9 6.3 7.7
H 6T e 0 6 1 .97d 52.4 53.7 - 1 .1 9.5 9.6 7.0 7.0 6.2 7 .716
H 5T  eOö 1.97 55.0 56.5 - 0 .4 12.8 13.1 9.4 9.6 10.4 11.216
H O C 1 1.54 52.4 53.7 .0 10.6 10.7 7.8 7.8 6.2 7 .417
H C lO a 1.54 45.0 46.2 +  -4 3.6 3.6 2.6 2.6 2 .018
H IO s 1.80 39.3 41.0 +  .6 - 1 .9 - 1 .4 - 1 .4 - 1 . 0 0.7
H sIO e 1.93 46.2 47.3 -  .4 4.0 3.9 2.9 2.9 1.6

a d — central atom-oxygen distance. b The parameter, C, is determined by this value. c The P-P distance in H4P2O7 =  
3.12 A. d Since the Te covalent radius is 0.04 A. greater than that for I ,13 this distance has been added to the experi­
mentally determined 1 -0  distances to obtain the T e-0  distances in corresponding compounds.

out to be a good approximation to 'ZW’i, we have 
thought it worth while to evaluate a parameter 
Ci for the simpler calculation by means of the 
relation

AFi =  Wi +  R T  In —  +  Ci (8)n-a
and to list values of —log Ki calculated from AFi 
to show the relatively good results obtainable in 
this way.

2.9 = 44.9 -  0.2 +  Ci Ci = -41 .9  kcal.

Having fixed the parameter in our equation, it 
can be used for the prediction of the free energy 
of ionization of other acids. For instance, for 
the second ionization step of H3PO4 (the ioniza­
tion of H2PO4- ) is found to be 51.7 kcal., and

R T  In ^  =  R T  In 5 =  +0.2 kcal. Adding C,
» H  2

AF =  8.9 leading to a value of —log K  = 6.5 as
(13) L. Pauling and M. L. Huggins, Z. K rist., 87, 205 (1934).
(14) Landolt-Börnstein, “ Physikalisch-chemische Tabellen,” Er­

ganzungsband II, 1931.
(15) W. J. Hamer, T h i s  J o u r n a l , 56, S60 (1934).
(16) H. T. S. Britton and R. A. Robinson, Trans. Faraday Soc., 28, 

531 (1932).
(17) J. W. Ingram and Morrison, J . Chem. Soc., 1200 (1933).
(18) Barnett, Thesis, University of California, 1935.

compared to be experimentally determined value 
of 7.2.

Numerous other acids have been treated in the 
same way as H2P 04~ and the results are set forth 
in Table I. In Fig. 3 —log K  (observed) is 
plotted against —log K  (calculated). A line of 
unit slope appears in the plot on which all points 
would fall if the agreement were perfect. The 
horizontal distance from a point to the line is nu­
merically equal to the deviation of the calculated 
from the experimental result.

The agreement of the calculated with the ob­
served values is quite striking in view of the sim­
plicity of the calculation. While the acids in­
cluded are all oxygen acids of the elements in 
the last four columns of the periodic table, the 
elements considered range from chlorine, whose 
properties are typically non-metallic, to tellur­
ium, which is a metalloid. Moreover, the ion 
acids, such as HS04“, fit nicely into the scheme. 
The quantities calculated represent differences 
between large numbers, making the resulting 
agreement all the more encouraging.

The values of —log K  (calculated) for the first



Sept., 1938 Ionization Constants of Inorganic Oxygen Acids 2053

ionization step, for which the assumptions should 
be most nearly valid, show a mean absolute devia­
tion of about 0.8 from —log K  (observed). This 
means an average agreement of the calculated 
with the experimental ionization constants within 
a factor of 6. When the ion acids are included, the 
total mean absolute deviation in —log K  is 0.9, 
or an average agreement of the ionization con­
stants within a factor of 8. There seems to be no 
trend in the deviations, not­
withstanding the fact that 
there is only one parameter 
to be determined from ex­
perimental data.

Prediction of Structures.—
In case several reasonable 
atomic configurations can be 
postulated for a given acid, 
the true one usually can 
be chosen by comparing the 13 
strength calculated for each % 
of these structures with the *§ 
experimental value, since the ^  
calculated strength is very £ 
sensitive to change in the 1 
structure of the acid. In 
general, the strength corre­
sponding to one structure 
agrees closely with the ob­
served value, while the 
strengths corresponding to 
the other structures differ 
from that observed by far 
more than the error of the 
method. Calculations of this 
type have been made for a 
number of such acids and 
the results appear in Table II.

It is seen that the structures Ge(OH)4, HPO- 
(OH)2, As(OH)3, Te(OH)6, and IO(OH)5 give 
calculated ionization constants in good agreement 
with those observed. The alternate structures, 
on the other hand, lead to completely un­
reasonable values. The correct structures of 
phosphorous, arsenious,12 telluric,19 and periodic20 
acids have been determined previously by other 
methods; this calculation merely confirms these 
results. We believe that our result provides the 
first evidence concerning the structure of ger- 
manic acid.

(19) L. M. Kirkpatrick and L. Pauling, Z. Krist., 63, 502 (1926).
(20) L. Helmholz, T his J o u r n a l , 69, 2036 (1937).

Strong Acids.—There are a number of oxygen 
acids which are completely ionized in aqueous solu­
tion. The calculated values of —log K  for these 
acids are all negative, in general agreement with 
experiment (see Table III). The theory predicts 
that in any hydroxylated solvent, such as alcohol, 
the free energies of ionization of non-resonating 
oxygen acids will differ from those in aqueous solu­
tion only by a change in the parameter C. The

relative strengths of the acids would be the same 
as in water, the change being an additive con­
stant in the expression for —log K.

At present there are insufficient data on the 
strengths of these acids in non-aqueous solvents 
to permit a reliable evaluation of C. However* 
we have tabulated the results of the calculations 
for some of these acids so that, when the data 
become available, we may compare our results 
with experiment. The results of these calcula­
tions appear in Table III.

Oxygen Acids of First Row Elements.—Boric, 
carbonic, nitric, nitrous, and the carboxylic acids 
have atomic configurations which permit more 
than one electron structure to be written either

- 2  0 2 4 6 8 10 12 14
—log K  calculated.

—HP04-,jHTe03-, HaAsOi- , H2PO3-, H,PC>4, etc.
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T a b l e  II
Structure — log K calcd. Difference

Acid I

O

11

H
0

1 II — log X o b sd . I II

Germanic"
|

Ge—OH
1

0
H
H

|

HO—Ge—OH
1

0
H

2.6 7 .3 8 .6 - 5 . 0 - 1 . 3

Phosphorous 0 0 7 .4 2 .3 1.6 + 5 .8 + 0 .7
I I

: P—OH H—P—OH

(2nd) O 0 11.9 6.7 6.7 + 5.2 0.0
H H
H
O O

Arsenious
|

:As—OH 1

j
H—As—OH1 7.4 2.8 9.2 -!.8 - 6.4

1
O

1
O

H H
Telluric O HoX / oH - 1.2 7.0 7.7 - 7.4 - 0.7

|

HO—Te—OH HO—Te—OH
1 o/'Nn(2nd) O Hu  UH 2.0 9.6 11.2 - 8.4 - 1.6

0
1 hox / oh

Periodic O—I—OH O—I—OH - 4.8 2.9 1.6 - 6.4 + 1.3
1

O H ° / X ° H
O

a The calculation does not exclude the possibility of a carbonic acid structure for germanic acid: |l . However,
HOGeOH

double bonds to elements in the second row of the periodic table are rare, and have never been found for third row ele­
ments. Together with crystal structure data for Ge02, this fact makes the existence of the double bonded structure for
germanic acid extremely improbable.

T a b l e  III
Acid d Wi R T  In « oA*h AF log Xcalcd.

H2SO4 1.50 38.7 + 0 .2 —4.1 3 .0
h 2s 2o 6 1.50® 38.7 - 0 . 4 —4 .7 —3.4
h s 2o 6- 1.50“ 41.6 +  1.1 - 0 . 3 - 0 . 2
HC104 1.54 32.7 + 0 .8 - 9 . 9 - 7 .3
KClOs 1.54 38.7 + 0 .6 - 3 . 7 - 2 .7

° The S-S distance in H2S2O6 =  2.01 A.

for the acid molecule, or for the anion, or for 
both. This fact makes it impossible to assign 
a unique formal charge to each atom and, 
consequently, the calculation of the ionization 
constants of these acids cannot be made by the 
method of this paper. However, we can cal­
culate the ionization constant corresponding to 
any one electron structure and compare it with 
the experimental result. If the true charge 
distribution is close to that used in the calculation, 
the calculated and observed ionization constants 
should be in good agreement.

The ionization constants of these acids, cal­
culated on the basis of their classical structures, 
all turn out to be smaller than the observed

T a b l e  IV
Classical — log — log

Acid structure Scaled. Aobsd. Difference
HO\

Boric >B—OH 7.4 9.2 - 1 . 8

HOX

Carbonic ° V>C—OH 
HOX

7.5 6.5 +  1 . 0

(2nd) >C—OH 
O '

1 2 . 2 10.4 +  1 . 8

Nitric °% N—OH 
CK

- 0 . 1 < 0

Nitrous 0 = N —OH 7.8 3.3 + 4 .5

Formic ° V>C—OH 7.8 3.7 + 4 .1
W

Acetic
O v

7 C—OH 
C H /

7.8 4.7 + 3 .1

values, except for the case of H3BO3. While the 
deviations may be considered to be within the 
error of the calculation for carbonic acid and 
bicarbonate ion, the deviations for nitric, nitrous, 
and the carboxylic acids are far outside the error 
of the calculation. Measurements of absorption
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spectra21 and bond distances12 for these latter 
substances indicate the absence of localized 
double bonds, and therefore the classical struc­
tures should not be expected to lead to true 
ionization constants.

The resonance phenomenon accounts not only 
for the absence of localized double bonds but also 
for the decrease in the work of ionization. Res­
onance in the acid molecule decreases the nega­
tive charge on the hydroxyl oxygen. The 
removal of the proton increases the resonance of 
the system, thereby producing a further decrease 
in the work of ionization. Thus, the presence 
of this effect may well account for the magnitude 
and direction of the differences between the 
calculated and observed ionization constants of 
these acids.

The case of boric acid deserves special mention 
in view of the interest attached to the type of 
bonding present in boron compounds. The 
structures of a large number of boron compounds 
have been determined recently.22-26 It has been 
assumed generally that the boron halides (except 
perhaps BF3) possess double bond resonance of the 
graphite type. On the other hand, boron trimethyl 
has been shown by Levy and Brockway25 to have 
a structure containing three coplanar single bonds 
(.sp2) . Evidence as to the type of bonding present 
in boric acid can be obtained from its ionization
constant. The ionization constant calculated from

H—Ov
the planar, single bond structure, ^  ^ B —O—H

agrees with experiment within the error of the cal­
culation, showing that the sp2 structure is a good 
approximation to the true one. The deviation be­
tween the calculated and observed values is in the

(21) A. Hantzsch, Ber., 50, 1422 (1917).
(22) L. Pauling and S. Weinbaum, Z. K ris t., 87, 181 (1934).
(23) S. H. Bauer and L. Pauling, T h i s  J o u r n a l , 58, 2403 (1936).
(24) S. H. Bauer, ibid., 59, 1906, 1804 (1937).
(25) H. A. Lévy and L. O. Brockway, ibid., 59, 2085 (1937).
(26) W. H. Zachariasen, J . Chem. Phys., 5, 919 (1937).

opposite direction from the deviations observed 
for acids exhibiting double bond resonance and, 
therefore, indicates that such resonance is absent 
or very small in the structure of boric acid. The 
calculation points to the presence of ionic struc­
tures such as (OH)2B+(OH)“, although the devia­
tion is not great enough compared to the error of 
the experiment to justify an estimate of the im­
portance of these structures.

Acknowledgment.—We are deeply indebted 
to Dr. Joseph E. Mayer, of this department, and 
to Dr. Linus Pauling and Mr. Henri Lévy, of 
the California Institute of Technology, for many 
constructive suggestions and criticisms which were 
extremely valuable in the preparation of this 
paper.

Summary
The calculation of the ionization constants of 

inorganic oxygen acids has been carried out on 
the basis of reasonable assumptions concerning 
the structures of the acid molecules and the 
mechanism of ionization. Most of the calcu­
lated ionization constants agree with the experi­
mental ones to within a factor of 8.

1. The free energy of ionization has been 
shown to consist of a term depending only on the 
structure of the acid and a term depending only 
on the solvent and the temperature. The con­
stant term has been evaluated from the ioniza­
tion constant of a single acid of known structure.

2. The ionization constants of a large number 
of acids have been evaluated, and have been 
found to agree well with experimental values.

3. On the basis of the calculation the struc­
tures of a number of acids have been determined 
from their known strengths.

4. The effect of resonance on the strength of 
acids has been discussed.
B a l t im o r e , M d . R e c e iv e d  A p r il  18, 1938
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Glycofuranosides and Thioglycofuranosides. III. New Crystalline Furanosides of
^-Galactose and /-Arabinose

By J o h n  W. G r e e n 1 a n d  E u g e n e  P a c su

In Part I of this series2 the synthesis of /3-ethyl- 
galactofuranoside by the reaction of the ethyl- 
mercaptal of the sugar with mercuric chloride 
in alcohol solution under neutral conditions was 
described. The isolation of the «-isomer3 in 
crystalline form was also presented. This method 
has now been extended with success to other 
alcohols and also to the pentose /-arabinose. 
Three new /Talkylgalactofuranosides and two 
a-alkylarabinofuranosides have been prepared in 
crystalline form, and they are listed with their 
physical properties in Table I.

These substances, with the exception of (3- 
benzylgalactofuranoside, are very hygroscopic. 
The yields are mostly low, as the presence of even 
a small amount of the other isomer seems to 
hinder crystallization very strongly. The /3-pro- 
pylgalactofuranoside crystallizes spontaneously, 
with a good yield. The «-methyl /-arabinofu- 
ranoside sirup was crystallized by seeding with its 
mirror image, crystalline «-methyW-arabino- 
furanoside.4

Galactose ethylmercaptal reacts quite slowly 
with benzyl alcohol and the resulting sirup has a 
smaller negative rotation than those of the other 
reaction sirups.

Attempts to prepare an intermediate thioarabi- 
nofuranoside, analogous to the thioglucosides,2,5 
failed, so the formation of the arabinofuranosides 
must be similar to that of the galactofuranosides.

As shown in Table I, the rotations of all these 
furanosides agree satisfactorily with the rotations 
calculated on the basis of Hudson’s isorotation 
rules.

The jB(!_4) value for the galactofuranosides was 
calculated from the molecular rotations for «- 
and /3-ethylgalactofuranosides; the respective
A x values for the galactofuranosides were cal­
culated from the molecular rotations of the galac-

(1) Research Assistant on Special Funds from the Rockefeller 
Foundation.

(2) Green and Pacsu, T h i s  J o u r n a l , 59, 1205 (1937).
(3) Green and Pacsu, ibid., 59, 2569 (1937).
(4) The authors are indebted to Miss Edna Montgomery and 

Dr. C. S. Hudson for the seed crystals of a-methyl-d-arabinofurano- 
side.

(5) (a) Schneider and Sepp, Ber., 49, 2054 (1916); (b) Schneider,
Sepp and Stiehler, ibid., 51, 220 (1918); (c) Schneider, Gille and
Eisfeld, ibid., 61, 1244 (1928).

topyranosides. The value for the /-arabino­
furanosides was calculated from the molecular 
rotation of «-methyl-d-arabinofuranoside; the 
respective A x values for the /-arabinofuranosides 
were calculated from the molecular rotations of 
the /-arabinopyranosides.

Experimental
Preparation of /3-Methylgalactofuranoside,—A mixture 

of 5.7 g. of galactose ethylmercaptal, 10.9 g. of mercuric 
chloride (2 moles), 5 g. of yellow mercuric oxide, and 3 g. 
of drierite was shaken with 60 cc. of absolute methyl alco­
hol for four hours at room temperature. The mixture was 
filtered, the filtrate treated with 5 cc. of pyridine and kept 
at 0° for two hours. The pyridine-mercuric chloride was 
filtered off and the filtrate evaporated in vacuo at 40° to 
a sirup. The sirup was dissolved in cold water, the solu­
tion filtered and neutralized with a few drops of sodium 
hydroxide solution to phenolphthalein, then evaporated in  
vacuo at 40° to a sirup. After several evaporations from 
absolute ethyl alcohol, the sirup was extracted with dry 
ether on a shaking machine. About four liters of solvent 
was used and the resulting solution was distilled off from 
a bath at 40-50 °. The sirup left was dissolved in a small 
amount of absolute methyl alcohol and the solution filtered 
and concentrated to a hard sirup in a vacuum desiccator 
over calcium chloride. The sirup, rotating —83° in water 
solution, was then kept in an icebox and after one month 
changed to a solid crystalline mass.

The latter was dissolved in 100 cc. of warm ethyl acetate 
and the solution seeded at 0°. Crystals were slowly de­
posited in the form of hard buttons. On further recrystal­
lization from ethyl acetate pure crystals were obtained: 
yield 20%; m. p. 63-65°, H 20d -1 0 8 °  (0.0500 g. sub­
stance, 3 cc. of water solution, 2-dm. semi-micro tube, rota­
tion 3.60° to the left). The crystals did not reduce Fehl- 
ing’s solution and were quite hygroscopic. The mother 
liquor slowly deposited more crystalline material.

Anal. Calcd. for C7H 14O6: C, 43.3; H, 7.2. Found: 
C, 43.1; H, 7.1.

Preparation of /3-Propylgalactofuranoside.—A mixture 
of 5.7 g. of galactose ethylmercaptal, 10.9 g. of mercuric 
chloride (2 moles), 5 g. of yellow mercuric oxide, and 3 g. 
of drierite was shaken with 60 cc. of absolute w-propyl 
alcohol for five hours at room temperature. The mixture 
was filtered and worked up as in the preparation of the 
methylgalactofuranoside. The ether extraction solution 
was distilled on a water-bath at 40-50° and the residue 
crystallized spontaneously.

The crystalline material was recrystallized from 30 cc. 
of dry ethyl acetate, when a crop of 2.8 g., with specific 
rotation — 96 0 in water solution, was obtained. On further 
crystallization from 30 cc. of ethyl acetate, a crop of 1.00 
g. of needle-like crystals was obtained, whose rotation did
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Substance Mol. wt. K V 0 0

T a b l e  I
[ a ] 20D in 

H2O
/3-M e thy lgalactof ur anoside 194 63-65 -1 0 8
/5-Propylgalactofuranoside 222 89-90 -100
/3-B enzylgalactof uranoside 270 80-81 -  96
a-Methylarabinofuranoside 164 -125
a-Ethylarabinofuranoside 178 48-49 -116

not change on further recrystallization: yield of pure ma­
terial 23%; m, p. 89-90°; [a]20D -100°,(0.0500 g. sub­
stance, 3 cc, of water solution, 2-dm. semi-micro tube, 
rotation 3,32° to the left). The crystals did not reduce 
Fehling’s solution and were fairly hygroscopic.

Anal. Calcd. for C9Hi80 6: C, 48.7; H, 8.1 . Found: 
C, 48.9; H, 7.9.

Preparation of /3-Benzylgalactofuranoside.—A mixture 
of 5.7 g. of galactose ethylmercaptal, 10.9 g. of mercuric 
chloride (2 moles), 5 g. of yellow mercuric oxide, and 3 g. 
of drierite was shaken with 60 cc. of benzyl alcohol for ten 
hours at room temperature. The mixture was filtered 
and the filtrate diluted with 480 cc. of petroleum ether 
(b. p. 30-60°) and 120 cc. of benzene, then extracted8 with 
four 60-cc. portions of water. The bulk of the mercuric 
chloride precipitated at this stage in the separatory funnel 
and was filtered off. The water solutions were combined, 
filtered, extracted with a little ether to remove any benzyl 
alcohol, and finally treated with 1 cc. of pyridine. A small 
amount of pyridine-mercuric chloride was filtered off, the 
solution neutralized with a few drops of sodium hydroxide 
solution to phenolphthalein, and evaporated in vacuo at 
40° to a sirup. The latter was evaporated several times 
with absolute ethyl alcohol.

The sirup, rotating —40° in water solution, crystallized 
after five to six weeks in a desiccator at room temperature, 
and from a solution in 25 cc. of dry ethyl acetate 1.25 g. of 
crystals was obtained, rotating —70° in water solution. 
After three recrystallizations from ethyl acetate 0.65 g. of 
pure crystals was obtained: yield 12 %; m. p. 80-81°; 
[ a ] 20D —96° (0.0500 g. substance, 3 cc. of water solution,
2-dm. semi-micro tube, rotation 3.20° to the left). The 
crystals were very fine needles, were only faintly hygro­
scopic and did not reduce Fehling’s solution.

Anal. Calcd. for C,8Hi80 6: C, 57.7; H, 6.8. Found: 
C, 57.7; H, 6.7.

Preparation of «-Methyl-Z-arabinofuranoside.—A mix­
ture of 5.1 g. of /-arabinose ethylmercaptal, 10.9 g. of mer­
curic chloride (2 moles), 5 g. of yellow mercuric oxide, and 
3 g. of drierite was shaken with 60 cc. of absolute methyl 
alcohol for two hours at 25°. The reaction proceeded 
very fast and liberated some heat. The mixture was 
filtered and worked up as above for methylgalactofurano- 
side, and the sirup extracted with ether. 6

(6) Purves and Hudson, T h i s  J o u r n a l , 59, 53 (1937).

Mol. rot. 
in H2O A x ■5(1-4) [ck] 20j} calcd.

-20,950 19,110 -1150 -1 0 4 .4
-22,200 20,710 -1150 -  98.5
-25,920 25,800 -1150 “  99.0
-20,500 -18,810 -1360 “ 123.0
-20,650 -19,830 -1360 “ 119.0

The sirup obtained rotated —96° in water solution and, 
upon seeding with a trace of crystalline ce-methyl-^-arabino- 
furanoside, solidified in two days. From 25 cc. of dry 
ethyl acetate solution, 0.45 g. of pure crystals was depos­
ited slowly at 0 °. The rotation did not change on further 
recrystallization from 100 cc. of dry ether: yield 14%;
m. p. not taken due to extreme hygroscopic nature of 
crystals; [ a ] 20D  —125° (0.0400 g. substance, 3 cc. of water 
solution, 2-dm. semi-micro tube, rotation 4.16° to the 
left). The crystals are extremely hygroscopic and devoid 
of action toward Fehling’s solution.

Anal. Calcd. for CeH^Os: C, 43.8; H, 7.3. Found: 
C, 43.7; H, 7.3.

Preparation of a-Ethyl-/-arabinofuranoside.—A mix­
ture of 5.1 g, of /-arabinose ethylmercaptal, etc., as im­
mediately above, was shaken for two hours with 60 cc. of 
absolute ethyl alcohol at 25°. The mixture was filtered, 
etc., and extracted with ether in the usual way. The 
sirup, which rotated —79° in water solution, changed into 
a crystalline mass after four months over phosphorus pent­
oxide.

The product was dissolved in 10 cc. of dry ethyl acetate 
and 0.9 g. of crystals was deposited at 0°. These crystals 
rotated —116° in water solution and further recrystalliza­
tions did not change this value; yield 24%; m. p. 48- 
49°; [ ck] 20d  —116° (0.2055 g. substance, 10 cc. of water 
solution, 2-dm, semi-micro tube, rotation 4.77° to the left). 
The crystals were very hygroscopic and did not reduce 
Fehling’s solution.

Anal. Calcd. for C7H14O6: C, 46.96; H, 7.86. Found: 
C, 46.9; H, 7.7.

Summary

/5-Methyl-, /5-propyl-, and /5-benzylgalacto- 
furanoside, and «-methyl- and a-ethyl-/-arabino- 
furanoside have been obtained in the crystalline 
state, by reaction of the ethyl mercaptal of the 
two sugars with mercuric chloride in a neutral 
solution of the respective alcohol. The rota­
tions of the new compounds agree well with 
the values calculated from Hudson's rules of iso­
rotation.
P r in c e t o n , N e w  J e r s e y R e c e iv e d  J u l y  1, 1938
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Sulfophenylarsonic Acids and Certain of their Derivatives. I. ^-Sulfophenylarsonic
Acid

B y  J. F . On e to

In a recent paper Barber1 suggests that the 
Bart reaction appears not to be applicable to 
aminophenylsulfonic acids due to the strongly 
negative group present.

This investigation was undertaken with the 
object of preparing derivatives of a number of 
sulfo- and sulfonamidophenylarsonic acids and 
of studying the application of the Bart reaction 
in the preparation of the parent compounds.

/>-Sulfophenylarsonic acid was first prepared 
by Hewitt, King and Murch2 through application 
of the Leuckardt xanthate method3 to arsanilic 
acid. The product thus obtained was purified 
by recrystallization from water. This is a very 
unsatisfactory method because of the extreme 
solubility of the acid. Voegtlin4 refers to jfr-sulfo- 
phenylarsonic acid as being so freely soluble in 
water at any pH that it is very difficult to obtain 
the acid in pure form.

Sodium ^-sulfophenylarsonic acid was pre­
pared in this Laboratory in 28% yields by appli­
cation of the Bart reaction to sulfanilic acid. 
The free acid, obtained from the sodium salt 
through the barium salt stage, was purified readily 
by dissolving in the least amount of boiling 80% 
acetic acid and precipitating the acid in glisten­
ing, colorless needles by the addition of boiling 
glacial acetic acid. The work of Hewitt and co­
workers was repeated and the acid thus obtained 
purified in the same manner with satisfactory 
results.

With the piperidine salt of N-pentamethyl- 
enedithiocarbamic acid,5 sodium ^-sulfophenyl- 
diiodoarsine forms a well-defined, crystalline, 
piperidine salt of ^-sulfophenylarsylene N-penta- 
methylenedithiocarbamate.

Sodium ^-sulfophenylarsine oxide, containing 
three molecules of water, was obtained by hy­
drolysis of the corresponding bromo-arsine with 
sodium hydroxide. This product forms a crys­
talline silver salt when its hot aqueous solution is 
treated with a solution of silver nitrate.

(1) Barber, J . Chem. Soc., 2048 (1930).
(2) Hewitt, King and Murch, ibid., 1369 (1926).
(3) Leuckardt, J . prakt. Chem., 41, 179 (1890).
(4) Voegtlin, Physiol. Rev., 5, 91 (1925).
(5) Blicke and Oakdale, T h i s  J o u r n a l , 54, 2993 (1932).

Experimental Part
Sodium ^-Sulfophenylarsonic Acid.—A mixture consist­

ing of 76 g. of sulfanilic acid, 28 g. of anhydrous sodium 
carbonate and 400 cc. of water was diazotized at 0° with 100 
cc. of 37% hydrochloric acid and a solution of 32 g. of 
sodium nitrite in 160 cc. of water in the usual manner. 
The diazo solution was coupled at 10-15° with an alkaline 
arsenite solution prepared by dissolving 80 g. of sodium 
hydroxide, 98 g. of arsenic trioxide and 1.2 g. of copper 
sulfate in 1000 cc. of water. After standing for two days, 
the reaction mixture was concentrated to 350 cc., thor­
oughly cooled and the precipitate of inorganic salts removed 
by filtration. The filtrate was heated to boiling, made 
acid to congo red paper with 37% hydrochloric acid and 
then allowed to stand at room temperature for twenty-four 
hours. The heavy, granular precipitate which consisted 
chiefly of sodium ^-sulfophenylarsonic acid was partially 
purified by repeatedly boiling with decolorizing carbon in 
aqueous solution, concentrating the solution to a small 
volume and precipitating the sodium salt by the addition 
of 95% alcohol; yield 60 g. Thirty grams of the material 
thus obtained was dissolved in 125 cc. of boiling water and 
30 g. of sodium chloride was added to the boiling solution. 
Colorless, crystalline sodium ^-sulfophenylarsonic acid 
started to precipitate almost immediately. The mixture 
was cooled in ice, filtered and the product washed with 
cold, saturated sodium chloride solution, then with small 
portions of cold 80% alcohol and finally with acetone. 
Eighteen grams of product was obtained sufficiently pure 
for analysis.6 It is insoluble in alcohol and acetic acid, 
exceedingly soluble in water.

Anal. Calcd. for C6Hs0 6AsSNa: As, 24.64. Found: 
As, 24.36.

Barium ^-Sulfophenylarsonic Acid.—Ten grams of 
sodium ^>-sulfophenylarsonic acid was dissolved in 30 cc. 
of boiling 0.7 % hydrochloric acid. To the hot solution was 
added 20 cc. of a saturated ►solution of barium chloride. 
The barium salt started precipitating at once from the hot 
solution in the form of colorless needles. After cooling, the 
product was filtered, washed first with cold 0.7% hydro­
chloric acid, then with water and finally with acetone. 
The material thus obtained, which was sufficiently pure 
for analysis, is relatively soluble in water; yield 9.5 g.

Anal. Calcd. for C^H^CWW^Ba: As, 21.42; Ba,
19.64. Found: As, 21.09; Ba, 19.64.

^-Sulfophenylarsonic Acid.—Five grams of barium p- 
sulfophenylarsonic acid was dissolved in 100 cc. of boiling 
water and the barium was precipitated from the hot solu­
tion by adding the calculated amount of 0.1 N  sulfuric 
acid. After removal of the barium sulfate, the filtrate was 
allowed to evaporate at room temperature. The residue 
was purified by dissolving in the least amount of boiling

(6) A halogen analysis indicated the presence of 0.7% sodium  
chloride.
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80% acetic acid and then treating the hot solution with 
boiling glacial acetic acid. The ^-sulfophenylarsonic acid 
crystallized in the form of colorless, glistening needles; yield
2.5 g. When heated, the product gradually darkens but 
remains solid up to 300°. It is insoluble in ether, acetone 
and benzene; soluble in alcohol.

Anal. Calcd. for C6H 70 6AsS: As, 26.56. Found: 
As, 26.51.

Sodium p -Sulfophenyldiiodoarsine.—Ten cc. of 50% 
hydriodic acid was added to a hot solution of 2 g. of sodium 
^-sulfophenylarsonic acid in 5 cc. of water. The crystal­
line iodoarsine began precipitating immediately. The 
mixture was filtered after cooling thoroughly and the prod­
uct washed first with glacial acetic acid and then with 
acetone. The yield was 2 g. after recrystallizing from 80% 
acetic acid. It is insoluble in cold glacial acetic acid and 
alcohol but readily soluble in water. When heated the 
compound liberates vapors of iodine.

Anal. Calcd. for C6H4C)3A sl2SNa: As, 14.75; 1,49.98. 
Found: As, 14.65; I, 49.76.

Sodium £-Sulfophenyldibromoarsine.—A solution pre­
pared from 10 g. of sodium ^-sulfophenylarsonic acid, 30 
cc. of water, 20 cc. of 48% hydrobromic acid and a trace 
of hydriodic acid was saturated with sulfur dioxide at room 
temperature. The mixture was then concentrated on the 
steam-bath to about 20 cc., chilled in ice and the product 
removed by filtration; 8.5 g. of sodium ^-sulfophenyldi- 
bromoarsine was obtained after recrystallizing from glacial 
acetic acid-ethyl acetate mixture. The product is readily 
soluble in alcohol and water.

Anal. Calcd. for C6H40 3AsBr2SNa: As, 18.10; Br, 
38.62. Found: As, 18.07; Br, 38.36.

The Piperidine Salt of ^-Sulfophenylarsylene N- 
Pentamethylenedithiocarbamate.—To a hot soluiton of 
0.5 g. of sodium ^-sulfophenyldiiodoarsine in 13 cc. of 50% 
alcohol there was added a hot solution of 0.5 g. of the 
piperidine salt of N-pentamethylenedithiocarbamic acid 
in 25 cc. of alcohol. The colorless needles which formed 
were removed by filtration and washed repeatedly with 
cold 95% alcohol. The product weighed 0.3 g. and when

heated decomposed at 230-232°. The compound is in­
soluble in ether, acetone and benzene.

Anal. Calcd. for C23H360 3N 3AsS6: As, 11.75. Found: 
As, 12.01.

Sodium ^-Sulfophenylarsine Oxide.—Five grams of 
sodium hydroxide was added to as olution of 15 g. of so­
dium ^-sulfophenyldibromoarsine in 100 cc. of water and the 
solution boiled under a reflux condenser for fifteen minutes. 
The solution was then cooled, made acid to congo red paper 
with 37% hydrochloric acid and allowed to evaporate at 
room temperature. After several days a heavy mass of 
large colorless crystals was obtained which weighed 8 g. 
The product, containing three molecules of water, was 
purified by dissolving in water, concentrating the solu­
tion in a desiccator over sulfuric acid to a small volume 
and recovering the crystalline residue.

Anal. Calcd. for C6H404AsSNa*3H20 : As, 23.11.
Found: As, 23.00.

The product effloresced at room temperature and was 
completely dehydrated by heating to 200° for four hours 
in an oil-bath under reduced pressure.

Anal. Calcd. for Q J^C ^sSN a: As, 27.74. Found: 
As, 27.81.

On adding 10 cc. of 0.25 N  silver nitrate solution to a 
hot solution of 0.52 g. of sodium ^-sulfophenylarsine oxide 
in 10 cc. of water, a silver salt of ^>-sulfophenylarsine oxide 
crystallized on slight cooling; yield 0.5 g.

Summary
The preparation of sodium ^>-sulfophenylar- 

sonic acid by the Bart reaction and a method for 
the purification of the free acid have been de­
scribed. The following derivatives and salts 
have been prepared: barium ^>-sulfophenylarsonic 
acid, the piperidine salt of ^-sulfophenylarsylene 
N-pentamethylenedithiocarbamate, sodium p - sul- 
fophenyldiiodo and -dibromoarsine and sodium 
^-sulfophenylarsine oxide.
Sa n  F r a n c is c o , C a l i f . R e c e iv e d  J u n e  20, 1938

[C o n t r ib u t io n  f r o m  t h e  N a t io n a l  I n s t it u t e  o f  H e a l t h , U. S. P u b l ic  H e a l t h  S e r v ic e ]

The Cleavage of the Carbon Chain of a-Methyl-^-lyxopyranoside by Oxidation with
Periodic Acid1

By W. D a y t o n  M a c l a y  a n d  C. S. H u d s o n

The known a-methyl-d-lyxoside (m. p. 108- 
109°, [ ck] 20d  +  59.4° in water)2 has been shown 
by Hirst and Smith3 through methylation meth­
ods to be a pyranoside and it is regarded as the 
alpha form because it is more dextrorotatory than 
d-lyxose ( [ o: ]20d  -—14°, final); under this classifi­

es Publication authorized by the Surgeon General, U. S. Public 
Health Service.

(2) Phelps and Hudson, T h i s  J o u r n a l , 48, 505 (1926).
(3) Hirst and Smith, J . Chem. Soc., 3147 (1928).

cation its structure is (I). It is to be expected 
that the oxidation of this substance by periodic 
acid will proceed in the manner that has been 
demonstrated in the case of the alpha forms of 
the methyl pyranosides of d-xylose and d - arabi­
nose4 to produce the dialdehyde (II); the latter 
substance, on oxidation by bromine water in the 
presence of strontium carbonate, should be oxi-

(4) Jackson and Hudson, T his J o u r n a l , 59. 994 (1937).
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dized to the strontium salt (III), which has been 
obtained from the xylose and arabinose pyrano- 
sides. The experiments have borne out these 
expectations fully and the crystalline strontium 
salt, which has been obtained in a yield of 76%, 
proves to be identical with that which results 
from the xylose and arabinose a-methyl pyrano- 
sides. The result therefore confirms the con­
clusion from methylation data that the lyxoside 
is a pyranoside and also proves that it is of the 
alpha classification, as was previously inferred 
from the comparison of its rotation with that of 
lyxose.8

T a b l e  I
C o m p a r is o n  o f  Ox id a t io n  P r o d u c t s  o f  qj-M e t h y l -^-
LYXOSIDE WITH THOSE OF a-METHYL-d-ARABINOSIDE AND 

a-METHYL-d-XYLOSIDE
M ethyl Dibasic Strontium

Substance
glycoside Dialdehyde 

[«]2°d [q:]20d
acid

[o+Od
salt

[cc ] 20D

a-M ethyl-J-lyxoside +  59 .4 +  124.1 - 1 2 . 8 — 54.7
a-Methyl-c?-arabinoside4 - 1 7 +  124.2 - 1 2 . 7 — 55.5
a-M ethyl-d-xyloside4 +  154 +  125.2 - 1 2 .1 - 5 5 .5

The oxidation of the methyl-lyxopyranoside 
by periodic acid follows the reaction equation 
that has been found to hold for the xylose and 
arabinose methyl-pyranosides,4 namely
,-------- O-------- , /H

CH2(CHOH)3 C< +  2H I04 -
x o c h 3

,-------O------- 1 >H
CH.CHO OHCC< +  HCOOH +  H20  +  2H I03 

X OCH3

Experimental
Oxidation of a-Methyl-d-lyxopyranoside with Periodic 

Acid.—To a solution of 1.3583 g. of pure a-methyl-d-

(5) I have expressed some years ago the view that the lyxoside is a 
furanoside because of a certain anomaly in its optical rotation [ibid., 
52, 1689 (1930) ] but the methylation data of Hirst and Smith3 show 
that it is a pyranoside and their conclusion is now confirmed by the 
results of the periodic acid oxidation.— C. S. H u d s o n .

lyxoside in 60 cc. of water was added 28.27 cc. of 0.615 M  
periodic acid solution (2.1 molecular equivalents). The 
solution was quickly diluted to 100 cc. and the rotatory 
changes observed at about 20°. From an initial specific 
rotation of + 59 .4° the rotation rapidly increased during 
the first ten minutes and became practically constant at 
the end of twenty-five minutes. After standing at 20° 
for twenty-one hours the solution had a specific rotation of 
+  124.1° (referring to the dialdehyde). Five cubic centi­
meters of the solution was analyzed for periodic acid and 
the result showed that one mol of the lyxoside had con­
sumed 1.988 mols of periodic acid, which conforms with the 
equation previously stated.

The free methoxy-diglycolic aldehyde (II) was obtained 
in a sirupy form by following the procedure used by Jack- 
son and Hudson in the isolation of the dialdehyde resulting 
from the periodic acid oxidation of other methyl pento  
pyranosides. To the sirupy dialdehyde, dissolved in 330 
cc. of water, 25 g. of strontium carbonate and 2 cc. of 
bromine were added and the mixture was shaken for five 
hours. After standing at room temperature for an addi­
tional eighteen hours the excess bromine was removed by 
aeration and the strontium carbonate by filtration. The 
bromide ions were removed by shaking with 17 g. of silver 
carbonate, the silver ions precipitated by hydrogen sulfide 
and the excess hydrogen sulfide removed by aeration. 
The solution was concentrated in vacuo in a bath at 60 ° to 
a volume of 10 cc., when crystallization of the strontium 
methoxy-diglycolate trihydrate commenced: yield, 1.8 g. 
(76%). Recrystallized three times from 8 parts of water 
the substance was obtained in the form of needle-like crys­
tals exhibiting a rotation of —43.7° (c, 0.8; /, 4).

Anal. Calcd. for C6H60 6Sr3H 20 : C, 19.75; H, 3.98; 
OCHg, 10.21; Sr, 28.85; H20 , 17.79. Found: C, 19.86; 
H, 4.11; OCH3, 10.14; Sr, 28.62; H20 , 17.73.

Anhydrous strontium methoxy-diglycolate was obtained 
by heating the trihydrate at 100° in vacuo for four hours. 
Its solution in water gave a specific rotation of —54.7° 
(c, 1.2; l, 4).

Anal. Calcd. for CfiH60 6Sr: C, 24.03; H, 2.42.
Found: C, 24.01; H, 2.61.

Summary
The oxidation of a-methyl-<i-lyxoside by peri­

odic acid yields a dialdehyde which, on oxidation 
by bromine water in the presence of excess stron­
tium carbonate, forms the same crystalline stron­
tium d'-methoxy diglycolate trihydrate (76% 
yield) that has previously been obtained from the 
a-methyl-pyranosides of ^-arabinose and ^-xylose. 
The result confirms the conclusion of Hirst and 
Smith from methylation data that the lyxoside is 
a pyranoside, and proves that it is an a-form.
W a s h in g t o n , D. C. R e c e iv e d  J u n e  24, 1938
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[Contribution from thb Research Laboratory of Organic Chemistry, Massachusetts Institute of Technology,
No. 173]

Cleavage of the Carbon Chain of Glycosides by Oxidation with Lead Tetraacetate1
B y W. S. M cClenahan2 with R. C. H ockett

The glycol-splitting power of lead tetraacetate 
has been used in several instances to prepare car­
bohydrate derivatives.3 In these cases it has 
been the practice to mask certain hydroxyl groups 
of a polyhydric alcohol so that no pair of free hy­
droxyl groups would remain on adjacent carbon 
atoms except at the position where the carbon 
chain is to be broken and aldehyde groups pro­
duced. Difficulties in preparing such derivatives 
have seriously limited the extension of this type 
of synthesis.

Since cis glycols are reported to be oxidized 
much more rapidly than trans4,5 it was thought 
that a compound containing both types of diol 
structure might, when treated with an equimolar 
quantity of lead tetraacetate, be split preferen­
tially at the cis position to such an extent that the 
masking of groups would be unessential. In this 
respect a-methyl-d-mannopyranoside (I)6 seemed 
of particular interest since its oxidation with lead 
tetraacetate might be expected to produce a mix­
ture of (II) and (III) containing a high percentage 
of the former; hydrolysis of the product would 
then give a considerable quantity of the difficultly 
accessible tetrose, d-erythrose.

However, Criegee7 has found that lead tetra­
acetate produces two moles of formaldehyde from 
glycerol, which can occur only by the further oxi­
dation of the glycolaldehyde first formed; since 
both (II) and (III) contain an alpha-hydroxyal- 
dehyde grouping, they would probably be capable

(1) This paper represents part of a thesis submitted by William S. 
M cClenahan to the Graduate School of the Massachusetts Institute 
of Technology in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy.

(2) Louis Francisco Verges Fellow in Chemistry in 1936-1937 and 
1937-1938.

(3) Von Vargha, Ber., 68, 18 (1935); Appel, J . Chem. Soc., 425 
(1935); Steiger and Reichstein, Helv. Chim. Acta, 19, 1016 (1936).

(4) Criegee, Ber., 64, 260 (1931).
(5) Criegee, ibid., 65, 1770 (1932); Criegee, Kraft and Rank, 

A n n ., 507, 159 (1933).
(6 ) The configuration of the groups about an asymmetric carbon 

atom is not conceived, in itself, to restrict the possibility of free ro­
tation about the carbon-carbon bonds; e. g., it  is not appropriate 
to look upon the hydroxyls of active tartaric acids as fixed either in 
cis or trans position despite the fact that conventional projectional 
formulas make them appear so. On the other hand, where a ring 
structure exists as in a glycoside or in cyclohexanediol, conventional 
considerations indicate that the rotation around carbon-carbon 
bonds is prevented and hydroxyl groups bear a fixed relation to one 
another in space which moreover is determined by the configurations 
of the asymmetric carbons.

(7) Criegee, A n n ., 495, 211 (1932).

of further oxidation to a common product (IV). 
No information exists regarding the rates of such 
reactions. Karrer and Pfaehler8 have oxidized 
a-methyl-d-glucoside (V) with lead tetraacetate, 
but although this would also be expected to pro­
duce (II) and (III), the glycoside contains no cis 
glycol structure and its oxidation therefore pro­
vides no evidence regarding possible preferential 
attack at such a position. The products isolated 
by these workers fail, moreover, to show un­
equivocally the ultimate fate of the dialdehydes.

Our experiments with the oxidation of a- 
methyl-d-mannoside by somewhat less than an 
equimolar quantity of lead tetraacetate have pro­
vided strong evidence, however, that the product 
formed is largely (IV), since nearly half the man- 
noside was recovered unchanged after all the 
tetraacetate had been consumed, and hydrolyzed 
portions of the product yielded large quantities 
of glyceraldehyde osazone. These observations 
indicate that wherever the initial fission may have 
occurred, the secondary oxidation of hydroxyal- 
dehyde (II) or (III) is even more rapid and con­
sumes additional oxidizing agent faster than does 
the unattacked methylmannoside remaining in 
the mixture. Finally, oxidation of the product 
with bromine water in the presence of strontium 
carbonate gave a strontium salt (VI) which was 
identical in all measured properties with that ob­
tained by Jackson and Hudson9 when they oxi­
dized a-methyl-d-mannopyranoside with periodic 
acid followed by strontium hypobromite.

The investigation was extended to other glyco­
sides, and in each case the final product corre­
sponded to that obtained by Jackson and Hudson9 
or Maclay and Hudson10 from the same compound 
(Table I).

The results show that the method for determin­
ing ring structures and alpha and beta configura­
tions of glycosides as developed by Jackson and 
Hudson may be carried out with lead tetraace­
tate as well as with periodic acid. The former 
may be preferable for compounds more soluble 
in water; the latter, for derivatives more soluble 
in organic solvents.

(8 ) Karrer and Pfaehler, Helv. Chim. Acta, 17, 363 (1934).
(9) Jackson and Hudson, T h i s  J o u r n a l , 59, 994 (1937).
(10) M aclay and Hudson, ibid., 60, 2059 (1938).
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T a b l e  I 11

Dialdehyde by Dibasic acid by Strontium salt by
HIO 4O) Pb(OAc) 4 HIO4O) Pb(OAc ) 4 H IC +9) Pb(OAc) 4

Glycoside [a J 20D [ a p o [«]20d [ a ] 20D [a]2i)u [c*]20d
a-Methyl-d-mannoside +  119.5 +  132" +26.3 +25.2b -5 3 .0 — 52.2
a-Methyl-d-glucoside +  121.1 +  170° +26.0 +24.76 -5 2 .9 —50.7
/3-Methyl-d-arabinoside -1 2 3 .7 +  12.5 +11.9 + 55.7 + 55.0
a-Methyl-d-lyxoside -1 1 .5 - 5 6 .6C

a Calcd. from rotation of aqueous solution after oxidation, on the basis of 100% yield of dialdehyde (IV).
5 Determined by liberating the acid (c ~  ca. 1%) from its anhydrous salt with an equivalent quantity of hydrochloric 

acid.
c Recrystallized to constant rotation (c = 1.2108). The values for other salts were determined after one or two re­

crystallizations .

The reaction of lead tetraacetate with glyco­
sides is slow in acetic acid and by-products re­
sembling acetates frequently formed. This could 
be prevented by substituting chloroform for acetic 
acid as the solvent, which greatly accelerates the 
reaction.

Preliminary studies have also been made con­
cerning the rates of oxidation of the various gly­
cosides. These have proved very useful in de­
termining the quantities of lead tetraacetate to 
be used and the time required for the different 
reactions. These experiments will be reported in 
a separate communication.
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(11) All rotations reported in this paper represent specific rota­
tions of the d line of sodium by aqueous solutions at 2 0 °; c is con­
centration in grams per 1 0 0  cc. of solution, and l is the tube length in 
decimeters.

We are indebted to Doctors C. S. Hudson and 
E. L. Jackson of the National Institute of Health 
for a sample of strontium D '-methoxy- D -hydroxy­
methyl diglycolate for purposes of comparison.

Experimental
Lead Tetraacetate.—A mixture of 530 cc. of glacial 

acetic acid and 115 cc. of acetic anhydride was heated to 
75° in a 1-liter, 3-necked Pyrex flask provided with an elec­
tric stirrer and a thermometer. To this was added 150 g. 
of dry red lead in six portions. The solution was allowed 
to become colorless between successive additions, and the 
temperature was kept below 90°. When the reaction was 
complete the slightly turbid solution was decanted from a 
small amount of undissolved red lead and allowed to cool in 
a closed vessel. The white, crystalline lead tetraacetate 
was filtered off on a Büchner funnel, washed with a little 
glacial acetic acid, and was stored in a desiccator over phos­
phorus pentoxide. These operations could be carried out 
in the open air if performed rapidly. The product weighed 
about 60-70 g. and was not recrystallized for use in these 
experiments.

Oxidation of ot-Methyl-d-lyxopyranoside.—Three grams 
(0.0183 mole) of dry lyxoside (of rotation +59.4°) 
was added to 150 cc. of dried chloroform (CaCl2) in a 
500-cc. 3-necked flask, and during the course of an hour 
17.5 g. (0.0395 mole) of dry lead tetraacetate was added in 
small portions with continuous mechanical stirring. The 
temperature remained below 35° at all times. Stirring 
was continued for two hours after the last addition. The 
chloroform solution was then decanted from the nearly 
insoluble lead diacetate and the chloroform was removed 
under reduced pressure. The residue was taken up in 
water, which formed a precipitate of brown lead dioxide, 
and an excess of hydrogen sulfide was passed into the mix­
ture. The lead diacetate was also dissolved in water and 
treated with hydrogen sulfide separately. After filtration 
and aeration the first solution gave a strong Fehling’s test, 
the second only a slight one. The two were combined, 
concentrated under reduced pressure to a sirup, and recon­
centrated several times after addition of sulfur-free toluene 
to remove all acetic acid. The resulting sirup was diluted 
to 500 cc., and 20 g. of strontium carbonate and 3 cc. 
of bromine were added. The flask was shaken until the 
bromine dissolved, then placed in the dark at room tem­
perature and occasionally shaken during the first hour. 
After eighteen hours nearly all reducing power had dis­
appeared. The bromine was removed by aeration, and
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the excess strontium carbonate was filtered off and washed 
with cold water. The filtrate and washings were shaken 
with silver carbonate until free from bromide ion; the 
solids were then filtered off and washed. Silver was re­
moved from the filtrate as the sulfide. After filtration and 
aeration, a slight acidity was neutralized to phenol­
phthalein with strontium hydroxide solution. The solu­
tion was then filtered through carbon and concentrated 
under reduced pressure to 50 cc., filtered, and the concen­
tration continued to 10 cc. The addition of a few drops of 
alcohol caused a turbidity which increased slightly after a 
few hours at room temperature. After filtering, the addi­
tion of a little more alcohol caused crystallization to begin. 
Several crops of fine needles were obtained by alternately 
adding alcohol and chilling; yield of trihydrate of the salt, 
3 g. or 54%. After four recrystallizations of the salt12 
from 8 parts of water the rotation of the anhydrous sub­
stance became constant at —56.6° (c, 1.2108; l, 2).11 
The corresponding free acid rotated —11.5° (c, 0.9648; l, 
4).11

Anal. Calcd. for C5H60 6Sr-3H20 : H20, 17.8. Found 
(loss in wt. at 105° in vacuo) ; 17.6. Calcd. for CsHeOeSr: 
Sr, 35.01. Found: Sr, 34.94.

Oxidation of /3-Methyl-d-arabinopyranoside.—The pro­
cedure was the same as reported for a-methyl-J-lyxoside. 
The yield of strontium salt was 65%. The anhydrous 
substance rotated +55.0° (c, 1.0080; l, 2).11 The corre­
sponding free acid rotated +11.9° (c, 0.8390; l, l) .u

Anal. Calcd. for CöH60 6Sr-3H20: H20 , 17.8. Found 
(loss in wt. at 105° in vacuo): 17.6. Calcd. for CöH60 6Sr: 
Sr, 35.01. Found: Sr, 34.32.

Oxidation of a-Methyl-d-mannopyranoside.—This oxi­
dation proceeds more rapidly than in the previous cases so 
the total reaction time was reduced to one and a half 
hours. The yield of strontium salt (IV) was 55% after 
correcting for a small amount of mannoside which was 
recovered unchanged. The anhydrous form rotated

(12) Mother liquors from this salt developed growths of mold 
during several weeks’ exposure to the laboratory air. A small quan­
tity of a water-insoluble organic compound containing strontium 
was found as a product.

—52.2° (c, 0.6280; /, 4).11 The corresponding free acid 
rotated +25.2° (c, 1.044; l, l ) .11

A nal. Calcd. for C6H80 7Sr-2H20 : H20 , 11.41. Found: 
(loss in wt. at 105° in vacuo), 12.18. Calcd. for CgHsCbSr: 
Sr, 31.25. Found: Sr, 31.08.

Oxidation of «-Methyl-d-glucopyranoside.—The total 
reaction time was three and a half hours, and the yield of 
strontium salt (VI) was 59% after correcting for a small 
amount of unchanged glucoside. The anhydrous salt 
rotated —50.7° (c, 0.6492; l, 2).11 The corresponding 
free acid rotated +24.7° (c, 1.1440; l, 4).11

A nal. Calcd. for C6H807Sr2H20 : H20 , 11.41. Found : 
(loss in wt. at 105° in vacuo), 11.8. Calcd. for C6H8C>7Sr: 
Sr, 31.25. Found: Sr, 31.13.

Summary
1. Several methyl-pyranosides have been oxi­

dized with lead tetraacetate in glacial acetic acid 
and in chloroform solutions.

2. There has been observed in each case cleav­
age of the carbon chain with elimination of one 
carbon and formation of a dialdehyde through 
the consumption of two moles of oxidizing agent 
per mole of glycoside.

3. Further oxidation of these dialdehydes with 
strontium hypobromite has led to ’ isolation of 
strontium salts of dibasic acids identical with 
those produced by Jackson and Hudson and Ma­
clay and Hudson through the action of periodic 
acid and strontium hypobromite on the same 
methyl-glycosides.

4. In the case of a-methyl-d-mannoside it has 
been shown that in acetic acid at room tempera­
ture the removal of carbon three from the first 
fission product proceeds at a more rapid rate than 
does the initial cleavage.
Cambridge, M ass. R eceived June 24, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

The Coupling Action of the Grignard Reagent. VI. A New Synthesis of
Hexaalkylbenzils

B y  R e y n o l d  C .  F u s o n  a n d  J o s e p h  C o r s e

The coupling action of the Grignard reagent on 
halogen compounds has been shown to take place 
according to the general equation 2RMgX +  
2R'X — ^ R—R +  R '—R' +  2MgX2.1 The re­
action seems to be conditioned largely by the 
activity of the halogen atom in the R 'X molecule. 
In fact, similar results are obtained when the alkyl 
halide is replaced by other types of halogen com­

(1) Fuson, T his Journal, 48, 2681 (1926).

pounds, notably certain metal halides such as 
cupric chloride2 and silver bromide.3 The metals 
suffer reduction—a change which is analogous 
to coupling. It would appear that any halogen 
compound in which the halogen atom is loosely 
bound might serve to bring about such effects.

It occurred to us that the halogen atoms of
(2) Krizewsky and Turner, J. Chem. Soc., 115, 559 (1919).
(3) Gardner and Borgstrom, T h i s  J o u r n a l , 51, 3375 (1929); 

Gardner, Joseph and Gollub, ibid., 59, 2583 (1937).
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acyl halides should possess sufficient activity for 
this purpose. However, experience has shown 
that these react with Grignard reagents to give 
ketones or carbinols, and it is reasonable to sup­
pose that addition to the carbonyl group takes 
precedence over other possible types of reactions. 
By the introduction of steric hindrance, however, 
it is possible to reduce the rate of the addition re­
action and so favor any tendency there may be 
to undergo coupling.

To test this suggestion, we have made 2,4,6- 
trimethylbenzoyl chloride and 2,4,6-triethyl- 
benzoyl chloride and treated them with solutions 
of methylmagnesium iodide. The results veri­
fied our prediction; both alkylation and coupling 
occurred. By analogy with similar types of 
reactions the equations for the alkylation and the 
coupling would be as follows
Coupling: 2R3C6H2COCl +  2CH3MgI — >

R3C6H2COCOC6H2R3 +  C2H6 +  2MgICl 
Alkylation: R3C6H2COCl +  CH3MgI — >

R3C6H2COCH3 +  MgICl

Alkylation alone occurred when the acid chloride 
was added to the solution of the Grignard re­
agent. In order to bring about coupling it was 
necessary to add the reagent to a dilute ether solu­
tion of the acid chloride. Under these conditions 
the yields of hexamethylbenzil and hexaethyl- 
benzil were 39 and 32%, respectively. The 
alkylation products, acetomesitylene and 2,4,6- 
triethylacetophenone, were obtained in yields of 
35 and 38.5%, respectively.

As a synthetic method for the preparation of 
hexamethylbenzil this is far superior to those of 
Kohler and Baltzly,4 Gray and Fuson5 and Fuson, 
Matuszesky and Gray.6 It is somewhat more 
convenient than the method of Arnold and Fuson.7 
The hexaethylbenzil had not been made previously.

The work with triethylbenzene derivatives was 
greatly facilitated by the fact that this hydro­
carbon has recently been made readily available 
by the excellent method of Norris and Rubinstein.8

The 2,4,6-triethylbenzoyl chloride was made 
by the following series of transformations

QHg C2H5

(4) Kohler and Baltzly, T h i s  J o u r n a l , 54, 4015 (1932).
(5) Gray and Fuson, ibid., 56, 739 (1934).
(6) Fuson, Matuszesky and Gray, ibid., 56, 2099 (1934).
(7) Arnold and Fuson, ibid., 58, 1295 (1936).
(8) Norris and Ingraham, ibid., 60, 1421 (1938).

C2H6 C2H6

c2h 5
2.4.6- Triethylacetophenone, the product which 

accompanied the hexaethylbenzil, had been re­
ported previously by Kunckell9 but was not char­
acterized. In the present work this ketone and its 
dinitro and benzal derivatives were synthesized 
and characterized.

Experim ental P art
2.4.6- Triethylacetophenone.—A mixture of 162 g. of 

1,3,5-triethylbenzene, 500 cc. of carbon disulfide and 300 g. 
of anhydrous aluminum chloride was placed in a 2-liter 
three-necked flask equipped with dropping funnel, stirrer 
and reflux condenser leading to a gas absorption trap. The 
mixture was heated to reflux and 101 g. of acetic anhydride 
was added over a period of one and one-half hours, the rate 
of addition being adjusted to keep the mixture boiling 
slightly. The mixture was stirred for an additional hour 
and allowed to stand for three hours. It was decomposed 
by pouring into 2 kg. of cracked ice to which 100 cc. of con­
centrated hydrochloric acid had been added. The layers 
were separated and the aqueous portion was extracted 
twice with 100-cc. portions of carbon disulfide. The ex­
tracts were added to the separated layer and the combined 
liquid was dried with calcium chloride. The solution was 
then filtered and the solvent removed on the steam-bath. 
The ketone distilled at 115-118° (5 mm.). The yield was 
163 g, or 80% of the theoretical amount; n20d 1.5097; 
d™4 0.9475.

Anal. Calcd. for Ci4H20O: C, 82.26; H, 9.86. Found: 
C, 82.20; H, 9.79.

3,5-Dinitro-2,4,6-triethylacetophenone.—To 15 cc. of
fuming nitric acid cooled to 0 0 was added 1 g. of 2,4,6-tri- 
ethylacetophenone. The mixture was allowed to stand for 
ten minutes and then was poured into 50 g. of chipped ice. 
The precipitate was collected on a filter and recrystallized 
from aqueous alcohol. The yield of dry product was 1.3 g. 
or 90 % of the theoretical amount. The compound crystal­
lizes from alcohol in needles which melt at 112-113 °.

Anal. Calcd. for Ci4Hi80 5N2: C, 57.13; H, 6.16. 
Found: C, 57.05; H, 6.06.

Benzal-2,4,6-triethylacetophenone.—A solution of 2.8 
g. of sodium hydroxide in 22 cc. of water was made in a 50- 
cc. flask. To this was added 10 g. of 2,4,6-triethylaceto- 
phenone, 30 cc. of 95% ethyl alcohol and 5.8 g. of freshly 
distilled benzaldehyde. The flask was placed on the shak­
ing machine for eighteen hours. The mixture was then 
diluted with 10 cc. of water and cooled. The crystalline 
product was separated and washed with 15 cc. of cold 80% 
alcohol. The yield of crude product was 14.2 g. or 90% of

(9) Kunckell, B e r .  d e u t .  p h a r m .  G e s . ,  23, 188 (1913).
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the theoretical amount. The compound crystallizes in 
slightly tinted prisms which melt at 66°.

Anal. Calcd. for C21H24O: C, 86.24; H, 8.28. Found: 
C, 86.14; H, 8.25.

2.4.6- Triethylbromobenzene.—Three hundred and 
twenty-four grams of 1,3,5-triethylbenzene was added to 
200 cc. of carbon tetrachloride in a 2-liter three-necked 
flask equipped with a stirrer, dropping funnel and reflux 
condenser which was attached to a gas absorption trap. 
Ten grams of powdered iron was added and the mixture 
cooled to 0 °. The flask was protected from light as much 
as possible and 320 g. of bromine dissolved in 200 cc. of 
carbon tetrachloride was added with vigorous stirring over 
a period of five hours. The reddish-brown solution was 
allowed to stand overnight. It was then washed twice with 
500-cc. portions of water, once with 500 cc. of 10% sodium 
hydroxide and with water until the aqueous layer was 
neutral to litmus. The carbon tetrachloride solution was 
dried with calcium chloride, filtered and the carbon tetra­
chloride removed by distillation. The residue was then 
refluxed one-half hour with an alcoholic solution of sodium 
hydroxide prepared from 400 cc. of 95% ethyl alcohol and 
20 g. of sodium. The solution turned dark red and some 
sodium bromide precipitated. After standing overnight 
the solution was diluted with 1 liter of water and the 
bromide layer separated. The aqueous portion was ex­
tracted with three 200-cc. portions of carbon tetrachloride 
which were added to the halide layer The carbon tetra­
chloride layer was dried with calcium chloride, filtered and 
solvent removed on the water pump. The remaining solu­
tion was fractionated with the oil pump. Three hundred 
and forty grams of product boiling at 96-99° (2-3 mm.) 
was obtained. The yield amounted to 70% of the theo­
retical; n20D 1.5366; d20̂ 1.2076.

Anal. Calcd. for Ci2Hi7Br: C, 59.76; H, 7.11. Found: 
C, 59.89; H, 7.06.

2.4.6- Triethyl-3,5-dinitrobromobenzene.—Five grams 
of 2,4,6-triethylbromobenzene was added to 50 cc. of fum­
ing nitric acid cooled to 0 °. The mixture was allowed to 
stand at room temperature for twenty minutes and then 
poured into 250 cc. of water. The precipitate was col­
lected and recrystallized from alcohol, giving needles which 
melt at 78.5-79 °. The yield amounted to 4.6 g. or 67% of 
the theoretical.

Anal. Calcd. for CiaHiöChNaBr: N, 8.46; Br, 24.13. 
Found: N ,8.66; Br,23.72.

2.4.6- Triethylbenzoic Acid.10—Twelve and one-half 
grams of magnesium turnings was placed in a 1 -liter thre’e- 
necked flask equipped with stirrer, reflux condenser and 
dropping funnel. A solution of 120.5 g. of 2,4,6-triethyl­
bromobenzene in 200 cc. of dry ether was then added at 
such a rate that, after the reaction started, gentle refluxing 
ensued. The addition of reagent takes about two and one- 
half hours. Stirring was continued for an additional hour, 
with heating the last twenty minutes. The mixture was 
then cooled in an ice-salt bath to —5°, and small pieces of 
dry ice were added cautiously. Care was taken not to add 
very large pieces because considerable heat is produced in 
spite of the coldness of the dry ice. After the reaction had 
spent its force and no appreciable heating took place on

(10) Gattermann, Fritz and Beck, B e r . ,  32, 1123 (1899).

addition of dry ice, 50 to 75 g. of dry ice was added and 
the ice-salt bath removed. The mixture Was allowed to 
come up to room temperature unaided and was then 
poured into 300 cc. of ice water containing 40 g. of ammon­
ium chloride and 20 cc. of concentrated hydrochloric acid. 
The ether layer was separated and the aqueous layer 
washed twice with 100-cc. portions of 0.25 normal hydro­
chloric acid. The ether Was then extracted with one 200- 
cc. and two 100-cc. portions of 10% sodium hydroxide 
solution. These were combined, made acid and the pre­
cipitate collected. The precipitate was dissolved in a 10% 
potassium bicarbonate solution. This solution was then 
extracted with 200 cc. of ether, the aqueous layer separated 
and boiled a little to remove dissolved ether. The aqueous 
solution was then cooled and made acid with dilute hydro­
chloric acid. The yield amounts to 68 g. or 66% of the 
theoretical. After recrystallization the acid melted at 
113-113.5°.

Anal. Calcd. for C13H18O2: C, 75.69; H, 8.80. Found: 
C, 75.71; H, 8.86.

3,5-Dinitro-2,4,6-triethylbenzoic Acid.—One gram of
2,4,6-triethylbenzoic acid was mixed with 20 cc. of fuming 
nitric acid and warmed on the steam-bath for thirty min­
utes. The yellow solution was then poured into 100 cc. of 
ice water and allowed to stand. The crystals were col­
lected and after recrystallization from ligroin the melting 
point was 128.5-129°, as compared with 128-129° in the 
literature.10

2.4.6- Triethylbenzoyl Chloride.—To 51.5 g. of 2,4,6- 
triethylbenzoic acid in a 200-cc. modified Claisen flask, 51 
g. of phosphorus pentachloride was added in small portions. 
When all the phosphorus pentachloride had been added 
and the reaction subsided, the mixture was warmed 
slightly for five minutes. The phosphorus oxychloride was 
removed by the water pump and the acid chloride was then 
distilled. The acid chloride boiled at 112-113 ° (4-5 mm.) ; 
the yield was 47 g. or 83% of the theoretical amount; ra20t> 
1.5182; d2\  1.0424.

Anal. Calcd. for C13H17OCI: Cl, 15.78. Found: Cl, 
15.54.

2.4.6- Triethylbenzamide.—To 40 cc. of concentrated 
aqueous ammonia was added 3.4 g. of 2,4,6-triethylbenzoyl 
chloride. The mixture was shaken for one hour. The 
precipitate was then collected and recrystallized from 
aqueous alcohol. The yield was 2.6 g. or 83% of the theo­
retical amount. The melting point was 148-150°, and 
after recrystallization rose to 154.5-155.5°. The litera­
ture10 gives 155-156°.

2,4,6,2 ',4 ',6 '-Hexaethylbenzil.—To a solution of 28.3 
g. of 2,4,6-triethylbenzoyl chloride in 200 cc. of absolute 
ether placed in a 1 -liter three-necked flask equipped with 
stirrer, reflux condenser and dropping funnel, was added 
200 cc. of 1.35 molar methylmagnesium iodide solution. 
The Grignard reagent was added at a regular rate over a 
two-hour period, and the solution was stirred vigorously. 
The reaction mixture was then decomposed with an ice- 
ammonium chloride solution. The ether layer was sepa­
rated and Washed with water twice. The aqueous portion 
Was extracted with two 100-cc. portions of ether, which 
were added to the ether layer. This ether solution was 
dried with anhydrous sodium sulfate, then filtered, the 
ether removed on the steam cone and the residue distilled
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with the oil pump. Nine and eight-tenths grams of 2,4,6- 
triethylacetophenone came over at 112-114° (4-5 mm.). 
The distillation slowed up and was discontinued at this 
point. After standing overnight at room temperature, the 
flask contained yellow crystals. These were removed, 
filtered and washed with a little 85% alcohol. On recrys­
tallization from petroleum ether, 7.75 g. of product was 
obtained. The yields of diketone and monoketone were
32.5 and 38.4%, respectively.

The monoketone was identified by means of a mixed 
melting point of its benzal derivative with an authentic 
specimen. The diketone crystallized in golden-yellow 
prisms melting at 75-75.5°.

Anal. Calcd. for C26H34O2: C, 82.49; H, 9.06. Found: 
C, 82.53; H, 9.01.

2,4,6,2 ',4',6'“Hexamethylbenzil.—The Grignard re­
agent prepared from 23.7 g. of methyl iodide and 4.06 g. of 
magnesium diluted to 200 cc. with absolute ether was added 
with vigorous stirring over a period of seventy minutes to 
10.95 g. of 2,4,6-trimethylbenzoyl chloride dissolved in 200 
cc. of absolute ether. The reaction mixture was then de­

composed and treated in a manner similar to that described 
for the triethyl compound. The yield of acetomesitylene 
was 3.44 g. and that of the benzil was 3.45 g., or 35 and 
39%, respectively. The acetomesitylene was converted 
to the benzal derivative which was identified by means of a 
mixed melting point with an authentic specimen. The 
dimesityl diketone was likewise identified by comparison 
with an authentic specimen.

When the acid chloride was added to the solution of the 
Grignard reagent, it was not possible to isolate any benzil 
from the reaction products. Instead, acetomesitylene was 
formed in 88% yields.

Summary
2,4,6-Trimethylbenzoyl chloride and 2,4,6- 

triethylbenzoyl chloride are coupled by the action 
of methylmagnesium iodide to give, respectively, 
2,4,6,2',4',6'-hexamethylbenzil and 2,4,6,2',4',6'- 
hexaethylbenzil.
U r b a n a , I l l in o is  R e c e iv e d  M a y  23, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  D iv is io n  o f  t h e  P r o c t e r  &  G a m b l e  C o m p a n y ]

A Phase Study of the System Sodium Palmitate-Sodium Chloride-Water at 90°
By R o b e r t  D. V o ld1 a n d  R . H. F e r g u so n

It is the aim of this paper to present a complete 
equilibrium diagram of the system sodium palmi- 
tate-sodiurn chloride-water at 90° with greater 
precision than that which has characterized any 
previous published account of a similar system of 
soap, inorganic electrolyte and water. Especial 
emphasis is directed to the support of the inter­
pretation of those parts of the diagram where the 
curd phase2 is shown.

The practical soap maker has long been familiar 
with curd soap as an intermediate, distinctive 
form, differing markedly in its properties from 
neat soap, the usual finished product of the soap 
boiling process. However, the first clear concept 
of curd as a separate and discontinuous phase 
from neat soap, and of the relations of both these 
forms of soap to the other coexisting phases is of 
recent origin. This concept has been developed 
in a remarkable group of papers by McBain,3 
dealing with the properties and behavior of soap.

(1) Present address: Department of Chemistry, Stanford Uni­
versity, California.

(2) The term curd phase will be used herein to refer to a homogene­
ous solid phase. In the literature, in addition to this meaning, the 
word curd has been used to describe variously a heterogeneous 
mixture of solid soap and other phases, any cooled and solidified 
soap system, and the upper curdy layer of soap in the soap kettle.

(3) Alexander, “ Colloid Chemistry,” Vol. I, Chapter by McBain; 
bibliography, McBain, Lazarus and Pitter, Z. physik. Chem., A147, 87 
(1930).

In these papers both the experimental results and 
the imagination exhibited in the interpretation 
are of the first importance in the whole field of 
soap chemistry.

Inevitably, however, the evidence is not equally 
convincing with respect to all parts of the dia­
gram constructed by McBain and his co-workers. 
For example, it is possible to derive conflicting 
views4 relating to the presence of definite hydrates 
in the system at high temperatures, and the early 
dew-point results5 do not support the existence 
of the three-phase invariant equilibrium, neat 
soap-curd phase-lye. In fact no definite con­
stancy of phase composition has been clearly es­
tablished hitherto for this equilibrium.

In general, the results of the present work, in­
volving careful, systematic vapor pressure meas­
urements of the system at 90°, are in agreement 
with McBain’s conception of the equilibrium dia­
gram. There are some quantitative divergencies, 
as may be noted by comparing the McBain dia­
grams with Fig. 6 below. In particular we have 
obtained definite proof that crystalline curd phase 
of sodium palmitate exists at 90° as a distinct 
phase different from neat soap, and that the neat-

(4) Ostwald and Erbring, Kolloid-Beihefte, 31, 345-346 (1930).
(5) McBain and Salmon, J . Chem. Soc., 119, 1374 (1921).
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curd phase-lye equilibrium at this temperature is 
invariant. Contrary to the hypothesis of Mc­
Bain, Lazarus and Pitter we find no evidence for 
the existence of stoichiometric hydrates of sodium 
palmitate at 90°.

Experimental
(a) Methods Used.—The solid nature of the 

systems encountered in highly concentrated soaps 
makes it virtually impossible to employ the 
method of phase separations developed by Fer­
guson and Richardson6 for delimiting middle soap 
equilibria. Middle soap, while exceedingly 
gummy, is not as difficult to push to a condition 
of separation from other phases as is curd phase 
in the upper concentrated region of the diagram. 
Accordingly the phase separation method was 
used only to determine the boundaries of the 
middle soap and nigre fields.

For the various equilibria relating to curd phase 
and to check phase boundaries in the neat and 
middle soap fields an isopiestic vapor pressure 
method was devised. Essentially the method was 
adapted from that described by Collins and Men- 
zies,7 and has the advantage that it is independent 
of subjective visual observation of the appearance 
of the system, and is unaffected by whether or not 
the different phases present separate nicely or re­
main in intimate admixture.

A dew-point vapor pressure method was also 
employed in certain instances as discussed below.

(b) Vapor Pressure Relations.—The use of 
vapor pressure data to determine phase equilib­
rium diagrams is based directly on the require­
ments of the phase rule. A condition of invari­
ance results whenever two condensed phases are 
simultaneously present in a binary system at con-

, stant temperature. Under such conditions the 
vapor pressure must remain constant despite 
changes in total composition, and thus give rise 
to flat portions in the vapor pressure-composition 
curve. The compositions at the ends of such 
“flats” give points on the phase boundaries of the 
two soap phases in equilibrium with each other.

In the ternary system soap-salt-water, at con­
stant temperature, three condensed phases must 
be present before the pressure is independent of 
the total composition. In this case, however, 
the compositions at the ends of the flat in the 
vapor pressure curve give points on boundary 
lines connecting the compositions of the three

(6) Ferguson and Richardson, Ind. Eng. Chem., 24, 1329 (1932).
(7) Collins and Menzies, J .  Phys. Chem., 40, 379 (1936).

phases present instead of giving the phase com­
positions themselves as in the binary system. 
This is equivalent to saying that “flats” in the 
vapor pressure curves in a ternary system are in­
dicative of and specify the positions of triangles 
in the equilibrium diagram.

The composition at which transition from a 
one-phase to a two-phase region occurs in the 
ternary system at constant temperature may be 
determined from the vapor pressure-composition 
curve, since it is marked by a definite change in 
slope. This arises from the fact that in the one- 
phase region the rate of change of vapor pressure 
is directly dependent on the total composition, 
whereas in the two-phase region it is determined 
by the change of the compositions of the indi­
vidual phases themselves.

Where lye (the technical name for any solution 
of electrolyte containing but little soap) is present, 
tie-line directions can be deduced from vapor 
pressure data. At equilibrium the partial pres­
sure of water must be the same over all phases in 
the system. Consequently, the composition of a 
lye phase can be determined from the observed 
pressure in conjunction with standard recorded 
values for the vapor pressure of salt solutions, 
provided the solubility of sodium palmitate in 
the lye is not sufficient to change its vapor pressure 
appreciably. Lines drawn between the known 
composition of the total system and the composi­
tion of the equilibrium lye determined in this 
manner give the tie line upon which the compo­
sition of the equilibrium soap phase must lie.

That this procedure is valid in the present sys­
tem was demonstrated by direct analyses of sev­
eral lye layers which showed that sodium palmi­
tate is practically insoluble in fairly concentrated 
salt solutions at 90°. Furthermore, it was found 
that the vapor pressure of systems consisting of 
curd phase, saturated lye and solid salt agreed 
exactly with that in the literature for the vapor 
pressure of a saturated salt solution at 90° and 
with our own values for the dew-point of saturated 
salt solution.

(c) Procedure.—In the more dilute systems phase 
boundaries were determined by methods of phase separa­
tion and analysis similar to those used with commercial soap 
systems.8 In a few cases analyses were made of the par­
tially separated phases, thus obtaining tie line directions. 
In all cases the visual appearance of the equilibrium systems 
was noted carefully in order to identify the phases present 
and facilitate interpretation of the vapor pressure curves.

(8) Ferguson, Oil 6» Soap, 14, 115 (1937).



2068 Robert D. Vold and R. H. Ferguson Vol. 60

Studies by this (separation) technique were actually 
carried out at 100° instead of at 90°. The results were 
calculated to 90° for incorporation with the results of 
vapor pressure studies by use of temperature coefficients 
of phase boundary concentrations deduced from McBain’s 
equilibrium diagrams at 90 and 100 0. That no appreciable 
error is introduced by this procedure is evident since (a) 
the phase boundary concentrations for these phases— 
nigre, middle soap and neat soap—change but slowly with 
temperature, thus making the total correction small, and
(b) for these phases the results obtained by McBain at 100° 
agree within 2% with those obtained in our study.

Phase equilibria in the more concentrated systems were 
deduced from vapor pressure curves as described above. 
After considerable preliminary work it was found that 
satisfactory results were obtained when 10-cc. portions of 
sulfuric acid solution were equilibrated with 1-g. soap 
samples in a closed system. During the experiment the 
acid concentration remains essentially constant while 
the soap system gains or loses water as required to make its 
vapor pressure the same as that of the acid.

In this work soap systems and sulfuric acid solutions 
were measured into the respective legs of an inverted Y- 
shaped Pyrex tube of about one inch (2.5 cm.) diameter. 
The tubes were then chilled in a salt-ice mixture and sealed 
off under vacuum from a water pump. After immersion 
in an oil-bath held at 90 =»= 0.2° for a sufficient period to 
establish equilibrium (usually about five days) the two 
legs of the tube were simultaneously plunged into ice water 
thus preserving the compositions present at 90°. In this 
operation care was taken to make the level of the ice water 
the same as the level of the soap and acid in the respective 
legs in order to minimize distillation of water either into or 
out of the soap sample during the quenching process. The 
tube was then broken open and the contents of the two legs 
analyzed. The water content of the soap system was de­
termined from the loss of weight on heating the whole 
sample to constant weight at 105°. The concentration of 
the sulfuric acid solution was determined by titration of a 
known weight of solution with standard alkali. Vapor 
pressures were obtained from the sulfuric acid concentra­
tions of a plot of Collins’9 vapor pressure results for such 
solutions at 90°.

A very large number of experiments was carried out with 
both binary and ternary systems over the whole composi­
tion range to test the validity of this method of vapor pres­
sure determination as applied to soap systems and to estab­
lish the accuracy of the results. That the isopiestic 
method is satisfactory for use with soap systems is evident 
from the following experimental generalizations based on 
this work.

(1) Any two soap-water systems, one of higher and the 
other of lower water content, reach the same final concen­
tration when sealed up in separate tubes with an acid of 
aqueous vapor pressure between the vapor pressures of the 
original soap systems.

(2) Duplicate soap samples sealed up in different tubes 
with the same acid reach the same equilibrium concentra­
tion at 90° even though one is brought to 90° by heating Up 
from room temperature and the other by cooling down from 
103°.

(9) Collins, J .  P h y s .  C h e m , ,  37, 1191 (1933).

(3) Although the relative amounts of soap system and 
sulfuric acid were varied fivefold in some cases, the same 
vapor pressure and soap concentration were reached at 
equilibrium in all instances.

(4) Vapor pressures of salt solutions at 90° determined 
by the isopiestic method are in satisfactory agreement with 
the literature values, and with our dew-point determina­
tions.

(5) Soap systems of widely differing initial concentra­
tion came to the same final concentration within a maxi­
mum deviation of =*= 0.6% when equilibrated with the 
same acid. Some of the data on which this conclusion is 
based appear in Table I.

The reliability of the methods of analysis used was 
verified by analyzing samples of known composition and 
also by comparison of results with those obtained by 
analyses of samples for real soap content by standard 
methods.

To prove the absence of any systematic errors in the iso­
piestic vapor pressure method which conceivably could 
have led to erroneous vapor pressure-composition curves 
with resultant misconception of the nature of the phase 
equilibria involved, the vapor pressures of sodium palmi- 
tate-water systems at 90° were redetermined using an 
entirely independent method. For this purpose a dew­
point method was used patterned after that described by 
McBain and collaborators.10

Use of the dew-point method for the determination of 
vapor pressures in the present work rests on the fact that 
the partial pressure of water vapor from a soap system at 
90° is the same as that of pure water at some lower tempera­
ture. The temperature of pure water having the same 
vapor pressure as the soap system at 90° is given by the 
temperature at which dew just begins to form on a polished 
metal tube suspended in a closed space above the soap 
system. The vapor pressure of the soap system of known 
composition is then found simply from standard tables 
giving the vapor pressure of water at the dew-point tem­
perature.

The technique of our determinations was essentially the 
same as that described by McBain, and modified by Fergu­
son and Void.11 The apparatus consisted of a glass tube 
closed at top and bottom with monel metal plates. These 
were equipped with circular grooves in which rubber wash­
ers were placed, and were held tightly against the glass b y , 
means of four “tie bolts.” The top plate had a threaded 
hole through which the dew-point tube proper could be 
screwed down tightly against a rubber washer. The dew­
point tube itself was a chromium-plated copper tube whose 
temperature could be varied by forced circulation of water 
from an auxiliary bath.

Extraordinary precautions were required to obtain accu­
rate rather than merely reproducible results by this 
method. Soap samples (about 15-g. systems) were homo­
genized by heating to 295° in sealed tubes in a rotating 
autoclave prior to studying them in the dew-point appa­
ratus. It was shown experimentally that the composition 
of the sample in the dew-point apparatus did not change 
during the time of the experiment. This is important 
since a small change in total composition may give rise to a

(10) M cBain, Bull and Staddon, ibid., 38, 1075 (1934).
(11) Ferguson and Void, Oil Soap, in press.
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surface layer of sufficiently different composition from the 
bulk of the sample to cause a serious error in the dew-point. 
At least fifteen hours was allowed for attainment of equi­
librium since preliminary experiments showed that in 
many cases shorter periods of time were inadequate.

The validity of the technique finally evolved was con­
firmed by several tests. , The vapor pressure of salt solu­
tions at 90° determined by this dew-point method agreed 
within 1 mm. with the values listed in the “International 
Critical Tables.”12 In several experiments the equi­
librium temperature was approached from higher and lower 
temperatures without causing any change in the observed 
dew-point of the soap sample at 90°. Finally, it was 
shown with several samples that the dew-point remained 
unchanged for periods of time running up to a week in the 
apparatus at 90°.

As appears from the results shown in Fig. 1, vapor pres­
sures determined by the dew-point technique agree within 
the experimental error of that method with those obtained 
by the isopiestic method. Both series of experiments for 
systems containing NaP and H20  alone, i. e., along the left 
axis of the ternary phase diagram, show a step in the vapor 
pressure-composition curve, thus furnishing proof of the 
simultaneous presence of curd phase and neat soap as dis­
tinct phases.

It is of interest that the same result is obtained despite 
the fact that homogenized samples were used in the dew­
point experiments whereas soap systems used in the iso­
piestic experiments had never been heated much above 
105° and were used directly without preliminary equilibra­
tion. This fact would seem to show that we are dealing 
with the same equilibrium solid phase in both cases despite 
the difference in initial treatment.

(d) Materials.—The sodium palmitate used in these 
experiments was prepared by neutralizing (to phenol­
phthalein) a hot alcoholic solution of palmitic acid with a 
nearly saturated carbon dioxide-free aqueous solution of 
sodium hydroxide. The resulting soap was dried at 130- 
140°.13 The palmitic acid was Eastman best product. 
The two lots used to prepare the sodium palmitate at 
different times during the course of the experimental work 
had the following characteristics.

Iodine value
Incipient fusion
Complete fusion
Molecular weight (by titration)

0.09 0.05
61.5 61.9
62.6 63.0  

260 261

Sodium palmitate-water samples of the same composition 
made up from the two different preparations of sodium 
palmitate had the same vapor pressure.

(12) “ International Critical Tables,” Vol. I l l ,  1928, p. 370.
(13) A dilatometric investigation of sodium palmitate has indi­

cated the existence of more than one form of anhydrous solid soap, 
and additional liquid crystalline phases. Transitions from one phase 
to another may be slow (or incomplete) with the result that the modi­
fication obtained may depend on the experimental conditions of the 
preparation. The curd phase under discussion in this paper always 
contained some water; it formed spontaneously in the system and 
so must be the stable equilibrium solid phase at this temperature. 
Furthermore, equilibria involving curd phase at 90° were shown ex­
perimentally to  be perfectly reversible. Hence, it is difficult to 
imagine that the results obtained with aqueous systems at this tem­
perature are subject to any uncertainty arising from possible dif­
ferences in the initial crystalline modification of the anhydrous sodium 
p a l m i t a t e .

Coleman and Bell c. p . sodium chloride was used 
throughout.

(e) Results.—The vapor pressure data ob­
tained for the sodium palmitate-water system at 

T a b l e  I
Vapor Pressure of Sodium Palmitate-W ater Systems 

at 90°
Original % Vapor Av. % vapor

% soap at press., soap at press.,
Tube soap equil. mm. equil. mm. Phases present
E6B 15.0 1 7 .7 523 Nigre
E4A 24 .0 29.1 521 \  Middle soap
e 4b 28 .0 31.1 521 i and nigre
e 3a
e 3b

33 .8
37.9

37 .7
37 .6

519
519 37 .7 519 j> Middle soap

IX 5 1 .8 52 .2 510 ]' Middle soap and21X 54 .8 55 .9 510 1
21Y 5 1 .8 54 .7 510 J

neat soap

2X 64.0 56.3 510
2Y 59 .8 54 .0 510 Middle soap and

22X 64.0 52.5 510 neat soap
22Y 59 .8 52.3 510
23X 6 7 .8 6 0 .8 505
23Y 60.3 505 60.6 505 [■ N eat soap9A 62 .7 60.9 505

9B 57.3 60 .8 505 60 .9 505
5RY 74 .0 67 .6 497 N eat soap
4X 7 3 .4 68 .4 495
4Y 68 .2 67 .8 495 68.1 495

24X 73 .4 68.1 495
24Y 68.2 68 .0 495 68.1 495 N eat soap5X 79.6 68 .4 495

5Y 7 4 .0 69 .4 495 68.9 495
25X 79.6 68 .0 495
25Y 74 .0 68 .2 495 68.1 495

IB 73 .3 69 .9 491 N eat soap
6X 80.9 73 .3 481
6Y 77 .2 73 .4 481 7 3 .4 481

26X 80.9 71 .6 481 ■ N eat soap26Y 77.2 72 .4 481 72 .0 481
5A 77.5 74 .0 481
5B 80.6 73 .4 481 73 .7 481
4B 9 0 .0 73 .2 479 1I
8A 88 .8 73 .9 477 1> N eat soap
8B 83 .2 73 .2 478 73 .4 478 J1

14A 76.1 74 .2 474  ̂N eat soap14B 84 .0 74 .3 474 74.3 474 J
7A 93 .2 86 .9 471
7B 85 .7 8 5 .5 471

16A 76.2 79.3 472 N eat soap and
16B 81.2 80 .4 471 curd phase
17A 83.0 80 .8 471
17B 95 .0 83 .2 471
13A 8 6 .8 92.1 467 )̂  Curd phase13B 93.3 93 .0 466 92 .5 467 J
12A 89.1 92 .7 463 1 Curd phase12B 94.5 92.3 462 92.5 463 J
27X 85.3 93 .0 458 1̂ Curd phase7Y 81.1 93 .0 458 93 .0 458 J
9X 90.3 93 .6 436
9Y 93.9 93 .2 436 93 .4 436 1>■ Curd phase29X 90.3 93 .4 436

29Y 93.9 93 .5 436 93.5 436 j
28Y 86.5 94 .5 410 1

> Curd phase38 Y 86 .5 95.2 410 94.9 410 J
6A 95 .3 96 .3 381
6B 100.0 96.2 380 96.3 380 !• Curd phase11A 91.3 95 .4 381

11B 96.0 95.9 380 95.7 380 J
JOB 94 .8 98 .2 328 Curd phase
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Fig. 1.—The vapor pressure of sodium palmi­
tate-water systems at 90°: Ot points by the iso­
piestic method; □, points by the dew-point 
method.

90° are assembled in Table I. To conserve space 
the data for ternary systems are shown graphi­
cally in Figs. 2, 3, 4 and 5. The compositions at 
which phase changes occur, deduced from the 
vapor pressure curves and from the phase analy-

Fig. 2.—The vapor pressure of sodium 
palmitate-sodium chloride-water sys­
tems at 90°: sodium chloride concentra­
tion equals 0.80% sodium palmitate con­
centration.

sis and delimiting experiments, are given in Table
II.

In Fig. 1 the partial pressure of water vapor is 
plotted as a function of composition for the so­
dium palmitate-water system at 90°. The 
three flats in the curve correspond respectively to 
the coexistence of middle soap-nigre, middle soap- 
neat soap and neat soap-curd phase. The com­
positions of the phases in equilibrium, determined 
from the ends of the flats in the vapor pressure 
curve in the case of middle soap-nigre and middle

Fig. 3.—The vapor pressure of sodium 
palmitate-sodium chloride-water systems at 
90°: sodium chloride concentration equals
1.22% sodium palmitate concentration.

soap-neat equilibria, are in good agreement with 
the values found directly by the delimiting 
method. The fiat for the neat soap-curd phase 
equilibrium constitutes conclusive experimental 
proof of the existence of these two forms of soap 
as independent phases.

Figure 2 shows the change in partial pressure 
with change in water content for systems in 
which the ratio of salt concentration to soap con­
centration is held constant at 0.0080. The appli­
cation of phase rule principles to this curve, 
coupled with visual observation of the phases 
present, leads to the following interpretation. 
Above 28.5% water (point B) neat soap is pres­
ent. Between 28.5% and 12.5% water (B to C)
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neat soap and ctird phase are present. Since 
three condensed phases are required for a condi­
tion of invariance in a ternary system at set tem­
perature, the pressure is not constant but changes 
slowly with the total composition. After all the 
neat soap has disappeared (point C) curd phase 
alone remains and the pressure falls more rapidly 
with further decrease in water content. At 9.0% 
water (point E) a two-phase region, curd phase- 
lye, is again entered with a resultant slight change 
in slope of the vapor pressure curve. Between
5.1 and 3.9% water (points F and G) the vapor 
pressure remains constant, thus showing three 
condensed phases are present in the system. 
These, are curd phase, saturated lye and solid salt. 
Below 3.9% water only the two solids, curd phase 
and crystalline salt, remain and the vapor pres­
sure decreases rapidly and continuously with fur­
ther decrease in water content.

Weight per cent, water.
Fig. 4.—The vapor pressure of sodium 

palmitate-sodium chloride-water systems 
at 90°: sodium chloride concentration
equals 5.27% sodium palmitate concentra­
tion.

The change from curd phase to curd phase- 
lye, evidenced by the inflection in the curve at 
E, is so slight that it was identified as such only 
after subsequent work determining the equilib­
rium diagram had shown the necessity for its 
existence. The compositions at the ends of flats, 
indicative of the presence of three condensed

phases, are much more accurately determined 
than are the compositions of inflections represent­
ing transitions from one-phase to two-phase re­
gions.

Fig. 5.—The vapor pressure of sodium palmi­
tate-sodium chloride-water systems at 90°: 
sodium chloride concentration equals 17.70% 
sodium palmitate concentration.

Figures 3, 4 and 5 show the results at higher 
relative salt concentrations where progressive de­
crease in water content results in the formation of 
two different three-phase equilibria. The compo­
sitions at the ends of the higher flat in each curve 
represent the range within which neat soap, curd 
phase and lye exist in equilibrium with each other. 
The lower flat determines the composition range of 
coexistence of curd phase, saturated lye and solid 
salt.

The phase equilibrium diagram at 90° is shown 
in Fig. 6. This diagram is simply a modification 
of the customary Gibbs triangle for representation 
of the equilibria in ternary systems and is espe­
cially convenient in representing soap systems. 
Ordinates show the weight per cent, of sodium 
palmitate and abscissas the weight per cent, of 
sodium chloride, the per cent, water being ob­
tained by difference. A straight line, passing 
through the origin and any given composition, 
represents the compositions of all systems which 
can be obtained by altering the water content of 
the original system.

The experimental data on which the equilib-
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rium diagram is based are assembled in Table II. 
The compositions of the curd phase and neat soap 
corners of the curd phase-neat soap-lye triangle 
were determined within about 2% by comparison 
of the vapor pressure curves for systems with salt 
to soap concentration ratios of 0.008 and 0.012. 
On the first curve (Fig. 2) the compositions of curd 
phase and neat soap at the inflection points (C and 
B) lie just outside the triangular area; on the 
second curve (Fig. 3) corresponding points (D

100

1a

O

bJO

15 20 25 30
Weight per cent, sodium chloride.

Fig. 6.—The system sodium palmitate-sodium chloride-water at 90°: 
O, points from delimiting experiments; □, points from vapor pressure 
data; A, points from tie line determinations. A, curd phase; B, curd 
phase-neat; C, neat; D, neat-middle; E, middle; F, middle-nigre; 
G, nigre; H, nigre-lye; J, neat-nigre-lye; K, neat-nigre; L, middle-neat- 
nigre; M, neat-lye; N, neat-curd phase-lye; P, curd phase-lye; R, curd 
phase-lye-salt; S, curd phase-salt.

and C) lie just inside this area. The composition 
limits of the neat soap-middle soap-nigre and neat 
soap-nigre-lye triangles at 90° were obtained in­
directly from values for these points at 100°. 
These compositions at 100° were corrected for the 
10° decrease in temperature by the same relative 
amounts deduced for corresponding points in 
phase rule diagrams of the system: tallow soap- 
sodium chloride-water at 100 and 80°.14 Use also 
was made of McBain’s data showing the change 
in the isotropic solution boundary in the sodium 
palmitate-sodium chloride-water system from 
100 to 90°.

The following considerations establish the va­
lidity of the present experimental results. Theo­
retically two of the lines forming the boundaries 
of the neat soap-curd phase-lye triangle should

(14) Unpublished data obtained in this Laboratory.

converge to a point on the lye axis corresponding 
to a lye composition above which curd phase is in 
equilibrium with lye and below which neat soap 
is in equilibrium with lye. It is clear from Fig. 6 
that the experimental points do fall nicely on 
straight lines which intersect exactly at a point 
on the water-salt axis. In all cases the same va­
por pressure (473-474 mm.) was found experi­
mentally for all systems having compositions 
within the triangle.

In the curd phase-saturated lye- 
solid salt equilibrium theoretically 
one of the lines forming the sides of 
the triangle should run to the point 
representing pure salt and another to 
the composition of a saturated lye 
solution (28.4%). As appears in Fig. 
6 the experimental points do define 
two straight lines which satisfy these 
requirements. Here again the same 
vapor pressure was found experiment­
ally for all systems within the triangle 
regardless of wide variations in total 
composition. Furthermore, the value 
found for this vapor pressure, 389 
mm., is in good agreement with the 
literature value for the vapor pressure 
of a saturated salt solution at 90°.12

The accuracy of the results by 
the analytical and phase-delimiting 
method for equilibria involving fluid 
soap phases is attested by their self- 
consistency. Furthermore, the 
boundaries obtained by this method 

are in relatively good quantitative agreement with 
those obtained by McBain3 by an entirely differ­
ent method.

Discussion
(a) Description of Phases.—Descriptions of 

the physical nature of equilibria involving liquid 
and liquid crystalline soap phases have already 
been given in considerable detail for several sys­
tems, notably tallow soap-sodium chloride- 
water,6,15 potassium oleate-potassium chloride- 
water16 and potassium laurate-lauric acid-water.17 
Since the corresponding phases in the sodium 
palmitate-sodium chloride-water system at 90° 
closely resemble those referred to above, it will be 
unnecessary to describe them here in detail.

(15) Ferguson, Oil &  Soap , 9, 4 -8  (1932).
(16) M cBain and Elford, J .  Chem. Soc., 424 (1926).
(17) M cBain and Field, T h is  J o u r n a l , 55, 4786 (1933).
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More attention will be devoted to equilibria in­
volving curd phase since these have not been so 
adequately described.

As appears in Fig. 6 sixteen different equilib­
rium conditions are possible at 90°, the particular 
state of any given system being determined by 
the relative amounts of soap, salt and water pres­
ent. Inspection of the phase diagram shows the 
concentration limits for the existence of these 
various equilibria.

1. Nigre, or isotropic solution of soap and 
salt (Field G), is a single homogeneous phase, de­
spite its colloidal nature and capacity for existing 
as mobile liquid, thick viscous liquid or even 
elastic transparent jelly.

2. Middle soap (Field E) is also a single phase 
of variable composition, a liquid crystalline solu­
tion. It combines the mechanical properties of a 
stiff fluid having a pronounced yield value18 with 
certain of the optical properties of a crystal. Gen­
erally it occurs as clear gummy lumps of very 
great viscosity.

3. Neat soap (Field C), a single phase of vari­
able composition, is another liquid crystalline 
solution. It is more turbid and at 90° in this 
system is less viscous than middle soap.

4. Curd phase (Field A) is another single 
phase of continuously variable composition. It 
is a crystalline form of solid soap. When formed 
in the presence of neat soap it is characterized by

T a b l e  II
E q u il ib r iu m  D a t a  f o r  t h e  S y s t e m  NaP-NaCl-H20  a t  
90°. A. P h a s e  B o u n d a r y  D a t a  f r o m  V a p o r  P r e s ­

s u r e  R e s u l t s

Phases
Composition, % 

NaP NaCl
Points on the neat soap boundary 58.0 0.00

71.4 .57
74.5 .00

Points on the curd phase boundary 92.5 .00
90.3 .72
86.8 .69

100.0 .00
Points on the neat-lye edge of the 37.3 6.60

neat-curd phase-lye triangle 58.0 3.06
70.1 0.86

Points on the curd phase-lye edge of 42.9 7.60
the neat-curd phase-lye triangle 68.4 3.60

83.0 1.03
Points on the curd phase-lye edge of 59.9 10.6

the curd phase-lye-salt triangle 81.7 4.30
92.4 1.14
94.2 0.76

(18) M cBain and W atts, J .  R h e o l o g y , 3, 437 (1932).

Points on the curd phase-salt edge of 
the curd phase-lye-salt triangle

81.0 14.4
91.2 4.81
94.8 1.17
95.2 0.77

B . P h a s e  B o u n d a r y  D a t a  f r o m  P h a s e  R u l e  R e q u i r e ­
m e n t s  a n d  E x t e n s io n  o f  R e s u l t s  f r o m  V a p o r  P r e s -

Source of data 

Vapor pressure of flat 
confirmed by intersec­
tion of sides of triangle
‘T. C. T.” data
Visual observation; as­
sumes no solid solution 
formation by NaCl
Intermediate between 
composition on neat 
soap boundary just 
outside the neat-curd- 
lye triangle and com­
position just inside the 
triangle (see Figs. 2 
and 3)

. 90 Intermediate between 
composition on curd 
phase boundary just 
outside the neat curd- 
lye triangle and com­
position just inside the 
triangle (see Figs. 2 
and 3)

Description of point

SURES
Composition, %
NaP NaCl

Lye apex of neat- 
curd phase-lye 
triangle

- 0 14.3

Saturated lye 0 28.4
Solid salt 0 100

Neat soap in 
equilibrium with 
curd phase and

70.8

lye

0.65

Curd phase in 85.0 
equilibrium with 
neat soap and lye

Curd phase in 
equilibrium with 
lye and solid salt

95.5 .30 Intersection of sides of 
curd-lye-salt triangle

C. D a t a  f o r  E q u il ib r ia  I n v o l v in g  F l u id  S o a p  P h a s e s
Composition

Phases % N aP % NaCl
Points on middle soap boundary 32.0 0

40.0 0.4
49.0 0

Points on isotropic solution boundary 6.0 4.9
11.2 4.9
13.7 5.0
20.5 3.8
35.1 1.9
35.5 1.8
40.0 1.4
40.0 0.8
35.5 .9
31.0 .7
26.0 .0

ft
Apices of neat-middle-nigre triangle 59.0 .7

46.5 .4
42.5 1 .0

Apices of neat-nigre-lye triangle 59.5 0.8
13.5 5.1
0 6.6
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T a b l e  II ( Concluded)
D . T i e  L in e  D ir e c t io n s  D e t e r m in e d  fr o m  T o tal  

S y s t e m  C o m p o s it io n s  a n d  V a p o r  P r e s s u r e s

1. Systems in which NaCl concentration == 5.27% soap
Concentration. (NaP)

Total system Vapor Lye phase,
% NaCl % NaP pressure, mm. % NaCl

Phases in equilibrium: neat soap-lye
2.58 49.2 495 9 .1
2.59 5 1 .7 4 9 1.5 10 .3
2.74 54.5 487 11.2
2.83 56.4 480 12.8
2.98 56.7 478 13 .2
3.02 57.5 475.5 13 .9

Curd phase-lye
3.38 67.5 473 14 .4
3.49 69.5 471 14 .9
3.58 7 1 .7 567 15 .7
3.66 73.5 462 16.8
3.97 74.9 449 19 .3
3.92 78.3 432 22.3
4.05 8 1.2 407.5 25.9
4 .16 82.5 392 27.8

2. Systems in which NaCl concentration = 17.70% NaP
concentration.
Neat soap-lye

4.88® 32 .7 495 9 .1
5.44® 36.3 486 1 1 .4
6.80 35 .2 480 12.8
6.60 3 7 .1 474.5 14 .1

Curd phase-lye
7.80 44.3 470 1 5 . 1
8.12 46.0 463 16 .55
8.55 48.6 454 18 .3
8.80 49.6 448.5 19 .4
9.50 53.7 430 22.6

10.2 57.9 406 26 .1
10 .5 59.3 393 27.8

® In these systems salt concentration was only 15%  of
soap concentration.

the presence of long, lustrous fibers and tufts of 
shorter, finer fibers. We have obtained these 
fibers in lengths up to two or three centimeters.

Analysis of fibers in the binary system shows 
that they consist of neutral soap and water, thus 
proving that their development is not due to the 
formation of acid soap. Expulsion of water by 
drying to constant weight at 105° results in no 
change in the appearance of the fibers nor are 
they affected by cooling from 90° to room tem­
perature. Fibers developed in binary systems of 
sodium palmitate-water were no different in ap­
pearance from those formed in the ternary sys­
tem.

Plates 1, 2 and 3 are typical of the appearance 
of these fibers. Plate 1 shows a mixture of macro­

scopic curd phase fibers and neat soap. Plates 
2 and 3 are photomicrographs of curd phase fibers 
at successively higher magnifications. They il­
lustrate the similarity in form between the large 
fibers visible to the unaided eye and the finer ones 
visible with the microscope. This same struc­
tural form also has been observed in the ultrami­
croscope.19

Curd phase formed without contact with neat 
soap, as by diffusion of water vapor into anhy­
drous sodium palmitate, does not develop visible 
fibers. Under these circumstances the appear­
ance is that of a white solid of granular forma­
tion.

5. Two-phase equilibrium between nigre and 
middle soap (Field F). It is of interest here that 
addition of salt to the soap solution actually re­
sults in an increase in the solubility of the soap.

6. Two-phase equilibrium between nigre and 
neat soap (Field K). Here increased salt concen­
tration in the soap solution results in a rapid de­
crease in the solubility of the soap, the saturation 
phase being liquid crystalline neat soap.

7. Two-phase equilibrium between nigre and 
lye (Field H). At low soap concentrations suffi­
cient increase in salt concentration results in sepa­
ration into two isotropic liquid phases.

8. Two-phase equilibrium between neat soap 
and lye (Field M). Reasonably good separa­
tions of molten liquid crystalline neat soap over 
isotropic lye occur throughout this range of con­
centrations.

9. Two-phase equilibrium between neat soap 
and middle soap (Field D). This is a very diffi­
cult field in which to obtain separation of phases.

10. Two-phase equilibrium between neat soap 
and curd phase (Field B). Complete separation 
of phases was never attained in this range, al­
though a fairly good degree of segregation was ob­
tained in a centrifuge. Even systems of total 
composition such that they were mostly neat soap 
appeared to the naked eye to consist primarily of 
fibrous solid material.

11. Two-phase equilibrium between curd 
phase and lye (Field P). As the total soap con­
centration is increased, the appearance of the 
curd phase changes from a feathery white solid, 
covered with a fuzz of fine whiskers, to a damp 
granular solid of no pronounced structure. Some­
times a clear lye layer separated below the soap

(19) M cBain, Darke and Salmon, Proc. Roy. Soc. (London), A98, 
395 (1921).



Plate 1.—Macroscopic fibers at 90°: NaP-H20  system, 76.9% NaP 
after a few days at 90°.



Plate 2.—Photomicrograph of macroscopic curd fibers: 
N aP-H 20  system, about 76% NaP, polarized light X13, 
crossed Nicols.

Plate 3.— Photomicrograph of macroscopic curd fibers: 
reflected light X42.
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layer; at other times all the lye was mechanically 
enmeshed in the curd phase forming a macro- 
scopically homogeneous mass.

12. Two-phase equilibrium between curd 
phase and solid salt (Field S). The appearance 
of these systems is very similar to the soap layers 
found in the region of curd phase-lye equilibria. 
As the water content is decreased the soap gradu­
ally becomes drier and changes from a loosely 
caked solid to a granular dry free-flowing solid. 
In most cases crystals of salt can be seen mixed 
with the soap.

13. Three-phase equilibrium between neat 
soap, middle soap and nigre (Field L). (Separa­
tions have been obtained in certain commercial 
soap systems.6)

14. Three-phase equilibrium between neat 
soap, nigre and lye (Field J). The relatively low 
soap content of the neat soap separating in the 
sodium palmitate system compared to that sepa­
rating in this region in systems of ordinary com­
mercial soaps is of technical interest.

15. Three-phase equilibrium between neat 
soap, curd phase and lye (Field N). As in the 
case of curd phase-neat soap equilibria, systems in 
this composition range usually developed pro­
nounced macroscopic soap fibers. Occasionally 
a small amount of lye settled out beneath the 
soap layer but in general these systems appeared 
macroscopically homogeneous despite the actual 
presence of three phases.

16. Three-phase equilibrium between curd 
phase, saturated lye and solid salt (Field R). 
Here again most of the salt and lye are enmeshed 
in the curd phase forming a damp mass of white 
solid. Sometimes crystals of free salt were ob­
served.

(b) Comparison with Previous Work.—The
present results are in agreement with McBain’s 
general concept of curd phase existing in true re­
versible equilibrium with neat soap and lye. In 
the fields of nigres, middle soap, neat soap, middle 
soap-nigre, middle soap-neat soap-nigre, neat 
soap-nigre, neat soap-nigre-lye and neat soap- 
lye our results by phase analysis and delimiting 
methods are in satisfactory quantitative agree­
ment with McBain’s results obtained by extrapo­
lation from observations of temperatures at which 
phase changes occurred in systems of varying 
composition.

In the equilibria involving solid soap phases 
there are considerable discrepancies between the

present results obtained by the vapor pressure 
method and the older work. For instance, our 
results show that the presence of small amounts 
of salt in curd phase actually increases the 
amount of water it can contain before “melting” 
to neat soap, whereas McBain tentatively drew 
the phase boundary as though the water content 
of curd phase decreased on addition of salt. 
However, this is not a difference in kind but only 
of degree. It is not surprising inasmuch as pre­
vious diagrams of the equilibria involving curd 
phase were derived from a few scattered inciden­
tal observations by a process of reasonable de­
duction rather than from systematic experimental 
data. The upper apex of our curd-lye-salt tri­
angle is considerably different from McBain’s. 
This may be due to a difference in the soap used, 
in the method of preparation of the soap before 
determining the vapor pressure, or to a systematic 
error in the older vapor pressure work.

(c) Nature of Curd Phase.—The present 
work, in agreement with the first work of McBain 
and collaborators, shows that curd phase in this 
system consists of sodium palmitate associated 
with varying amounts of salt and water. On the 
basis of the fact that at room temperature quite 
different amounts of water can be contained in 
the curd phase, McBain3,10 tentatively assumed 
the existence of definite sodium palmitate hy­
drates. Contrary to this hypothesis all the pres­
ent work favors the view that the curd phase of 
sodium palmitate at 90° is a single phase of con­
tinuously variable composition.

Let us consider the vapor pressure—composition 
curve for the binary system, sodium palmitate- 
water, at 90°. If there is a stoichiometric hy­
drate, application of the phase rule in its usual 
form necessitates a flat in the vapor pressure 
curve corresponding to the equilibrium between 
anhydrous sodium palmitate and the hydrate. 
Actually the vapor pressure of curd phase at 90° 
was found to decrease continuously with decrease 
in water content.

Points on the curd phase boundary could not be 
obtained directly by phase analysis or delimiting 
experiments because of incomplete separation of 
phases. However, in many cases tie-line direc­
tions could be ascertained by analysis even 
though the composition of the uncontaminated 
soap phase at the end of the tie-line remained 
unknown. All tie lines involving curd phase 
extrapolated to points of continuously variable
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composition on the curd phase boundary. If curd 
phase consisted of one or more definite hydrates 
these tie-lines would have had to converge to the 
points representing the compositions of the hy­
drates. In this connection it might also be men­
tioned that in an earlier paper McBain5 himself 
has commented oil the fact that the water content 
of soap curd appears to vary continuously with 
the concentration of the electrolyte used to salt it 
out.

Summary
An isopiestic vapor pressure method has been 

developed which is suitable for studying soap 
systems at high temperatures and high soap con­
centrations where the usual methods based on ob­

servation of phase changes or analysis of phases 
are inapplicable due to non-separation of phases. 
By means of vapor pressure measurements in a 
pure single soap system at 90 °, it has been dem­
onstrated (a) that curd phase can exist in true 
reversible equilibrium with neat soap, and that 
the two are separate phases; (b) that no stoichio­
metric hydrates occur in the system at 90°, the 
curd phase varying continuously in water content.

The complete equilibrium diagram has been 
drawn for the system sodium palmitate-sodium 
chloride-water at 90°.

The formation and appearance of curd fibers 
have been described.
I v o r  yd  a l e  , O h io  R e c e iv e d  J u n e  3, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  S t a n f o r d  U n i v e r s i t y ]

The Preparation of Some Higher Alkylglucosides
By C. R. N o ller  a n d  W. C. R o ck w ell

The following records the preparation and some 
properties of w-hexyl-, ?z-octyl-, n-nonyl-, ^-decyl- 
and w-dodecylglucoside. These compounds were 
synthesized in order to make available for physi­
cal-chemical investigations pure surface-active 
compounds of known constitution that have 
suitable solubility characteristics and do not 
ionize in aqueous solutions.

The method of synthesis was essentially that 
of Fischer and his co-workers,1 namely, the con­
densation of acetobromoglucose with the appro­
priate alcohol and hydrolysis of the tetraacetyl 
derivative to the alkyl glucoside. One important 
change was made in the method of deacetylating 
the tetraacetates, namely, the replacement of 
hydrolysis using barium hydroxide or ammonium 
hydroxide by catalytic transesterification2 with 
methyl alcohol and sodium methoxide. In 
this way the time of hydrolysis is greatly reduced 
and the isolation of the pure glucoside is simpli­
fied.

I t will be noted from the tables that while the 
melting points of the tetraacetyl derivatives are 
fairly sharp, those of the alkyl glucosides especially 
from octyl up are over a very wide range. This 
was noted by Fischer and Helferich,1 who stated

(1) Fischer and Raske, Ber., 42, 1465 (1909); Fischer and Hel­
ferich, A n n ., 383, 68 (1911).

(2) Fischer and Bergmann, Ber., 52, 852 (1919); Zemplén and 
Pacsu, ibid., 62, 1613 (1929).

that they were unable to explain the phenomenon. 
We have noted that during a melting point de­
termination the solid changed to a semi-trans­
parent state at the lower temperature noted. 
On further raising the temperature little change 
took place until the higher temperature was 
reached when sharp melting to a clear liquid oc­
curred. It appears to us that the lower tempera­
ture marks the transition from the solid to the 
liquid-crystal state and the higher temperature 
the transition from the liquid-crystal to the liquid 
state.

w-Hexylglucoside is very soluble in water and 
its aqueous solutions show little tendency to foam 
on shaking. As the length of the alkyl group in­
creases the foam-producing ability is greatly in­
creased, the nonyl-, decyl- and dodecylglucosides 
giving very stable foams. The solubility in water 
decreases, the dodecylglucoside being only spar­
ingly soluble in cold water but readily in hot water. 
Cetylglucoside was reported by Fischer and Hel­
ferich1 as being insoluble in water.

It was not determined whether these glucosides 
are hydrolyzed by emulsion but the work of Fischer 
and Helferich and the observed negative rotations 
would indicate that they are /3-glucosides.

Experimental
Pentaacetylglucosê and Acetobromoglucose.—When 

pentaacetylglucose was prepared according to the proced-
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ure of Fischer,3 using 100-g. quantities of glucose, charring 
took place due to the heat of the reaction. This was obvi­
ated by adding the glucose in portions of about 10 g. at 
such a rate that the temperature did not rise above 110°. 
Glucose hydrate may be used instead of the anhydrous 
glucose recommended by Fischer without changing the 
yield or quality of the product.

Considerable trouble was encountered in the preparation 
and storage of acetobromoglucose. Of the various pro­
cedures reported in the literature and modifications which 
were tried, the method of Freudenberg, Noe and Knopf4 
gave the best results.

Tetraacetylalkylglucosides.—A mixture of 0.15 mole of 
the pure alcohol, 0.02 mole of acetobromoglucose, 200 cc. 
of absolute ether and 0.025 mole of freshly prepared, dry 
silver oxide5 in a tightly stoppered flask was shaken me­
chanically for two hours. At the end of this time a small 
sample gave no precipitate when tested with silver nitrate 
solution. The ether solution was filtered through a thin 
layer of diatomaceous earth on a Büchner funnel, the ether 
evaporated and the excess alcohol removed by steam dis­
tillation. Upon cooling the residue in the flask, the crude 
tetraacetylglucoside congealed and was filtered and crystal­
lized from dilute aqueous methyl alcohol. The products 
frequently came down as a milky emulsion which crystal­
lized on cooling in an ice-bath. The yields varied from 
40 to 60% of the calculated amount. The properties and 
analyses of the individual compounds are given in Table I. 
The specific rotations were determined in methyl alcohol 
solution.

T a b l e  I
T e t r a a c e t y l a l k y l g l u c o s id e s

Alkyl
radical M. p., °C. la] 25d

Saponification 
equivalent 

Calcd. Found
w-Hexyl 51-52.5 —22.4 108.1 106.7
w-Octyl 53-54 —’21.7 115.1 116.5
w-Nonyl 39.5-40.5 -2 0 .9 118.6 118.4
n -Decyl 47.5-48.5 -2 1 .5 122.1 123.0
w-Dodecyl 58.5-59.5 -1 8 .8 129.1 131.0

(3) Fischer, Ber., 49, 584 (1916).
(4) Freudenberg, Noe and Knopf, ibid., 60, 241 (1927).
(5) Helferich and Klein, A nn ., 450, 225 (1926).

Alkylglucosides.—To a solution of 0.01 mole of tetra- 
acetylalkylglucoside in 100 cc. of absolute methyl alcohol 
was added 2 cc. of a 0.1 N  solution of sodium methylate in 
methyl alcohol. The solution was boiled for one-half hour 
under a reflux condenser protected by a calcium chloride 
tube and the methyl alcohol then removed under reduced 
pressure. The sirupy residue was taken up in hot ethyl 
acetate and on cooling in a freezing mixture the glucoside 
crystallized and was filtered and washed with petroleum 
ether. Considerable difficulty was encountered in crystal­
lizing the crude glucosides since there was a tendency 
to separate as a gel. The dodecylglucoside crystallized 
best from water. The properties and analyses of the gluco­
sides are given in Table II, the rotations being determined 
in methyl alcohol solution. The analyses for glucose were 
made by hydrolyzing the sample with dilute sulfuric acid 
and determining iodimetrically the amount of glucose 
formed. We are indebted to Mr. S. Kinsman for the rota­
tions and analyses of the alkylglucosides.

T a b l e  II 
A l k y l g l u c o s id e s

Alkyl
radical M . p ., ° c . [a]25D

% glucose 
after hydrolysis 

Calcd, Found
77-Hexyl 88-91 -3 3 .7 68.1 68.9
w-Octyl 65-99 -3 0 .3 61.6 62.2
77-Nonyl 65-118 -2 8 .8 58.8 58.3
w-Decyl 75-130 - 2 7 .8 56.2 56.3
77-Dodecyl 77-137 -2 4 .7 51.7 51.2

7 7 - H e x y l - ,

Summary
7 7 - o c t y l - ,  7 7 - n o n y l - , 7 7 - d e c y l - a n d

dodecylglucosides and their tetraacetates have 
been prepared in a pure state. Aqueous solu­
tions of the glucosides from octyl through dodecyl 
foam on shaking but dodecylglucoside is only 
slightly soluble in cold water. These glucosides 
should be of value in physical-chemical investi­
gations where a non-ionizing surface-active sub­
stance is desired.
Stanford University, Calif. Received May 25, 1938
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[C o n t r ib u t io n  f r o m  t h e  S ch o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

A Method of Distinguishing Primary, Secondary and Tertiary Aliphatic Acids

By F r a n k  C. W h i t m o r e  a n d  H a r r y  M. C r o o k s , J r .

Whitmore and Laughlin1 found that when cer­
tain aliphatic acids were treated with phosphorus 
pentoxide at temperatures in the neighborhood 
of 150° the relative yields of carbon monoxide and 
carbon dioxide were dependent upon the charac­
ter of the alkyl group attached to the carboxyl 
carbon. Their results indicated this as a pos­
sible method of distinguishing between primary, 
secondary and tertiary acids RCH2COOH, RR'~ 
CHCOOH and RR'R"CCOOH. In the present 
study this has been confirmed and extended to 
cover fifteen aliphatic acids other than those re­
ported by Whitmore and Laughlin. The studies 
have included six primary acids, eight secondary 
acids and five tertiary acids.

In the case of primary acids, the gaseous prod­
ucts totaled 5-13% of the theoretical amount re­
quired by complete loss of the carboxyl group, the 
ratio of carbon dioxide to carbon monoxide in­
creasing, with increase in molecular weight of the 
acid, from 5:1 to a 13% yield of carbon dioxide 
with no carbon monoxide. With secondary 
acids, the yield of carbon monoxide increased 
from 9 to 30% and the yield of carbon dioxide 
decreased from 1.7 to 0.5% with increase in mo­
lecular weight of acid. With tertiary acids, the 
carbon monoxide yield increased from 55 to 90% 
with increase in molecular weight of acid, only 
traces of carbon dioxide being formed.

A method for distinguishing between secondary 
and tertiary acids is especially important in view 
of the confusion about the two acids, C11H23CO2H, 
obtained by the oxidation of triisobutylene.2 
From their speeds of esterification they were 
thought to be tertiary although one later was 
proved to be secondary. The present method 
distinguishes them definitely, the dineopentyl- 
acetic acid forming 30% CO and 0.5% C02 while 
the isomeric methyl-^-butylneopentylacetic acid 
gives 90% CO and 0.2% C02.

All reactions were run at the same temperature 
(155-160°). The yield of gas is probably de­
pendent on this factor. Thus, Kipping3 obtained

(1) Whitmore and Laughlin, T h is  J o u r n a l , 54, 4462 (1932).
(2) Conant and Wheland, ibid., 55, 2499 (1933); Whitmore and 

Laughlin, ibid., 56, 1128 (1934); Whitmore and Wilson, ibid., 56, 
1397 (1934).

(3) Kipping, J . Chem. Soc., 57, 532, 980 (1890); 63, 452 (1892).

30-60% yields of ketone and presumably a cor­
responding yield of carbon dioxide, by treating 
primary acids with phosphorus pentoxide at 200-  
220°.

In all cases, a heavy tar was formed in the re­
action.

Experimental
The apparatus used consisted of a three-necked, 200-cc., 

round-bottomed flask fitted with a gas inlet tube, a drop­
ping funnel and a reflux condenser. Gases from the reac­
tion were led through the condenser to a calibrated gas 
collecting carboy. The system was so assembled that all 
parts could be flushed out with nitrogen. In the case of 
acids solid at room temperature a procedure was devised 
permitting introduction of the solid in small portions 
without opening the system.

Gas analyses were made with a standard Orsat apparatus 
using 10% sodium hydroxide solution for carbon dioxide 
and cuprous chloride in hydrochloric acid for carbon mon­
oxide.

Procedure.—Approximately one-tenth mole runs of each 
acid were made. For this, 25 g. of phosphorus pentoxide 
was weighed into the reaction flask, the acid placed in the 
dropping funnel, the apparatus assembled and tested for 
leaks. The apparatus was then swept out with from three 
to five liters of dry nitrogen with the gas-collecting carboy 
disconnected. The carboy , was connected and the bath 
surrounding the flask heated to 100-110°. The acid was 
then added slowly (about forty minutes for 0.1 mole) to 
the hot oxide. After all the acid was added the bath 
temperature was raised to 155-160° and held at that point

Acid 
n-Caproic

Isocaproic
^-Butylacetic
Methylneopentylacetic
w-Caprylic
Stearic U.
Diethylacetic
Methyl-w-propylacetic
Diallylacetic
Di-%-propylacetic
Di-w-butylacetie
Dineopentylacetic m. p.
Trimethylacetic m.
Ethyldimethylacetic
Diethylmethylacetic
Triethylacetic m.

D e s c r ip t io n  o f  A c id s  U s e d
b . p.°c. Mm. n 20r> Source
114 740 1.4163 Mallinckrodt Chem.

Wks.
1.4150 Eastman Kodak Co.

96 25 1.4107 a

119 20 1.4242 a

1.4280 Eastman Kodak Co.
\X . Baker Chemical Co.
119 731 1.4132 b

191 735 1.4140 b

113 11 1.4520 c

120 16 1.4239 d

143 16 1.4328 d

-89° d

35° e

100 23 1.4141 e

134 50 1.4250 e

39° e

a From oxidation of diisobutylene; to be published later. 
b From Dr. F. A. Karnatz, this Laboratory; malonic ester 
synthesis. c From Dr. D. M. Jones, this Laboratory. 
d From Dr. P. A. Lasselle, this Laboratory; hydrolysis of 
corresponding nitriles. e Addition of carbon dioxide to 
corresponding Grignard compound.
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for an hour to ensure complete reaction. During this time 
the mass in the reaction flask became black and gummy.

The flask was allowed to cool to room temperature and 
then the excess of pentoxide was hydrolyzed by adding 30- 
60 cc. of water through the dropping funnel (air excluded). 
When hydrolysis was completed, the gaseous contents of 
the flask were swept into the carboy with 2 liters of dry 
nitrogen and the total gas analyzed for carbon dioxide and 
carbon monoxide.

The results are given in tabular form. The 
data for ^-butyric, isobutyric, trimethylacetic and 
methyl-/-butylneopentylacetic acids, determined
previously,1,4 
parison.

were included for purposes of com-

Acid
Primary

% CO % C0 2

«-Butyric 1.1 5.5
«-Caproic 0.9 6.3
Isocaproic .8 .77
£-Butylacetic .5 5.3
«-Caprylic .14 9.9
Stearic

Secondary
.0 13.0

Isobutyric 8.8 1.7
(4) Whitmore and Laughlin, T h i s  J o u r n a l , 56, 1128 (1934).

Diethylacetic 26.0 1.6
Methyl-«-propylacetic 21.7 1.6
Di-«-propylacetic 27.5 0.6
Diallylacetic 17.6 .5
Di-«-butylacetic 24.6 .5
Methylneopentylacetic 26.6 .8
Dineopentylacetic 30.0 .5

Tertiary
Trimethylacetic 55.0 0.2
Ethyldimethylacetic 68.0 .0
Diethylmethylacetic 84.5 .6
Triethylacetic 77.5 .0
Methyl-/-butylneopentylacetic 90.0 .2

Summary
Fifteen aliphatic acids have been treated with 

phosphorus pentoxide at 150-160° and the yields 
of carbon monoxide and carbon dioxide recorded.

On the basis of the yield and composition of the 
gaseous products of this reaction a method of 
discriminating between acids having a primary, 
secondary or a tertiary alkyl group attached to 
the carboxyl carbon is proposed.
St a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  27, 1938

[C o n t r ib u t io n  N o . 384 f r o m  t h e  F ood  R e s e a r c h  D iv is io n , B u r e a u  o f  C h e m is t r y  a n d  S o il s , U n it e d  S t a t e s  
D e p a r t m e n t  o f  A g r ic u l t u r e , a t  t h e  D e p a r t m e n t  o f  P h a r m a c o l o g y , S t a n f o r d  U n i v e r s it y  S cho o l  o f  M e d ic in e  ]

Studies on Phenothiazine. IV. Potentiometric Characterization of Thionol
B y  F l o y d  D e E d s  a n d  C. W. E d d y

In a previous report1 we have described a 
simple method for the conversion of phenothia­
zine to thionol (hydroxyleucophenthiazone). We 
have pointed out that thionol is a reversible oxi­
dation-reduction system and reported the po­
tential of the system under conditions when the 
ratio of the concentration of the oxidant to the 
concentration of the reductant was unity. This 
paper is concerned with details of the potentio­
metric studies of the system thionol-leuco thionol.

All oxidation-reduction potentials were measured with 
bare platinum electrodes, the saturated calomel half cell 
being used as the working standard of reference. Two 
platinum electrodes were used in each measurement and 
no potential reading was accepted as final until the two 
electrodes agreed within 0.1 mv. when the system was well 
poised. When the concentration of one component was 
low relative to that of the other, a discrepancy of not more 
than 0.5 mv. was considered indicative of equilibrium. 
Before using the electrodes they were cleaned in aqua regia, 
washed thoroughly, and their behavior checked in 0.001

(1) F. DeEds and C. W. Eddy, T his Journal, 60, 1446 (1938).

M  ferri-ferrocyanide solution in which the concentration 
of oxidant and reductant was equal. All potentials were 
measured with a Leeds and Northrup type K potentio­
meter placed in the grid circuit of a General Electric FP 
54 tube as shown in the accompanying diagram.

Measurements were made in an air-bath at a tempera­
ture of 21-22°. Potentials were measured in an atmos­
phere of pure nitrogen which was passed over heated cop­
per gauze to remove all traces of oxygen. The leuco base 
of thionol was prepared by reduction of thionol with plati­
nized asbestos and a stream of hydrogen freed of oxygen 
by passage over heated platinized asbestos. When re­
duction was completed the solution of leuco base was freed 
of hydrogen with a stream of oxygen-free nitrogen. The 
stream of nitrogen also served to force the solution of leuco 
thionol through a sintered glass filter to remove the asbes­
tos and to transfer the solution to an oxygen-free buret. 
Since the measured amount of solution of oxidant (10 cc.) 
placed in the titration vessel and the solution treated 
for reduction to the leuco base were aliquots of the same 
thionol solution, the ratio of oxidant to reductant after 
each addition of reductant from the buret was determined 
readily.

For the determination of the curve relating the potential 
to the ratio of reductant to oxidant a solution of thionol
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Fig. 1.—Diagram of static vacuum tube 
voltmeter: G, L. & N. galvanometer 0.025
m. a. per mm. scale division; Ri, 50-ohm 
rheostat; R2, 200-ohm variable resistance;
R3, 700-ohm potentiometer; R4, 400,000-ohm 
potentiometer; R5, 500,000-ohm rheostat;
Re, 10,000-ohm resistance; MA, microammeter.

in a phosphate buffer of pH  6.57 was prepared by volatiliz­
ing a chloroform solution of thionol from the heated buffer 
during constant mechanical stirring. The concentration 
of thionol was approximately Af/4600. The sigmoid 
curve showing the variation in potential from 0-75% re­
ductant is given in Fig. 2, and the data obtained on the 
two platinum electrodes are given in Table I.

T a b l e  I
T it r a t io n  o f  10 c c .  o f  B u f f e r e d  T h io n o l  w it h  B u f ­

f e r e d  L e u c o  T h io n o l  [pH 6.57]
Leuco

thionol, Reduction, Eh, obsd., Eh, calcd., Diff.,
cc. % V. V. V .

0.00 0.2462
.50 4.76 .2277 0.2269 +0.0008

1.00 9.09 .2193 .2180 +  .0013
2.00 16.66 .2110 .2090 +  .0020
3.00 23.07 .2057 .2037 +  .0020
4.00 28.57 .2018 .2000 +  .0018
5.00 33.33 .1987 .1971 +  .0016
7.00 41.17 .1940 .1928 +  .0012
8.00 44.44 .1917 .1911 +  .0006

10.00 50.00 .1882 .0000
1 1 . 0 0 52.38 .1867 .1870 -  .0003
13.00 56.52 .1839 .1843 -  .0004
15.00 60.00 .1818 .1830 -  .0012
20.00 66.66 .1762 .1793 -  .0031
25.00 71.42 .1719 .1764 -  .0045
30.00 75.00 . 1677 .1740 -  .0063
40.00 80.00 .1605 .1703 -  .0098

It has been shown by Clark and Cohen2 that 
at constant pH. the relation of potential to the 
ratio of reductant to oxidant is given by the 
equation

where Eh is the observed potential referred to the normal 
hydrogen electrode.

E = Eh when [Sr], the concentration of reductant 
[5o], the concentration of oxidant = 1

(2) W. M. Clark and B. Cohen, U. S . Pub. Health Repts., 38, 666 
(1923).

R  is the gas constant.
T  is the absolute temperature.
F is one faraday.
n is the number of electrons exchanged when one mole­

cule of oxidant is changed to one molecule of reductant, 
or vice versa.

At a temperature of 21° this electrode equation 
may be given numerical form

^  0.05833 [Sr]
x i h  -“ 0 r ^ \  -In 0 [So]

In the reports of Clark, including that on 
methylene blue, the value of n was found to be 2. 
Since thionol is very closely related to methylene 
blue, we have assumed n =  2 in our studies. 
Using this value we have solved the electrode 
equation for for all values of the ratio [Sr]/ 
[So]. Comparison of the calculated values with 
the observed is shown in Table I.

Reduction, %.
Fig. 2.—Relation between electrode potential and 

percentage reduction when pH  is constant at 6.57: 
titration of thionol with leuco thionol at pH  6.57.

Comparison of the observed and calculated 
values for Eh shows that the difference is appreci­
able as the ratio [SV]/[S0] becomes smaller or 
greater than unity. We do not believe that this 
error is due to the assumption that n =  2, but 
rather to the fact that leuco thionol is photosen­
sitive. In other experiments to be reported in 
another paper, the agreement between observed 
and calculated Eh values was much closer, the 
maximum difference being 0.0011 v. in a single 
instance. The deviation reported does not in­
validate the conclusion that thionol-leuco thionol 
is a reversible oxidation-reduction system nor does
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it detract from the significance of the potential 
when [5r]/[5o] = 1 and the system is well poised.

The photosensitivity of the leuco thionol was demon­
strated by the following experiment, A solution of thionol 
was reduced to the leuco base with platinized asbestos and 
hydrogen. A portion of the colorless solution was trans­
ferred to each of two oxygen-free Pyrex vessels. One of 
these was kept in the dark as a control for six days, and the 
other subjected to irradiation under a sun lamp. A pro­
nounced red color developed in the irradiated vessel. At 
the end of six days the solution in the control vessel was 
colorless, but after two hours of exposure under the skylight 
in the laboratory a definite red coloration was noticeable. 
The rapidity with which the leuco thionol was converted to 
the red thionol under the influence of irradiation with the 
appropriate wave length of light suggested the feasibility 
of following the photosensitive action potentiometrically. 
At the same time advantage was taken of the opportunity 
to observe the effect of conversion of leuco thionol to 
thionol upon hydrogen ion concentration under strict 
anaerobic conditions.

A solution of thionol in distilled water was prepared and 
reduced to leuco thionol as previously described. The re­
duction vessel was then swept free of hydrogen with a 
stream of oxygen-free nitrogen which also served to force 
the solution of leuco thionol through a sintered glass filter 
into an oxygen-free vessel provided with a glass electrode 
for detecting potential changes due to alteration in p H  and 
a bare platinum electrode for measuring of oxidation- 
reduction potential changes. The vessel was wrapped 
with black paper provided with a flap which could be raised 
for purposes of irradiation. The source of light for irradia­
tion was an argon-filled glow lamp, which emits a wave 
length of light fairly efficient in converting leuco thionol 
to thionol. Throughout the course of the potential meas­
urements the solution was stirred by a stream of oxygen- 
free nitrogen.

The time-potential curves of two such experiments are 
presented in Fig. 3. Since small increments of thionol 
induced by irradiation of leuco thionol produce large 
changes in the oxidation-reduction ratio, the irradiation 
in the early part of the experiment was limited to five- 
minute periods. Later when the rate of change of the 
ratio was small continuous irradiation was resorted to.

The change in potential registered by the bare 
platinum electrode is in harmony with the obser­
vation that as irradiation was prolonged the in­
tensity of red color, due to increasing concentra­
tion of thionol, increased. The potential changes 
are due chiefly to a change in oxidation-reduction 
potential but not entirely so, for the solution was 
intentionally unbuffered to permit detection of 
pH changes. In the experiment at a tempera­
ture of 26° where the data are designated by circles 
the glass electrode registered a change of 64 mv., 
or somewhat more than one pH unit in the direc­
tion of increased acidity. At the same time the 
platinum electrode registered a change of 288.2

mv. The quantitative aspects of the experiment 
cannot be emphasized in the absence of exact 
knowledge of the molar concentration of the 
leuco thionol solution. The important points are 
the demonstration of the photosensitivity of 
leuco thionol, and the fact that conversion to 
thionol is accompanied by an increase in hydro­
gen ion concentration in unbuffered solutions. 
Clark, Cohen and Gibbs3 have called attention to 
the photosensitivity of methylene white. These 
authors state: “We are not sure that the absence 
of visible coloration can be regarded as proof that 
there did not take place changes too small for 
positive identification but large enough to have a 
significant part in cumulative errors. Indeed, our 
titration curves often have the form which would 
result from the presence of very small percentages 
of oxidant in a solution treated as if it were com­
pletely reduced.” Similarly, in the present study 
of thionol-leuco thionol inspection of Table I 
shows that the difference between the observed 
and calculated values of Eh might well be ac­
counted for by the presence of small amounts of 
oxidant in the solution of reductant as the result 
of photodynamic action.

Fig. 3.—Time-potential curve showing change in 
oxidation-reduction potential due to photosensitivity 
of leuco thionol: A, length of dash indicates time of 
irradiation for experiment plotted with circles; B, length 
of dash indicates time of irradiation for experiment 
plotted with crosses.

(3) W. M. Clark, B. Cohen and H. D. Gibbs, U. S. Pub. Health 
Repts., 40,1131 (1925).
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Because of the presence in the system thionol- 
leuco thionol of OH and NH groups, which may 
be capable of ionization, the system may be char­
acterized further by a determination of the curve 
relating pH to the potential when [5r ]/[5o] = 1. 
The curve was determined in the following manner. 
An approximately 0.2 I f  solution of phosphoric acid 
was titrated with an approximately 0.2 M  solution 
of sodium hydroxide, and the change in pH fol­
lowed with glass electrode measurements. The re­
sulting curve relating pH to cc. of sodium hydrox­
ide added was plotted on a large scale. From this 
curve the amount of sodium hydroxide required 
to bring a given amount of phosphoric acid to a

Fig. 4.—Relation between electrode potential and 
pH. when total oxidant and total reductant are equi- 
molecular: thionol, E q v s . pH.

given pH was determined. On the basis of such 
information a series of buffers was prepared and 
their exact pH values then determined with the 
hydrogen electrode. A chloroform solution of 
thionol was prepared by dissolving 0.1 g. in 100 
cc. Five cc. of this chloroform solution was 
added slowly to 75 cc. of each buffer heated and 
mechanically stirred until all the chloroform was 
volatilized. The buffer solution of thionol was 
cooled and made up to 100 cc. with additional 
buffer. This procedure did not modify the pH of 
the buffers except in the case of the two most al­
kaline buffers used. The exact pH of these two 
buffer solutions of thionol was determined by 
duplicating the procedure in the absence of thionol

and measuring their values with the hydrogen 
electrode. These buffers originally had values of 
8.89 and 10.69 which were shifted to 8.70 and 
9.90, respectively. A portion of each thionol 
solution was reduced as previously stated, and, 
under anaerobic conditions, 10 cc. of the reduc­
tant added to 10 cc. of the oxidant. The poten­
tials were measured as before using two bare 
platinum electrodes. Final readings were re­
corded when the two electrodes were in substan­
tial agreement. The data are given in Table II 
and presented in the form of a curve in Fig. 4.

T a b l e  II
Variation of E q with pH, T  — 21°

pH Eh - Eo, v.
Electrode 1 Electrode 2

1.42 +0.4712 +0.4725
1.85 +  .4573 +  .4579
2.65 +  .4105 +  .4105
3.47 +  .3917 +  .3917
4.03 +  .3450 +  .3450
4.47 +  .3021 +  .3023
4.99 +  .2710 +  .2710
5.53 +  .2482 +  .2477
6.57 +  .1882 +  .1882
6.84 +  .1687 +  .1687
7.14 +  .1515 +  .1515
7.44 +  .1333 +  .1333
7.78 +  .1132 +  .1132
8.70 +  .0700 +  .0700
9.90 -  .0041 -  .0038

The deflections of the curve in Fig. 4, in terms 
of ionizable groups, may be interpreted as follows. 
Each point on the curve designated by a circle 
represents the potential of a mixture of oxidant 
and reductant in equal concentrations at a defi­
nite pH value. As will be seen from the formula 
for leuco thionol there are two hydroxyl groups 
and an NH (3) capable of ionization. The for­
mula for the oxidant shows that there is one 
hydroxyl group capable of ionization and a double 
bonded oxygen which may ionize if hydration 
occurs. For convenience of interpretation the

H
N

Leuco thionol

N
A/V\

HOw v ' - 0S
Thionol

broken lines 1, 2 and 3 radiating from a pH value 
of 7 in Fig. 4 represent slopes or —dE/dpH  values 
of 29.2, 58.3 and 87.5 mv. per unit of pH} respec­
tively, at 21°. It will be seen that between pH
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values of 4.47 and 9.90 the observed potentials 
fall on a line, the slope of which approximates that 
of line 2. Between pH values 4.47 and 3.47 the 
potentials fall on a line approximately parallel to 
line 3. The potentials at pH values of 3.47 and
2.65 fall on a line approximately parallel to line
1. From pH 2.65 to 1.85 the slope of the curve 
once more approximates that of line 3. The 
dotted line extensions of the straight line portions 
of the curve give intersections corresponding to 
pK  values of 3.16 X 10~3, 2.24 X 10"4, and 3.39 X 
10“ 5 .

As has been shown in the papers by Clark and 
co-workers, deflections in the E '0: pH curve de­
note the presence of detectable dissociations 
either in the oxidant or reductant, or in both. 
To determine whether a particular dissociation 
occurs in the oxidant or reductant these authors 
made use of a principle which Hall, Preisler and 
Cohen4 stated as follows: “In the E^ipH curve, 
the bend with a convexity in the direction of 
negative e. m. f. always corresponds to a dissoci­
ation in the reductant; and, vice versa, a de­
flection with a concavity toward negative e. m. f. 
denotes a dissociation in the oxidant. That is, 
when the change in slope (defining slope as —dE/ 
dpH) is negative, the dissociation causing the 
change is assignable to the reductant; when the 
change is positive, the corresponding dissociation 
belongs to the oxidant.” Therefore at pH 4.47 
the dissociation is assignable to the reductant and 
likely due to the NH group. At pH 3.65 the 
change in slope involves two ionizable groups in 
the oxidant. Since the change in slope occurs 
suddenly both groups have the same or very 
nearly the same dissociation constant. At pH
2.5 the change in slope involves the two ionizable 
groups in the reductant. Here again the change 
in slope occurs suddenly, suggesting that both 
groups have the same dissociation constant, as 
might be expected from the symmetrical place­
ment of the hydroxyl groups in the molecule.

Development of an equation relating the po­
tential of the fixed ratio of thionol to leuco thionol 
with change in hydrogen ion concentration failed 
to yield a set of calculated E'0 values showing 
satisfactory agreement with the observed values. 
This failure to correlate the physical chemical 
findings with the structural formulas for thionol 
and leuco thionol might be attributed to inac-

(4) W. L. Hall, P. W. Preisler and B. Cohen, ibid., Supplement 
N®. 71 (1928).

curate pK  values traceable to errors caused by 
the photosensitivity of the leuco thionol. How­
ever, the attempt to explain the deflections of the 
Eq : pH curve requires the assumption that both 
hydroxyl groups of the reductant have the same 
pK  value, and that the double bonded oxygen of 
the oxidant undergoes hydration and subsequent 
ionization. Therefore an explanation for the 
deflections of the E q : pH curve was sought on some 
basis other than ionizable groups.

The dose relationship of thionol to a-phenazine 
and pyocyanine studied by Michaelis5 and Fried­
heim and Michaelis6 suggested the possibility 
that the system thionol-leuco thionol might be 
characterized by the existence of a semiquinone 
in the pH range from 0 to 4. Evidence for the 
existence of a semiquinone should be obtainable 
both colorimetrically and electrometrically.

Colorimetric tests for the presence of a semi­
quinone were made at pH values of 1.00, 1.21, 
1.47, 1.85, 3.06, and higher. At pH values of
3.06 and higher reduction of thionol with stan­
nous chloride, titanium trichloride, or platinized 
asbestos and hydrogen gas gave a change of color 
which proceeded directly from red to colorless, and 
was reversed directly to red by the addition of 
hydrogen peroxide. At the lower pH values of
1.00, 1.21, 1.47, and 1.85 reduction by the above 
methods gave a color change from red through 
purple to blue, light green and finally colorless. 
Reoxidation with hydrogen peroxide reversed the 
order of color change. The more acid the reac­
tion the more pronounced the intermediate colors 
and the greater the ease with which partial re­
duction characterized by the intermediate colors 
could be maintained over a period of time. These 
observations are in conformity with the behavior 
to be expected in the presence of a semiquinone.

Attempts to confirm this colorimetric evidence 
with potential measurements have failed, a major 
difficulty being the instability of the potentials in 
the extreme acid range.

Nevertheless, the difficulties encountered in 
seeking an explanation of the deflections in the 
E'0:pH curve do not invalidate the curve, which 
was found to be reproducible, nor do they detract 
from the usefulness of the curve as discussed in a 
succeeding paper.7

It is of interest to compare the potential of this
(5) L. Michaelis, J .  Biol. Chem., 92, 211 (1931).
(6) E. Friedheim and L. Michaelis, ibid., 91, 355 (1931).
(7) F. DeEds, C. W. Eddy and J. O. Thomas, J . Pharmacol. 

Exptl. Therapeutics, in press.
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thiazine, thionol, with the values given by Clark3 
for two other thiazines, Lauth’s violet and methyl­
ene blue. At pH 7 the E'0 for thionol is 0.158, for 
methylene blue 0.011, and for Lauth’s violet
0.062 at pH 6.967, and 0.045 at pH 7.517, which 
gives 0.061 at pH 7 by interpolation. These 
values place thionol appreciably closer to the 
oxygen electrode than the other two thiazines, 
being about midway between 1 -naphthol-2-sul- 
fonate-indophenol and 2,6-dichlorophenol-indo-ö- 
cresol. This is in agreement with the observation 
that spontaneous oxidation of leuco thionol ex­
posed to air occurs more slowly than is the case 
with methylene white at the same pH. Like­

wise, the reducing power of a given sample of 
urine is more readily demonstrated with thionol 
than with methylene blue.

Summary and Conclusions
1. The potentiometric characteristics of thio­

nol have been determined.
2. Colorimetric evidence for the existence of a 

semiquinone has been submitted.
3. The three thiazines, methylene blue, 

Lauth’s violet and thionol have been compared 
with regard to their position on the oxidation- 
reduction scale.
S a n  F r a n c is c o , C a l i f . R e c e iv e d  J u n e  15, 1938

[C o m m u n ic a t io n  N o . 675 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r ie s ]

Oxidation Processes. XH.1 The Autoxidation of Hydroquinone and of the Mono-,
Di- and Trimethylhydroquinones

By T. H. J a m e s , J. M. S n e l l  a n d  A. W e is s b e r g e r

A study of the primary reaction in the autoxi­
dation of hydroquinone is severely complicated by 
the presence of secondary reactions involving 
nuclear hydrogens. In order to avoid such 
complications, we investigated the autoxidation 
of durohydroquinone.1 In this compound, the 
four nuclear hydrogens of hydroquinone are re­
placed by methyl groups. This prevents secon­
dary reactions, which complicate the hydro­
quinone autoxidation. Hydrogen peroxide and 
duroquinone could be shown to be the reaction 
products, and it was further observed that duro­
quinone exerts a marked catalytic effect upon 
the reaction. In order to apply these results to 
the autoxidation of hydroquinone, we have in­
vestigated the autoxidation of the intermediate 
members of the homologous series, namely, tolu- 
hydroquinone, the three xylohydroquinones, and 
^-cumohydroquinone (trimethylhydroquinone) and 
we have extended previous observations on the 
oxidation of hydroquinone itself.

Materials2
^-Benzoquinone, twice sublimed; m. p. 116°.
Hydroquinone, recrystallized from benzene, or three 

times from water slightly acidified with hydrochloric acid; 
m. p. 172 °. No kinetical difference between these samples 
and the original material was detected.

(1) Part X I: T. H. James and A. Weissberger, T h i s  J o u r n a l , 60, 
98 (1938).

(2) All materials the origin of which is not stated are Eastman 
grades.

Toluquinone, recrystallized from ligroin (b. p. 70- 
90°), and sublimed at 100°.

Toluhydroquinone, recrystallized from toluene; m. p. 
127-128°.

Dimethylquinones were made from the corresponding 
xylidines, as follows.

The xylidine (61 g., 0.5 mole) was dissolved in 200 ml. of 
concentrated sulfuric acid and 1000 ml. of water, and a 
solution of 60 g. of sodium bichromate in 150 ml. of water 
was slowly run in, with stirring, at a temperature below 
10°. The mixture was left standing in a cool place for 
twenty-four hours, and then 80 g. of bichromate in 240 ml. 
of water was added in the same manner. After another 
twenty-four hours, the precipitate was collected, washed 
with water, and the filtrate extracted with ether. The 
combined precipitate and ether solution was steam dis­
tilled. The distillate was half saturated with sodium 
chloride, cooled, the quinone collected, and the filtrate 
extracted with ether. The combined precipitate and 
ether extract residue was recrystallized from petroleum 
ether or ligroin and sublimed.

2.5- Dimethylquinone.—Yield 40%; m. p. 124-124.5°.
2.5- Dimethylhydroquinone was prepared according to 

Conant and Fieser3; recrystallized from ethanol, yield 46%; 
m. p. 210-212°.

2.6- Dimethylquinone.—Yield 10%; m. p. 72-73°.
2.6- Dimethylhydroquinone was prepared analogously to 

the 2,5-dimethylhydroquinone;2 recrystallized from water 
(Norite), yield 60%; m. p. 153-154°.

2.3- Dimethylquinone.—From 3-amino-l ,2-dimethylben- 
zene; yield 8%; m. p. 59-60°.

2.3- Dimethylhydroquinone.—The solution of the qui­
none (0.6 g.) in 25 ml. of 25% ethanol was reduced at 0 ° with 
sulfur dioxide for one hour; yield 17%; m. p. 224-225°.

(3) Conant and Fieser, T his Journal, 45, 2199 (1923).
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3-Amino-l,2-dimethylbenzene.4—Forty-eight grams of
3-nitro-l,2-dimethylbenzene was reduced with 56 g. of iron 
powder in 150 ml. of water containing 10 ml. of concen­
trated hydrochloric acid, followed by stirring and heating 
on the steam-bath for three hours, followed by steam dis­
tillation: yield 70%; b. p. 109-111° at 22 mm. The 
acetyl derivative was recrystallized from toluene; m. p. 
133-134°.

3-Nitro-l,2-dimethylbenzene.—o-Xylene (100 g.) was 
run slowly into a mixture of 600 g. of fuming nitric acid 
(sp. gr. 1.52) and 200 g. of glacial acetic acid, with rapid 
stirring, at 20-25 °. Stirring was continued at this tempera­
ture for one hour, the mixture poured into water, extracted 
with benzene and washed.

The isomers were separated by fractional distillation 
through a 17-cm. Widmer column at 12 mm. Fractions 
were collected at intervals of 3-4°, between 113 and 126 °, 
cooled in an ice-salt bath and crystals collected. The 
filtrates were refractionated; yield of 3-nitro- 1,2-dimethyl- 
benzene, b. p. (12 mm.) 113-116°, 48 g., 37%; 4-nitro- 
1,2-dimethylbenzene, b. p. (12 mm.) 125-126°, 35 g., 27%.

2,3,5-Trimethylquinone (i/'-Cumoquinone).—The method 
of L. I. Smith5 was not used because no pseudocumidine of 
satisfactory quality was available. Instead, isoduridine 
was oxidized with elimination of the methyl group6 in the 
para position to the amino group. Isoduridine was pre­
pared from isodurene through the monobromo derivative.7

Bromoisodurene was prepared closely following the 
procedure for the bromination of durene4; yield, 61 g., 
77%; b. p. 148-149° at 30 mm.

Nitrobromoisodurene.—Sixty-one grams of bromoiso­
durene in 280 g. of chloroform was added to 226 g. of con­
centrated sulfuric acid, cooled to 0°, and, with rapid stir­
ring, a mixture of 22 g. of fuming nitric acid (sp. gr. 1.52) 
and 55 g. of chloroform was run in from a dropping funnel, 
at about 5°. After stirring had been continued for five 
minutes, 500 ml. of chloroform was added to dissolve the 
solid reaction product. The chloroform layer was sepa­
rated and washed with sodium carbonate and with water, 
and the chloroform distilled off until the residue (about 125 
cc.) started to crystallize. An equal volume of methyl 
alcohol was added, the mixture was cooled in ice and the 
crystals were filtered off and washed with methyl alcohol; 
yield, 49 g., 66%; m. p. 168-173°. Calcd. for Ci0Hi2NO2- 
Br: N, 5.44; Br, 31.0. Found: N, 5.35; Br, 31.4.

2-Amino-1,3,4,5-tetramethylbenzene (Isoduridine).—
The method employed by Willstatter and Kubli4 for the 
preparation of duridine did not eliminate the halogen from 
the isodurene derivative. To crude nitrobromoisodurene 
(49 g.) in 600 ml. of boiling glacial acetic acid and 100 ml. 
of concentrated hydrochloric acid was added, with boiling 
and stirring, 50 g. of zinc dust in small portions. When the 
reaction slowed down, an additional 50 g. of zinc dust and 
50 ml. of hydrochloric acid were added, and boiling and 
stirring continued for one hour. The solution was cooled, 
the crystals filtered off, the filtrate concentrated until 
crystals formed (about 150 ml.) diluted with water and 
hydrochloric acid and the resulting precipitate combined 
with the main product.

(4) Noelting and Forel, Ber., 18, 2611 (1885).
(5) Smith, T his J o u r n a l , 56, 472 (1934).
(6) Noelting and Baumann, Ber., 18, 1152 (1885).
(7) W illstatter and Kubli, ibid., 42, 4157 (1909).

The crude bromoisodurene hydrochloride was debromi- 
nated with a solution of 160 g. of potassium hydroxide in 
375 ml. of water and 600 ml. of 95% ethyl alcohol, with 125 
g. of zinc dust and 1 g. of mercuric chloride with boiling 
and stirring overnight. This was usually sufficient for 
reduction, but in one case it was necessary to continue 
boiling for an additional twenty-four hours, adding more 
alkali (100 g.), water (250 ml.), and zinc (50 g.), with 1 g. 
of mercuric chloride.

The reaction mixture was steam distilled and the distil­
late, which contained insoluble oil, was collected. The 
amine was salted out and extracted with ether. The yield 
of isoduridine, b. p. (16 mm.) 134r-136°, was 18.5 g., 66%, 
based on the nitrobromoisodurene. The acetyl derivative 
was recrystallized from alcohol, m. p. 219-220 °.8

2 ,3 ,5-Trimethylquinone (^-Cumoquinone).—Isoduri­
dine (18.5 g.) in 1500 ml. of water and 170 ml. of concen­
trated sulfuric acid was oxidized below 5° with 44 g. of 
sodium bichromate crystals in 150 ml. of water, added 
slowly from a dropping funnel with rapid stirring. After 
one hour, the mixture was kept in a cool place for twenty 
hours. Then an additional 34 g. of sodium bichromate in 
80 ml. of water was added as before at 5° and the mixture 
stirred at room temperature for twenty-four hours. It was 
worked up as mentioned; yield of pure quinone 1.27 g., 
m. p. 28.5-29.5°.

2 ,3 ,5  - Trimethylhydroquinone (\p-Cumohydroquinone)
was prepared analogously to the 2,5-dimethylhydroqui­
none,3 using the residue of the petroleum ether filtrate from 
the quinone purification. About 3 g. was warmed on the 
steam-bath with a solution of 5 g. of stannous chloride in 45 
ml. of 2 A  hydrochloric acid. The colorless solution was 
cooled, filtered, and the product recrystallized from 30% 
ethanol and from toluene; colorless needles, m. p. 171- 
173 °, 1.86 g .; combined yields of pure quinone and hydro­
quinone, 17%, based on the isoduridine.

Tetraethylquinone.—We are indebted to Professor 
L. I. Smith, of the University of Minnesota, for a sample of 
this material; m. p. 58-59°.

Tetraethylhydroquinone.—The quinone (1.14 g.) was 
reduced in alcohol (15 ml.) with stannous chloride (25 g.) 
in concentrated hydrochloric acid (6 ml.) on the steam- 
bath. Water (30 ml.) was added to the colorless solution, 
cooled, and the crystals washed with a little water; recrys­
tallized from toluene; yield0.8g .,67%; m.p. 170.5-171.5°.

Durohy droquinone Monomethyl Ether.—Durohydro- 
quinone (3.2 g.) was heated in a nitrogen-filled sealed tube 
with 4.6 g. of methyl iodide and 50 cc. of absolute ethanol, 
in which 0.46 g. of sodium had been dissolved, for two hours 
in a steam-bath. The contents were poured into 100 ml. 
of water, filtered, and the precipitate extracted with 75 ml. 
of boiling benzene. The insoluble material consisted of 
0.8 g. of durohy dr oquinone. The residue of the solution 
was stirred under nitrogen with 50 cc. of warm (2 N) 
sodium hydroxide, and cooled and filtered. Hydrochloric 
acid precipitated colorless crystals which were recrystal­
lized-from ligroin: yield, 0.7 g., 19.5%; m. p. 115-116°. 
The alkali-insoluble material consisted of durohydro- 
quinone dimethyl ether and a little duroquinone.

Anal. Calcd. for CiiHi60 2: C, 73.3; H, 8.9. Found: 
C, 73.1; H, 8.8.

(8) Noelting and Baumann give 210-211°, ibid., 18, 1149 (1885).
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T a b l e  I
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Amount,  ̂Time of Ml. Ml. 100 O2 ev.
Chemical mmol. Solution oxidation, min. O2 abs. O2 ev. O2 abs.

Hydroquinone 0.5 Water 50 5.3 0.9 17
.5 Water® ' 46 5.2 3.1 60

Toluhydroquinone .25 20% ethanol 50 4.8 2.4 50
tf-Xylohydroquinone .25 20% ethanol-water 16 3.6 3.3 92

.25 60 5.6 4.6 82
m-Xylohy droquinone .25 20% ethanol 5.8 3.8 66
^-Xylohydroquinone .25 20% ethanol 50 6.0 4.3 70
j/'-Cumohydroquinone .125 20% ethanol 30 2.9 2.5 86

“ Oxidation in presence of 0.2 g. of 2-methylbenzothiazole-metho-£-toluenesulfonate.

The other materials were identified with or prepared 
according to the same methods as those described in the 
preceding paper of this series.1

Reaction Products

Tests for hydrogen peroxide in the autoxidized solutions 
were positive. With the xylohydroquinones and fcumo- 
hydroquinone, the procedure described for durohydro- 
quinone was used. This method failed in the case of hy­
droquinone itself, supposedly because the reaction between 
peroxide and quinone9 was too rapid. The test was there­
fore carried out after hydroquinone (0.11 g.) had been 
oxidized in aqueous borate buffered solutions (50 ml.) 
containing 2 -methylbenzothiazole-metho - p -toluenesulfo- 
nate (0.3 g.). The latter acted as a quinone acceptor (see 
formula (1)), forming a water-insoluble reaction product, 
and the filtered solution gave a positive peroxide test 
(perchromate reaction).

Peroxide was determined quantitatively by measuring 
the oxygen evolved when aqueous 0.1 M  potassium per­
manganate solution was added in excess to the autoxidized 
solutions buffered at pH 7.6-8.0. Acidulated permanga­
nate could not be used in many cases, since carbon dioxide 
was formed in the reaction between the acid permanganate 
and the quinone. Control experiments showed that neu­
tral permanganate did not cause evolution of gas on addi­
tion to the buffered (pH 7.8-8.0) solutions of hydroquinone, 
quinone, or hydroxy quinone.

A representative example of the results of the 
peroxide tests is given in Table I.

p-Cumoquinone and the xyloquinones were ex­
tracted from the oxidized solutions of the corre­
sponding methylhydroquinones with benzene and 
identified by melting point determinations.

Proof that quinone was formed in the autoxida­
tion of hydroquinone itself was obtained by mak­
ing use of the reaction of quinone with 2-methyl- 
benzothiazole - metho - p - toluenesulfonate. Ac­
cording to our colleague Dr. L. G. S. Brooker,10 
these substances react in alkaline solution with 
formation of [(3-methyl-2 (3) -benzothiazolyli-
dene)-methyl J-^?-benzoquinone

(9) Reinders and Dingemans, Rec. trav. chim., 53, 209 (1934).
(10) Private communication; see also F. Kröhnke and H. 

Schmeiss, Ber., 70,1728 (1937).

This is in agreement with our observation that 
the addition of 2-methylbenzothiazole-metho-^- 
toluenesulfonate to an alkaline solution of hydro­
quinone increases the oxygen absorption through 
the regeneration of hydroquinone. In the case 
of ^-cutnohydroquinone, the total oxygen ab­
sorption increased from 1 to 2 moles. The ex­
periments were carried out in aqueous borate 
buffered solutions (50 cc.) at pH 8.2.

(1) Hydroquinone (0.25 mmol.), oxidized in 
the presence of an excess of 2-methylbenzothia- 
zole - metho- p -toluenesulfonate (1.0 mmol.), 
yielded a blue-violet precipitate.

(2) Quinone, added to a buffered 2-methyl- 
benzothiazole-metho-^-toluenesulfonate solution, 
yielded a blue-violet precipitate.

(3) Hydroquinone which had absorbed 1 
mole of oxygen yielded, on addition of methyl- 
benzothiazole-metho-/>-toluenesulfonate, a green 
solution without a precipitate.

(4) Quinone, which had stood for some time 
in the alkaline solution in the presence of excess hy­
drogen peroxide, yielded, on addition of methyl- 
benzothiazole-metho-^-toluenesulfonate, a green 
solution without a precipitate.

(5) Hydroxyquinone, added to the methyl- 
benzothiazole-metho-^-toluenesulfonate solution, 
yielded a green solution of the same appearance.
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Precipitates (1) and (2) were filtered off, washed, 
dried, and dissolved in ethanol. The absorption 
spectra of the resulting solutions were measured.11 
They were identical, having a maximum absorp­
tion at 620 m/x and a minimum at 420-460 mix, 
A solution prepared from hydroxyquinone and 
methylbenzothiazole - metho -p -  toluenesulfonate 
gave an entirely different spectrum with a maxi­
mum absorption at 450-460 m/x, a small minimum 
at 540-550 m/x, and another slight maximum at 
620-630 m/x.

The analogy between hydroquinone and its 
homologs makes it unlikely that the formation of 
quinone and hydrogen peroxide with the former is 
due to an interference of the methylbenzothia­
zole - p - toluenesulfonate. These experiments 
therefore generalize the results reported in the 
preceding paper and show that the first products in 
the autoxidation of hydroquinone and its homo­
logs are the corresponding quinones and hydrogen 
peroxide. The general equation for the first step 
in the autoxidation of hydroquinone and its 
mono-, di, tri-, and tetramethyl homologs can 
thus be written

where R represents alkyl groups or hydrogen. 
The experiments (3-5) show further that quinone 
reacts with the hydrogen peroxide with formation 
of hydroxyquinone. It appears safe to general­
ize that if at least one of the R’s is hydrogen, the 
further reaction

O O
R II H R || OH

+  h 2o2
/

R R
/

R

+  H20  (3)

IIO
R

(3) takes place, and polymerization of the hydroxy­
quinone provides for the formation of “humic 
acids.”12

Kinetics
The apparatus and general procedure employed 

in the study of the kinetics were those described 
in the preceding papers of this series. All experi-

(11) We are indebted to Mr. E. Richardson for the absorption 
measurements.

(12) Eller and Koch, Ber., 53, 1469 (1920).

ments, unless otherwise specified, were carried 
out at 20.00 =*= 0.03°, and with a total solution 
volume of 50.0 ml. The aqueous buffers were 
prepared from 25.0 ml. of 0.15 M  borax plus
0.8 M  boric acid, or 25.0 ml. of 0.5 M  disodium 
phosphate and 0.2 M  monosodium phosphate. 
Because of the slight solubility of some of the 
compounds in water, 20% ethanol solutions were 
used in some of the experiments. In these ex­
periments the buffer was prepared from 10.0 ml. 
of 0.2 M  disodium phosphate and sufficient
0.1 M  hydrochloric acid to give the desired pH. 
value. Measurements of pH were made on the 
completed solutions by means of a calibrated 
glass electrode.

1.4

1.3 

I 1.2

£  L1 
+
t-H 1.0

0.9

0.8

2 4 6 8 10 12 14 16
Time, min.

Fig. 1.—Oxidation of xylohydroquinone phosphate
buffer, pH  7.75: ---------- o-xylohy droquinone;
—x—x— />-xylohydroquinone; -*-o—o— m-xylo-
hydroquinone.

The data were analyzed as follows: log (a — x) 
was plotted against t for each set of data (a is the 
theoretical oxygen uptake if 1 mole of oxygen is 
absorbed per mole of the hydroquinone; #, the 
volume absorbed at time t (minutes)). The 
slope of the resulting curve was then determined 
for various values of If the rate of oxygen 
uptake is governed by a first-order equation, the 
slope will be independent of x'f and its value, 
&io, multiplied by 2.3, will give the first-order 
reaction constant (&). In the case of the xylo- 
hydroquinones, &io was constant throughout the 
greater part of the reaction (Fig. 1). The autoxi­
dation of toluhydroquinone and of hydroquinone 
likewise follows the first-order equation for oxygen 
uptakes to 50-70% mole. Beyond this, compli-
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cations arise which are due to further oxidation 
pf the primary reaction products.

The use pf the theoretical oxygen uptake a is 
suggested by the results with durohydroquinone 
in combination with the observations about the 
reaction products reported above. After 1 mole 
of oxygen has been absorbed, further uptake is 
much slower with ^-cumohydroquinone and the 
dimethyl hydroquinones so that a break in the 
ml. O2f t  curve occurs. (For m-xylohydroqui- 
none, the character pf this subsequent reaction 
was substantiated by the fact that a mixture of 
equal molecular portions of the quinone and of 
hydrogen peroxide absorbed oxygen at the same 
rate as the oxidized solution of the hydroquinone 
at the same pH.) The oxygen values where the 
breaks in the ml. 0 2/t  curves occur check well 
with the theoretical values. This is shown in 
Table II.

T a b l e  II
T o t a l  A m o u n t s  o f  O x y g e n  A b s o r b e d  ( N .  T . P . )

Compound O2 Absorbed Theoretical

4-Cumohydroquinone 5.45 5.6
^-Xylohy droquinone 2.75 2.8
m-Xylohydroquinone 2.7 2.8
o-Xylohydroquinone 2.7 2.8

The differences between observed and theoreti­
cal values obviously are caused by the action of 
hydrogen peroxide on the hydroquinones. With 
toluhydroquinone and with hydroquinone itself, 
the difference in the reaction rates between the

\
\

— ^ \
\ $ s. \

\ N \
\ \

% S'
\ \ 0\ \
%J>

\

10 20 30 40 50 60 70 80 90
Time, min.

Fig. 2 —Oxidation of ^-cumohydroquinone. Effect of 
added ̂ -cumoquinone on 1/i  M mol. of ̂ -cumohydroquinone: 
Curve 1, no added r/'-cumoquinone; Curve 2, VsoAfmol.; 
Curve 3, 1/ aqM  mol.; —o —o— 4 ,3/ 4o M  mol.; — A-— A— 5, 
V20 M mol.; ------ -—  6, 7* M mol.; —x—x— 7, Va M mol.

initial and the subsequent reaction is less pro­
nounced. I t is sufficient, however, as mentioned 
above, to produce a straight line on our plots for 
about 70 and 50%, respectively, of an oxygen 
uptake of one mole.

For the autoxidation of cumohydroquinone,
which will be considered first, 20% ethanol was 
used as solvent because of the low solubility of the 
material. A phosphate buffer was employed for 
most of the work, although check runs were made 
in a buffered borate solution. The buffers used 
kept the pH of the solutions constant within
0.02 unit throughout the entire course of the 
oxidation.

The reaction exhibits a pronounced induction 
period, as shown in curve 1 of Fig. 2. The slope 
of the curve attains a maximum, and this constant 
value is maintained throughout the remainder 
of the oxidation, in conformity with the kinetics 
of a first-order reaction.

The induction period does not appear to be due 
to the presence of an inhibitor. Successive 
purifications of the ^-cumohydroquinone gave no 
significant change, and identical oxidation curves 
were obtained when the ethanol normally used 
was replaced by a sample obtained from an en­
tirely different source and purified according to 
the method of Danner and Hildebrand.13 More­
over, the induction period persisted if the solutions 
were prepared, mixed, and stored for one hour in 
an atmosphere of pure nitrogen before oxidation 
was begun.

The induction period is shortened by the ad­
dition of i/'-cumoquinone to the reaction mixture 
at the start of the oxidation, and it is eliminated 
completely if about 0.15 mmol, of p-cumoquinone 
is added to the 0.25 mmol, of ^-cumohydroqui- 
none used in these experiments Thus, it appears 
that the ^-cumoquinone formed during the autox­
idation acts as a catalyst. Other quinones, pheno- 
safranin and indophenol, also eliminate the in­
duction period.

In Fig. 3, values of &io obtained from curve 1 of 
Fig. 2 are plotted against the corresponding 
amounts of oxygen absorbed. In the same figure, 
the initial values of kio obtained from curves
2-7 (Fig. 2) are plotted against the amounts of 
^-cumoquinone added. The close similarity of 
the curves confirms the fact that the governing 
factor in the acceleration is the ^-cumoquinone. 
The slight difference between the two curves is

(13) Danner and Hildebrands T his Journal, 44, 2827 (1922).
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explained by the action of the hydrogen peroxide 
upon the ^-cumoquinone in the experiments re­
corded by curve 2.

The dependence of &io upon the initial amounts 
of ^-cumohydroquinone present is given in Table
III.

Table III
D e p e n d e n c e  o f  kw  u p o n  t h e  I n i t ia l  C o n c e n t r a t io n  o f  

^ -C u m o h y d r o q u in o n e ; P h o s p h a t e  B u f f e r , p B . 7.40

condensation of the quinone, is too low to be of 
significance in the experiments recorded in the 
previous paper.1 In order to determine whether 
a similar, but more rapid, loss occurring in the 
case of i/'-cumoquinone could account for the fact 
that its catalytic effect reaches a limiting value, 
experiments were carried out where the mixture 
of ^-cumohydroquinone and ^-cumoquinone was 
allowed to stand for varying times in an atmos-

Total volume of solution 50.0 Mmol. V'-cumohydroquinone 0.50 Mmol. O2 absorbed km

50.0
0.25
km

1 0 0 . 0
0.25
km

50.0
0.125

km
0.005 0.0014 0.0014 0.0012

.010 .0028 .0026 0.0012 .0025

.015 .0042 .0044 .0020 .0044

.020 .0057 .0058 .0026 .0052

.040 .0102 .0100 .0046 .0110

.060 .0135 .0133 .0065 .0145

.080 .0170 .0170 .0094 .0172

.100 .0175 .0176 .0110 .0175

.200 .0175 .0176 .0170

With a constant Volume of solution, the in-

Tablè IV
1/« mmol. ^-Cumohydroquinone, 1/g mmol. t/'-Cumo- 

quinone
Time elapsing before

start of oxidation Volume oxygen absorbed, 20°, 760 mm* 
Oxidation time, min. 15 sec. 30 min. 74 min. 75 mina. 0&

2 0.40 0.40 0.40 0.40
4 .80 .75 .70 .70 0.03
7 1.22 1.10 1.00 1.13 .10

12 1.80 1.52 1.45 1.70 .40
15 2.02 1.80 1.68 1.95 .68
20 2.35 2.10 2.00 2.30 1.13
75 2.95 2.95 2.95 2.90

® Quinone alone stood in alkaline solution. 6 No 
quinone added.

0.2 0.4 0.6 0.8 1.0
Moles of ^-cumoquinone added or O2 absorbed per mole of 

^-cumohydroquinone.
Fig. 3.—Quinone catalysis of the autoxidation of ^-cumohydro­

quinone: —©—o— 1, ^--cumoquinone added;------ •------ •------ 2,
from oxidation curve.

duction period disappears in all cases after the 
same amount of oxygen has been absorbed. The 
elimination of the induction period does not 
depend upon the ratio of ^-cumoquinone to 
^-cumohydroquinone, but it depends either 
on the absolute amount or on the concentra­
tion of the i/'-cumoquinone. The data ob­
tained when a total volume of 100 ml. was 
employed instead of the customary 50 ml. 
showed that the concentration of the ^-cumo- 
quinone is the essential factor.

The observation that the quinone elimi­
nates the induction period in the autoxida­
tion of ^-cumohydroquinone is analogous to 
our results with durohydroquinone.1 At 
variance with the case of durohydroquinone, 
however, an initial velocity which might be 
interpreted as that of the uncatalyzed re­
action, is not indicated by the curves in Fig. 3 
which go through the origin. A more important 
difference consists in the dependence of the reac­
tion velocity on the concentration of the quinone. 
With durohydroquinone, the reaction rate rises 
linearly with the concentration of the quinone; 
with p-cumohy droquinone, however, the catalytic 
influence drops with increasing concentration of the 
quinone until a further addition becomes irrelevant 
(see Fig. 3).

Duroquinone, upon standing in an alkaline 
solution, gradually loses its power of catalyzing 
the autoxidation of durohydroquinone. The 
rate of this loss, which is probably due to self

phere of pure nitrogen before oxidation was 
started. Some of the results are recorded in 
Table IV.

Only very little loss occurred in the catalytic 
activity of ^-cumoquinone which stood in alkaline 
solution for the length of time required for com­
pletion of the normal autoxidation of ^-cumohy- 
droquinone. The peculiar behavior of i^-cumo- 
quinone is therefore due to other causes.

The dependence of the maximum value of &10 upon 
the pH of the solution is shown in Table V. The 
maximum velocity of the reaction varies with the 
square of the hydroxyl-ion concentration, and plot
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of log &io against pH gives a straight line of slope
2.0.

T a b l e  V

D e p e n d e n c e  o f  h o  u p o n  t h e  H y d r o x y l - I o n  C o n c e n ­
t r a t io n ; 0.25 M m o l . ^ -C u m o h y d r o q u in o n e

PH kio 2+log kio

7.84 0.140 1.15
7.64 .056 0.75
7.48 .0252 .40
7.40 .0180 .26

varies linearly with the concentration of the 
oxygen (Table VII).

T a b l e  V I I

D e p e n d e n c e  o f  k  u p o n  P a r t ia l  P r e s s u r e  o f  O x y g e n  
Borax buffer, 0.25 mmol, hydroquinone, 20% ethanol

Pure oxygen
Air
Ratio

o-Xylohydro-
quinone
0.024

.0051
4.71

ra-Xylohydro-
quinone
0.045

.0095
4.73

^-Xylohydro-
quinone
0.042

.0089
4.72

The pH values given in the first column were 
measured by means of a glass electrode placed in 
solutions of the buffer which contained all the 
ingredients of the solution used in oxidation meas­
urements except the ^-cumohydroquinone and 
alcohol. The latter was replaced by an amount 
of water sufficient to give the same total volume. 
The pH values may therefore be wrong in their 
absolute amounts, but their gradation is right, 
since no significant effect on the oxidation velocity 
is observed when successive amounts of water are 
replaced by alcohol in experiments with hydro­
quinone, using the same phosphate buffer as that 
employed in the present case (see page 2091).

Table Vl shows the variation of kio with the 
partial pressure of oxygen for three values.

T a b l e  VI
0.25 M m o l . ^ -C u m o h y d r o q u in o n e . D e p e n d e n c e  o f  h o  

u p o n  P a r t ia l  P r e s s u r e  o f  O x y g e n

O2 abs./V-Cumo­ pH  7.84 •pH 7.64 pH  7.40
hydroquinone O2 Air o2 Air O2 Air

0.02 0.016 0.013 0.0030 0.0026 0.0014 0.0012
.05 .034 .022 .0090 .0075 .0035 .0024
.10 .060 .028 .0175 .0107 .0070 .0040
.15 .076 .032 .0250 .013 .0095 .0046
.20 .090 .034 .0325 .0144 .0118 .0052
.30 .110 .035 .0425 .0135 .0150 .0048
.40 .126 .035 .0480 .0135 .0163 .0046
.50 .130 .035 .0520 .0135 .0172 .0046

Although the accuracy with which kio can be 
determined in the early stages of the oxidation 
is low, the data show that the dependence of the 
rate of autoxidation upon the oxygen pressure 
increases as the reaction progresses. It did not 
quite attain a direct proportionality, however, in 
these experiments.

The autoxidation of the xylohydroquinones, 
toluhydroquinone, and hydroquinone itself fol­
lows the first-order law with respect to the con­
centration of the dihydroxy compound. This is 
demonstrated both by the straight line obtained 
in a log (a—x)t t plot and by the independence 
of the reaction constant upon the initial concen­
tration of the hydroquinone over tenfold varia­
tions in concentration. The autoxidation rate

The dependence of the rate of autoxidation 
upon the hydroxyl-ion concentration of the 
solution has been a subject of some dispute. 
Euler and Brunius, and Reinders and Dingemans 
observed a dependence upon the square of the 
hydroxyl-ion concentration. La Mer and Rideal 
found a relationship between the first power of 
the reaction rate and the 1.5 power of the hydroxyl- 
ion concentration. St.-Maxen claimed a first- 
power relationship.1 We have found a dependence 
upon the square of the hydroxyl-ion concentration 
for the following materials: durohydroquinone, 
^-cumohydroquinone, o-, m-, and ^-xylohydro- 
quinone, toluhydroquinone, and hydroquinone.

These data are summarized in Fig. 4, in which 
log k is plotted against pH. The slope of each 
line is very nearly 2.0. All data given are for 
aqueous solutions. Two series of buffers were used, 
phosphate and borate. The ionic strengths were 
kept as nearly as possible constant in each series. 
Measurements of pH were made on the complete 
solutions with a glass electrode. The fact that, in 
every case, the slope measured is slightly less than
2.0 can be understood on the assumption that the 
singly charged hydroquinonate ion is also oxidiz­
ing, but at a much lower rate than the doubly 
charged ion.

This assumption gains support from the fact 
that monomethyl ethers undergo autoxidation, 
albeit at a very low rate, as exemplified in Table 
VIII; this is parallel with the autoxidation of 
benzoin methyl ether.14

T a b l e  VIII
A u t o x id a t io n  o f  M o n o m e t h y l  E t h e r s

Monomethyl 
ethers of

Amount 1.0 ill KOH 
mmol. ml.

Rate, 
m l./m in. Solution

Durohydro­ Vs 2.0 0.003 45 cc. 30%
quinone

Hydroquinone 0.4 .002
ethanol 

50 cc. water
Hydroquinone a 4.0 .002 50 cc. water

The addition of hydrogen peroxide at the start 
of the oxidation has no measurable effect upon

(14) James and Weissberger, T h i s  J o u r n a l , 59, 2040 (1937).
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the initial rate of autoxidation. As the oxidation 
proceeds, however, the oxidation of the hydro­
quinone by the peroxide becomes appreciable 
and the total oxygen uptake decreases. This 
action of the hydrogen peroxide accounts for the 
fact that the observed “end” volumes of oxygen 
absorbed (see page 2089) are somewhat less than 
1 mole in the cases of durohydroquinone, fcumo- 
hydroquinone, and the xylohydroquinones. With 
toluhydroquinone and hydroquinone itself, the 
subsequent reactions prevent the determination 
of “end” volumes.

An apparent slight induction period was noted 
in several experiments in the autoxidation of the 
xylohydroquinones, but in no case was the exist­
ence of such an induction period established 
beyond doubt. No catalysis was observed when 
the corresponding quinone was added to the oxida­
tion mixture at the start of the experiments with these 
compounds.

Benzoquinone itself autoxidizes at a rate which, 
at the maximum, is roughly 0.01 of that of hy­
droquinone under the conditions of our experi­
ments. It therefore can be neglected here.

Effect of Alcohol upon the Rate of Oxidation. 
—Inasmuch as the low solubility of fcumo- 
quinone and the xylohydroquinones made it 
necessary to use alcohol-water mixtures as solvent, 
it was desirable to know to what extent the change 
of solvent influenced the rste of oxidation. A 
borate buffer could not be used for this purpose, 
since the rapid reaction between borate and al­
cohol affects the hydroxyl-ion concentration of 
the solution. A phosphate buffer of the following 
composition was therefore employed: 0.2 M
Na2HP04, 10 ml.; 0.067 M  NaH2P04, 1 ml.: total 
volume of solution, 50 ml. The results obtained 
are recorded in Table IX.

T a b l e  IX
E f f e c t  o f  E t h a n o l  o n  t h e  R a t e  o f  O x id a t io n  o f  

H y d r o q u in o n e
Ethanol, % kio kio/[02]

0 0.0172 14.6
1 .0176 14.9
5 .0173 15.0

2 0 .0162 15.2

In the last column, a correction has been made 
for the change in solubility of oxygen in the 
ethanol solution. The variation in the oxidation 
rate observed scarcely exceeds the limits of ex­
perimental error.

Effect of Substitution.—From the data given 
in Fig. 4, the relative rates of oxidation of hydro-
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Fig. 4.—p H  dependency: 1, m-xylohydroquinone, phos­
phate buffer, slope 1.95; 2, £-xylohydroquinone, phosphate 
buffer, slope 1.96; 3, o-xylohydroquinone, phosphate buf­
fer, slope 1.96; 4, toluhydroquinone, phosphate buffer,
slope 1.97; 5, hydroquinone, phosphate buffer, slope 1.98; 
6, hydroquinone, borate buffer, slope 1.98.

quinone and its mono- and dimethyl homologs 
can be calculated. The figures obtained are given 
in Table X (aqueous solution, phosphate buffer). 
In addition, the maximum rate of oxidation of 
^-cumohydroquinone relative to hydroquinone in 
20% ethanol solution is added. No correspond­
ing value can be stated, of course, for durohy dro­
quinone, for which the rate of the 
reaction is given for comparison.

uncatalyzed

T a b l e  X
Relative rate

Compound of oxidation
Hydroquinone 1.00
Toluhydroquinone 3.9
<?-Xylohydroquinone 10.5
m-Xylohydroquinone 18.2
^-Xylohydroquinone 17.0
^-Cumohydroquinone (max. value 31.0

20% ethanol)
Durohydroquinone (uncatalyzed reaction) 1.00

i t  appears that substitution by methyl groups 
raises the rate of autoxidation. This can be due 
to an increase in the dissociation constants, or to 
other factors. The reaction rate of durohydro­
quinone may be low by reason of steric hindrance. 
It might be, however, that the correct value for 
comparison would be that of a quinone-catalyzed
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reaction öf this compound. This raises the ques­
tion of whether the values given for hydroquinone, 
toluhydroquinone, and the xylohydroquinones be­
long to the uncatalyzed reaction or are maximum 
values of quinone-catalyzed reactions to be com­
pared with the value given for ^-cumohydro- 
quinone.

Discussion of Results
The qualitative and quantitative analyses of 

the autoxidation products of hydroquinone, tolu­
hydroquinone, the xylohydroquinones and cu­
mohydroquinone show that the reaction products 
are analogous to those of durohydroquinone,
i. e.y the corresponding quinones and hydrogen 
peroxide. The kinetics of the oxidation are iden­
tical with regard to the dependency of the reac­
tion rate on the hydroxyl-ion concentration. 
This is in the pYt range 7.2-8.2 very nearly pro­
portional to the square of the hydroxyl-ion con­
centration. This reveals that the reaction is 
controlled by the concentration of the doubly 
charged ion. A slight deviation from the second 
power may be due to some reactivity of the mono­
valent ion.

Durohydroquinone, on the one hand, however, 
and hydroquinone, toluhydroquinone and the xylo­
hydroquinones , on the other, differ essentially with 
regard to the directly observed existence of an in­
duction period, and with regard to the catalytic 
influence of quinones which may be added or 
formed during the reaction. The autoxidation of 
durohydroquinone is catalyzed by duroquinone, 
whereas the addition of quinones to hydroquinone 
and its lower homologs is without effect on their 
autoxidation velocities. The rate of the uncata­
lyzed oxidation of durohydroquinone—under the 
conditions of our experiments—is proportional to 
the oxygen concentration, whereas the quinone- 
catalyzed reaction is unaffected by the latter. 
The autoxidation rate of hydroquinone, toluhydro­
quinone and the xylohydroquinones is propor­
tional to the oxygen concentration.

The autoxidation of p-cumohydroquinone fur­
nishes the transition between the two types. It 
shows an induction period and a strong catalysis 
by small amounts of quinone. (The rate of the 
uncatalyzed reaction in the absence of quinone 
could not be determined.) The reaction rate, 
however, does not increase linearly with the con­
centration of the quinone, but increases at a slower 
and slower rate until a further addition of the

quinone remains without effect. The oxygen 
dependency in the region of the strong quinone 
catalysis resembles that of the quinone-catalyzed 
autoxidation of durohydroquinone. The oxygen 
dependency in the region where further addition 
of quinone is without effect corresponds to the 
behavior of hydroquinone and its lower homologs. 
It may be suggested, therefore, that our observa­
tions with durohydroquinone correspond to that 
autoxidation of ^-cumo quinone which is repre­
sented by the lower portion of the curve in Fig. 
3, whereas the autoxidation which we observe 
with hydroquinone and its lower homologs cor­
responds to the type of reaction represented by 
the section of the curve with slope zero. In other 
words, we suggest that the autoxidation of the lower 
members of the series is catalyzed by traces of the 
quinone too small to be ascertained. This assump­
tion fits in with the observations recorded in Table
X. It offers further an interesting aspect of 
various photographic problems, of which only the 
following will be mentioned here.

The catalytic effect of the oxidation products 
may be significant for the photographic behavior 
of developers, since this catalysis enhances the 
differentiation between parts of the emulsion 
where reaction has started and those which are 
unattacked.

The quinone catalysis throws new light on the 
problem of the induction period of hydroquinone 
developers, since, as far as has been tested, those 
substances (quinone, phenosafranin, indophenol) 
which cut down the latter,15 also remove the in­
duction period in the autoxidation processes.

Sodium sulfite inhibits the autoxidation of 
hydroquinone and its methyl homologs with the 
exception of durohydroquinone, i. e.,\t acts in those 
cases where it can form hydroquinone sulfonates 
with the quinone and not in the case where this 
action is impossible. It may be, therefore, that 
the inhibiting action of sodium sulfite is due to the 
removal of the catalyzing quinone.

The probable mechanism of the quinone cataly­
sis of the autoxidation of durohydroquinone has 
been suggested in the preceding paper. A semi­
quinone is formed by the interaction of the diva­
lent ion and the quinone, and this semiquinone is 
oxidized rapidly. If the formation of the semi­
quinone is the rate-controlling reaction and the 
subsequent interaction with oxygen proceeds 
smoothly at a comparatively high rate, the kinet-

(15) Frötschner, P h o t .  I n d . ,  35, 801 (1937).
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ics observed with durohydroquinone are those to 
be expected.

The fact that, with ^-cumohydroquinone, the 
quinone catalysis reaches a saturation value is 
open to various interpretations and further work 
must, therefore, be done on the investigation of 
this problem.

Summary
1. Hydroquinone, toluhydroquinone, the three 

xylohydroquinones, and ^-cumohydroquinone are 
oxidized in alkaline solution by molecular oxygen 
with the formation of hydrogen peroxide and the 
corresponding quinones. This is followed by a 
reaction between the hydrogen peroxide and the 
quinones.

2. The high rate of the reaction between 
benzoquinone and hydrogen peroxide made it 
necessary to use an acceptor (2-methylbenzo- 
thiazole-metho-^-toluenesulfonate) for the qui­
none to protect the hydrogen peroxide and to 
make it available for analysis.

3. The quinones were, in general, identified 
after isolation. In the case of the autoxidation 
of hydroquinone, the condensation product with 
the acceptor was identified spectroscopically and 
through it the quinone.

4. The formation of hydroxyquinone by reac­
tion of quinone and hydrogen peroxide in the 
autoxidation of hydroquinone was confirmed by 
spectroscopic analysis of the condensation prod­
ucts with 2-methylbenzothiazole-metho-^-toluene- 
sulfonate.

5. Very close dependency of the autoxidation 
rate of hydroquinone and its homologs upon the 
square of the hydroxyl-ion concentration in the pH 
range 7.2 to 8.2 shows that the oxidation involves 
mainly the doubly charged hydroquinone anion.

6. A slight deviation from the second power 
may be due to a comparatively slow oxidation of 
the monovalent ion, suggested by the autoxida­
tion of monomethyl ethers of hydroquinone and 
of durohydroquinone.
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7. The oxidation of ^-cumohydroquinone is 
strongly catalyzed by small amounts of quinones. 
This catalytic action approaches a maximum.

8. In the maximum, the autoxidation rate is 
proportional to the concentration of the fcumo- 
hydroquinone.

9. The rate of reaction of ̂ -cumohydroquinone 
is independent of the oxygen concentration with 
low amounts of quinone as a catalyst. As the 
quinone catalysis reaches its maximum, the re­
action rate becomes almost proportional to the 
oxygen concentration.

10. In the presence of small amounts of the 
quinone, the kinetics of the autoxidation of 
^-cumohydroquinone resemble those of the qui­
none-catalyzed durohydroquinone reaction; as 
the quinone concentration increases, the kinetics 
pass over into those of the autoxidation of the 
lower members of the hydroquinone series.

11. The rates of oxidation of hydroquinone, 
toluhydroquinone, and the xylohydroquinones 
vary directly with the concentrations of oxygen 
and of the hydroquinones.

12. No quinone catalysis was detected in the 
autoxidation of hydroquinone, toluhydroquinone, 
and the xylohydroquinones. However, on the 
basis of the transition which ^-cumohydroquinone 
affords between the kinetics of the oxidation of 
durohydroquinone and the lower members of the 
series, it is suggested that quinone catalysis exists 
for the latter, and that the maximum value is 
reached at quinone concentrations sufficiently low 
to escape detection.

13. Sodium sulfite inhibits the autoxidation of 
hydroquinone, toluhydroquinone, the xylohydro­
quinones, and ^-cumohydroquinone.

14. Suggestions are made for the interpreta­
tion of the inhibition of the oxidation of hydro­
quinones by sulfite and of the action and the 
nature of the induction period of photographic 
developers.
R o c h e s t e r , N. Y. R e c e iv e d  M a y  18, 1938
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[Contribution from thb Chemistry Department of The Polytechnic]

The Rate and Mechanism of Hydrolysis of Benzhydryl Chloride in Acetone
B y  W il l ia m  T a y l o r

Three current mechanisms which have been 
adopted to interpret the first-order reaction be­
tween an alkyl halide and a relatively high con­
centration of water, alcohol, or acetic acid are 
those of (a) Hughes and Ingold1 who assume 
partially for secondary and completely for 
tertiary, a slow unimolecular ionization of the 
halide as the rate-determining stage followed by 
a rapid reaction of the organic cation with a sol­
vent molecule; (b) Taylor,2 and Olson and Hal­
ford,3 who assume for alkyl halides generally a 
one-stage bimolecular reaction involving the si­
multaneous addition and dissociation of the re­
actants, according to the ideas, of London,4 
Polanyi,5 and Olson,6 and (c) Hammett,7 who 
assumes a polymolecular reaction, which depends 
essentially upon the affinity of alcohol or water 
molecules for halide ion, reaction taking place 
within something of the nature of a solvation 
complex.

Taylor20 showed that the reaction of /-butyl 
bromide with water of low concentrations in ace­
tone at 50° was kinetically of the second order and 
that therefore the mechanism of hydrolysis could 
not be unimolecular but is presumably bimolec­
ular. Olson and Halford,3 at about the same 
time, showed that the hydrolysis and alcoholysis 
of t-butyl chloride in aqueous methanol are both 
second-order reactions, if the fugacities of the 
reactants (as measured by their vapor pressures) 
and not their concentrations are employed in cal­
culating the rate constants. These results ap­
pear to remove the possibility of mechanism (a). 
There remain (b) and (c).

Mechanism (c) was based partially on Hammett 
and co-workers7 finding that at 25° when benzhy­
dryl chloride (or a-phenylethyl chloride) and 
small concentrations of water (or of ethyl al­
cohol) are both dissolved in acetone, the rate of 
reaction is very low, whereas at the same temper-

(1) Gleave, Hughes and Ingold, J . C h em . S o c ., 236 (1935).
(2) Taylor, ibid., (a) 344, (b) 992, (c) 1853, (d) 1962 (1937).
(3) Olson and Halford, T h is  J o u r n a l , 59, 2644 (1937).
(4) London, Z. E lek tro ch em ., 35, 552 (1929).
(5) Meer and Polanyi, Z. p h y s ik . C h em ., B19, 164 (1932); Berg- 

mann, Polanyi and Szabo, ibid., B 2 0 ,161 (1933).
(6) Olson, J . C h em . P h y s . , 1, 418 (1933); Olson and Voge, T h is  

J o u r n a l , 56, 1690 (1934).
(7) Steigman and Hammett, ibid., 59, 2536 (1937); Farinacci and 

Hammett, ibid., 59, 2542 (1937).

ature in dry or wet ethyl alcoholic solution the 
rate of reaction is high. The purpose of the 
present investigation was to find whether or not 
this state of affairs obtains with benzhydryl 
chloride at 50°. In brief it does not, since there 
is a measurable rate of hydrolysis of benzhydryl 
chloride in acetone containing 1, 2, 5 or 10 g. of 
water per 100 cc. of solution at this temperature. 
(These solutions are referred to as containing 
1, 2%, etc., of water.) Thus, to this extent, 
the basis of the polymolecular mechanism (c) 
is weakened. Positive evidence in support of 
mechanism (b) was sought along the lines of the 
previous work with /-butyl bromide.20 Since, 
when either 2 or 10% aqueous acetone was used, 
no s-tetraphenyldimethyl ether could be detected 
in the reaction products (compare Ward8) but 
only benzhydrol, the sole reaction between benz­
hydryl chloride and water which occurs under 
these conditions can be represented 

h
Ph2CHCl +  H20  Ph2CHOH +  HCl 

k2
and is reversible. Figure 1 shows the dependence 
of the rate of hydrolysis upon the concentration 
of water even at the lowest water concentrations.

However, as with the hydrolysis of /-butyl 
bromide in acetone, a slow reaction persisted be­
yond the equilibrium position due again pre­
sumably to the formation of mesityl oxide and 
other acetone condensation products in the pres­
ence of hydrogen chloride. This caused the 
elimination of water and hence the continued hy­
drolysis of benzhydryl chloride. The slow in­
crease in acidity thus produced was approximately 
directly proportional to time for a considerable 
time interval and thus the equilibrium position 
for any one system was determined by extrapola­
tion of the straight-line portion of the curve back 
to the x-axis. From the equilibrium constants 
K  = ki/k2 the equilibrium positions (n) were 
calculated,20 n being the equilibrium value of 
x. As in the case of /-butyl bromide there is 
close agreement between the calculated values of 
n and those observed for the forward reaction 
(Table I).

(8) Ward, J .  C h e m .  S o c . ,  2285 (1927).
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T a b l e  I
Showing the practical identity of observed and calcu­

lated values of n, the equilibrium position, it being as­
sumed that both reactions are kinetically of the same order.

2n d  o r d e r  2 n d  o r d e r
[HaO] [PI12CHCI] ki k2 K n, obsd. n, calcd.

0.5556 0.0974 0.00230 0.658 0.00350 0.0125 0.0127
1.1111 .1052 .00415 .556 .00746 .0270 .0255
2.7778 .1064 .0171 .127 .134 .0842 .0860
5.5556 .1170 .0636 .0186 3 .42 .1140 .1157

The catalytic effect of water on the hydrolysis 
reaction, as shown by the increase in the values of 
the second-order coefficient k\ with a rise in the 
water concentration, is ascribed9 to the dissocia­
ting effect of water on itself in acetone solution i.  e.

H20
(H 20 )w 7 " ^  wH 20  

COMe2

the associated form being assumed to be rela­
tively unreactive, compared with the simple 
form, toward the alkyl halide. Constant values 
of ki, therefore, could not be expected since these 
were calculated using ordinary water concen­
trations, owing to lack of informa­
tion regarding the active mass of the 
simple form.

From the evidence presented, 
then, the view is taken th a t the 
hydrolysis of benzhydryl chloride 
in acetone is a second-order reac­
tion and th a t the mechanism is bi­
molecular.

Experim ental
M aterials.— ‘ ‘AnalaR” acetone,

refluxed for ten hours over potassium 
permanganate and calcium oxide, 
boiled a t 56-56.5°. Benzhydryl 
chloride, prepared by the method 
of Farinacci and Ham m ett, had 
b. p. 190-191° (47 mm.) (Calcd. :
Cl, 17.53. Found: Cl, 17.54).
Benzhydrol (commercial) recrystallized from alco­
hol melted a t 68°.

R ate M easurem ents.—These were made a t 50°. 
The procedure was identical with th a t used for 
/-butyl bromide.20 As with this compound a dark 
color developed in the reaction liquids of lower 
water concentrations. The values of k for the for­
ward reaction were calculated for an irreversible 
second-order reaction from ki =  [2.303/t(a  — &)] 
logio b(a — x )/a(b  — x), t being the time in hours, 
and a  and b the concentrations (in g. moles/liter) 
of water and benzhydryl chloride, respectively.

(9) Taylor, J . Chem . Soc., 840 (1938).

The value of ki employed in the calculation of the 
equilibrium constant K  — ki/k%, where &2 is the 
second-order rate constant for the reverse re­
action, was th a t extrapolated a t t =  0 from the 
plot of ki against t. Typical data for the for­
ward reaction in 1 and 5% aqueous acetone 
are given in Table II.

T a b l e  II
T y p ic a l  K in e t ic  D a t a  o f  t h e  F o r w a r d  R e a c t io n  i n  

A c e t o n e  a t  50 °
1% 5%

a = 0.5556 b = 0.0974 a = 2.7778 b = 0.1064
1 X k i t X ki

22.4 0.0030 0.00251 1.65 0.0080 0.0170
70.5 .0072 .00197 3.0 .0140 .0169

100 .0095 .00187 5.35 .0224 .0159
146 .0118 .00161 8.43 .0320 .0154
237 .0170 .00148 11.53 .0420 .0158
334 .0210 .00133 23.5 .0660 .0150
450 .0228 .00102 29.5 .0740 .0147
671 .0250 .00082 48 .0830
837 .0266 218 .0842

Water “Percentages” : ©, 1; ©, 2; • ,  5; O, 10.

The determination of the second-order rate 
coefficients of the reverse reaction in acetone, 
containing initially the same concentrations of 
water as for the forward reaction, was compli­
cated by the rapid removal of hydrogen chloride 
by the acetone. These constants were therefore 
calculated from the equation 
[HCl removed by Ph2CHOH]/* = jfe2 [PhsCHOH] [HCl] 
t being the time in hours, and all concentrations 
being in g. moles/liter, the two latter being mean 
concentrations for any one time interval. The 
amount of water formed by the condensation of 
acetone under the influence of hydrogen chloride

1006 .0280

Fig. 1.—Effect of water on the rate of hydrolysis of benzhydryl chloride in 
acetone.
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was so great as no t only greatly to retard the for­
mation of benzhydryl chloride in all except the 
initial stages, b u t ultim ately even to cause the 
slow hydrolysis of th a t already formed, as shown 
by the rapid decrease in acidity giving place to a 
slow increase and this in spite of the continuous 
and simultaneous removal of hydrogen chloride 
by the acetone. Hence the equilibrium positions 
could not be observed for this reverse reaction. 
Typical data  for the reverse reaction in 1 and 
5% aqueous acetone are shown in Table III.

T a b l e  I II
T y p ic a l  K in e t i c  D a t a  o f  t h e  R e v e r s e  R e a c t io n  in  

A c e t o n e  a t  50 0
In column C is shown the rate of removal of hydrogen 

chloride by 1 and 5% aqueous acetone containing no 
benzhydrol.

[HCl]
c

[HCl]
THCl removed! 
Lby PhaCHOHJ ki

[Ph2CHOH]
1%

=  0.0929, [HCl] = 0.1090, [H2OJ = 0.5556
0 0.1090 0.1090 0.0000
0.11 .0860 .0870 .0010
0.65 .0816 .0850 .0034 0.685
2.8 .0716 .0840 .0124 .601
3.38 .0682 .0835 .0153 .648
3.8 .0660 .0830 .0170 .697

19.5 .0510 .0780 .0270
68.5 .0354 .0635 .0281

125 .0340 .0550 .0210
332 .0374

[Ph2CHOH]
5%

= 0.0929, [HCl] = 0.1160, [H20] = 2.7778
0 0.1160 0.1160 0.0000 . .

1.43 .1105 .1125 .0020 0.140
18.3 .0940 .1120 .0180 .114
67 .0920 . 1100 .0180

163 .0930 .1080 .0150
331 .0936

Examination of Reaction Products.—These 
were examined in  2 and 10% aqueous acetone.

Benzhydryl chloride (2.2 g.) in aqueous acetone 
(100 cc.) was kept a t 50° for two hundred and 
forty and twenty-four hours, respectively; excess 
anhydrous sodium carbonate was added to re­
move water and acid. After filtering, and dis­
tilling the acetone, approximately 3 cc. of brown 
oil containing some crystalline solid was obtained; 
(1) the product had a faint odor of mesityl oxide 
bu t no 2,4-dinitrophenylhydrazone could be 
obtained from it; (2) th a t from 2% aqueous 
acetone contained considerable unchanged benz­
hydryl chloride (Found: Cl, 5.6) whereas th a t 
from 10% aqueous acetone contained negligible 
chlorine; (3) to 2 cc. of the product in each 
case was added ethyl alcohol (2 cc.) but there 
was no solid residue and hence no s-tetraphenyl- 
dimethyl ether had been formed.8 Addition of 
water to the alcoholic solution gave benzhydrol 
only (m. p. and mixed m. p. with authentic 
specimen).

Sum m ary

The hydrolysis of benzhydryl chloride and the 
action of hydrogen chloride on benzhydrol have 
been studied kinetically in acetone containing 
low concentrations of water. The hydrolysis re­
action, under these conditions, yields benzhydrol 
and hydrogen chloride as the only reaction prod­
ucts. Assuming th a t both are second-order 
reactions, there is close agreement between the 
calculated equilibrium positions and those ob­
served for the hydrolysis reaction, with different 
initial concentrations of water. This agreement 
indicates th a t the assumption is correct; and 
thus for both reactions a bimolecular mechanism 
is presumed.
L o n d o n , E n g l a n d  R e c e iv e d  M a y  25, 1938
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Methyl Bromide. The Heat Capacity, Vapor Pressure, Heats of Transition, Fusion 
and Vaporization. Entropy and Density of the Gas

B y  C la r k  J. E gan and  J. D . K e m p 1

Entropies obtained from low temperature 
calorimetric data  with the aid of the third law of 
thermodynamics recently have been employed 
to estimate the magnitudes of the potential bar­
riers hindering the free rotation of methyl groups 
in hydrocarbon molecules.2-4 In these calcula­
tions the height of the barrier has been deter­
mined as th a t necessary to bring the spectro­
scopic entropy value into agreement with the 
experimental entropy value. This procedure 
assumes th a t the  entropies of these molecules 
containing methyl groups can be obtained cor­
rectly from low tem perature experimental meas­
urements.

Because the presence of similar barriers in the 
methyl halides is quite unlikely, the entropies of 
these compounds may be obtained readily from 
spectroscopic and molecular structure data. 
Calorimetric investigations of these halides offer 
then an opportunity to compare the experimental 
and spectroscopic entropies in order to confirm 
further the above assumption.

Purification of M ethyl Bromide,—M ethyl 
bromide from a cylinder was condensed in the 
calorimeter w ithout purification. From the 
change of the  melting point with percentage 
melted, the am ount of im purity was estimated 
to be 0.1 mole per cent. Another portion of 
material from the cylinder was distilled twice in a 
vacuum-jacketed fractionating column, the mid­
dle one-third being collected each time. This 
procedure did not appreciably decrease the 
am ount of im purity. The end portions of the 
first distillation were then bubbled through 36 
N  sulfuric acid and passed through a tube con­
taining phosphorus pentoxide. This treatm ent 
removed practically all of the impurities and this 
portion was used for the heat capacity measure­
ments. Additional m aterial purified in the same 
m anner was used in the measurements of the 
heats of vaporization. From  the constancy of 
the melting point and the course of the premelting

(1) Present address: Standard Oil Company of California, Rich­
mond, Calif.

(2) Kemp and Pitzer, J . Chem. Phys., 4, 749 (1936); This Jour­
n a l , 59, 276 (1937).

(3) Pitzer, J . Chem. Phys., 5, 473 (1937).
(4) Kemp and Egan, T h i s  J o u r n a l , 60, 1521 (1938).

heat capacity curve, the amount of liquid-soluble 
solid-insoluble impurity was estimated to be
0.001 mole per cent.

Apparatus and Measurement of Amount. 
The Density of Methyl Bromide Gas at 1 Atmos­
phere and 298.10°K.—The calorimetric appa­
ratus and procedure have been described pre­
viously.5,6 Gold Calorimeter IV was used for the 
investigation.

After the heat capacity measurements the 
amount of material in the calorimeter, 2.0610 
moles, was condensed and weighed in a pre­
viously evacuated bulb. The methyl bromide 
used for the heats of vaporization was measured 
volumetrically by means of the 5-liter measuring 
bulb described by Giauque and Johnston.7 The 
gas was then condensed and weighed in order to 
determine its density under these conditions. At P  
near 1 atm. and T  near 298° K. the molal volume 
V was found to be

V  =  S 2 M T /F  -  (569 =*= 5) cc. (1)

This, combined with the molecular weight of 
CH3Br, 94.950,8 gives 3.9739 =*= 0.0009 grams/ 
liter for the density of methyl bromide gas at P  
= 1 atm. and T  = 298.10°K.

Vapor Pressure.—The procedure used in the 
measurements of vapor pressure has been de­
scribed previously.5 The observations have been 
represented by the equation

liquid methyl bromide, 203 to 278 °K.
(0°C. = 273.10 °K.) logio F (Int. cm. Hg) =

—(1541.437 /T) +  8.49274 -  0.00424740r +
1.7599 X 10~6T2 (2)

A summary of the measurements is presented in 
Table I. The calculated and observed values 
are compared in columns 3 and 4. The tempera­
tures have been given to 0.001° because of the 
high relative accuracy. The absolute tempera­
tures may be in error by several hundredths of a 
degree. Column 5 contains values of the rate of 
change of pressure with temperature calculated 
from equation (2).

The boiling point calculated from equation (2)
(5) Kemp and Giauque, ibid., 59, 79 (1937).
(6) Giauque and Egan, J . Chem. Phys., 5, 45 (1937).
(7) Giauque and Johnston, T h i s  J o u r n a l , 51, 2300 (1929)*
(8) Int. At. Wt. Committee, ibid., 60, 737 (1938).
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T a b l e  I
V a p o r  P r e s s u r e  o f  L iq u id  M e t h y l  B r o m id e  

0°C. -  273.10°K.
P obsd. T>bsd. d P / d T ,

T ,  °K. p P calcd. Zcalcd. cm./deg.

2 0 3 .1 8 6 1 .2 9 8 - 0 . 0 0 8 + 0 .0 8 3 0.101
2 1 1 .2 4 5 2 .3 8 3 .000 .000 .170
2 2 0 .2 4 7 4 .4 1 8 + .013 - .0 4 5 .288
2 2 8 .8 3 4 7 .5 3 4 + .002 — .005 .451
2 3 6 .4 8 4 1 1 .7 0 9 — .002 + .002 .651
2 4 3 .0 9 8 16 .7 3 9 + .012 - .0 1 4 .875
2 5 0 .6 3 3 2 4 .4 6 7 + .001 .000 1 .193
2 5 8 .0 0 8 3 4 .6 4 4 — .002 .000 1 .581
2 5 8 .0 1 6 3 4 .6 6 4 + .006 - .0 0 4 1.582
2 6 5 .0 2 0 4 7 .2 5 0 .000 .000 2 .0 2 7
2 7 0 .8 0 1 6 0 .1 7 8 — .003 + .001 2 .4 5 6
2 7 4 .2 3 2 6 9 .0 9 7 + .009 - .003 2 .7 3 9
2 7 7 .6 8 2 7 9 .0 5 6 .000 .000 3 .0 4 4

276.66 =«= 0.05°K. (3.56 ± 0.05 ° C .) . This
higher than the value 276.33 °K. from the vapor 
pressure equation of Hsia.9

Melting Point.—The melting point was ob­
served with various percentages of the methyl 
bromide melted. The results are summarized 
in Table II.

Fig. 1.—Heat capacity of methyl bromide in cal./deg. 
per mole.

Transition Point.—Methyl bromide undergoes 
a transition in the solid about 5.7° below the 
melting point. Determinations of the transition 
temperature are summarized in Table III. Dur­
ing these observations equilibrium was estab­
lished very slowly. A region of indifference 
exists in which the methyl bromide may be super­
heated or supercooled 0.1-0.2° above or below 
173.75°K.

Heat Capacity of Methyl Bromide.—No previ­
ous measurements of the heat capacity were found

(9) Hsia, Z. g e s .  K d l t e - I n d . B e i h e f t e ,  Series 1, No. 2, 1 (1931).

T a b l e  II
M e l t in g  P o in t  o f  M e t h y l  B r o m id e  

0°C. = 273.10°K.
T ,  °K.

% resistance T ,  °K.
Time melted thermometer thermocouple
0:00 Stopped supply of heat
1:30 10 179.439 179.43
2:00 10 179.440 179.44
2:30 10 179.437 179.44
2:50 Stopped supply of heat
4:10 20 179.440 179.44
4:50 20 179.447 179.43
5:30 20 179.443 179.43
6:00 Stopped supply of heat
7:10 40 179.440 179.44
7:45 40 179.439 179.44
8:10 Stopped supply of heat

10:00 65 179.439 179.44
10:40 65 179.438 179.44

Accepted value 179.44 ±  0.05°K.

T a b l e  I II
T e m p e r a t u r e  o f  T r a n s it io n  i n  S o l id  M e t h y l  B r o m id e

Date

Amount 
of high
temp. T ,  °K., 

Method form from 
of present, thermo­

approach % couple

Time 
in hours 

after 
heating 

or
cooling

Drift in 
degrees 

per hour
4/30/37 Heating 30 173.84 4 0.011 cooling

Heating 57 173.86 5 . 010 cooling
5/1/37 Cooling 89 173,46 7 . 039 warming
6/4/37 Cooling 30 173.67 15 . 002 warming

Heating 40 174.07 1.5 . 027 cooling
Heating 48 174.11 1

6/5/37 Cooling 36 173.65 18
Heating 49 174.10 1

6/7/37 Heating 15 173.81 4 . 010 cooling
Heating 35 174.01 2 . 012 cooling
Cooling 22 173.71 19
Heating 62 174.07 2.75 . 010 cooling
Heating 76 174.10 1.5

Accepted value 173.75 =*= 0 .15°K.

in the literature. The present observations are 
tabulated in Table IV. One calorie was taken 
equal to 4.1833 International joules. A graphi­
cal representation of the data is shown in Fig. 1. 
Table V contains values of the heat capacity 
taken from a smooth curve through the data.

Heat of Transition.—The transition in solid 
methyl bromide has not been reported previ­
ously. Six determinations of the heat of transi­
tion were made. The results are summarized 
in Table VI.

The spread of the measured values for the heat 
of transition is outside of the limits of accuracy 
of the measurements. However, in determina­
tions 4, 5 and 6 there was evidence that, due to 
supercooling, some of the high temperature form
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T a b l e  IV
H e a t  C a p a c it y  o f  M e t h y l  B r o m id e  

Molecular weight, 94.950; 2.0610 moles in calorimeter. 
0°C. = 273.10°K.

T t °K. 
12.56 
14.62 
17.49 
21.39 
25.45 
29.16
33.53 
38.27
44.18 
49.79
55.19 
61.13 
66.87 
72.21
77.54 
83.01 
88.60 
94.53

100.55
106.72
112.98
119.17
125.46
131.92 
138.06 
144.01 
150.23
156.45 
159.28
162.40 
165.27 
168.21 
170.70
173.75 
175.21
176.41 
176.48 
176.88
177.76 
179.44
184.46 
190.08 
196.54
202.92 
209.63 
216.05

C pcal./deg. per mole
1.209
1.452
2.046 
2.874 
3.709 
4.394 
5.216 
6.170
7.047 
7.840 
8.602 
9.278 
9.758

10.18
10.62
10.99
11.36
11.65
11.95 
12.22 
12.44 
12.64 
12.80 
13.01 
13.21 
13.32 
13.42 
13.59 
13.56 
13.69 
13.77
13.95 
13.97

Approx.
AT

1.8
2.3
3.4
4.4
3.7
3.8
4.4
5.7 
6.0
5.2
5.7
6.2
5.6
5.1
5.7
5.3
5.9 
6.0
6.1 
6.2
6.3 
6.0 
6.6
6.3 
6.1
5.8
6.4 
6.1 
6.1 
6.0
5.9
5.7
4.7

Transition temperature
15.41 
15.56 
15.66 
15.68
16.41
Melting point 
18.63 
18.62 
18.52 
18.49 
18.45 
18.48

1.0
1.3 
2.6  
2.2  
1.1

3.9
6.4
5.9
6.4 
6.3 
6.1

Series
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V 
I

V 
I

V 
I

IV
IV

I
III
IV

II
II
II
II
II
II

T a b l e  V
H e a t  C a p a c it y  o f  M e t h y l  B r o m id e  

Molecular weight, 94.950; 0°C. = 273.10°K. Values 
taken from a smooth curve through the observations.

T, °K.
Cp cal./deg. 

per mole
Cp cal./deg. 

T, °K. per mole

15 1.540 140 13.21
20 2.560 150 13.44
25 3.600 160 13.66
30 4.554 170 13.88
35 5.488 173.75 Transition temp.
40 6.366 175 15.36
45 7.170 177 15.53
50 7.925 179 15.70
55 8.594 179.44 Melting point
60 9.155 180 18.70
65 9.600 190 18.59
70 10.02 200 18.51
75 10.42 210 18.45
80 10.79 220 18.43
85 11.12 230 18.44
90 11.42 240 18.48
95 11.68 250 18.56

100 11.92 260 18.65
110 12.34 270 18.74
120 12.67 276.66 Boiling point
130 12.96 280 18.84

T a b l e  VI
H e a t  o f  T r a n s it io n  o f  M e t h y l  B r o m id e

Temp.
>. interval, °K.

Corrected 
heat input 
per mole

AH
J*C pdT  cal./m ole i

173.010-175.060 155.8 42.5 113.3
173.333-175.786 166.6 53.8 112.8
173.247-175.535 164.1 50.0 114.1
173.271-175.937 164.9 58.4 106.5
171..842-175.190 183.4 71.7 111.7
171..553-175.246 191.9 79.0 112.9

I
III

V

Accepted value 113.4 =*= 1

was already present at the start of the heating 
period. For this reason these values were given 
no weight in obtaining the accepted value.

Heat of Fusion.—No measured values of the 
heat of fusion were found in the literature. The 
present measurements are summarized in Table 
VII.

T a b l e  VII
H e a t  o f  F u s io n  o f  M e t h y l  B r o m id e

222.40 18.43 6.0 II Temp.
Corr.

heat input ^ AH
228.61 18.42 5.9 II interval, °K. per mole J  C pdT  cal./m ole

234.74 18.46 5.7 II 177.826-182.511 1545 115 1430
240.60 18.41 5.6 II 178.006-181.879 1524 95 1429
247.07 18.53 5.5 II 175.556-181.742 1574 146 1428
252.86 18.61 5.4 I I —

258.47 18.64 5.3 II Average value 1429 =
264.25
270.21
275.59
276.66

18.69
18.77
18.78
Boiling point

5.7
5.5
4.5

II
II
II

Heat of Vaporization.—The methyl bromide 
was vaporized from the calorimeter into the 5- 
liter measuring bulb mentioned previously. A
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constant pressure regulating device described by 
Giauque and Johnston7 was used. Table VIII 
contains a summary of the individual measure­
ments. The value given by Hsia,9 and that 
calculated from equation (2) and Berthelot’s 
equation are also included.

T a b l e  VIII
H e a t  o f  V a p o r iz a t io n  o f  M e t h y l  B r o m id e

Boiling point, 276.66°K. ; molecular weight, 94.950.

No. mole 
vaporized

Time of 
energy 
input, 
min.

A H  at 
760 mm. 
cal./m ole

0.22073 47 5714
.22870 48 5719
.22616 48 5711

Average value 5715 ±  6 
From vapor pressure equation (2).
(This includes a Berthelot correction of 
— 189 cal.) 5716
Value of Hsia 5885

Entropy from Calorimetric Data.—The calcu­
lation of the entropy of methyl bromide at the 
boiling point, 276.66°K., from calorimetric data 
is summarized in Table IX.

T a b l e  IX
E n t r o p y  o f  M e t h y l  B r o m id e  f r o m  C a l o r im e t r ic  D a t a  

0-15 °K., Debye extrapolation, (hcv/k =
91) 0.61

Solid, 15-473.75°K., graphical 19.328
Transition, 113.4/173.75 0.653
Solid, 173.75-179.44°K., graphical 0.489
Fusion, 1429/179.44 7.964
Liquid, 179.44-276.66°K., graphical 8.034
Vaporization, 5715/276.66 20.657

Entropy of actual gas a t the boiling point 57.74 ± 0 . 1
Correction for gas imperfection 0.12

Entropy of ideal gas a t 1 atm. and 276.66° 57.86 cal./deg.
K. per mole

The correction for gas imperfection was 
obtained from the expression

Rideal -  factual = 27RTIP/32T*Pc

Measured values of the critical temperature and critical 
pressure could not be found in the literature. Tc was esti­
mated to be 475°K. and P 0 to be 68 atm.

Entropy from Spectroscopic and Molecular 
Structure Data.—Stevenson and Beach10 re­
cently have calculated the entropy of methyl 
bromide at 298.10°K. The same frequencies and 
molecular constants were used in the present 
calculation at the boiling point

(10) Stevenson and Beach, J .  Ghent. Phys., 6, 25 (1938); 6, 108 
(1938).

C-Br -  1.91 ±  0.06 A.11 
C-H = 1.09 A.
H -C -H  = 111°

The values used for the natural constants were 
those given in the “International Critical Tables.” 
From the above data the moments of inertia times 
1040 g. cm.2 were found to be h  = 5.36 and I2 = 
Is  = 85.3. The symmetry number <r was taken 
equal to 3.

The following vibration frequencies were 
used.12- 14

cm. -1 Weight
pi =  2900 1
P2 =  3061 2
p3 «  1305 1
P4 =  1450 2
p5 =  610 1
vt =  957 2

Table X contains a summary of the calculation. 
An uncertainty of ±0.06 A. in the C-Br distance 
affects the entropy by ±0.12 cal./deg. per mole. 
The entropy effect due to the presence of iso­
topes and of nuclear spin has been neglected.

T a b l e  X
E n t r o p y  o f  M e t h y l  B r o m id e  a t  O n e  A t m o s p h e r e  f r o m  

S p e c t r o s c o p ic  a n d  M o l e c u l a r  S t r u c t u r e  D a t a

St™». = 3/2 R  In M  +  5/2 R

T =
276.66°K .

T =
298.10°K.

In T  -  R  In P  -  2.300 
Siot. = R /2  In W i  X 1012» +

39.203 39.572

3/2 J?In T  — R ln 3  -  6.851 18.226 18.448
*Svib. — to  V6 ^Einstein 0.563 0.720

Entropy in cal./deg. per mole 57.99 58.74

The good agreement between the experimental 
entropy at the boiling point, 57.86 ± 0.10 cal./deg. 
per mole and the spectroscopic value, 57.99, fur­
ther establishes the validity of using the third 
law of thermodynamics in conjunction with low 
temperature calorimetric data to obtain the en­
tropies of compounds containing methyl groups.

The experimental entropy (ideal gas) at 
298.10°K. is 58.61 cal./deg. per mole, and the 
spectroscopic value (ideal gas) is 58.74 cal./deg. 
per mole.

Summary
The heat capacity of condensed methyl bro­

mide has been measured from 15°K. to the boiling 
point.

(11) Lévy and Brockway, T h i s  J o u r n a l , 59, 1662 (1937).
(12) Bennett and Myer, Phys. Rev., 32, 888 (1928).
(13) Barker and Plyler, J . Chem. Phys., 3, 367 (1935).
(14) Adel and Barker, ibid., 2, 627 (1934).
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This substance has a transition in the solid 
about 5.7° below the melting point. Equilibrium 
in the transition was attained very slowly and 
the methyl bromide could be superheated or 
supercooled one or two-tenths of a degree above 
or below the transition point, 173.75 =*= 0.15°K.

The melting point was found to be 179.44 =*=
0.05°K., the boiling point 276.66 =*= 0.05°K., the 
heat of transition 113.4 =±= 1 cal./mole, the heat of 
fusion 1429 =*= 2 cal./mole, and the heat of 
vaporization 5715 =*= 6 cal./mole.

Vapor pressure measurements have been made 
on liquid methyl bromide and the results have 
been represented by the following equation
liquid methyl bromide, 203 to 278°K. (0°C. = 273.10 °K.) 
logioP(Int. cm. Hg) =  -(1541.437/7") +  8.49274 -

0.004247402" +  1.7599 X 10"62"2

The density of methyl bromide gas at 298.10°K. 
and one atmosphere was found to be 3.9739 =*=
0.0009 grams/liter.

The entropy of methyl bromide (ideal gas) at 
one atmosphereand at the boiling point, 276.66°K., 
has been calculated from calorimetric data to 
be 57.86 =*= 0.10 cal./deg. per mole and compared 
with the value 57.99 obtained from spectro­
scopic data.

The good agreement indicates that it is correct 
to use the third law value in thermodynamic cal­
culations. I t also gives more experimental sub­
stantiation to the assumption made in the cal­
culation of potential barriers in compounds 
containing methyl groups, namely, that the 
entropies of these compounds may be obtained 
correctly from low temperature calorimetric 
data.

Theexperimental entropy (idealgas) at298.10°K. 
is 58.61 cal./deg. per mole, and the spectro­
scopic value (ideal gas) is 58.74 cal./deg. per 
mole.
B e r k e l e y , C a l i f . R e c e iv e d  J u n e  15, 1938

[C o n t r ib u t io n  f r o m  t h e  B u r r o u g h s  W e l l c o m e  & Co. U. S. A. E x p e r i m e n t a l  R e s e a r c h  L a b o r a t o r ie s ]

2-Alkyl-1,2,3,4-tetrahydroisoquinoline Hydrochlorides1
B y  J o h a n n es  S. B uck  and  W a l t e r  S. I d e

With a view to carrying out a detailed pharma­
cological examination of the effects of various 
2-alkyl groups on the action of tetrahydroiso- 
quinolines, three series of 2-alkyl-l,2,3,4-tetra- 
hydroisoquinolines were prepared. One series 
has no nuclear substituents, the second carries 
6,7-dimethoxy groups and the third has 6,7-di­
hydroxy groups. Hydrochlorides were chosen 
for pharmacological reasons. In no case was a 
substituent present in the 1-position.

The preparation of the unsubstituted com­
pounds was carried out substantially according to 
the method of Wedekind, et dl.2 and offered no 
particular difficulties. However, a general method 
was required for future work, and Wedekind's 
procedure could not be applied to the substituted 
derivatives, owing to the relative inaccessibility 
of substituted isoquinolines. Attempts were 
made to N-alkylate homoveratrylamine by the 
Decker3 method with a view to cyclizing the

(1) This work is part of a joint research being carried out in col­
laboration with a pharmacological group at the above laboratories. 
The pharmacological data were contributed by this group.

(2) Wedekind and Oechslen, Ber., 34, 3986 (1901); Wedekind and 
N ey, ibid., 42, 2138 (1909); 45, 1298 (1912).

(3) Decker and Becker, A n n ., 395, 362 (1913).

alkylated amines,4 but these did not succeed with 
alkyl groups larger than ethyl, the alkiodides of 
the Schiff bases being non-crystalline and the 
homogeneity of the secondary amine being there­
fore in doubt. However, some 2-ethyl-6,7-di- 
methoxy-l,2,3,4-tetrahydroisoquinoline was made 
by this route, from ethylhomoveratrylamine.

Direct alkylation of 6,7-dimethoxy-l,2,3,4- 
tetrahydroisoquinoline5 with ethyl iodide gave 
considerable amounts of quaternary compound 
and unchanged material, with some of the desired 
2-ethyl derivative.6 The method, however, was 
regarded as unsatisfactory. Similar objections 
apply to the use of toluene sulfonic esters.7 At­
tempts to alkylate by means of a-bromo acids8 
gave only the hydrobromide of the starting ma­
terial.

Finally, 6,7-dimethoxy-3,4-dihydroisoquinoline 
was investigated. This readily formed crystalline

(4) Cf. B uck, T h is  J o u rn al , 56, 1769 (1934).
(5) Forsyth, K elly and Pyman, J . Chem. Soc., 127, 1659 (1925), 

but prepared from homoveratrylamine by the method of German 
Patent 257,138 (cf. ref. 4.).

(6) Cf. German Patent 270,859.
(7) Cf. Földi, Ber., 55, 1535 (1922).
(8) Cf. Bischoff and Mintz, ibid., 25, 2314 (1892).
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Table I
2-Alkyl-1,2,3,4-tetrahydroisoquinoline H ydrochlorides

°C. '
Appearance

Felted tiny prisms 
Felted tiny rectangular prisms 
Meshed small rectangular prisms 
Felted tiny prisms 
M atted tiny obscure crystals 
Tiny rectangular plates 
M atted minute obscure crystals 
Thin flat prisms

Calcd.
-Analyses, % -

Found
(corr.) Formula c H C H
227 CioH hNCI 65.37 7.69 65.41 8.06
213 CuH16NC1 66.81 8.16 67.06 8.28
242 C12H i8NC1 68.06 8.57 68.19 8.67
190 Ci3H20NC1 69.14 8.94 69.21 8.96
191 CuHisNCl 70.11 9.26 70.35 9.45
215 Ci2H i8NC1 68.06 8.57 68.35 8.95
205 CisH20NC1 69.14 8.94 69.25 9.12
229 CiiBW srci 70.11 9.26 70.24 9.60

Alkyl group 
Methyl 
Ethyl 
w-Propyl 
n-Butyl 
n- Amyl 
Isopropyl 
Isobutyl 
Isoamyl

alkiodides which could be reduced to the 2-alkyl - 
1,2,3,4-tetrahydro derivatives, which, in turn, 
could be demethylated to give the corresponding 
dihydroxy compounds. The series of reactions 
is convenient and the yields are good, and the pos­
sibility of the presence of secondary amine and 
quaternary compound has been eliminated. The 
substituted hydrochlorides described below were 
made by the foregoing route.

Experimental
2-Alkyl-l,2,3,4-tetrahydroisoquinoline Hydrochlorides.

—This series of compounds was prepared by the reduction 
of the isoquinoline alkiodides, following the double reduc­
tion technique of Wedekind, et al.2 The product was re­
covered from the steam distillate as hydrochloride and was 
recrystallized from alcohol-ether until pure. The hydro­
chlorides all form white crystalline compounds, readily 
soluble in alcohol (with which they are often solvated) and 
in water, and insoluble in ether and in ethyl acetate. 
The three isoalkyl hydrochlorides have a saline taste, the 
others quinine-like tastes. The n-butyl and w-amyl 
compounds have a numbing effect. The properties of 
the hydrochlorides are described in Table I. The 2- 
methyl-l,2,3,4-tetrahydroisoquinoline hydrochloride was 
checked against a specimen prepared by sodium-alcohol 
reduction.4

The majority of the isoquinoline alkiodides and reduced 
bases are described by Wedekind, et al.,2 but hydrochlo­
rides, although sometimes mentioned, are not described. 
The isobutyl compound, not obtained by the above au­
thors, was prepared in small yield by reaction of equimo- 
lecular amounts of isoquinoline and isobutyl iodide, and, 
after steam distilling, reducing the residual oil in the usual 
way. The n-amyl compounds were not attempted by 
Wedekind, et al. The present authors are indebted to the 
Ciba Company for the isoquinoline used.

Isoquinoline n-amy\ iodide, recrystallized from alcohol- 
ether, forms small, lemon-yellow prisms, soluble in alcohol, 
methanol and water, insoluble in ether and ethyl acetate, 
and melting at 139° (corr.).

Anal. Calcd. for Ci4H i8N I: C, 51.39; H, 5.55. Found: 
C, 51.35; H, 5.64.

2 - Alkyl - 6,7 - dimethoxy - 1,2,3,4 - tetrahydroisoquino- 
line Hydrochlorides.—6,7 - Dimethoxy - 3,4 - dihydroiso- 
quinoline was prepared from formylhomoveratrylamine

(homoveratrylamine formate heated for one and one-half 
hours a t 210 °) by cyclization with phosphorus oxychloride, 
the experimental details being practically the same as those 
used by Haworth9 for the 5,6-dimethoxy compound. The 
alkiodides were prepared by dissolving equimolecular 
amounts of the dihydroisoquinoline and alkyl iodide in 
twice the volume of benzene and allowing the solution to 
stand in a warm place until no further reaction was evident. 
The alkiodides were filtered off and recrystallized from 
alcohol-ether or alcohol-ethyl acetate. Their properties 
are described in Table II. The isobutiodide was not ob­
tained, only the hydriodide of the starting material being 
isolable, and hence 2-isobutyl compounds are missing in 
Tables II, I II  and IV.

Reduction of the alkiodides was carried out by means of 
zinc powder and dilute sulfuric acid on the water-bath.9 
After filtration and cooling the sulfate of the product 
crystallized out and was filtered off and the base liberated by 
sodium hydroxide and extracted by ether. Alternatively, 
the reduction mixture was made strongly alkaline and ex­
tracted with ether. After drying the extract over solid 
potassium hydroxide, the hydrochloride was precipitated 
by hydrogen chloride, filtered off, dried in vacuo, and re­
crystallized from methanol with ether or ethyl acetate. 
The hydrochlorides form white, crystalline compounds, 
moderately to readily soluble in alcohol, more soluble in 
methanol, readily soluble in water, and insoluble in ether 
and ethyl acetate. The tastes are not intense or distinc­
tive. The compounds are described in Table III. The 2- 
methyl compound, prepared by cyclization, has been previ­
ously described.4 Pyman also has prepared this com­
pound, together with the 2-ethyl and 2-w-propyl deriva­
tives (the latter as picrate), from laudanosine or papaver­
ine.10

2 - Methyl - 6, 7 - dihydroxy - 1, 2, 3, 4 - tetrahydroiso- 
quinoline Hydrochlorides.—The dihydroxy compounds are 
prepared readily by demethylating the corresponding di­
methoxy hydrochlorides with hydrochloric acid (two hours 
at 165° in a carbon dioxide-filled tube), evaporating the 
solution to dryness in vacuo, and recrystallizing the residue 
from methanol with ether or ethyl acetate. The solubili­
ties, etc., of the hydrochlorides are practically the same 
as those of the dimethoxy compounds. The properties are 
given in Table IV. The corresponding 2-methyl com­
pound has been described previously.4*11 The hydrochlo­
rides have no distinctive taste.

(9) H aw orth , J .  Chem. S o c ., 2281 (1927).
(10) P ym an , i b id ., 95, 1266, 1738 (1909).
(11) P ym an , ib id ., 97, 264 (1910).
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Table II
2-Alkyl-6,7-dimethqxy-3,4-dihydroisoquinolinium Iodides

/--------------------Analyses, %-------------
M. p., °C. Calcd. Found

Alkyl group Appearance (corr.) Formula c H C H

Ethyl Orange-yellow small glittering prisms 186.5 Ci3H i80 2NI 44.95 5.23 44.84 5.41
w-Ptopyl Straw-yellow small glittering plates 158 c 14h 20o 2n i 46.53 5.58 46.72 5.79
w-Butyl Straw-yellow thin glittering needles 152 C15H2202NI 47.98 5.91 48.01 5 .87
w-Amyl Lemon-yellow small glittering prisms 123 Ci6H2402NI 49.34 6 .2 2 49.40 6 .24
Isopropyl Golden-yellow glittering prisms 2 0 1  (gas) C14H20O2NI 46.53 5.58 46.45 5.76
Isoamyl Lemon-yellow small glittering prisms 134.5 C16H2402NI 49.34 6.22 49.43 6.31

T a b l e  III
2-Alkyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline Hydrochlorides

,------------------- Analyses, %-------------------- -
M. p., °C. Calcd. Found

Alkyl group Appearance (corr.) Formula c H C H

Ethyl Tiny nodules of minute prisms 246 c 13h 20o2n c i 60.56 7.83 60.49 7 .97
w-Propyl Bulky aggregates of obscure crystals 223 Ci4H220 2NC1 61.85 8.16 61.93 8 .16
w-Butyl Bulky masses of tiny spherules 224 Ci6H240 2NC1 63.02 8.47 62.93 8 .68
n-Amyl Chalky masses of obscure flakes 232 c 16h 26o2n c i 64.07 8.75 64.12 9 .05
Isopropyl Chalky masses of obscure plates 268 (dec.) C14H220 2NC1 61.85 8.16 61.91 7 .98
Isoamyl Aggregates of flakes 254 c18h 26o 2n c i 64.07 8.75 64.30 8 .94

Table IV
2-Alkyl-6,7-dihydroxy- 1,2,3 ,4-tetrahydroisoquinoline Hydrochlorides

,--------------------Analyses, %--------------
M. p., °C. Calcd. Found

Alkyl group Appearance (corr.) Formula c H c H

Ethyl Small meshed needle prisms 223 CiiHi60 2NC1 57.49 7.02 57.38 6.93
w-Propyl Tiny rosets of prisms 240 Ci2H180 2NC1 59.11 7.45 58.99 7 .47
w-Butyl Powder of fragmentary prisms 202 CI8H20O2NCl 60.56 7.83 60.77 7 .83
n- Amyl Small nodules of flat prisms 187.5 c 14h 22o2n c i 61.85 8.16 61.79 8 .37
Isopropyl Small stout spindles and clusters 253 Ci2H180 2NC1 59.11 7/45 59.10 7 .35
Isoamyl Small nodules of minute prisms 208 Ci4H220 2NC1 61.85 8.16 61.99 8 .30

Note on Pharmacology.12— Complete results will be pub­
lished elsewhere, but it can be stated that the nuclear-un- 
substituted compounds show a slight depressor effect and 
that they are relatively strong sympatholytics. The 
M. E. D. (dogs) ranges from 1 to 10 mg./kg. and L 50 
(mice) from 70 to 185 mg./kg.

The first of the series of dimethoxy compounds, 2- 
methyl - 6,7 - dimethoxy-1,2,3,4-tetrahydroisoquinoline hy­
drochloride, is a rather poor depressor, the M. E. D. (dogs) 
being 1 to 2 mg./kg. and L 50 (mice), 52 mg./kg.

The corresponding dihydroxy compound, 2-methyl-6,7-

(12) Cf. Laidlaw, Biochem. J .,  5, 243 (1911); Hjort, deBeer and 
Fassett, J .  Pharmacol., 62, 165 (1938).

dihydroxy-1,2,3,4-tetrahydroisoquinoline hydrochloride, is 
a relatively powerful pressor, the M. E. D. (dogs) being 1 
to 2 mg./kg. and L 50 (mice), 280 mg./kg.

Summary
A series of 2-alkyl-1,2,3,4-tetrahydroisoquino­

line hydrochlorides is described, together with the 
corresponding 6,7-dim ethoxy and 6,7-dihydroxy 
derivatives. Some 2-alkyl-6,7-dim ethoxy-3,4-di- 
hydroisoquinolinium iodides are included, and pre­
liminary pharmacological data are given.
Tuckahoe, N ew Y ork Received June 16, 1938
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Syntheses in the Quinoline Series. I. 2-Hydroxy- and 2-Chloroquinolinearsonic
Acids

B y  J u l iu s  D . C a p p s 1 and  C l if f  S. H a m ilto n

This investigation deals with the preparation of 
several quinoline amines and quinoline arsonic 
acids, most of the amines being produced by the 
catalytic reduction of certain nitroquinolines and 
most of the arsonic acids by diazotization of these 
amines and subsequent treatment with sodium ar- 
senite. 2-Hydroxyquinolinearsonic and 2-chloro- 
quinolinearsonic acids are given extensive con­
sideration.

The 2-hydroxy-4-methyl-7-aminoquinoline used 
in this investigation was prepared according to the 
procedure of Besthorn and Byvanck2 by condens­
ing m-phenylenediamine with ethyl acetoacetate. 
The proof of structure of this product follows from 
its conversion to 2-chloro-4-methyl-7-methoxy- 
quinoline, which was originally obtained by an­
other method.3 This structure was further con­
firmed in our experimental work by its conver­
sion to 2 - hydroxy - 4 - methyl - 7 - chloroquinoline.4

2-Chloroquinolines have been prepared by the 
replacement of hydroxyl through the use of phos­
phorus pentachloride and phosphorus oxychlo­
ride. Hydrochloric acid was found to hydrolyze 
2-chloroquinoline-8-arsonic acid to give 2-hy- 
droxyquinoline-8-arsonic acid.

2-(/3-Ethoxyethoxy)-quinoline derivatives were 
made from 2-chloroquinolines by the use of ethyl- 
cellosolve to which had been added metallic so­
dium.

Experimental
2-Chloro-4-methyl-7-methoxyquinoline was prepared by 

treating 2~chloro-4-methyl-7-hydroxyquinoline, obtained 
from 2-hydroxy-4-methyl-7-aminoquinoline according to 
the method of Besthorn and Byvanck,2 in 10% by weight 
sodium hydroxide solution with dimethyl sulfate as well as 
by refluxing 2-hydroxy-4-methyl-7-methoxyquinoline with 
phosphorus oxychloride.3

.Nitroquinolines.—5-Nitroquinoline was obtained in a 
32% yield by nitrating quinoline sulfate and in a much 
poorer yield by subjecting m-nitroaniline to the conditions 
of the Skraup reaction. A slight modification of the 
method of Meigen5 proved satisfactory for the nitration 
of quinoline sulfate and for the separation of the isomers

(1) Parke, Davis and Company Fellow.
(2) Besthorn and Byvanck, Ber., 31, 798 (1898).
(3) Spath and Brunner, ibid., 57B, 1243 (1924).
(4) Soc. Anon, pour 1’ind. Chim. è. Bêle, German Patent 556,324 

(1930); C. A .,  26, 5573 (1932).
(5) Meigen, J .  prakt. Chem., [2] 77, 472 (1908).

formed during the nitration. 6-Nitroquinoline in a 45% 
yield and 7-nitroquinoline in a 5% yield were produced 
by the method of Knueppel,6 the procedure of Kochanska 
and Bobranski7 being used for the isolation of the 7-nitro- 
quinoline rather than that given by Knueppel.

2-Hydroxyquinelines.—Ten grams of 5-nitroquinoline, 
dissolved in 50 ml. of water by the addition of sulfuric acid, 
was poured into 2 liters of water a t 60 °. Sodium hydroxide 
solution was added until the pH  was just sufficient to keep 
the nitroquinoline in solution. Upon introducing, with 
stirring, a 5.25% by weight solution of sodium hypochlo­
rite, a solid began to appear. After standing overnight, 
filtering off the solid, digesting it with 10% by weight so­
dium hydroxide solution and making acid with sulfuric acid, 
an 85% yield of 2-hydroxy-5-nitroquinoline precipitated.8 
When 6-nitroquinolinoline was treated in a similar manner 
and the resulting product recrystallized from glacial acetic 
acid, a 46% yield of 2-hydroxy-6-nitroquinoline was ob­
tained. An 85% yield of 2-hydroxy-7-nitroquinoline like­
wise resulted from 7-nitroquinoline.

2 - Hydroxyaminoquinolines.—2 - Hydroxy - 4 - methyl- 
7-aminoquinoline in 45 to 60% yields was obtained by 
heating 30 g. of dry crystalline w-phenylenediamine and 
37.8 ml. of ethyl acetoacetate in an autoclave a t 130° for 
nineteen hours. Almost quantitative yields of 2-hydroxy-
5-aminoquinoline and 2-hydroxy-7-aminoquinoline were 
obtained by the catalytic reduction of 2-hydroxy-5-nitro- 
quinoline in 95% ethanol and 2-hydroxy-7-nitroquinoline 
in acetone, respectively, using Raney nickel catalyst.

2-Chloroaminoquinolines.—The catalytic reduction of 
an acetone solution of 2-chloro-5-nitroquinoline a t 50° 
gave an almost quantitative yield of 2-chloro-5-amino- 
quinoline. The amine was isolated by partial distillation 
of the acetone and the addition of water to the concentrated 
solution resulting. Recrystallization from dilute ethanol- 
water solution gave long, slender, light green colored 
needles belonging to the orthorhombic system; soluble in 
acetone, ethanol, benzene, diethyl ether and acids; m. p. 
110-111° (corr.).

A nal Calcd. for C9H7C1N2: N, 15.67; Cl, 19.88. 
Found: N, 15.60; Cl, 19.72.

Dry 2-chloro-6-nitroquinoline was dissolved in a small 
quantity of cold hydrochloric acid (sp. gr. 1.19) and the 
amount of dry powdered stannous chloride calculated 
for complete reduction added slowly with stirring. The 
tin double salt, tha t formed upon standing, was filtered 
off on a dry filter, dried and dissolved in a small amount 
of water. After making acid, bringing to the boiling tem­
perature and saturating with hydrogen sulfide, the tin sul­
fide was removed by filtration. The filtrate was neutral­
ized with ammonium hydroxide, concentrated by evapora-

(6) Knueppel, Ber., 29, 703 (1896).
(7) Kochanska and Bobranski, ibid., 69B, 1809 (1936).
(8) See Claus and Setzer, J .  prakt. Chem., [2] 53, 390 (1896); 

Einhorn and Lauch, Ber., 19, 53 (1886); A n n ., 243, 342 (1888).
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Name Crystalline form
%

yield
M. p., 

°C. (corr.) Formula
As analyses, %10 
Calcd. Found

1 2 - Hydroxy - 4 - methylquino- 
line-7-arsonic acid Orthorhombic plates 31 C10H10ASNO4H2O 24.88 24.83

2 1 Anhydrous CioHioAsN O4 26.48 26.44
3 Sodium salt of 1 Tetragonal granules 88 CioH9AsNNa04-2H20 21.97 22.07
4 3 Anhydrous CioH9 AsNN a04 24.56 24.47
5 2 - Hydroxyquinoline - 5 - ar­

sonic acid Tetragonal plates 23 C9H8AsN04-H20 26.11 26.00
6 5 Anhydrous C9H8AsN 0 4 27.85 27.70
7 2 - Hydroxyquinoline - 7 - a r­

sonic acid Orthorhombic needles 13 C9H8AsN 0 4 27.85 28.00
8 2 - Hydroxyquinoline - 8 - ar­

sonic acid Orthorhombic needles Quant. C9H8AsN 0 4 27.85 28.00
9 2 - Chloro - 4 - methylquino- 

line-7-arsonic acid Orthorhombic needles 7 192 CioH9AsC1N03 24.86 24.90
10 2 - Chloroquinoline - 5 - arsonic 

acid Orthorhombic needles 24 C9H7AsC1N03 26.07 26.10
11 2 - Chloroquinoline - 6 - arsonic 

acid Orthorhombic needles 18 C9H7AsC1N03 26.07 26.00
12 2 - Chloroquinoline - 8 - arsonic 

acid Orthorhombic needles 11 273-276 C9H7AsC1N03 26.07 26.12
13 2 - (/3-Ethoxy ethoxy )-4-methyl - 

quinoline-7-arsonic acid Monoclinic needles 59 183 CkH isAsN O5 21.11 21.20
14 2  - (/3 - Ethoxyethoxy) - quino- 

line-5-arsonic acid Flat prisms 90 172 CigHiöAsN O5 21.96 22.00

tion and cooled. 2-Chloro-6-aminoquinoline precipitated filtrate carefully neutralized with hydrochloric acid. Upon
as long, slender, light yellow colored needles belonging to 
the orthorhombic system; soluble in ethanol, acetone, hot 
water, warm petroleum ether, diethyl ether and benzene; 
m. p. 149° (corr.); yield, 67% of the theoretical.

Anal. Calcd. for C9H7C1N2: N, 15.67; Cl, 19.88. 
Found: N, 15.70; Cl, 19.75.

Catalytic reduction of 2-chloro-8-nitroquinoline9 in abso­
lute ethanol under the same conditions used for reducing 
2-chloro-5-nitroquinoline gave 2-chlor o-8-aminoquinoline. 
After concentrating the alcoholic solution of the amine by 
distillation and adding water to the resulting concentrated 
solution, an oil separated; this crystallized upon standing. 
Recrystallization from dilute ethanol-water solution gave 
light green colored (almost white) needle-like leaflets, sol­
uble in ethanol, acetone, warm benzene and acids, m. p. 
84° (corr.), yield, 98% of the theoretical.

Anal. Calcd. for C9H7C1N2: N, 15.67; Cl, 19.88. 
Found: N, 15.70; Cl, 19.75.

2-Hydroxyquinolinearsonic Acids.—Crushed ice was 
added to a solution of 0.16 mole of the hydroxyquinoline 
amine in 2 moles of hydrochloric acid. When a tempera­
ture below 5° had been attained, the amine was diazotized 
with sodium nitrite solution. After making gust basic to 
litmus paper by the careful addition, in the presence of ice 
with stirring, of 5 A  sodium hydroxide solution, the diazo­
tized solution was poured slowly with good mechanical 
mixing into a water solution of 26 g. of sodium metaarsenite 
to which previously had been added 5-6 ml. of a saturated 
water solution of copper sulfate. After being stirred for 
one hour and having stood overnight, the resulting mixture 
was brought slowly to the boiling temperature and boiled 
for five minutes. This hot mixture was filtered and the

(9) Fischer and Guthmann, J . prakt. Chem., [2] 93, 378 (1916).
CIO) See Cislaik and Hamilton, T h i s  J o u r n a l , 52, 638 (1930).

charcoaling this neutral solution, evaporating until a 
volume of 350 ml. remained, and making acid to Congo 
red paper with hydrochloric acid, the crude hydroxy quino- 
linearsonic acid precipitated. When this acid was dis­
solved in a small quantity of hot dilute sodium hydroxide 
solution, 3% hydrogen peroxide solution added, the solu­
tion boiled for five minutes and made acid to Congo red 
paper with hydrochloric acid, the pure acid precipitated.

Hydrolysis resulted when 2-chloroquinoline-8-arsonic 
acid was heated in an autoclave with 12 parts by weight 
of hydrochloric acid (sp. gr. 1.19) at 125° for one and one- 
half hours, and 2-hydroxyquinoline-8-arsonic acid was 
obtained.

When a solution of 2-hydroxy-4-methylquinoline-7- 
arsonic acid in one equivalent of hot sodium hydroxide 
solution was added dropwise to cold 95% ethanol in a con­
tainer fitted with a mechanical stirrer, the monosodium 
salt of 2-hydroxy-4-methylquinoline-7-arsonic acid pre­
cipitated.

2-Chloroquinolinearsonic Acids.—The 2-chloroquinoline- 
arsonic acids were prepared from the corresponding 2- 
chloroaminoquinolines by a slight modification of the 
method used for synthesizing the 2-hydroxyquinoline- 
arsonic acids. Instead of neutralizing the diazotized solu­
tion of the amine before it was added to the arsenite solu­
tion, enough alkali was added to the arsenite solution to 
neutralize exactly the acid in which the amine was dis­
solved, and the diazotized amine was added directly.

2 - (/3-Ethoxyethoxy) - 4 - methylquinoline - 7 - arsonic 
Acid.—Five-tenths gram of dry 2-chloro-4-methylquinO' 
line-7-arsonic acid was refluxed with a solution of 0.60 g. 
of clean dry sodium in 50 ml. of ethylcellosolve for two and 
one-half hours. After cooling and filtering, the filtrate 
was made neutral to litmus paper by the careful addition 
of hydrochloric acid (sp. gr. 1.19). The sodium chloride
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formed was filtered off and the filtrate diluted with 50 ml. 
of water. When this was evaporated on a hot-plate until 
25 ml. remained and made acid to Congo red paper with 
hydrochloric acid, 2-(/3-ethoxyethoxy)-4-methylquinoline- 
7-arsonic acid precipitated.

2-(/3-Ethoxyethoxy)-quinoline-5-arsonic acid was ob­
tained from 2-chloroquinoline-5-arsonic acid by the same 
method used in preparing 2- (/3-ethoxyethoxy) -4-methyl - 
quinoline-7-arsonic acid.

Summary
1. It was proved that 2-hydro xy-4~methyl-7- 

aminoquinoline rather than 2-hydroxy-4-methyl-
5-aminoquinoline resulted when equimolecular 
quantities of m-phenylenediamine and ethyl 
acetoacetate condensed in an autoclave at 130°.

2. A number of quinoline amines were pro­
duced by the reduction of nitroquinolines.

3. Several 2-hydroxyquinoline and 2-chloro- 
quinolinearsonic acids were obtained from the 
corresponding quinoline amines by diazotization 
and coupling with sodium arsenite. The mono­
sodium salt of 2-hydroxy-4-methylquinoline-7- 
arsonic acid was made.

4. The hydrolysis of 2-chloroquinoline-8-ar- 
sonic acid resulted in the formation of 2-hydroxy- 
quinoline-8-arsonic acid.

5. 2-Chloro-4-methylquinoline-7-arsonic acid 
and 2-chloroquinoline-5-arsonic acid reacted with 
the monosodium salt of ethylcellosolve to give 
2- (0 - ethoxyethoxy) - 4 - methylquinoline - 7 - arsonic 
acid and 2-(/3-ethoxyethoxy)-quinoline-5-arsonic 
acid, respectively.
Lincoln, N ebraska Received June 8, 1938

[Contribution from the Research Laboratories, Shawinigan Chemicals, Ltd.]

The Viscosity Function

B y  E . P .

Viscosity is well defined as a physical quantity 
and accurately measurable. Yet, so far, its rela­
tions to temperature, pressure, dilution, chemical 
constitution, and so forth, are somewhat obscure.

Numerous empirical rules have been proposed 
but none of them can claim general validity or real 
physical significance. It may even be questioned 
whether the task of formulating the exact vis­
cosity laws is not far beyond our present knowl­
edge of the liquid state as such.

It is the main purpose of this paper to offer evi­
dence that such laws exist and can be expressed. 
Of course, without reliable mathematical assump­
tions, explicit formulas cannot be derived; the 
method adopted is one of graphical analysis. It 
will be shown that, if applied to the large number 
of measurements and data already available in 
the literature, this method reveals in them funda­
mental but so far undiscovered regularities.

Viscosity may be considered a form of friction 
if the latter is explained in terms of internal forces. 
Few molecules—probably none—are in so perfect 
equilibrium that no attractions would be active 
between them. These forces are chemical by 
nature though not in intensity, and it is obvious 
that they are the cause of the mutual interference 
with motions and mobility of the molecules which 
is observable as viscosity. The effect may vary

I rany

between actual chemical union, association, and 
mere transitory attraction.

For considerations of viscosity the usual dis­
tinction between associated and non-associated 
liquids is only secondary. It is conceivable that 
a substance may be so perfectly associated that in 
its larger complexes all residual forces are well 
compensated; reversely, in a non-associated 
liquid the identity of the molecules as the struc­
tural units may be preserved, but not their inde­
pendent mobility. Hence, the fundamental dis­
tinction should rather be drawn between “ideal” 
and “non-ideal” conditions, depending not only 
on existence and magnitude of the intermolecular 
forces but, primarily, on their constancy. What 
the mobile entities are—molecules or molecular 
complexes of some kind—is immaterial as long as 
problems of internal constitution are not dealt 
with; for the time being, these must be left out­
side the scope of this investigation.

The supposed general law of viscosity can only 
appear in substances of constant structure and 
force disposition. The question now arises as to 
where to find and how to recognize “ideal” liquids 
which may serve as objects of study. Experi­
mental proof of “ideality” such as, e. g., derived 
from other physical properties, is of doubtful value 
because it seems that viscosity is still very sensi­
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tively affected by intermolecular conditions which 
would not reveal themselves distinctly enough in 
calorimetric, gravimetric, or cryoscopic effects.

Recourse must therefore be taken to mere as­
sumption that certain substances are ideal and 
may be accepted as standards. The best choice 
are the paraffin hydrocarbons because all that is 
known about them not only suggests that they 
are as nearly ideal as possible, but also that this 
condition is maintained through the whole series 
which covers the entire range of measurable vis­
cosities.

I. The Viscosity Function of Dilution
Ideal Mixtures.—If two liquids are miscible 

in such a manner that no specific effects appear 
between them which depend on and vary with 
the composition of the mixture, the system can be 
considered ideal.

For example, the components may be a viscous 
paraffin oil and a light petroleum fraction with 
widely differing viscosities at the same tempera­
ture. The viscosities fall upon a sharply ascend­
ing curve (Fig. 1). This curve represents in 
graphical form a presumably simple case of the 
law according to which viscosities should be ad­
ditive or computable. By selecting any other 
pair of standard hydrocarbons, a whole series of 
such curves could be drawn across the diagram.

Fig. l.

If a given system of other components were now 
to be examined for ideality, one would select two 
paraffins of the same respective viscosities and 
construct the ideal curve between them; the

mixture under survey would then be recognizable 
as ideal if its curve coincided with that of the 
standard.

However, it would be much more convenient to 
compare in a diagram in which the ideal course 
would appear as a straight line. For any single 
standard curve this is easily realized by plotting 
viscosity not in absolute units, but in a scale which 
compensates for the curvature in such a manner 
that a straight line results. This scale would 
then embody the unknown law according to which 
viscosities are additive.

There have been numerous attempts to formulate such 
viscosity functions empirically. For example, the func­
tion log (viscosity) has been proposed by Arrhenius.1 In 
this case the scale embodying the law of additivity is the 
logarithm of the natural value of the viscosities, i. e., a 
semi-log diagram may be used. However, this rule is only 
a very imperfect approximation, neither accurate nor gen­
erally valid. The same applies to other such assumptions, 
e. g., reciprocal viscosity (“fluidity”) by Bingham,2 or its 
cube root, by Kendall-Monroe.3 The true mathematical 
form of the scale function is unknown, it can only be repre­
sented by graphical means.

How the scale function is determined from a 
number of points fixed by actual viscosity meas­
urements is shown in Fig. 2.

Centipoises.
1 2 3 4 5  6 7 8

Naphtha (Fixed Points) Par. oil (Interpolation) 
Fig. 2.

A straight line of any convenient position and 
gradient is assumed to represent the original 
curve; its intersections at the given mixtures 
yield the fixed points, and the scale is completed 
by means of an interpolation curve.

If this is done with other standard curves rep­
resenting ideal mixtures, a very interesting regu­
larity appears: the resulting scale is always the 
same, no matter from what particular pair of

(1) Arrhenius, Biochem. J .,  11, 112 (1917).
(2) Bingham, “Fluidity and Plasticity,” McGraw-Hilll Book Co., 

Inc., New York, 1923.
(3) Kendall and Monroe, T h i s  J o u r n a l , 39, 1787, 1806 (1917).
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components it has been derived. In other words, 
there is a general function of viscosity according 
to which it is additive in ideal mixtures. In terms 
of graphical analysis: In a diagram in which the 
scale of viscosity is adjusted so as to make one given 
ideal mixture appear as a straight line, all other 
ideal mixtures appear also as straight lines.

This rule holds with complete accuracy in all 
ideal mixtures; it is not restricted to those com­
posed of paraffin hydrocarbons, but is independent 
of the nature of the components. The function 
expressed in the scale is neither logarithmic, nor 
otherwise readily representable in mathematical 
form. It will be referred to as the “Viscosity 
Function <j>” This “<£-scale,” completed over a 
considerable range of viscosities, appears in Fig. 3.

—  0'2
—  100 = ~ 0  9
m = -0 '8
---- 59
—  ho E 5  0-7
---- 30

—  ZO 5-0-6

| —  0-5
—  to —  0-1

5-C-4-
~-5

r - 4

—0-3

5a

r— 0-2
- 1

SL

Fig. 3.

The question as to what units should be chosen 
for the concentrations of the components, i. e.f 
weight, volume, molarity, etc., has been con­
troversial, and each one of the previously proposed 
empirical rules was based on different terms. It 
can be shown that the <£ scale is generally valid if 
volume concentrations are used, and that all other 
units of quantity fail to reveal any regularity. 
Hence, the unit of quantity with reference to viscosity 
is volume.4

Various examples of ideal mixtures are shown 
in Fig. 4. Apart from systems consisting of

(4) All data used in the diagrams have been recalculated in volume 
percentages.

paraffin hydrocarbons, others of entirely different 
nature have been described in the literature. 
Thus, Kendall and Monroe3 concluded from 
exact calorimetric, cryoscopic, and density meas­
urements that the following four systems should 
be ideal:

Benzene-Ethyl benzoate 
Benzene-Benzyl benzoate 
Toluene-Ethyl benzoate 
Toluene-Benzyl benzoate

All these systems appear as straight lines in 
Fig. 4, including the last-mentioned which failed 
to satisfy the authors’ empirical cube root for­
mula—an exception which they were unable to 
explain. Actually, there is no exception.

Kendall and Wright5 investigated other pairs, 
ethers and esters which should give ideal mixtures. 
One of these

Phenyl ether-Phenetole 

is also shown in Fig. 4.

Fig. 4.

Ideal solutions of solid substances can be rê  
garded as ideal mixtures, and they follow the 
same law. If the viscosities in <£ scale are plotted 
against volume concentrations, straight lines re­
sult, Fig. 5. Even very complex substances, such 
as some resins, obey the <j> function very accu­
rately, also highly concentrated electrolytes, e. g., 
zinc chloride in water.

(5) Kendall and Wright, T h is  J o ur n a l , 42, 1776 (1920).
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Fig. 5.

Solids in solution are, in fact, components of a 
liquid system. The straight lines may be extra­
polated as far as 100% solute; the viscosity thus 
intercepted would be that of the solute itself if it 
could exist in liquid form under the given con­
ditions. It will be seen later that such viscosi­
ties, though not readily realizable, have a physical 
significance; they are the same as those obtained 
by extrapolating the temperature function below 
the melting point.

Kendall and Monroe3 offer evidence for the 
ideality of
Naphthalene in benzene Diphenyl in benzene
Naphthalene in toluene Diphenyl in toluene

In the scale of their assumed cube root formula 
the extrapolated viscosities of the solutes vary 
with the solvent: 2.25 and 1.83, respectively, for 
naphthalene, and 3.44 and 2.82 for diphenyl. In 
the 4> scale, however, the lines of each solute con­
verge exactly toward the same point on the 100% 
axis—2.65 cp. for naphthalene and 3.65 cp. for 
diphenyl. The temperature function of naphtha­
lene, extrapolated to 25°, gives 2.75 cp., which is 
in very good agreement with the above value.

Ternary ideal mixtures can be computed in the 
same manner as binary ones. First, two of the 
components are combined according to their 
volume ratios, and the resulting 4> ordinate is then

proportioned against the third component. Ex­
amples of this kind are

Benzene-Ethyl ether-Acetone6 
Allyl phenyl thiourea-Aniline-Toluene7'8

The graphical computation of the viscosities 
of these mixtures agrees perfectly with the meas­
urements.

Some originally binary mixtures may become 
ternary if a chemical reaction occurs between the 
components. However, if the reaction is quan­
titative, and completely consumes one of them, 
leaving the other in binary mixture with the re­
action product, the system may divide itself into 
two binary parts: A-(AB), and (AB)-B. Many 
such cases have been plotted and found ideal; 
<>• g-

Chloral-( Chloral hydrate )-W ater9
Stannic chloride-(Mol. compound)-Ethyl benzoate10
Allyl thiocyanate-(Subst. thiourea)-Aniline8
Allyl thiocyanate-(Subst. thiourea)-Methyl aniline11

All these systems give the same kind of dia­
gram; the ascending branches appear as straight 
lines intersecting at molar ratios of exactly 1:1. 
Figure 6 shows the last-mentioned system in ab­
solute viscosity and 4> scale.

Allyl CNS Me Anil. Allyl CNS Me Anil. 
Volume %. Volume %.

Fig. 6.

Non-ideal Mixtures.—Non-ideal effects occur 
if either the volume or the force field surrounding 
the molecules is subject to change. Association 
generally raises, and dissociation reduces, vis­
cosity from the values it should normally assume. 
It must be emphasized, however, that these effects 
need not be real or permanent in order to cause 
deviations; mere attractions or tendencies in the

(6) Bingham and Brown, Thesis, Lafayette College, 1921.
(7) Allyl thiocyanate and aniline yield quantitatively allyl 

phenyl thiourea; the latter forms an ideal binary mixture with excess 
aniline, and ideal ternary mixtures with toluene.

(8) Kurnakov and Kviat, A nn. Inst. Polyt. Petrograd, 20, 664 
(1913).

(9) Dunstan, J . Chem. Soc., 85, 817 (1904).
(10) Kurnakov, Perelmuter and Kanov, A nn. Inst. Polyt. Petro 

grad, 24, 399 (1915).
(11) Kurnakov and Zhemchuzhnui, ibid., 18, 125 (1913).
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sense of, e. g.y association, would be evident in the 
viscosity record, without formation of any defi­
nite compound.

The difficulty is not in the sensitivity with 
which viscosity, as a measurable property, re­
sponds to these influences; it is mainly in the 
quantitative evaluation of the results obtained. 
Empirical formulas are entirely unreliable; they 
are neither generally valid, nor accurate even 
within limited ranges. The </> scale, however, 
indicates deviations from the ideal course, no 
matter how small, or over what range, in the 
right sense, magnitude and location.

In the following examples the existence of 
definite association compounds is supported by 
other evidence, e. g.t by maxima in the freezing 
point curves.

Tsakalatos12 concluded from the absolute vis­
cosities of the systems

m-Cresol-Aniline 
ra-Cresol-0-T oluidine

that compound formation occurred at a ratio of 
2:1 moles in both cases. However, Kremann13 
found only 1:1 molar compounds in the freezing 
point curves. As shown in the diagrams of the 
first-mentioned system, Fig. 7, the absolute vis­
cosity curves are distorted, and their maxima14 
appear displaced; the <p curves deviate steadily 
toward maxima at exactly equimolar ratios which 
are not shifted with varying temperature. The 
second case and many similar systems give analo-

(12) Tsakalatos, Bull. soc. chim., 3, 234 (1908).
(13) Kremann, Wien. Ber., 113, 878 (1904).
(14) These maxima or minima must be reckoned from the straight 

line connecting the two terminals and indicating the ideal course. 
In the points of greatest deviation from this line the tangent to the 
curve is parallel to it,

gous figures; among these are, using the data by 
Bramley15

Phenol-Aniline 1:1 mole
Phenol-Dimethylaniline 0.548:0.452 mole 
Phenol-Diphenylaniline No compound

In some cases different compounds seem to oc­
cur in the solid and liquid phase. Thus 

Phenol-Quinoline15
indicate a definite association effect for sharply 
1:1 mole. Freezing points show maxima at 2:3 
and 2:1 moles, but no singularity at 1:1 mole. 
The 0 curve of the system

o - Chlor ophenol-Pyridine15
has a maximum at 1:1 mole coinciding with the 
freezing point record; between this mixture and 
the phenol the <£ curve, but not the freezing points, 
shows another sharp maximum.

Where the 4> curves sag below linearity, 
dissociation (des-association) either of one 
or both components must be assumed. 
Such cases are surprisingly rare; examples 
are

Phenol-Nitrobenzene15 
Ethyl alcohol-Benzene9

This is interesting, for such “negative” 
curvatures appear very frequently, not 
only in absolute viscosity diagrams but 
also in all empirically assumed scales, 
particularly where the range of viscosi­
ties between the components is consider­
able. Actually, it seems that associated 
substances, as a rule, have quite stable 
constitutional units which do not vary or 

break down as readily as commonly assumed. 
This is also evident in their mostly normal re­
sponse toward temperature changes, as explained 
in the following.

II. The Viscosity Function of Temperature
Here, again, ideal and non-ideal conditions 

must be anticipated, depending on the absence or 
presence of variable individual factors. As in the 
case of ideal mixtures, the paraffin hydrocarbons 
may be considered suitable standards.

If the absolute viscosities at different tem­
peratures, e. g., of ^-octane, are plotted and the 
resulting curve is straightened into a line by 
the same method that was used in obtaining the 
viscosity function </>, a scale is obtained which, 
again, is generally valid. The viscosity-tempera­
ture functions of all substances, except those

(15) Bramley, J . Chem. Soc., 109, 10, 434 (1916).

100
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Fig. 7.

m-Cresol.
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of variable nature, appear as straight lines.
There is, moreover, a very significant relation 

between these two functional scales—the one 
derived from ideal mixtures, and the other from 
temperature effects—they are actually identical 
over their whole extent. The general law of vis­
cosity relative to temperature is identical with that of 
viscosity relative to dilution.

The validity of this postulate has stood the test 
of all data represented or mentioned in this paper. 
The complete <f) scale used in the diagrams and 
shown in Fig. 3 was assembled from numerous 
over-lapping sections in which mixture and tem­
perature standards were used indiscriminately. 
The continuity of the function was found real and 
precise in all ranges.

Figure 8 shows a selection of liquids, represent­
ing various chemical types. The following par­
tial list contains substances which give absolutely 
straight lines between 0° and their boiling points, 
using the measurements by Thorpe and Rodger16 
which are recognized as the most accurate on 
record. Lack of space prevents the reproduction 
of the diagrams.

Hydrocarbons.—Isoprene, w-pentane, isopentane, n-hex­
ane, isohexane, diallyl, w-heptane, isoheptane, n-octane, 
benzene (0-70°), toluene, o-, m-, ^-xylene, ethyl benzene.

Ethers.—Diethyl, methyl propyl, ethyl propyl, dipropyl.
Esters.—Methyl formate, methyl, ethyl and propyl 

acetates, propionates, n- and isobutyrates, valerates.
Ketones.—Acetone, methyl ethyl, diethyl, methyl 

propyl, methyl butyl.
Halogen Compounds.—Propyl chloride, propyl bromide, 

propyl iodide, isopropyl chloride, methylene dichloride, 
chloroform, carbon tetrachloride, ethylene chloride, 
ethylidene chloride, perchloroethylene, bromine.

Sulfur Compounds.—Methyl sulfide, ethyl sulfide, car­
bon disulfide, thiophene.

Only very few liquids—the lowest alcohols and 
fatty acids, for example—show distinct and 
significant deviations from the straight course, 
due without doubt to variable association. Even 
water follows an absolutely straight line with the 
exception of the well-known anomalous region 
above its melting point. These examples show 
very clearly that association in itself does not 
interfere with normal behavior as long as it re­
mains constant; associated substances may very 
well conform with ideality.

The almost universal prevalence of ideal condi­
tions in pure substances is important in view of 
the fact that ideal mixtures are far less common.

(16) Thorpe and Rodger, Phil. Trans., 185, 397 (1894); Proc. Roy. 
Soc. (London), 60, 152 (1896).

This suggests that pure substances are in most 
cases homogeneous, and contain molecular en­
tities of uniform structure. Consequently, the 
various fractional association factors ascribed to 
nearly all of them by Ramsay and Shields,17 
Traube,18 and McLeod,19 do not seem to have a 
purely constitutional meaning, i. e., do not cor­
rectly represent association.

10 30 50 70 90 110
Temperature, °C.

Fig. 8.

The Critical Region.—The present analysis 
deals with the viscosity of liquids; that of gases 
is an entirely different phenomenon, and of a 
negligible order, if expressed in the same measure. 
The viscosity typical for the liquid state must 
disappear at the critical temperature; the vis­
cosity of gases is no functional extension of it. 
One may, therefore, speak of a “zero level of liquid 
viscosity’ ’ at the discontinuity between the gase­
ous and the liquid states. Since the linearity of 
the <j> functions is perfect within the recorded 
ranges, an extrapolation as far as the critical point 
may be considered significant.20

(17) Ramsay and Shields, Trans. Chem. Soc., 63, 1089 (1893).
(18) Traube, Ber., 30, 283 (1897).
(19) McLeod, Trans. Faraday Soc., 19, 17 (1923).
(20) Data on viscosities above the boiling points of, e. g., benzene, 

toluene, ether, ethyl and isobutyl acetate, ethyl bromide, carbon 
tetrachloride, etc., by Heydweüler [Wied. A nn., 59, 193 (1896)], show 
that the general straight course continues. Phillips [Proc. Roy. Soc. 
(London), 87, 48 (1912)] measured viscosities of liquid carbon di­
oxide within the critical region; these are on a curve which does not 
merge into that of the gas viscosities, but intersects it.
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The linearity of the <ƒ> function is not affected 
if, instead of centigrade, reduced absolute tem­
peratures (1 — T/0) are used as abscissas. In such 
a diagram all lines should converge toward one 
point, because at the critical temperature 0, or 
for Tx = 0, all liquid viscosities become equal,
i . e., nil. As shown in Fig. 9, many lines are 
crowded together, and reach the critical tempera­
ture at a reasonably well defined level which, 
therefore, can be taken as that of zero liquid 
viscosity. However, there are also several whose 
intercepts indicate viscosities of considerable mag­
nitude at their known critical temperatures.

Fig. 9.

This probably means that in these cases the 
critical temperatures, as of record, are too low, 
that the observable disappearance of the surface 
does not mark the end of all liquid structure. 
That this survival should be most appreciable in 
substances with strong internal forces, is to be 
expected and is borne out in Fig. 9.

If then it be justifiable to consider the critical 
discontinuity expanded over an appreciable tem­
perature interval, this would reach from the 
conventionally observed critical temperature up­
ward as far as another “limiting” critical tempera­
ture which would be defined by the actual and 
complete disappearance of liquid viscosity.

This critical range can be estimated in Fig. 9; 
it is represented by the distance from Tr = 0 to 
the intersection of the <j> line with the zero level.

A peculiar exception is that of water. Its line 
in Fig. 9 is unusually steep and passes through

T a b l e  I

A b s o l u t e  C r it ic a l  T e m p e r a t u r e

Observed “Limiting”
^-Pentane 470 464
^-Hexane 507 500
^-Heptane 540 541
w-Octane 569 572
Benzene 565 566
Toluene 594 597
Ethyl ether 466 474
Acetone 508 514
Ethyl acetate 525 541
Thiophene 590 615
Carbon disulfide 550 633
Methylene chloride 518 . 594
Chloroform 533 649
Carbon tetrachloride 557 676
Propyl chloride 494 520
Ethyl bromide 499 576
Ethyl iodide 554 680
Bromine 575 810

Range

8
6

16
25 
83
76 

116 
119
26
77 

126 
235

the zero level at much lower than the critical tem­
perature—the only case of this kind. This is 
obviously impossible, and it must be assumed 
that a structural rearrangement occurs at some 
higher temperature which would cause the curve 
to reach the critical point. Three viscosity meas­
urements between 100 and 153° seem to indicate 
this course which is probably due to increasing 
association.

The expansion of the critical discontinuity into 
a range which, according to the above estimates, 
may assume the extent of hundreds of centigrade 
degrees, is of great fundamental importance. Of 
course, the correctness of the extrapolation of 
the 0 lines depends on the absence of discontinui­
ties in the large temperature ranges within which 
no viscosity data are available. Viscosity meas­
urements over the entire course and up into the 
critical region, particularly on such substances 
as, e. g.y bromine, would yield very valuable infor­
mation.

III. The Viscosity Function of Pressure
Moderate variations of pressure hardly affect 

the viscosity of liquids. It is necessary to employ 
thousands of atmospheres in order to study the 
quantitative relation between viscosity and pres­
sure. Such measurements have been carried out 
by Bridgman21 in a specially constructed viscome­
ter.

Absolute viscosity, plotted against pressure in 
atmospheres, yields curves which, after a very

(21) Bridgman, Proc. Nat. Acad. A m ., 11, 603 (1925).
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gradual ascent, bend sharply upward. In </> 
scale, these curves are not represented as straight 
lines, but strongly concave toward the pressure 
axis, Fig. 10.22

The effect of pressure on viscosity, therefore, 
is not additive in the same function as that of 
dilution and temperature, but follows a different 
law.

However, it is possible to rationalize this relation 
by the same method as was used in the construc­
tion of the 4> scale in Fig. 2. Choosing, é. g., the 
isotherm of w-pentane at 30° as a standard, a 
functional scale II can be obtained. This II scale, 
shown and applied in Fig. 11, represents the 
pressure functions of all hydrocarbons, at various 
temperatures, as well as those of all ideal sub­
stances, as straight lines. All viscosity-pressure 
functions follow a general law. This law is different 
from that relating viscosity with dilution and tem­
perature.

Figure 11 shows Bridgman’s data on paraffin hy­
drocarbons at two different temperatures, and it 
reveals a very interesting fact: all lines meet in 
one point.

In this point, viscosity assumes the same value 
at all temperatures, and for all paraffins. This is 
conceivable only if the intermolecular forces which 
control viscosity are counterbalanced by external 
pressure, so that their effect disappears. Hence, 
the negative abscissa of the intersection point is 
the “ internal” or cohesional pressure of the 
liquid, and its level must be that of zero viscosity.

(22) On the convexity of the curves which Bridgman obtained 
in absolute viscosity scale, he remarked: “This is unusual; most
pressure effects become relatively less high at high pressures by a 
sort of law of diminishing return.” The scale represents this 
“diminishing return” without inconsistencies and apparently in its 
true evaluation.

That all paraffin hydrocarbons should have the 
same internal pressure is well in keeping with 
their known nature and relationship.

The intersections of different isotherms of the 
same liquid always fall on the zero level of 
the II function, except in those cases where 
association is known to be variable, e. g., 
water, alcohols, glycerol, etc. The nega­
tive pressure intercepts which indicate 
the internal pressures, are characteristic 
constants of the normally behaving sub­
stances. The values obtained from II 
scale diagrams of Bridgman’s data agree 
very well with those deduced by other 
methods, e. g., from van der Waals’ equa­
tion or the latent heat of vaporization. 
It is impossible to reproduce all the dia­
grams but the resulting internal pressures 
appear in Table II.

The II functions of substances of vari­
able association are not linear but they approach 
the straight course at high pressures, and the nega­
tive pressure intercept assumes a definite value.

Fig. 11.

In the series of monohydric paraffin alcohols, an 
interesting regularity is found: the asymptotical 
intercepts, i. e., the maximum internal pressures

15
10
5

0.2

Fig. 10.—Viscosity of w-pentane at 30° under high pressures.
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are identical for all members of the series (Fig.
12). It would seem, therefore, that the internal 
pressure is characteristic, not only for each liquid, 
but for whole homologous series.

The isotherms of water, Fig. 12, run differ­
ently; they are convex, but their asymptotes also 
meet in one point on the pressure axis, with an 
intercept twice as large as that of the alcohols. 
Above 30°, the isotherms are straight lines.

T a b l e  I I

All paraffin hydrocarbons

Internal pressures, 
atm.

1200
Benzene 1200
Ethyl ether 1400
Chlorobenzene 1400
Alkyl benzenes 1500
Bromobenzene 2000
Chloroform 2300
Aniline 2400
Acetone 2500
Carbon disulfide 2700
Alcohols (Limit) 7000
Water (Limit) 14000
Glycerol (Limit) 14000

IV. The General Viscosity Function; Constitu­
tion

The relations of viscosity to volume (dilution), 
temperature, and pressure must be considered 
special cases of the equation of state for liquids. 
The combination of these partial functions into 
the unknown general law is, of course, beyond the 
means of the graphical method. Nevertheless,

the two functional scales, 0 and II, can be used for 
the computation of all viscosities of normal liquids 
if three elements are known. These are material 
factors characteristic for any given substance.

A complete rationalization would have 
to include that of constitutional addi­
tivity of these constants.

Whether the additivity of 0 in terms 
of volume, or that of II in terms of inter- 
molecular attractions, also applies to the 
constituent parts of the chemical mole­
cule; in other words, whether additive 
atomic values of 0 or II exist, cannot be 
definitely answered. This depends on 
precisely what may be understood under 
comparable conditions, and what kind of 
unit the “molecule” of a liquid really is.

For the time being, it must be realized 
that “constitution” to which viscosity 
phenomena may be related, is not neces­
sarily that accepted in a purely chemi­
cal sense. The independently mobile 
entities whose movements or mobility 
viscosity records may, but again, may 

not be the individual chemical molecules.
All available facts point toward the necessity of 

a finer graduation of intermolecular relation­
ships, apart from, and between complete inde­
pendence and permanent association. If all 
these intermediate forms could be included into, 
and rationalized within a broader concept of con­
stitution, the additive features of viscosity would 
reveal themselves more clearly.

Summary
Due to our insufficient knowledge of the struc­

ture of liquids it is impossible to formulate the 
basic and generally valid laws which relate liquid 
viscosity with variables of condition, such as vol­
ume (dilution), temperature and pressure. There 
is no real proof that such laws of broad validity 
exist, or that they are recognizable.

A method of graphical analysis was used in pro­
viding this evidence which may be summarized 
in three postulates:

1. A function of viscosity exists, 0 (77), or the 
“0 scale,” which is generally additive in terms of 
volume, i. e., of dilution in ideal mixtures.

2. A function of viscosity exists which is 
generally additive in terms of temperature. 
This function or functional scale is identical 
with the above, 0; temperature and dilution

Fig. 12.
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have the same quantitative effects upon viscosity.
3. Another function of viscosity exists, H(v), 

or the “II scale,” which is generally additive in 
terms of pressure.

If viscosities are plotted in these functional 
scales, all normal or “ideal” additivity is repre­
sented as a straight line. Deviations from this 
course are very accurately recognizable and signi­
ficant.

Thus, the 4> diagrams reveal “non-ideal” condi­

tions, i. e., associative or dissociative tendencies 
which could not be detected by other means. 
Extrapolation into the critical region suggests im­
portant conclusions regarding state discontinuity. 
The IT scale shows the correct magnitude of the 
internal pressures of liquids which, according to 
this evidence, are characteristic for whole series of 
related substances.
S h a w in ig a n  F a l l s  R e c e iv e d  D e c e m b e r  30, 1937
Qu e b e c , C a n a d a

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  U n i v e r s it y  o f  N o t r e  D a m e ]

The Dielectric Properties of Acetylenic Compounds. X. Equipment for Measuring 
Dielectric Constants of Gases. The Polarity of Gaseous Monoalkyl Acetylenes

B y  F. J. K r ie g e r  a n d  H. H. W e n z k e

In order to determine accurately the low mo­
ments of the monoalkyl acetylenes it is necessary 
to abandon the method of solutions used in the 
previous papers of this series and employ the 
temperature variation method on the vapors of 
the materials to be investigated. This paper 
describes an apparatus for measuring the dielec­
tric constants of gases and a method for deter­
mining their polarizations and gives data obtained 
for five homologs.

Description of Apparatus
The present apparatus for measuring the dielectric con­

stants of gases was designed with a view to ruggedness 
and stability in operation. I t is essen­
tially a beat-frequency oscillator de­
signed for measuring extremely small 
capacities with great accuracy. I t 
offers as points of superiority over 
those described by Groves and Sugden1 
and by Zahn,2 first, alternating current 
operation for convenience and main­
tained foolproof operation; second, ex­
cellent stability, combined with the 
comparison capacity method of elimi­
nating residual drift, as mentioned by 
Zahn, but not used by Groves and 
Sugden; and, third, a direct-meter 
reading of zero beat which, because of 
precautions taken to eliminate entirely 
any tendency of the two oscillators in 
the circuit to “lock in,,, gives a much 
higher precision of setting than does 
either the resonance method of Groves 
and Sugden or the audible-beat method 
of Zahn.

Inspection of the circuit diagram, Fig. 1, indicates that

the disposition of the circuit capacities, together with the 
capacity to be measured is similar to that used by Groves 
and Sugden. However, where they use the amplitude of 
the voltage developed at a particular point on a steep 
resonance curve as an indication of resonance, we use the 
heterodyne note between two oscillators. Frequency drift 
is eliminated by stabilizing one oscillator with a quartz 
crystal and furnishing the other oscillator with a suitable 
reference standard for correcting against the effect of drift 
should any occur.

Vacuum tube Vi, together with the inductance Li, the 
capacity Ci, and the crystal X, form an oscillating circuit 
at a frequency of 500 kc. per second. The crystal is of the 
low temperature coefficient type and the oscillator is such 
that constancy may be assured to a precision of six cycles 
per degree C.

Fig. 1.—Circuit diagram of beat-frequency oscillator used in measuring dielec­
tric constants of gases.

(1) Groves and Sugden, J . Chem. Soc., 1094 (1934).
(2) Zahn, Phys. Rev., 24, 400 (1924).

Vacuum tube V2, the inductance L2, and the capacities 
Ct, Cr, Ce and Cs, form the variable oscillator whose fre­
quency is that of the second harmonic of the crystal oscil-



lator. This oscillator is isolated from the crystal-con­
trolled oscillator and from the detector by radio frequency 
amplifier circuits associated with the buffer tube V3.

Tubes V4 and V5 form a balanced detector system in 
which the second harmonic of the crystal-controlled oscil­
lator beats with the output of the variable oscillator for 
the indication of circuit adjustment. This is always done 
a t zero beat, indicated by the meter in the plate circuit of 
the detector tubes. By this means frequency differences 
as small as a fraction of a cycle per second may be detected 
easily.

The variable oscillator contains, as a part of its variable 
capacity, a General Radio standard condenser, Cs, in series 
with a small variable capacity, Cr. This arrangement 
makes possible a maximum sensitivity of 0.000267 mmf. 
(micromicrofarad) per division, over a total range of 0.56 
mmf., while the lowest sensitivity is 0.00186 mmf. per divi­
sion, over a total range of 3.92 mmf.

Thermal stability is achieved by two general methods. 
The first of these is the choice of component parts of very 
low temperature coefficients, and the second is a complete 
segregation of all tuning elements within a thermally- 
insulated chamber and thorough ventilation of all heat- 
producing units. These precautions result in a thermal 
stability such that the zero-beat adjustment drifted an 
average of 0.01 mmf. per hour. The effect of even this 
small drift is, in practice, eliminated by including in the 
circuit a capacity arrangement which can be set equal to 
the initial capacity of the circuit under test. By inserting 
this capacity, the oscillator may be returned to its original 
adjustment a t any time.

The instrument is operated as follows:
(a) The switch is set a t A and the gas cell is evacuated.
(b) The standard condenser, Cs, and the range condenser, 

Cr, are set at values which will accommodate the change in 
cell capacity that will occur upon the introduction of the 
gas under test. The dial readings of both condensers are 
recorded.

(c) The tank condenser, Ct, is tuned until the beat note 
as indicated in the meter is very low. The auxiliary con­
denser Ct vernier, is used to bring the beat note to a zero.

(d) The switch is thrown to B.
(e) The equivalent condenser, Ce, is tuned for zero beat. 

Any slight drift is eliminated by means of the auxiliary 
condenser Ce vernier.

(f) The switch is reset a t A and the gas to be measured 
is introduced into the cell.

(g) The standard condenser, Cs, is readjusted accurately 
to zero beat. This value is recorded as Cs'.

(h) Should there be considerable delay between steps
(e) and (g), the switch is thrown to B, and if the beat is no 
longer zero, condenser Ct vernier is readjusted to give ex­
actly zero beat just before step (g) is carried out. Thus, 
the equivalent capacity, Ce, serves as a standard equal to 
the evacuated cell in capacity by means of which the oscil­
lator may be readjusted a t any time and its residual drift 
eliminated.

From the capacity values read in steps (b) and 
(g) the capacity change of the cell due to the intro­
duction of the gas under test may be determined 
as follows. The total variable capacities must

have been equal in the two cases to give the same 
frequency. Thus

Ce +  C t +  = Ce +  Ct +  ~7=r „ -j- ACcCr “T Os Cr -f- Cs

where ACc is the change in cell capacity produced 
by the introduction of the gas. On simplifying 
the above equation and solving for ACc we ob­
tain

ACc Cr%C9 ~  C8')
Cr2 +  Cc(Cs +  Cs') +  CsC8'

If we make use of the relation

( I )

e — 1 = ACc/Cc

where e is the dielectric constant and Cc the re­
placeable cell capacity, we obtain the expression

Cr2 (Cs -  Cs')
Cc Cc2 +  Cr(Cs +  Cs') +  CsCs' (II)

This equation is identical in form with that of 
Groves and Sugden. It is to be noted that in 
their work these investigators neglect the term 
Cr2 in the denominator, stating that Cr as it ap­
pears in the denominator need not be known very 
accurately. This statement is open to question 
as the capacity, Cr, has some effect on the third 
figure following the decimal point. I t is also to 
be noted that neither end of the capacity, Cr, is 
at ground potential, and the determination of the 
capacity of any condenser when operated under 
such conditions is an indefinite matter when 
direct methods are used. The value of the ca­
pacity Cr may be obtained indirectly by the use of 
gases of known dielectric constant.

The dielectric constant gas cell consists of a 
Pyrex glass-enclosed condenser made of three 
concentric chromium-plated brass cylinders each 
6" (15.5 cm.) long and 3" (7.6 cm.), 23/ /  (7.0 cm.) 
and 21/ 2" (6.35 cm.) in diameter, respectively, 
held rigidly in place by means of spring clips pres­
sing against the outer glass wall. The outer 
and inner cylinders form one plate of the con­
denser which is maintained at ground potential. 
The condenser leads are of tungsten and are 
brought out at the top of the glass container. 
The top of the cell is furnished with a standard 
taper silver-clad joint to which is fitted a glass 
arm leading to a manometer, a vacuum pump 
and an inlet for the gases to be investigated. 
This arrangement is similar to that of Schwingel 
and Williams.3

The cell is mounted rigidly in a cottonseed oil- 
bath, the temperature of which is maintained

(3) Schwingel and Williams, Phys. Rev., 35, 855 (1930).
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within 0.02° of the desired temperature by means 
of a mercury thermoregulator and relay-con­
trolled heater system. The cell is connected with 
the beat-frequency oscillator by means of a 
special rigid concentric cable whose outer sheath 
is grounded to prevent capacity losses. In order 
to prevent condensation of the higher-boiling 
materials in the glass arm and in the manometer, 
those parts were wrapped with Chromel-A re­
sistance wire and brought to a suitable tempera­
ture by means of an electric current. This pre­
caution permits the measurement of higher 
pressures of high-boiling materials than would be 
possible at room temperature.

Calibration of Apparatus
From equation (II) it is seen that, in order to 

determine the dielectric constant of the cell 
contents, it is necessary to know the apparatus 
constants Cr and Cr2/  Cc and the initial and final 
readings of the standard condenser Cs. The value 
of cell capacity, Cc, was determined in the follow­
ing manner. After the gas cell was brought to 
constant temperature it was evacuated and the 
oscillator was brought to zero beat. This zero 
beat was maintained with the equivalent capac­
ity, Ce, in the circuit. Meanwhile the external 
cell capacity was replaced by a General Radio 
standard condenser which was tuned to zero beat. 
The reading of this standard condenser gave the 
value of the external capacity from which the 
value of the cell capacity was deduced.

The value of the capacity Cr was determined 
indirectly by making observations with gases of 
known dielectric constant. For this purpose 
the measurements of Bryan and Sanders,4 Stuart,5 
and Zahn6 on air and carbon dioxide were em­
ployed. The mean polarization of air was taken 
as 4.368 cm.3 and that of carbon dioxide as 
7.317 cm.3. Assuming that the polarization of 
these gases does not change with temperature 
and that the gas laws hold, the dielectric con­
stants of these gases at a known temperature and 
pressure may be calculated by means of the rela­
tion

e -  1 = 4.810 X 10~5P Mp /T  (III)

where PM is the molecular polarization, p the 
pressure in mm. of mercury, and T the absolute 
temperature.

(4) Bryan and Sanders, Phys. Rev., 32, 202 (1928).
(5) Stuart, Z. Physik, 47, 457 (1928).
(6) Zahn, Phys. Rev., 27, 455 (1926).

The air used in the calibration was passed 
through a train consisting of bottles containing 
potassium hydroxide solution, concentrated sul­
furic acid, calcium chloride and phosphorus pen­
toxide in that order. The carbon dioxide used 
was obtained from a cylinder of the liquefied gas. 
I t was passed through concentrated sulfuric acid 
and dried over calcium chloride and phosphorus 
pentoxide.

The values of the dielectric constants of air 
and carbon dioxide at 25°, obtained by means of 
equation (III), were substituted into equation 
(II), which was then solved for the term Cr. 
The value of the capacity Cn which was chosen 
small, was found to be 12.81 mmf. Since the 
capacity of the gas cell changed with the tem­
perature, it was necessary to determine the ap­
paratus constant, Cr2/  Cc, for each of the tempera­
tures employed. As the value of Cr remained 
the same throughout, it was necessary only to 
find the values of Cc.

T a b l e  I

P r e s s u r e s  a n d  D ie l e c t r ic  C o n s t a n t s  o f  C a l ib r a t in g  
G a s e s  a n d  C o r r e s p o n d in g  V a l u e s  o f  A p p a r a t u s

p, mm.
C o n s t a n t  a t  25°

(e -  1) X 10^ Cr, mmf.

747.0
Air

5.263 12.74
748.0 5.270 12.80
759.5 5.351 12.87
760.5 5.358 12.80

757.0
Carbon Dioxide 

8.935 12.83
758.5 8.952 12.82

Average 12.81

T a b l e  I I

V a l u e s  o f  t h e  C e l l  C a p a c it y  a n d  o f  t h e  A p p a r a t u s  
C o n s t a n t  a t  T e m p e r a t u r e s  I n d ic a t e d  

25° 75° * 125°
CCf mmf. 401.1 405.7 407.3
Cr2/Cc 0.4089 0.4042 0.4027

Preparation of Materials.—The methyl- and 
ethylacetylenes were prepared by dropping the 
corresponding sulfates on sodium acetylide in 
liquid ammonia. The gas evolved was freed 
from ammonia by passing it through successive 
bottles of water and dilute sulfuric acid. The 
gaseous acetylenes were dried over calcium chlo­
ride and condensed by means of a dry ice-acetone 
bath. The liquid acetylenes were distilled 
through a Davis column,7 recondensed, and

(7) Davis and Daugherty, Ind. Eng. Chem., Anal. Ed., 4, 193 
(1932).
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stored in steel cylinders. The propyl-, butyl- and 
amylacetylenes were prepared by dropping the 
corresponding bromides on sodium acetylide in 
liquid ammonia. The acetylenes were distilled 
through a modified Widmer column.

T a b l e  III
P hysical  Co n stants of A cety lenes

Acetylene B. p., °C. <2« » » D M R d

Methyl -2 3 14.04
Ethyl 7.9 18.66
Propyl 39.3 0.6909 1.38270 22.97
Butyl 71.0 .7146 1.39621 27.61
Amyl 98.0 .7297 1.40553 32.31

Technique and Results
The dielectric constants of the gases under 

consideration were determined by means of 
equation (II) at pressures, for the most part, 
above 100 mm. of mercury and at the three tem­
peratures 25, 75, and 125°. In order to avoid 
the use of an equation of state for each of the 
gases in measuring its polarization, it was found 
expedient to plot (e — l ) /pagainst p and extrapolate 
to zero pressure. The values of the dielectric

T a b l e  IV
P r e ssu r e s , D ielectric  C o n stants a n d  P olarization  

F actors o f  M a t er ia ls  at  25°
p, mm. (e -  1) X 10̂  ((€ 

Methylacetylene
-  1 )/P) X 106

435.5 18.31 4.205
350.5 14.81 4.226
291.5 12.26 4.207
245.5 10.36 4.219
222.5 9.401 4.225

0
Ethylacetylene

4.235

480.0 24.70 5.145
391.0 20.10 5.140
287.0 14.77 5.146
269.5 13.93 5.169
180.5 9.339 5.174

0 5.205
Propylacetylene

320.0 19.88 6.214
273.5 17.02 6.223
230.5 14.35 6.227
178.0 11.08 6.225
130.5 8.152 6.246

0
Butylacetylene

6.260

86.0 6.173 7.178
74.5 5.337 7.164
70.0 4.976 7.110
48.5 3.485 7.185
0 7.153

T a b le  V
P r e ssu r e s , D ielec tr ic  Co n st a n ts  a n d  P o larization  

F actors of M a t er ia ls  at  75°
p, mm. (e -  1) X 104 ((e 

Methylacetylene
-  i)/p) :

320.0 10.80 3.375
261.0 8.861 3.395
219.5 7.446 3.393
170.0 5.778 3.400

0
Ethylacetylene

3.420

486.5 19.47 4.002
411.5 16.51 4.014
327.0 13.23 4.051
227.5 9.229 4.056
144.0 5.865 4.073

0
Propylacetylene

4.100

314.0 15.07 4.798
306.5 14.73 4.807
235.0 11.38 4.841
188.0 9.118 4.850
136.5 6.662 4.880

0
Butylacetylene

4.930

237.5 13.37 5.632
151.0 8.551 5.663
109.5 6.225 5.685
97.5 5.537 5.679
0

Amylacetylene

5.725

209.5 13.15 6.275
152.5 9.60 6.295
104.0 6.578 6.325

0 6.350

constants and of the factors (e — 1 )/p are given 
in Tables IV, V and VI.

The polarization at zero pressure and tem­
perature T  was obtained by multiplying the zero 
intercept, i . e., (e — 1 )/p at p = 0, by RT / 3 in 
accordance with the relation

e -  1 _  6 -  1 R T  _  6 -  1 R T
6 +  2 V € +  2 p p 3 (IV)

where P  is the polarization at temperature T, V 
the molar volume, p the pressure, R  the gas con­
stant and T  the absolute temperature. The use 
of this perfect gas equation evidently is justified at 
zero pressure.

The electronic polarizations were obtained by 
determining experimentally the molar refraction 
for the sodium d line of propyl-, butyl- and amyl­
acetylenes, and calculating the values for methyl- 
and ethylacetylenes on the basis of the refractions 
of their respective electron groups. As the



Sept., 1938 D ie l e c t r ic  C o n s t a n t s  o f  M o n o a l k y l  A c e t y l e n e s 2119

T a b l e  VI
P r e s s u r e s , D ie l e c t r ic  C o n s t a n t s  a n d  P o l a r iz a t io n  

F a c t o r s  o f  M a t e r ia l s  a t  125°
p, mm. (e -  1) X 104 Ue 

Ethylacetylene
-  1 )/p) X 106

351.0 11.55 3.290
263.0 8.918 3.391
201.0 6.982 3.474
195.5 6.501 3.325
164.0 5.736 3.497

0
Propylacetylene

3.440

345.5 14.09 4.079
295.0 12.15 4.120
215.5 8.837 4.101
174.0 7.168 4.119

0
Butylacetylene

4.115

258.5 12.09 4.677
210.0 9.832 4.682
141.0 6.616 4.692
114.0 5.353 4.696

0
Amylacetylene

4.712

173.5 8.955 5.161
149.0 7.710 5.174
120.0 6.219 5.183

0

T a b l e  VII

5.245 '

P o l a r iz a t io n s  o f M a t e r ia l s  a t  I n d ic a t e d  T e m p e r a ­
t u r e s

Acetylene 25° 75° 125°
Methyl 26.26 24.76
Ethyl 32.27 29.68 28.48
Propyl 38.81 35.69 34.06
Butyl 44.35 41.41 39.01
Amyl 45.97 43.42

atomic polarizations could not be accurately de­
termined, they were neglected in the calculations
of the electric moments, which were obtained
from the relation

ju = 0.01273 X K r 18\/(.PT -  Pe)T  (V)

where PT is the total polarization, P E is the elec­
tronic polarization and T the absolute tempera­
ture. The moments at the various temperatures 
and their mean values are given in Table VIII.

T a b l e  VIII
E l e c t r ic  M o m e n t s  o f  A c e t y l e n e s  (m X 1018)

Acetylene 25° 75° 125° Mean
Methyl 0.768 0.778 0.77
Ethyl .811 .789 0.799 .80
Propyl .875 .847 .846 .85
Butyl .899 .882 .858 .87
Amyl .878 .847 .86

Watson and Ramaswamy,8 using the tempera­
ture variation method, obtained for the moment 
of methylacetylene the value 0.72, which agrees 
well with the value obtained by the authors, 0.77, 
considering that the small atomic polarization 
was neglected in the calculation of the latter 
value. The data of Table VIII indicate that the 
moment induced in the alkyl chain is negligible 
beyond the third carbon atom from the triple 
bond.

Summary
1. An apparatus has been constructed for 

measuring accurately the dielectric constants of 
gases and vapors at various pressures and tem­
peratures.

2. A method which obviates the necessity 
of equations of state is used in determining the 
polarizations of gases and vapors from their 
dielectric constants.

3. The dielectric constants, polarizations and 
electric moments have been determined for 
gaseous methyl-, ethyl-, propyl-, butyl- and amyl- 
acetylenes.
N o t r e  D a m e , I n d ia n a  R e c e iv e d  A p r il  4, 1938

(8) Watson and Ramaswamy, Proc. Roy. Soc., A156, 130 (1936).
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Alteration of Adsorption Properties of Charcoal: Activation of Charcoal in Different
Gases at Different Temperatures

By F. E. B a r t e l l  a n d  L e w i s  E. L l o y d

Three types of activated charcoal were prepared 
in this investigation, a “High Temperature Char­
coal,activated at 1000° in an oxidizing atmos­
phere, a “Medium Temperature Charcoal,” 
activated with oxygen at 400°, and a “Low 
Temperature Charcoal,” activated below 250° in 
a strongly oxidizing gaseous atmosphere. For 
these charcoals, the following properties were 
determined: preferential adsorption of benzene- 
ethanol solutions, acid-base adsorption, and the 
sign of the particle charge of the charcoals.

Experimental
The ash-free sugar charcoal used in this investigation 

was prepared by charring recrystallized sucrose. After 
a preliminary grinding, the charred material was heated in 
nitrogen for two hours a t 950°. I t  was then purified ac­
cording to Miller;1 and after the final heating in nitrogen 
at 950°, only that portion was used which passed a 300 
mesh sieve but did not pass a 350 mesh sieve. The char­
coal was stored in a wide-mouthed, screw-cap bottle until 
used. This charcoal will subsequently be referred to as 
“stock” charcoal.

The charcoal was activated in a quartz tube which was 
held in a horizontal position and could be rotated to give 
more complete mixing of the charcoal and activating gas. 
The quartz tube was heated by an electric furnace which 
could be removed from the tube by merely sliding it. This 
made it possible to cool the charcoal quickly at the end of 
an activation treatment. In all cases the charcoal was 
cooled in an atmosphere of the same gas as that used for 
the activation.

Preferential Adsorption Experiments.—The preferential 
adsorption which the different types of activated charcoal 
gave in benzene-ethanol solutions was determined by the 
interferometric method developed by Bartell and Sloan.2 
The method consists in placing a known amount of the ad­
sorbent in each of several different concentrations of solu­
tions of a pair of suitable liquids, and determining the 
change in fractional concentration of each solution by 
means of the interferometer. The data are plotted in 
terms of the H Ax/m  value against the mole fractional con­
centration of ethanol (x), where H  is the number of milli- 
equivalents of solution, Ax the change in fractional con­
centration, and m the weight of adsorbent. The H Ax/m  
value is calculated from the data by the method of Bartell 
and Sloan.2

When the data are plotted in the manner described, an
S-shaped curve is obtained. The point at which this S- 
shaped curve intersects the x-axis will be designated as the

(1) E. J. Miller, J . Phys. Chem., 30, 1031 (1926).
(2) F. E. Bartell and C. K. Sloan, T h i s  J o u r n a l , 51, 1637 (1929).

X0 value. The X0 value gives the maximum concentra­
tion at which ethanol is preferentially adsorbed, and since 
the concentration is given in mole fractions of ethanol, the 
Xo value also gives the fraction of the entire concentration 
range (in molar units) over which ethanol is preferentially 
adsorbed. Those solids which adsorb polar ethanol 
over a major portion of the entire concentration range are 
less organophilic and more hydrophilic than solids which 
adsorb non-polar benzene over a major portion of the entire 
range. The X 0 value found by Bartell and Sloan2 for 
organophilic charcoal with benzene-ethanol was 0.200. 
The X0 value found by Bartell, Sloan, and Scheffler3 for 
hydrophilic silica with benzene-ethanol was 0.850. The 
X0 value gives, then, a comparative measure of the organo­
philic or hydrophilic nature of the solid; the higher the 
X0 value, the more hydrophilic the solid. As yet no point 
has been established on the concentration axis dividing 
organophilic solids from hydrophilic solids. I t  is possible 
that such a point may be established by further experi­
mentation.

“High Temperature Charcoal.”—In order to make a 
comparison with the benzene-ethanol preferential adsorp­
tion curve of Bartell and Sloan2 and to make measurements 
of other properties of a charcoal similar to that which they 
used, some charcoal was activated at 1000° in a slow stream 
of oxygen. The oxygen was passed through at the rate 
of 200 cc. per hour for seven and one-half hours. The S- 
shaped curve (see Fig. 1) obtained with this charcoal 
(Charcoal 1) crossed the x-axis at a value of 0.210 mole frac­
tion of ethanol as compared to the 0.200 value obtained by 
Bartell and Sloan.2 Their charcoal was activated in a 
stream of air, but, as was to be expected, air and oxygen 
gave about the same activation of charcoal a t 1000°.

To avoid possible activation effects with oxygen over 
a temperature range during cooling, carbon dioxide was 
used as the activating gas in subsequent high temperature 
treatments. Charcoal 2 was activated for two hours in 
oxygen at 1000° and then for two hours in carbon dioxide 
a t the same temperature. Charcoals 3 and 4 were acti­
vated in carbon dioxide a t 1000° for five hours. The S- 
shaped curves for Charcoals 2, 3, and 4 are given in Fig. 1. 
The X0 value for the preferential adsorption was shifted 
from 0.210 for Charcoal 1, which was cooled in oxygen, to 
0.125 for Charcoals 3 and 4, which were cooled in carbon 
dioxide. The experimental data obtained for Charcoal 4, 
a typical “High Temperature Charcoal,” are given in 
Table I.

The fact that the charcoals which were activated and 
cooled in carbon dioxide gave a lower X0 value than the Xo 
value of charcoal which was activated and cooled in air 
or oxygen indicates that during the process of cooling in 
oxygen some of the charcoal surface had been changed 
from the “High Temperature Charcoal” type. The

(3) F. E. Bartell, G. Scheffler and C. K. Sloan, ibid., 53, 2501 
(1931).
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T a b l e  I «
C h a r c o a l  No. 4

N  ~  Weight of solution; m — weight of adsorbent; di? — change in scale division on interferometer; c = weight 
fraction of solute; x — mole fraction of solute; H  = total number of millimoles of solution. For method of calcu­
lating HAx/m, see Bartell and Sloan.2

N m d R d c /d R  X 10-5 c X H A x/m

4.3472 0.2387 37.4 1.860 0.012038 0.020235 0.2488
4.3352 .2449 38.1 1.875 .027325 .045452 .2697
4.3255 .2419 20.7 1.900 .051115 .083666 .1475
4.3029 .2388 -  16.9 1.937 .094684 .15057 -  .1202
4.2571 .2340 -  77.6 2.020 .18356 .27592 -  .5491
4.1702 .2400 -211 .7 2.188 .37107 .50000 -1.3688
4.0337 .2402 -345 .0 2.420 .60784 .72430 -2.1414
4.0008 .2379 -349 .2 2.552 .83565 .84955 -2.1189
3.9556 .2372 -3 04 .5 2.659 .86289 .91429 -1.7766
3.9287 .2382 -240 .6 2.720 .92522 .95449 -1.4658
3.9071 .2352 -1 37 .7 2.772 .97915 .98760 -0.8196

“ 1000° Charcoals” cited in the literature undoubtedly 
represent various degrees of completeness of 1000° activa­
tion, and although their properties are fairly similar, fur­
ther experiment may show that the term “1000° Charcoal” 
lacks sufficient specificity to warrant this definite designa­
tion.

0 0.2 0.4 0.6 0.8 1.0
X , mole fraction ethanol.

Fig. 1.—Preferential adsorption: Charcoal activated
at 1000° in oxidizing atmosphere.

The concept tha t adsorption occurs a t definite activated 
spots, which are probably unit cells a t the crystal surface, 
has been accepted generally in explaining adsorption phe­
nomena. According to this concept, an adsorbent becomes 
activated by having each of the spots or units of the sur­
face changed into what constitutes the activated state. 
Thus, a “High Temperature Charcoal” would be one whose 
surface had all the unit spaces activated to that type. In 
actual practice complete activation of one type is probably 
never attained but may be approached. The exact prop­
erties of a given charcoal will depend both on the type 
of activation and also on the relative proportion of the 
surface which has the desired activation.

The “High Temperature Charcoal” was found to be 
quite stable a t temperatures up to 150°. Part of the char­
coal activated with and cooled in an atmosphere of carbon 
dioxide, when placed back in the activating tube and 
treated with dry oxygen for two hours at 150°, showed no

change in X 0 value. The curve for the charcoal after this 
treatment was practically coincident with the one which 
the 1000° treatment gave.

“Medium Temperature Charcoal.”—The first “Medium 
Temperature Charcoal” prepared during this investigation 
(Charcoal 5) was taken from the “stock” supply and acti­
vated directly at 400° in oxygen for seven and one-half 
hours without previous activation a t 1000°. The preferen­
tial adsorption curve for Charcoal 5 is given in Fig. 2.

0 0.2 0.4 0.6 0.8 1.0
X , mole fraction ethanol.

Fig. 2.—Preferential adsorption: Charcoal activated
at 400° in oxygen.

This charcoal approached the characteristics which were 
expected except that the X 0 value, 0.315, was not so high-as 
was expected in view of the fact that it had been predicted 
by other workers4 that this charcoal would be hydro­
philic. In the next two runs (Charcoals 6 and 7) the char­
coal was first activated a t 1000° in oxygen for seven and 
one-half hours and then for thirty-seven and one-half 
hours a t 400° in oxygen. Charcoal 8 was first activated 
for five hours at 1000° in carbon dioxide and then in oxygen 
a t 400°. The properties of Charcoals 6, 7, and 8 were 
quite similar to those of Charcoal 5. The preferential ad­
sorption curves for Charcoals 6, 7, and 8 are shown in Fig. 
2, and the experimental data for Charcoal 8 are given in 
Table II. The X 0 values for Charcoals 6, 7, and 8 are

(4) I. M, Kolthoff, This J o ur n a l , 54, 4478 (1932).
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T a b l e  II
C h a r c o a l  N o .  8

N m d R d c /d R  X 10 c X H A x/m

4.3471 0.2455 125.7 1.860 0.012038 0.020235 0.8917
4.3364 .2446 138.1 1.875 .027325 .045452 .9789
4.3236 .2456 135,8 1.900 .051115 .083666 .9532
4.2974 .2487 109.0 1.937 .094684 .15057 .7968
4.2542 .2454 47.6 2.020 .18356 .27592 .3211
4.1740 .2474 -  99.3 2.188 .37107 .50000 -  .6327
4.0669 .2460 -2 3 2 .5 2.420 .60784 .72430 -1.4203
3.9979 .2452 -261 .3 2.552 .83565 .84955 -1 .5374
3.9550 .2461 -2 37 .6 2.659 .86289 .91429 -1.3783
3.9246 .2471 -1 8 7 .4 2.720 .92522 .95449 -1 .0705
3.9020 .2468 -1 03 .0 2.772 .97915 .97915 -0.5833

very similar, the range being from 0.346 to 0.370. The 
Xo value for Charcoal 5 is a little lower, being only 0.315. 
This difference in X0 values is probably due to differences 
in the completeness of the medium temperature activation. 
As was suggested for the term 1000° Charcoal, the term 
400° Charcoal, which also appears in the literature, may 
in the future be shown to lack the previously implied 
specificity.

A small change in the X0 value of “Medium Tempera­
ture Charcoal” is effected by subsequent low temperature 
treatment. Some charcoal of this type was heated in 
oxygen at 125° for forty hours. The X0 value was found 
to have been reduced by 0.013 unit. The charcoal was then 
further treated with oxygen (saturated with water vapor at 
25°) at 150° for another forty hours. The X0 value was 
reduced by 0.014 unit. The “Medium Temperature Char­
coal” was fairly stable, then, since a total low temperature 
treatment with oxygen for eighty hours changed its X0 value 
only by 0.027. At ordinary temperatures “Medium Tem­
perature Charcoal” changes slowly and appears to revert to 
the “High Temperature Charcoal” type.

Fig. 3.—Preferential adsorption: Charcoal activated
at 150° in oxidizing atmosphere.

“Low-Temperature Charcoal.”—Some of our experi­
ments had indicated that the “stock” charcoal had a larger 
X0 value, and was more hydrophilic than the “Medium 
Temperature Charcoal.” A special run was made, there­
fore, to determine the preferential adsorption of the 
“stock” charcoal. This untreated “stock” charcoal, No. 
9, gave an X0 value of 0.610, which is considerably higher 
than 0.370, the highest X0 value for the “Medium Tem­
perature Charcoal.” The curve for Charcoal 9 is shown 
in Fig, 3, The “stock” charcoal was then heated in oxygen

at 150° to see if such a low temperature oxidation would 
produce a more hydrophilic charcoal. Runs a t 150° for 
two hours (Charcoal 10), six hours (Charcoal 11), and for 
ten hours (Charcoal 12) were made. The curves for these 
charcoals are given in Fig. 3. A low temperature treat­
ment of the “stock” charcoal in oxygen for ten hours re­
duced the X0 value from 0.610 to 0.580, and thus the 
“stock” charcoal, like the “Medium Temperature Char­
coal,” is changed slightly by a low temperature oxygen 
treatment and appears to revert toward a higher tempera­
ture type.

Some preliminary preferential adsorption runs on the 
“stock” charcoal just after it had been prepared and heated 
at 950° in nitrogen showed that a t the time it was prepared 
the charcoal was organophilic, tha t is, it preferentially 
adsorbed benzene over the greater portion of the concentra­
tion range. The results on low temperature oxygen treat­
ment of the “stock” charcoal and the “Medium Tempera­
ture Charcoal” show tha t oxygen alone would not be ex­
pected to change the “stock” charcoal from its original 
organophilic to a hydrophilic nature. I t  appeared that a 
catalytic effect must have brought about some type of 
activation during the time that the charcoal stood after 
its preparation. Oxides of nitrogen are known to be ef­
fective catalysts for oxidation reactions. Bartell and 
Bristol5 found that traces of nitric oxide added to the 
oxygen stream greatly increased the oxidizing action on 
stibnite mirrors even a t relatively low temperatures. I t  
seems probable that traces of oxides of nitrogen were 
formed when the charcoal was heated and cooled in nitro­
gen during its preparation. Oxygen which is adsorbed 
on the surface of charcoal is known to be very difficult to 
remove, its complete removal requiring extreme out- 
gassing.6 7 Some of the oxygen which was adsorbed on the 
charcoal before the nitrogen treatment probably reacted 
with nitrogen during the 950° treatment and formed oxides 
of nitrogen. I t seemed possible that traces of the oxides 
might have remained on the “stock” charcoal as it cooled, 
and catalyzed a slow oxidation a t 25° as the “stock” char­
coal stood in its container.

To test the above theory, some activation treatments 
were tried using strongly oxidizing gaseous mixtures a t low 
temperatures. These treatments increased the X0 values 
of the charcoals. Some “Medium Temperature Char­ * 6 7

es; F. E. Bartell and K. E. Bristol, unpublished.
(6 )  Irving Langmuir, T h i s  J o u r n a l , 37, 1154 (1915).
(7) A. Frumkin, R. Burstein and P. Lewis, Z. physik . Chem., 157 

445 (1931).
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T a b l e  III  
C h a r c o a l  No. 14

N m d R d c / d R  X  10~5 6 X H A x / m

4.2590 0.2317 174.0 2.020 0.18498 0.27781 1.3179
4.1710 .2303 94.1 2.188 .37072 .49963 0.6439
4.0625 .2313 -  8.0 2.420 .60756 .72406 -  .0520

coal’’ (with an X 0 value of approximately 0.370) was 
treated with a mixture of nitric oxide, oxygen, and water 
vapor at 150° for ten hours. The resulting product, Char­
coal 13, was found to have an X 0 value of 0.545 and had, 
therefore, been made considerably more hydrophilic.

0.2 0.4 0.6 0.8
X f mole fraction ethanol.

Fig. 4.—Preferential adsorption on charcoal 
activated at low temperature in oxidizing 
atmosphere.

Several runs were next made (Charcoals 14, 15, and 16) 
using ozone as oxidizing gas. Ozone, a fairly strong oxidiz­
ing agent, has the advantage that no foreign material other 
than that already used in the oxygen treatments, is exposed 
to the charcoal surface. The ozone was generated by a 
silent discharge apparatus which furnishes from 8 to 10% 
of ozone. In two of the runs, water vapor was excluded 
(Charcoals 14 and 15), and in one it was added (Charcoal 
16). The starting material for Charcoal 14 was “stock” 
charcoal, and for Charcoals 15 and 16, it was “Medium 
Temperature Charcoal.” In every case the charcoal thus 
treated was made more hydrophilic, that is, its X 0 value 
was increased. In the run in which the “stock” charcoal 
was treated with ozone (Charcoal 14), its X 0 value was in­
creased from about 0.610 to 0.710. Nitric oxide produced 
greater effects than ozone, and had “stock” charcoal been 
activated with nitric oxide and oxygen as was the “Medium 
Temperature Charcoal” for Charcoal 13, and had the acti­
vation been continued for a sufficient period of time, it is 
possible that a charcoal with preferential adsorption prop­
erties approaching those of silica (X 0 — 0.850) might have

been prepared. The curves for Charcoals 13, 14, 15, and 
16 are given in Fig. 4. Experimental data for Charcoal 14 
are given in Table III.

A graph showing the change in the preferential adsorp­
tion caused by different activation treatments of charcoal 
is shown in Fig. 5. (The data for these curves are given in 
Tables I-III.)  On this graph is plotted also the curve for 
silica as given by Bartell, Sloan, and Scheffler.3 The X 0 
value for the most organophilic charcoal (Charcoal No. 3) 
is 0.125, while the X 0 value for silica, a very hydrophilic 
solid, is 0.850. The X 0 value of 0.125, which was found to 
be quite reproducible for charcoal heated in carbon dioxide 
at 1000°, appears to be characteristic of the “High Tem­
perature Charcoal.” A representative ‘ 'Medium Tem­
perature Charcoal” curve is given in Fig. 5 and is labeled 
"M. T. Charcoal.” An X 0 value in the range of 0.350 to

Fig. 5.—Comparison of different charcoals: preferen­
tial adsorption of ethanol from benzene.

0.370 is probably characteristic of the “Medium Tempera­
ture Charcoal.” This indicates that “Medium Tempera­
ture Charcoal” preferentially adsorbs ethanol over a larger
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T a b l e  IV
P r o p e r t ie s  o f  D if f e r e n t  A c t iv a t e d  C h a r c o a l s

A ______ Acid-base ads.
(50 cc. soln.

1 g. charcoal) 
m illiequiv./g. 
HCl NaOH

Char­
coal Gas

Temp., Time, 
°C. hrs. Gas TeomCP*’

Time,
hrs. *0

Charge 
on particle

1 o 2 1000 7.5 0.210 ( + )  +  ( - ) 0.172 0.000
2 0 2 -J- C02 1000 2 ea. .136 ( + )  +  ( - ) .260 .030
3 C02 1000 5 .125 ( + )  +  ( - ) .281 .000
4 C02 1000 5 .125 ( + )  +  ( - ) .303 .000

5 o 2 400 7.5 .315 ( - ) .029 .395
6 0 2 1000 7.5 o 2 400 37.5 .370 ( - ) .000 .468
7 0 2 1000 7.5 o 2 400 37.5 .346 ( - ) .002 .462
8 * c o 2 1000 5 o 2 400 40 .348 ( - ) .000 .462
9 Stock charcoal Untreated .610 ( - )

10 o 2 150 2 .615 ( - )
11 o 2 150 6 .575 ( - )
12 o 2 150 10 .580 ( - ) .102 .048
13 o 2 400 02 +  NO +  H20 150 10 .545 ( - )
14 Stock charcoal o 2 +  O3 25 3.5 .710 ( - ) .047 .066
15 o 2 400 o 2 +  0 3 25 7.5 .420 ( - ) .030 .889
16 o 2 400 0 2 +  0 3 +  h 2o 25 7.5 .485 ( - ) .016 .940

portion of the concentration range than does “High Tem­
perature Charcoal” and is less organophilic, i. e., is more 
hydrophilic than the latter. A “Low Temperature Char­
coal” curve, labeled “L. T. Charcoal,” is also given in Fig.
5. A consideration of the curves which were obtained for 
“Low Temperature Charcoals” leads to the conclusion 
that none of them are characteristic of charcoal fully acti­
vated to the “Low Temperature Charcoal” type. Char­
coal completely activated to this type would probably 
more nearly approach silica (X 0 — 0.850) in its preferential 
adsorption.

The Xo values were found to be fairly reproducible for a 
given activation treatment, and, furthermore, the type of 
charcoal obtained was independent of the treatment given 
the charcoal before the final activation. This would seem 
to indicate that some definite surface structure—probably 
some definite carbon-oxygen complex such as an oxide—is 
responsible for the different types of activated charcoal.

Acid-Base Adsorption.—In the acid-base adsorption 
experiments, 0.01 N  solutions of hydrochloric acid and 
sodium hydroxide were used. Methyl red was used as 
indicator. One-gram samples of the activated charcoal 
were weighed out and placed in dry flasks; to one-half of 
these flasks was added 50.00 cc. of 0.01 N  hydrochloric 
acid, and to the other half, an equal volume of 0.01 N  
sodium hydroxide. Blanks were run with each set of ex­
periments. The solutions stood with intermittent shaking 
for ten hours. They were then filtered, and 25.00 cc. of 
the filtrate pipetted off for titration. The blanks were 
filtered through the same kind of filter paper and titrated 
in the same manner. To the flasks containing the sodium 
hydroxide, 25.00 cc. of the 0.01 N  hydrochloric acid was 
added directly and the excess back titrated.

The “High Temperature Charcoal,” whether activated 
with oxygen or carbon dioxide, gave acid adsorption but 
no base adsorption from dilute solutions of strong inorganic 
acids and bases. A slight base adsorption which was evi­
denced by Charcoal 2 was undoubtedly due to the fact that 
there remained some carbon dioxide on the charcoal which

was not chemisorbed. Any such carbon dioxide left on 
the charcoal would form carbonic acid in solution when the 
charcoal was suspended in water; this carbonic acid would 
neutralize some of the base during titration. The “Me­
dium Temperature Charcoal” gave base adsorption, and 
when the activation was quite complete, it gave no evi­
dence of acid adsorption. Several investigators, Bartell 
and Miller,8 9 10 Schilow and co-workers,9,10 and Kolthoff,4 
previously have run some experiments on activated char­
coal, determining the acid and base adsorption. Their 
results on acid-base adsorption and those of the present 
investigation are in full agreement. Since our charcoals 
were activated to distinct and essentially pure types of 
charcoal, our data permit the following conclusion: “High
Temperature Charcoal” adsorbs strong inorganic acids but 
not strong inorganic bases from dilute solutions. “Me­
dium Temperature Charcoal” adsorbs strong inorganic 
bases but not strong inorganic acids from dilute solutions. 
Charcoal which is not completely activated to either of the 
above described types of surface would naturally give both 
acid and base adsorption. The “Low Temperature 
Charcoal” which we prepared showed some acid adsorption 
along with considerable base adsorption.

Charge on Particle.—The particle charge of the activated 
charcoals was determined by direct observation, with a 
microscope of the direction in which the particles moved 
when an electrical potential was applied. The apparatus 
and method is described by Bartell.11 The “Medium 
Temperature Charcoal” and “Low Temperature Char­
coal” gave only negatively charged particles in suspension. 
The “High Temperature Charcoal” showed both positive 
and negative particles when the suspension was first made 
up. If the observation was made at once, there were more

(8) F. E . Bartell and E . J. Miller, T h is  J o u r n a l , 44, 1866 (1922).
(9) Nikolai Schilow and Konstantin Tschmutow, Z. physik. Chem., 

148, 233 (1930).
(10) Nikolai Schilow, Helene Schatumowakaja, and Konstantin 

Tschmutow, ibid., 149, 211 (1930).
(11) F. E. Bartell, “Laboratory Manual of Colloid and Surface 

Chemistry,” Edwards Brothers, Ann Arbor, Mich., 1936, p. 47;
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positive particles than negative ones. In a very short time, 
less than two minutes, only negative particles remained 
suspended. The positive particles, which could be seen 
to settle out very rapidly, apparently had all settled out 
and left only negatively charged particles. Kruyt and 
DeKadt12 reported that charcoal activated at 1000° gave 
positively charged particles, while charcoal activated at 
400° gave negatively charged particles. Kolthoff4 ob­
served the same relation between particle charge and 
temperature of activation. Frampton and Gortner13 a t­
tempted to prepare positively charged charcoal but did 
not succeed in doing so; they reported only negatively 
charged particles for charcoal activated at 1000°. Wie- 
gand14 reported that lampblack which was collected by 
being attracted to a negative plate and, therefore, must 
have had a positive charge, proved to have a negative 
charge in an aqueous suspension. Further research re­
garding the charge of “High Temperature Charcoal” will 
probably clear up this apparent contradiction in the results 
on the particle charge for such charcoal.

A summary of the data obtained for all the charcoals is 
given in Table IV.

Summary
1. Preferential adsorption from benzene-eth­

anol solutions by charcoals activated at different
(12) H. R. Kruyt and G. S. DeKadt, Kolloidchem. Beihejte, 32, 

349 (1931).
(13) V. L. Frampton and R. A. Gortner, J .  Phys. Chem., 41, 567 

(1937).
(14) W. B. Wiegand, Ind . Eng. Chem., 29, 953 (1937).

temperatures and in different gases shows that 
charcoal can be changed from extremely organo­
philic charcoal to charcoal approaching in adsorp­
tive properties the hydrophilic adsorbent, silica.

2. The characteristic S-shaped preferential ad­
sorption curves for a series of increasingly hydro­
philic charcoals have been plotted, and the points 
where these curves cross the X-axis, the X0 values, 
are shown to be a measure of the relative organo­
philic or hydrophilic nature of the charcoals.

3. The organophilic “high temperature char­
coal’’ (activated at temperatures near 1000°), 
when suspended in water, gave both positively 
and negatively charged particles. This charcoal 
gave acid adsorption but no base adsorption. The 
less organophilic “medium temperature charcoal” 
(activated at temperatures near 400°), when 
suspended in water, gave only negatively charged 
particles. This charcoal gave base adsorption. 
The “low temperature charcoal” (activated in a 
highly oxidizing atmosphere below 150°), ap­
proaching in adsorptive properties hydrophilic 
silica, when suspended in water, gave only nega­
tive particles. This charcoal showed both acid 
and base adsorption.
A n n  A r b o r , M ic h ig a n  R e c e iv e d  M a r c h  17, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , t h e  U n iv e r s it y  o f  B r it is h  C o l u m b ia )

Physical Chemical Properties of cis- and frans-Decahydronaphthalene1

By W. F. S e y e r  a n d  R. D. W a l k e r

Introduction.—Little is known of the chemical 
and physical properties of the dicyclic naphtha­
lene hydrocarbons. An extensive investigation 
of these compounds can be undertaken only after 
a method has been found for obtaining these 
two compounds in a high state of purity and in 
suitable quantities. The wide variation in the 
physical data of the two isomeric forms as given 
by Hückel2 in his summary of the literature 
dealing with this subject would indicate that in 
some of the methods of synthesis the two forms 
were produced simultaneously, but in varying 
amounts.

I t was thought, therefore, that the most prac­
tical method of obtaining the two forms in suf­
ficient quantity was to fractionate the commercial 
decalin.

(1) Original manuscript received August 20, 1937.
(2) Hückel, A nn ., 441, 1 (1925).

Fractionating Apparatus.—It was discovered in a series 
of preliminary trials that reduced pressure must be used. 
Decomposition took place during distillation at atmos­
pheric pressure even with a column length of only 1 meter. 
The complete apparatus used is shown in Fig. 1. The 
diagram is self-explanatory; hence only a few remarks are 
necessary to describe the mode of operation. By utilizing 
a magnet controlled receiving unit, stopcocks at this point 
were eliminated. The reflux was controlled by sealing a 
fine capillary tube to the head of the rectifying column. 
The lagged column was packed with No. 18 galvanized 
jack chain. The still had a capacity of 3000 cc. and was 
electrically heated. Water a t 20° was pumped from a 
constant temperature bath to the condensers.

The reduced pressure of 10 mm. was maintained by a 
Cenco vacuum pump. At this pressure it was found that 
no pressure regulation device was required to keep the 
height of mercury in the manometer constant. A sulfuric 
acid manometer in connection with the one above showed 
variations in pressure of less than 1 mm.

Materials.—Decalin from various sources was used. 
Material from the Eastman Kodak Co. showed a consider­
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able variation as judged by the density and refractive 
index. All samples showed some coloration when shaken 
with concentrated sulfuric acid. However, irrespective of 
whether or not the decalin had been treated with acid 
until no further coloration took place, the freezing points 
of the ultimate products were all the same within the lim­
its of experimental error.

Methods of Purification and Procedure.—Two fractional 
distillations were carried out on each sample of decalin, 
followed by fractional crystallization until a constant freez­
ing point was obtained. A summary of a typical distilla­
tion run is given below.

T a b l e  I
Charge, 2065 cc. of decalin about 45% cis. Distillation

pressure 10 mm. Condenser water at 20(3
Fractions 1 2 3 4 5
Vol., cc. 
Temp, at

205 440 483 „ 460 310

top of 4 1 .0 - 6 2 .2 - 6 3 .7 - 6 7 .4 - 6 9 .2 -
column, °C. 62.2 63.7 67.4 69.2 69.9

Time, hrs. 1 .67 3 .50 4 .33 4.83 3.33
Rate, cc./hr. 123 126 112 95 93
m20d 1.47050 1.47093 1.47404 1.47892 1.48082
Total time 17.66 hrs. Total distillate 1900 cc.
Residue 120 cc. Loss 45 cc.

Fractions 1 and 2 of this and other runs were then added 
together and again distilled. Nos. 4 and 5 were treated in 
a similar manner. The first lot upon the second distillation 
yielded a fraction of a little over 500 cc. with b. p. 60.3 to 
62.7° and refractive index, n20d 1.46967, corresponding to 
the value given by Hückel for the trans form. A fraction 
totaling 425 cc. with b. p. 69.5 to 69.7° was selected as the

pure cis form. The refractive index n20d was 1.48116 as 
compared with Htickel’s value of 1.48054.

Freezing Point Determination.—The freezing point of 
the selected fractions was next determined with two Leeds 
and Northrup quartz encased potential terminal, plati­
num resistance thermometers of the following characteris- 

. tics.
R  at ice point F  5

Thermometer I 2.5461 0.9941 1.504
Thermometer II 2.5117 .9732 1.502

Thermometer I has shown a change of only 0.0001 ohm in 
the ice-point over a period of ten years. Thermometer II, 
on the other hand, had shown a drift, and had therefore 
been sent to the Bureau of Standards for recalibration 
shortly before.

The freezing point apparatus consisted of two Dewar 
tubes. The outer one had a capacity of about 4 liters and 
was filled with dry ice. The inner tube, having a diameter 
of about 7 cm. and a depth of 20 cm., had attached to it 
a stopcock, such that the air pressure inside could be regu­
lated at will, thereby giving any desired rate of cooling.

The change in the freezing point curves with progressive 
purification is shown in Figs. 2-4.

Time in minutes.
Fig. 2.—Cooling curves (cis).

If the slope of the freezing point curve is taken as a 
criterion of purity, the final (Fig. 4) curves of both the 
cis and the trans forms indicate a high state of purity. 
The final freezing point represents the ninth recrystalliza­
tion and was taken only after the samples had been in con­
tact with sodium wire for about ten days.

Inasmuch as the liquids were rather viscous at the freez­
ing point it became of interest to find out just how accu­
rately this point could be determined. Hence freezing point
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determinations were made first with one thermometer and 
then with the other, next with constant rotary stirring 
by means of a propeller driven by a motor, then reciproca- 
tory stirring by hand, and finally no stirring at all during 
the freezing period. The liquid was seeded with crystals 
in all cases. The results for the cis form were, respectively, 
-43.25, -43.26, -43.29, -43.23, -43.26°, with a devia­
tion from the mean of 0.03°. The freezing point of the 
cis form is therefore given as —43.26 =*= 0.04° and that 
of the trans form as 31.48 ±  0.04°. The last is an average 
of three determinations, —31.47, —31.46, —31.50°.

Time in minutes.
Fig. 4.—Final freezing point curves.

Boiling Point Determinations.—The method outlined 
in “Laboratory Methods of Organic Chemistry” by Gat- 
terman (Macmillan) was followed closely. The ther­
mometer used was one from an Anschütz set and was cali­
brated against one of the platinum resistance thermometers 
used in the previous determination. The boiling points

corrected to 760 mm. were as follows; cis, 194.6°; trans, 
185.5°.

Refractive Index.—The refractive indices were measured 
by a Hilger Pulfrich refractometer. Here two calibrated 
glass thermometers, graduated in tenths, were used. The 
one was in a constant temperature bath and the other in 
the refractometer itself.

Densities.—The densities of the pure compounds as 
well as the mixtures were measured by means of a modified 
Perkin pycnometer and are the average of three separate 
determinations.

Nine solutions of the two isomers were prepared by 
weight. The densities and refractive indices for d , c , g 
lines of these solutions were next measured. The results 
are given in Table II.

T a b l e  II
Concn. by wt.

% trans. d2h n 20D n 20c n 20 g1
0 0.8963 1.48113 1.47869 1.49881

10.05 .8934 1.47991 1.47742 1.49762
19.66 .8910 1.47890 1.47632 1.49661
29.69 .8885 1.47770 1.47526 1.49533
39.41 .8858 1.47667 1.47413 1.49429
49.88 .8832 1.47550 1.47292 1.49318
59.84 .8808 1.47437 1.47188 1.49205
69.72 .8779 1.47323 1.47069 1.49098
79.85 .8752 1.47206 1.46956 1.48960
89.77 .8725 1.47092 1.46854 1.48854

100 .8699 1.46968 1.46720 1.48727

Upon examining the properties of these mix- 
tures of known composition, it was found that 
both density and refractive index were linear 
functions of the concentrations (Figs. 5, 6). The 
relationship between the per cent, trans form and 
the density is given by the equation C = 3395 — 
378Sd when C is per cent, trans form and d is the

1.46950 1.47350 1.47750 1.48150
Refractive in d ex , w24d .

Fig. 5.
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density at 20°, also C = 12936 — 8734n when Cis 
the same as above but n is the refractive index for 
the D line at 20°.

Attempts were made to determine the freezing 
points of the various mixtures by placing them in 
partially filled bulbs of about 20 cc. capacity. 
Because of the great amount of supercooling nec­

essary and the low heat conduction of the hydro­
carbons the results were only of qualitative sig­
nificance. They indicated that the eutectic tem­
perature lies between —60 and —70°.

A summary of the physical constants of the cis 
and trans forms of decahydronaphthalene is given 
in the following table.

cis form

“Int. Crit.
Tables” 

Hückel2 . 
trans form

“Int. Crit.
Tables”

Hückel2

T a b l e  I II

d204 W20D F. p., °C.
0.8963 1.48113 -  43.26 ±

0.04

B. p.
(760 mm.), 

°C .

194.6

.898

.8952 -  51

.8699 1.46968 -  31.47 ±  185.5
0.04

.872 1.4701 -1 2 5

.8695 1.46958 -  36

Summary
1. Pure forms of cis and trans decahydro­

naphthalene have been prepared and some of their 
physical properties measured.

2. The freezing points were found to be higher 
than those so far recorded.

3. The densities and refractive indices of nine 
mixtures of the two forms were measured and it 
was shown that both these properties were linear 
functions of the compositions.
Vancouver, B. C. R eceived M ay 18, 1938

[Contribution from the Department of Chemistry of Yale University]

The Thermodynamics of Hydrochloric Acid in Dioxane-W ater Mixtures from Electro­
motive Force Measurements. V. Properties of the 45% Dioxane Mixtures

B y  H e r b e r t  S. H a r n e d  a n d  J o h n  G. D o n e l so n

Measurements of the electromotive forces of 
the cells

H2 I HCl (m), dioxane (X), H20  ( F) | AgCl-Ag

in 45% dioxane-water mixtures and at acid con­
centrations varying from 0.003 to 0.1 I f  have 
been reported by Harned and Morrison.1 These 
measurements have been extended so as to in­
clude concentrations from 0.003 to 3 M. From 
these results and the standard potential of the 
cell,2 the activity coefficient, relative partial 
molal heat content and specific heat have been 
computed. Similar results have been obtained

(1) Harned and Morrison, T h i s  J o u r n a l , 58, 1908 (1936).
(2) Harned, ibid., 60, 336 (1938).

by Harned and Ehlers3 in water and by us4 in 
20% dioxane-water mixtures which in conjunc­
tion with present results yield an accurate and 
very comprehensive study of the thermody­
namics of this acid in media of dielectric con­
stants of approximately 80, 60, and 40.

Experimental Results
No further changes in the technique described 

by Harned and Morrison5,1 and modified in a 
few details by us4 have been made. The present 
results were obtained with the same care and

(3) Harned and Ehlers, ibid., 55, 2179 (1933).
(4) Harned and Donelson, ibid., 60, 339 (1938).
(5) Harned and Morrison, A m . J . Sci., 33, 161 (1937).
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accuracy as in the earlier investigations. The cell 
reproducibility at all concentrations was ±0.05 
mv.
p jSix cells were measured at each concentration, 
all of which were equilibrated and measured at 
25°. Three of these were measured at 5° in­
tervals up to 50° and then brought back to 25°. 
The other three were measured at 5° intervals 
until 0 ° was reached and finally brought back to 
25°. All results were finally accepted if and 
only if all the 25° readings at a given concen­
tration checked to within ±0.05 mv.

The results at eleven temperatures were found 
to conform to the quadratic equation

E  =  £ 25 +  a(t -  25) -f b(t -  25)2 (1)

The constants, a and b, obtained by the method 
of least squares, and the values of the electro­
motive forces at 25°, are given in Table I. The 
fifth column contains the maximum deviations in 
millivolts between the observed values and those 
calculated by equation (1). The last column 
contains the average deviation.

T a b l e  I

C o n s t a n t s  o f  E q u a t io n  (1 )

X  = 45% by weight of dioxane
m E 25 — a X 104 - b  X 10« A(max.) A(max.)

0.10943 0.30896 5.185 2.90 0.05 0.02
.19378 .28371 5.882 2.84 .05 .02
.32247 .26014 6.596 2.72 .05 .03
.52079 .23645 7.065 2.50 .06 .03
.6467 .22500 7.477 2.34 .07 .04

1.0305 .19760 7.892 2.24 .11 .04
1.5496 .16917 8.274 2.28 .07 .04
2.0546 .14575 8.567 2.14 .08 .04
3.1105 .10209 8.850 1.80 .10 .04

Combined with the data of Harned and Mor-
rison1 suitable observations were available at 
eighteen concentrations between 0.003 and 3 M. 
These results were smoothed to round concen­
trations from suitable large scale plots. The 
values of a and b also were smoothed and the 
final values of all these quantities which sub­
sequently were used for the computations are 
contained in Table II.

In the last row of the table are given the con­
stants of the equation

E'0 ~  Eo'(25) +  Go(/ -  25) +  h it  -  25)2 (2)

in which E'0 is the standard potential at a tem­
perature ty E q(25) the standard potential at 
25°, and a0 and b0 empirical constants. These 
values were obtained from the standard poten­
tials computed by Harned2 by use of the Gron-

T a b l e  II
E l e c t r o m o t iv e  F o r c e s  a t  R o u n d  C o n c e n t r a t io n s . 

C o n s t a n t s  o f  E q u a t io n  ( 1 )
m ZÜ25 — a X 104 — b X 10«

0.003 0.47082 0.78 3.30
.005 .44670 1.38 3.24
.007 .43108 1.80 3.20
.01 .41470 2.23 3.17
.02 .38343 3.10 3.09
.03 .36549 3.61 3.05
.05 .34316 4.23 2.99
.07 .32848 4.65 2.95
.1 .31290 5.08 2.91
.2 .28236 5.90 2.80
.3 .26358 6.40 2.71
.5 .23855 7.03 2.52
.7 .22061 7.46 2.34

1 .19951 7.91 2 .1 2
1.5 .17162 8.44 1.84
2 .14811 8.82 1.62
3 .10711 9.38 1.29

■E0 G5) - a 0 X 104 - b o  X 10®
0 (a  »  1) 0.16352 11.35 3.70

wall, La Mer, and Sandved extension of the De­
bye and Hückel theory. The values of £ 0(25) 
and b0 differ slightly from those obtained by 
Harned.

Activity Coefficients
Values of the activity coefficients 7 , com­

puted by means of the equation of the cell
(E —E q) F

~ l0S 7 = 4.6052 R r  +  1°ê m  (3)

are given in Table III. Values of the dielectric 
constant of the solvent6 at the designated tem­
peratures are given in the last row of the table. 
Judging from the errors involved in the experi­
ments and the extrapolation, it is estimated that 
these results possess an accuracy of ± 0.0 0 1.

T a b l e  III
A c t iv it y  C o e f f ic ie n t s

m 0°

OO

20° 25° 09 O 0 40° 50°
0.003 0.849 0.846 0 .844 0.842 0.839 0 .8 3 4 0 .8 2 8

.005 .824 .817 .811 .808 .803 .795 .786

.007 .802 .793 .786 .782 .777 .767 .757

.01 .776 .766 .758 .753 .747 .737 .725

.02 .720 .707 .697 .692 .686 .673 .660

.03 .683 .671 .661 .654 .649 .635 .622

.05 .637 .624 .613 .607 .600 .586 .573

.07 .605 .593 .583 .577 .570 .557 .545

.1 .579 .566 .553 .547 .540 .525 .512

.2 .529 .514 .503 .496 .488 .474 .459

.3 .511 .496 .484 .476 .466 .453 .438

.5 .503 .487 .473 .465 .456 .440 .423

.7 .513 .495 .480 .471 .461 .443 .424
1. .547 .526 .508 .497 .485 .463 .442
1 .5 .640 .612 .585 .570 .555 .524 .496
2. .773 .733 .695 .676 .655 .614 .575
3. 1.191 1.112 1.037 1.001 .962 .887 .818
D 44 .3 41 .9 39 .6 38 .5 37 .4 3 5 .4 3 3 .4

(6) Akerlöf and Short, T h is  J o u r n a l , 58, 124 (1936).
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T a b l e  IV

Parameters of Equations (4) and (7). L2 and (Cp — 
Cp0) AT 25°

m (-« ) fi 1-2(25) (Cp Cp o);
0.003 640 0.00923 180 5.5

.005 619 .01061 324 6.3

.007 630 .01154 395 6.9

.01 609 .01223 478 7.3

.02 651 .01408 600 8.4

.03 669 .01500 664 ( 8 .9

.05 703 .01638 753 9.8

.07 735 .01730 802 10.2

.1 754 .01823 866 10.9

.2 839 .02077 1 0 0 7 12.4

.3 934 .02284 1096 13.6

.5 1179 .02723 1241 16.2

.7 1430 .03138 1359 18.7
1 1704 .03646 1536 21.7
1 .5 1999 .04292 1815 25.6
2 2169 .04799 2095 28.6
3 2285 .05561 2657 33.1

Relative Partial Molal Heat Content and Heat 
Capacity.—The heat data have been computed 
by the method described by Harned and Thomas7 
and mentioned by_us.4 The relative partial 
molal heat content, L2, is expressed by

U  =  « +  P T 2 (4)
a and ft are given by
ol = —2 3 ,0 7 4 [ (E 25 — ^0(25)) —298.1(a — &o) 4“ 
  88,864(& -  &0)] ( 5 )

(7 ) Harned and Thomas, T his Jo u r n a l , 58, 761 (1936).

p = 23,074(b -  60) (6)
respectively. L2 is in calories. The relative 
partial molal heat capacity may be computed 
by the equation

(Cp -  Cp0) = 2pT  (7)

Table IV contains the parameters a and ft from 
which Z,2 may be computed at all temperatures 
from 0 to 50° with an accuracy of the order of 
=*=30 cal. by equation (4), and (CP — CPo) with 
an accuracy of the order of =*= 1 cal. by equation 
(7). Values of Z,2 and (Cp — CPo) at 25° are given 
in the fourth and fifth columns of the table, re­
spectively.

Summary
1. The electromotive forces of the cells
H2 I HCl (m), Dioxane (45%), H20  (55%) | AgCl-Ag

have been measured at 5° intervals from 0 to 
50°, and from 0.1 to 3 M  acid concentrations 
with an accuracy of =*=0.05 mv.

2. From these and the results of Harned and 
Morrison in the dilute concentration range (0.003 
to 0.1 M) the activity coefficient, the relative 
partial molal heat content and the heat ca­
pacity of the acid have been computed throughout 
these ranges of temperature and pressure.
N ew Haven, Conn. R eceived June 21, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  Y a l e  U n i v e r s it y ]

The Thermodynamics of Hydrochloric Acid in Dioxane-W ater Mixtures from Electro­
motive Force Measurements. VI. Extrapolations in the 70% Dioxane Mixtures

and Standard Potentials

B y  H e r b e r t  S. H a r n e d  a n d  C a l v in  C a l m o n1

In an earlier communication in this series,2 
it was shown that accurate evaluations of the 
standard potentials of the cell

H2 I HCl (m), dioxane (X), H20  (F ) | AgCl-Ag 

in mixtures containing 20 and 45% dioxane 
could be made by employing the Gronwall, 
La Mer and Sandved extension of the Debye 
and Hückel theory. At the same time, an ex­
trapolation was made with the results obtained 
in a mixture of 70% dioxane-30% water at 25°.

(1) This communication contains material from a dissertation 
presented by Calvin Calmon to the Graduate School of Yale Univer­
sity  in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, June, 1938.

(2) Harned, T h is  J o urn al , 60, 336 (1938).

Since experimental results below 0.003 M  were 
not available, a slight uncertainty in the extra­
polation was suspected, and further calculations 
discontinued for the moment. This communica­
tion contains an attempt to obtain results at still 
lower concentrations, and to determine the 
lower limit of concentration at which reliable 
results can be obtained with the technique 
available.

Experimental Results
The preparation of solutions and the cell tech­

nique was carried out with all the precautions 
and in the same manner as that described by
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Harned and Morrison.3,4 The only difference 
which need be mentioned is the preparation and 
behavior of the silver-silver chloride electrodes. 
Electrodes of this type prepared electrolytically 
as described by Harned and Morrison3 are re­
producible to within =±=0.1 mv. in solutions con­
taining acid at 0.003 M  or higher. Below this 
concentration, they fail to function satisfactorily. 
After proving this fact, electrodes made by mix­
ing nine parts of silver oxide with one part of 
silver chlorate were employed. This mixture 
was spread on a platinum wire spiral and heated 
at a temperature of 450° for ten minutes as 
described by Rule and La Mer.5,6 In solutions 
containing hydrochloric acid of concentrations
0.002 and 0.003 M y these electrodes behaved 
very satisfactorily. Equilibrium was attained 
in twelve hours and the electromotive forces 
agreed very closely at 0.003 M  with those ob­
tained by the electrolytically prepared elec­
trodes of Harned and Morrison. Further, after 
measurements at different temperatures, the 
cells could be brought back to the initial tem­
perature after a period of ten to twenty hours 
and the original electromotive force reproduced. 
In more dilute solutions, however, a longer period 
of time, from forty-eight to sixty hours, was re­
quired for equilibration. Also, at concentrations 
near 0.001 M, the reproducibility was found to be 
considerably less than at 0.002 M. Within the 
limit of ±0.5 mv., these electrodes would op­
erate satisfactorily over periods of forty-eight 
hours, and after the temperature changes had 
been made.

Our experience may be summarized by the 
statement that an accuracy of =±=0.1 mv. may be 
obtained at concentrations of 0.002 M  and higher; 
that the reproducibility decreases with con­
centration decrease, and becomes approximately 
=±=0.5 mv. at 0.001 M. These estimates will 
suffice to show the present experimental status of 
this subject.

The cells were run in triplicate. For each 
concentration, two series of measurements were 
made. Each series was begun at 25° and read­
ings were taken at 5 ° intervals to 50 ° and finally 
at 25 0 again. The second series was also started 
at 25°, then readings were taken at 0° and at 5° 
intervals until 25° was reached. If at the end

(3) Harned and Morrison, A m . J . Sci., 33, 161 (1937).
(4) T h i s  J o u r n a l , 58, 1908 (1936).
(5) Rule and La Mer, ibid., 58, 2339 (1936).
(6) Keston, ibid., 57, 1671 (1935).

of each run the difference in readings at 25° was 
greater than 0.3 mv., the results were discarded. 
The vapor pressure data of Hovorka, Schaeffer 
and Dreisbach7 were employed in making the 
usual correction for hydrogen pressure. Table 
I contains the electromotive forces.

T a b l e  I

E l e c t r o m o t iv e  F o r c e s  o f  t h e  C e l l s

H2 j HCl (m ), dioxane (X )-H 20  ( Y )  | AgCl-Ag 
X  =  70% by weight

-m-
t 0.003292 0.002366 0.001043 0.001001 0.0008146
0 0.40050 0.41283 0.4463 0.4467 0 .4556
5 .39822 .41078 .4430 .4443 .4540

10 .39580 .40860 .4427 .4519
15 .39325 .40626 .4395 .4405 .4501
20 .39059 .40376 .4373 .4388 .4480
25 .38780 .40112 .4348 .4364 .4453
30 .38485 .39830 .4321 .4346 .4421
35 .38176 .39535 .4295 .4313 .4402
40 .37855 .39226 .4270 .4286 .4386
45 .37520 .38903 .4245 .4253 .4366
50 .37170 .38568 .4221 .4214 .4319

Reproducibility
(mv.) =•=0.1 ± 0 .1 ± 0 .5 ± 0 .5 ± 0 .5

Extrapolations and Evaluation of the Stand­
ard Electrode Potential.—The extrapolation was 
carried out in the manner described by Harned2 
by employing the function E', defined by the 
equation

E '  =  E  +  2 k  log m ------ 2 k u V t  —
1 +  A \/2 c

2 k  log (1 +  0.002 Gom) = E o' +  f ( m )  (1)

E is the observed potential of the cell, k equals 
2.3026 RT/F, u is the universal constant of the 
Debye and Hückel theory, A is the parameter 
which involves the mean distance of approach 
of the ions, a, G0 is the mean molecular weight of 
the solvent (ref. 4, eq. (6)), andEQ' is the standard 
potential of the cell, m is the concentration of 
the acid in moles per 1000 grams of solvent, and 
c is its concentration in moles per liter of solution. 
The use of the Gronwall, La Mer and Sandved 
extension of the theory makes possible a more 
certain evaluation of E0'. Arithmetical ap­
proximations showed that a value of “a” of
5.6 A. at all temperatures gave satisfactory ex­
trapolations. Thus, the values of E f — E Bx, 
where EBx represents the contribution of the 
extended terms to the electromotive force, was 
very constant at concentrations between 0.002 
and 0.02 M. At concentrations between 0.0008 
and 0.002 M y the results are not as consistent, but 
in general indicate that the method is good.

(7) Hovorka, Schaeffer and Dreisbach, ibid., 58, 2264 (1936).
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•Eex is given by

£Ex = 2 k  [c  Q y  (lO3 ^ 3 (*) -  2 Y s ( x ) i ) +

K ( s ) ' ( 105 [ 5 X&(x) ~ 4F«<*>]) (2)

where
CIO.- 1 ( « ’ Y (3)2.3026 \ k T D )

KW  -  1 (  e2 V2.3026 \ k T D J (4)

and
x  — Ka — A \ / 2 c (5)

k is the reciprocal radius of the ionic atmos-
phere. 4.774 X 10"10, 1.371 X 10~16, 6.06 X
1023, and 273.1 were used for e, k, N  and T  at 0°, 
respectively. The values of the dielectric con­
stants of the mixtures were obtained from the 
data of Akerlöf and Short8 and the density 
data for the computation of c from m were those 
of Harned and Calmon.9 Values of the quan­
tities used in the computations are given in 
Table II. The values of the third and fifth ap­
proximations given in parentheses in equation 
(2) were obtained from Table V in Gronwall, 
La Mer and Sandved’s contribution.

Fig. 1.—Extrapolation at 10, 25 and 45°.

Values of E' and E' — EBx are plotted against 
the molal concentration in Fig. 1. The extra-

(8) Akerlöf and Short, T h i s  J o u r n a l , 58, 1241 (1936).
(9) Harned and Calmon, ibid., 60, 334 (1938).

T a b l e  I I
V a l u e s  o f  D ,  u , C / a z, K / a ?  a n d  A  

a  =  5.6 A.
t D u C /a 3 K fa 5 A
0 20.37 1.364 0.06584 0.01872 3.776
5 19 .8 1 1.38 5 .06778 .01965 3.794

10 19 .25 1.406 .07003 .02074 3 .8 15
15 18 .72 1.429 .07225 .02186 3.835
20 18.20 1.4 53 .07467 .02309 3.856
25 17.69 1.4 77 .07729 .02446 3.878
30 17 .20 1.50 3 .07997 .02546 3.90 1
35 16 .72 1.530 .08295 .02751 3.924
40 16.26 1.5 5 7 .08591 .02917 3.947
45 15.80 1.586 .08927 .03109 3.973
50 15 .3 7 1.6 16 .09255 .03302 3.996

polations at 10, 25 and 45° are given as typical. 
The plot at 10° is characteristic of the results 
at temperatures between 0 and 20°, inclusive, 
that at 25° is typical also of the results at 30, 35 
and 40°, and that at 45° is similar to the result at 
50°. The first thing to note is the characteris­
tic “hump” in the plots of the Debye and Hückel 
function E f and the straight graphs for the func­
tions, E f — Ex. E ' — Ex remains constant until 
a concentration of 0.02 M  is reached which cor­
responds to a value of x or Ka of the order of 0.7. 
The final values of E q have been computed from 

the more reproducible results at concentrations 
of 0.002 M  or greater. With very few excep­
tions, the points computed from the results in 
the neighborhood of 0.001 M  lie below the 
curves which indicates low values of the cell 
electromotive forces.

Values of the function E r — EEx at the tem­
peratures shown in the graph are given in Table
III. The bottom row of the table contains the 
extrapolated values of Eq. The consistency of 
the results between 0.002 to 0.03 M  is excellent. 
The values in parentheses at the lower concen­
trations indicate a much larger error and were 
not used in the final evaluation of the stand­
ard potential.

A second method of extrapolation which will 
be described in a future communication dealing 
with 82% dioxane-water mixtures depends on a 
previous knowledge of the ionization constant of 
hydrochloric acid in the mixture. In Fig. 1, the 
dashed line represents a suitable function com­
puted from the electromotive forces and a value 
of 0.0077 for the ionization constant of the acid, 

determined by Owen and Waters in this Labora­
tory. This extrapolates to the value previ­
ously obtained. Our experience indicates that 
the first method is the more satisfactory in these
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T a b l e  III
V a l u e s  o f  t h e  E x t r a p o l a t io n  F u n c t io n , E '  — E e % a t  

10, 25, 45°
m t__ 10° 25° 45°

0.03203 0.08961 0.06372 0.02720
.01927 .08984 .06400 .02746
.009612 .09003 .06399 .02727
.006950 .08972 .06391 .02704
.005188 .08970 .06389 .02708
.003292 .08965 .06393 .02718
.003164 .08970 .06390 .02699
.002366 .08970 .06400 .02709
.001043 (.0900) (.0634) (.0265)
.001001 (.0892) (.0632) (.0255)
.000815 (.0899) (.0632) (.0274)0IIS,0

KI .08970 .06395 .02705

solutions where D equals approximately 20 and 
where the actual ionization in dilute solutions is 
high (a >0.9). In media of dielectric constant 
of 10 (82% dioxane), the second method seems 
to be more suitable than the one which employs 
the extended term theory since values of the 
ionization constant are known, and since the 
electrolyte is considerably weaker (A ^ 0.0002). 
Also in these solutions values of “a” computed 
by Bj err urn’s theory are more reliable than in 
those of high dielectric constant.

In Table IV, the standard potentials at all 
temperatures are given. These results may be 
expressed by the equation

Eo' =  0.06395 -  17.67 X  10~4(* -  25) -
3.70 X 10~6(* -  25)2 (6)

The deviations between the observed values and 
those computed by this equation are given in 
parentheses immediately following the result. 
They are in hundredths millivolt and are posi­
tive when the calculated is greater than the ob­
served value.

T a b l e  IV
S t a n d a r d  P o t e n t ia l  o f  t h e  C e l l  

H2 i HCl (m), D io x a n e  (70%), H20  | AgCl-Ag
t Eo' t Eo'

0 0.10584 ( - 3 ) 30 0.05500 ( + 3 )
5 .09784 ( - 3 ) 35 .04587 ( + 4 )

10 .08970 ( - 8 ) 40 .03661 ( +  1)
15 .08123 (+ 2 ) 45 .02705 (+ 8 )
20 .07267 (+ 2 ) 50 .01746 ( +  1)
25 .06395 (+ 0 )

Summary
1. Electromotive forces of the cells

H2 I HCl (m), dioxane (70%), H20  | AgCl -  Ag

have been obtained at 0.0008, 0.0 01, 0.002 and
0.003 M  from 0 to 50° at 5° intervals.

2. From these and Harned and Morrison’s 
results from 0.003 to 0.02 M, the standard po­
tential of the cell has been evaluated.
N e w  H a v e n , C o n n . R e c e iv e d  J u n e  21, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , Y a l e  U n i v e r s it y ]

The Thermodynamics of Hydrochloric Acid in Dioxane-Water Mixtures from Electro­
motive Force Measurements. VII. Properties of the 70% Dioxane M ixtures

B y  H e r b e r t  S. H a r n e d , J o hn  G.

Two earlier communications1,2 contain elec­
tromotive forces of the cells

H2 I HCl (m), dioxane (70%), H20  | AgCl-Ag

at fourteen concentrations between 0.0008 and
0.2 My and at temperatures from 0 to 50°. From 
these, the standard potentials of the cells have 
been computed throughout this temperature 
range.2 To complete this study, measurements 
have been made at seven concentrations be­
tween 0.1 and 1.5 M. From the combined 
data, the activity coefficient, the relative par­
tial molal heat content, and heat capacity of 
the acid have been computed. This completes

(1) Harned and Morrison, T h i s  J o u r n a l , 58, 1908 (1936).
(2) Harned and Calmon, ibid., 60, 2130 (1938).

D o n e l so n  a n d  C a l v in  C alm on

the first comprehensive study of these proper­
ties of an electrolyte in a medium of dielectric 
constant of approximately 20.

Experimental Results
The results obtained from 0 to 50° a t 5° in­

tervals have been expressed by the equation 
E  =  E 25 +  a ( t  -  25) +  b( t  -  25)2 (1)

The values of F 25, and the constants a and b are 
given in Table I. The fifth column of the table 
gives the maximum deviations in millivolts of the 
observed results from those calculated, and the 
last column contains the mean deviations.

These data were combined with those of Har­
ned and Morrison1 and Harned and Calmon2 and
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Table I
Constants of E quation (1)

m £ 2 5 - a  X 104 - b  x  10® Amax, Aav,
0.10707 0.25924 8.754 2.28 0.04 0.01

.20852 .23292 9.466 2 .12 .05 .02

.31025 .21593 9.798 1.96 .08 .03

.53772 .18864 10 .35 1 1.8 2 .09 .04

.72377 .17 18 1 10 .56 1 1.6 2 .10 .06
1.03675 .14754 10 .7 3 1 1.42 .10 .04
1 .5 5 5 1 1 .11308 10.778 1 .16 .13 .04

smoothed by means of suitable large scale graphs. 
Values of £ 25, and b, suitable for all subsequent 
calculations, are given in Table II. At the bot­
tom of the table are given the values of EQ'(25), 
do and b0 of the equation for the standard po­
tential E0'} namely

E q' =  E o '  +  a0(t -  25) + bQ(t -  25)2 (2)

Table II
Constants of Equations (1) and (2) at Round 

Concentrations
m E25 - a  X 104 - b  X 106

0.001 0.43716 4.50 3.14
.0015 .42006 4.95 3.02
.002 .40796 5.25 2.92
.003 .39145 5.78 2.85
.005 .37130 6.20 2.71
.007 .35850 6.50 2.65
.01 .34525 6.80 2.60
.02 .32008 7.33 2.48
.03 .30554 7.71 2.42
.05 .28739 8.11 2.33
.07 .27523 8.38 2.28
.1 .26195 8.67 2.22
.2 .23477 9.20 2.09
.3 .21744 9.53 1.98
.5 .19274 9.95 1.80
.7 .17383 10.22 1.64

1 .15010 10.54 1.45
1.50 .11638 10.90 1.19

So'(25) - 0 0  x 104 - b o  X 106
0 ( a  =  1) 0.06395 17.67 3.70

Activity Coefficients
The activity coefficients, computed by the 

equation
1 (E — Eo')F . 1

“"l0g 7 ”  4.6052 R T  +  l0g m ®

are given in Table III at some of the tempera­
tures. The last row contains the dielectric con­
stants of the solvent at these temperatures.

Relative Partial Molal Heat Content and Heat 
Capacity.—The relative partial molal heat con­
tent, Z2, and heat capacity are given by the equa­
tions

L2 = a +  (3T2 (4)
(Cp -  Cpo) =  2/3T  (5)

Table III
Activity Coefficients

m L . . . 0 ° 10° 20° 25°

00CO 00

50°
0.001 0.719 0.713 0.705 0.700 0.696 0.686 0.675

.0015 .672 .665 .656 .651 .647 .636 .624

.002 .641 .633 .623 .618 .613 .601 .589

.003 .589 .582 .573 .568 .563 .552 .540

.005 .530 .521 .510 .505 .499 .487 .473

.007 .488 .479 .468 .462 .457 .444 .431

.01 .446 .436 .425 .418 .413 .401 .388

.02 .369 .359 .348 .342 .336 .324 .312

.03 .328 .318 .308 .303 .297 .286 .275

.05 .283 .274 .264 .258 .253 .243 .232

.07 .259 .249 .239 .234 .229 .219 .208

.1 .236 .226 .217 .212 .207 .197 .188

.2 .204 .194 .185 .180 .175 .165 .156

.3 .193 .182 .173 .168 .163 .154 .144

.5 .191 .179 .169 .163 .158 .147 .137

.7 .200 .187 .175 .168 .162 .150 .139
1 . 0 .227 .211 .195 .187 .179 .165 .151
1.5 .303 .277 .252 .240 .228 .207 .187
D 20 .4 19.25 18.2 1 7 . 7 17.2 16.3 15.4

where a and are defined by equations (6) and 
(7) of Harned and Donelson/s communication.3 
These equations have a range of validity from 
0 to 50°, inclusive. The parameters a and 0 are 
given in Table IV. Values of L 2 and (Cp~Cpo) at 
25° are given in the fourth and fifth columns of 
this table.

Table IV
Parameters of Equations (4) and (5), £ 2 

Cpo) at 25°
AND (Cp

m ( ~ a ) (0) X 102 £2̂ 25) ( Cp  Cpo):
0.001 701 1.29 446 7.7

.0015 862 1.57 533 9 .4

.002 994 1.80 606 10.7

.003 1121 1.96 621 11.7

.005 1233 2.28 793 13.6
.007 1266 2.42 884 14.4
.01 1270 2.54 987 15.1
.02 1299 2.82 1207 16.8
.03 1348 2.95 1273 17.6
.05 1389 3.16 1419 18.8
.07 1397 3.28 1518 19.6
.1 1413 3.41 1617 20.3
.2 1417 3.71 1880 22.1
.3 1477 3.97 2051 23.7
.5 1558 4.38 2334 26.1
.7 1635 4.75 2586 28.3

1.0 1697 5.19 2915 30.9
1.5 1700 5.79 3445 34.5

Summary
1. Electromotive forces of the cells

H2 j HCl (m), dioxane (70%), H20  | AgCl-Ag

have been obtained from 0 to 500 at 50 intervals 
and at seven concentrations between 0.1 and
1.5 M.

2. These in combination with previous re­
sults through a concentration range of 0.0008

(3) Harned and Donelson, T h i s  J o u r n a l , 60, 339 (1938).
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to 0.1 M  have been employed to compute the ac­
tivity coefficient,* relative partial molal heat 
content and heat capacity of the acid in this 
solvent.

3. The accuracy of the experimental results 
is of the order of =*=0.1 mv., leading to an error 
of about ±0.001 in the relative activity co­
efficient and =*=30 cal. in the relative heat con­

tent. A greater source of error in these values 
may reside in the uncertainty of the extrapola­
tion. A general discussion of these thermody­
namics properties will be reserved until the in­
vestigation of the 82% dioxane-water mixtures 
of dielectric constant of approximately 10 is 
completed.
N e w  H a v e n , C o n n . R e c e iv e d  J u n e  21, 1938

[C o n t r ib u t io n  f r o m  t h e  D iv is io n  o f  B io c h e m is t r y , M ayo  F o u n d a t io n , a n d  t h e  D e p a r t m e n t  o f  P h y s io l o g y ,
U n iv e r s it y  o f  M in n e s o t a  M e d ic a l  S c h o o l]

The Distribution Coefficients of Porphyrins between Ether and Hydrochloric Acid 
and Applications to Problems of Quantitative Separation

B y  A n c e l  K e y s  a n d  J oachim  B r u g s c h 1

Differential solubility in various solvents is the 
basic means of separating porphyrins in mix­
tures.2-6 The most useful solvents are ether, 
chloroform and hydrochloric acid.7,8 These three 
reagents have been used to effect separation of 
biological porphyrins by a procedure involving 
repeated crystallizations.9,10 No proof of the 
quantitative accuracy of this method has been 
given; in any case it suffers from three limita­
tions: (1) it is very time-consuming; (2) it 
serves only to isolate the principal porphyrin in 
the mixture; (3) it is stated that at least 50 
micrograms of porphyrin is needed, but the 
work reported has generally involved much more; 
these amounts are not always available in bio­
logical work.

The porphyrins known or believed to occur in 
the normal or pathological human metabolism 
are: protoporphyrin (C32H32N4(COOH)2), copro­
porphyrin (C32H34N4 (COOKQé), mesoporphyrin 
(C32H36N4 (COOH)2) -deuteroporphyrin (C28H28- 
N4(COOH)2), and uroporphyrin (C32H30N4 
(COOH)g). All but the last named (uro-) are 
soluble in ether acidified by glacial acetic acid. 
Except in extremely rare cases, uroporphyrin

(1) Fellow in Medicine in the M ayo Foundation.
(2) H. Fischer, Z. physiol. Chem., 132, 15 (1924); 137, 228 (1924).
(3) H. Fischer and R. Duesberg, Arch. exp. Path. Pharm., 166, 

95 (1932).
(4) C. J. Watson, Z. physiol. Chem., 204, 57 (1932).
(5) A. E. Garrod, J . Physiol., 17, 349 (1894).
(6) A. E. Garrod, “ Inborn Errors of Metabolism,” 2d ed., London, 

p. 136.
(7) H. Fischer and A. Treibs, in “Tabulae Biologicae,” Vol. I l l ,  

1926, pp. 339, et seq.
(8) A. Kirstahler, ibid., Vol. VII, 1931, p. 49, et seq.
(9) K. Dobriner, J . Biol. Chem., 113, 1 (1936).
(10) K. Dobriner, W. H. Strain and S. A. Localio, Proc. Soc. Exptl. 

Biol. Med., 36, 752 (1937).

occurs naturally only in the most minute amounts. 
Traces of other unidentified porphyrins have 
been reported in biological materials but these 
questionable substances may be neglected for 
the present.

Most of the natural porphyrins are soluble in 
chloroform, but repeated trials convinced us that 
chloroform extraction is not suitable for quanti­
tative separation of porphyrins from natural 
mixtures unless extraordinary precautions are 
taken. Traces of impurities, especially colloids, 
may enable some of the porphyrins to go into 
colloidal solution in chloroform, prevent their 
extraction or cause loss by adsorption on the 
walls of the vessels used.

Willstatter and Stoll11 made a qualitative sepa­
ration of the ether-soluble porphyrins by ex­
traction of the ethereal solution with hydro­
chloric acid. Willstatter12 has characterized as 
the “HCl number” that concentration of hy­
drochloric acid which will extract two-thirds of 
the porphyrin from an equal volume of porphyrin 
solution. The available information on hy­
drochloric acid solubility of the porphyrins is in 
terms of Willstatter’s “HCl number.”

Since the naturally occurring porphyrins are 
reported to differ widely from one another in 
their hydrochloric acid numbers, a quantitative 
separation on this basis should be feasible, pro­
vided: (1) the hydrochloric acid solubility is a 
fixed characteristic, (2) the hydrochloric acid 
solubility for a given porphyrin is independent of

(11) R. W illstatter and A. Stoll, “Untersuchungen über Chloro­
phyll,” Berlin, 1913.

(12) R. W illstatter, in Abderhalden, “Handbuch der biologischen 
Arbeitsmethoden,” Abt. I, Teil 3, pp. 1-70.
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the presence of otlier porphyrins, (3) suitable 
hydrochloric acid concentrations are chosen so 
as to effect the separation in a reasonable num­
ber of extractions and (4) a satisfactory means 
of estimating the amount of porphyrin in the 
extracts is at hand.

We can begin by stating that the last-named 
requisite is fulfilled. All the porphyrins with 
which we are concerned are fluorescent in ultra­
violet light and, over a limited range of concen­
tration, the intensity of the fluorescence under 
standard conditions is directly related to the 
concentration. The present paper is a study on 
the partition between ether and various concen­
trations of hydrochloric acid of the following 
pure crystalline porphyrins: copro-, hernato-, 
meso-, deutero-, protoporphyrin and phylloeryth- 
rin (C33H34N4O3).

Preparation of Pure Porphyrins.—Our pure 
porphyrins were checked by their absorption spec­
tra in ether and in hydrochloric acid solution.13 
In the following paragraphs the wave lengths of 
the principal bands are given in m^. The values 
in parentheses are taken from Kirstahler.8

Preparation of Protoporphyrin.—Fresh blood is run into 
ten times its volume of 0.25% hydrochloric acid, shaken 
gently and after an hour the brown hydrochloric acid 
pigment is taken up in glacial acetic acid-ether. The 
ether is reduced to a small quantity, preferably in a vacuum. 
With the addition of 4%  hydrazine sulfate in strong acetic 
acid solution the complete conversion to protoporphyrin 
is brought about when the solution is boiled down to about 
a fourth the original volume. The protoporphyrin is 
separated by filtration, and shaken with acetic acid ether in 
a separatory funnel. By this procedure a part of the pro­
toporphyrin goes over into the ether along with some im­
purities. From this solution the protoporphyrin is re­
covered by extraction with 10%  hydrochloric acid. The 
rest is taken up in hydrochloric acid, concentrated and pref­
erably precipitated as the sodium salt by the addition of 
sodium hydroxide. Purification is readily brought about 
by washing, re-solution and reprecipitation. Protopor­
phyrin prepared in this way has the following characteris­
tic absorption bands:

In 5%  Hydrochloric Acid 
I, 608-594, 602 (601)

II, 575-545, 560 (557)

In Ether Solution 
I, 643-629, 636 (633)

II, 594-574, 584 (585)
III, 549-533, 541 (537)
IV, 514-494, 504 (502)

Preparation of Mesoporphyrin.—Crystalline mesopor- 
phyrin was prepared from protoporphyrin by the method

(13) We are indebted to Dr. Charles Sheard for assistance in the
determination of the absorption spectra.

of Fischer and Kögl (1924) in which the vinyl groups are 
reduced by the action of iodic acid. The mesoporphyrin 
had the following absorption bands:

In 5%  Hydrochoric Acid 
I, 598-591, 594 (593)

II, 562-544, 553 (549)

In Ether Solution 
I, 626-621, 623 (623)

II, 571-567, 569 (577?)
III, 532-523, 528 (529)
IV, 506-489, 496 (495)

Hematoporphyrin.—We used the crystalline preparation 
made by the Nordmark Company which is known commer­
cially as “ Photodyn.”  This hematoporphyrin had the fol­
lowing bands in the absorption spectrum:

In 5%  Hydrochloric Acid 
I, 595-588, 592 (596)

II, 559-540, 550 (552)

In Ether Solution 
I, 626-623, 625 (625)

II, 599-594, 597 (598)
III, 571-567, 569 (569)
IV, 536-526, 531 (531)
V, 507-487, 497 (497)

Preparation of Coproporphyrin.—We used crystalline 
synthetic coproporphyrin I supplied by the kindness of 
Prof. Hans Fischer, as well as a crystalline preparation 
from human excreta. The latter preparation involved 
extraction with acetic acid ether, transfer to 5%  hydro­
chloric acid, transfer to ether and repeated fractionation 
by means of ether and 0.25% HCl. Our preparation had 
the following absorption bands:

In 5%  Hydrochloric Acid 
I, 594^578, (594, 575)

II, 553-543, 548 (551)

In Ether Solution
I, 626-621, 624 (624)

II, 598-594, 596 (597)
III, 571-567, 569 (568)
IV, 532-524, 528 (529)
V, 504-486, 495 (498)

Preparation of Phylloerythrin.—We prepared phyllo- 
erythrin from ox gallstones in the course of the preparation 
of bilirubin by the method of H. Fischer (1911). The com­
bined washings were carried over into ether and after 
purification were taken up by 10%  HCl which was then 
neutralized and the phylloerythrin was carried back to 
ether, from which typical crystals were obtained. The 
phylloerythrin had the following absorption spectra:14 * I

In 10%  Hydrochloric Acid 
I, 628-604, 621 (620)

II, 577-565, 571 (568)

In Ether Solutions 
I, 638-635, 637 (637)

II, 597-579, 588 (593, 584)
III, 564-554, 559 (561)
IV, 528-513, 521 (521)

(14) Comparison values in parentheses given by H. Fischer, in 
Oppenheimer, “Handbuch der Biochemie,” 1933, 2d ed.,Suppl. Vol.
I (1), pp. 247,jet seq.



Sept., 1938 Quantitative Separation of Porphyrins 2137

Preparation of Deuteroporphyrin.— Deuteroporphyrin 
was prepared from deuterohemin by the action of hydrazine 
sulfate. We were unable to obtain sufficient material for 
recrystallization, but our preparation had the typical ab­
sorption spectra of deuteroporphyrin. Through the kind­
ness of Dr. C. J. Watson we were able to check several of 
the hydrochloric acid solubility points with a solution of 
pure synthetic deuteroporphyrin from the laboratory of 
Prof. H. Fischer. However, since our preparation was not 
recrystallized, we prefer to term it simply “ deutero type”  
porphyrin.

Measurement of Porphyrin Concentration in Hydrochloric 
Acid Solution

All our measurements of porphyrin concentration have 
been made in terms of the fluorescence in ultraviolet light. 
The intensity of fluorescence of a porphyrin solution in 
hydrochloric acid is stated to be linearly proportional to 
the porphyrin concentration in extreme dilution but not 
otherwise.15 16—17 We have found this relation to be quanti­
tative over the range 0.05 to 2 micrograms per ml. The 
fluorescence, however, is markedly affected by p K  and, to 
a smaller extent, by temperature.18 With the exception 
of phylloerythrin, we have measured the fluorescence of all 
our porphyrins in 5%  HCl. With phylloerythrin we found 
it necessary to use 10%  HCl. We have observed no effect 
of ordinary variations in room temperature, even in 
summer when some measurements were made at 30°.

The fluorescence spectra of the porphyrins studied here 
are not identical,19 so the relative intensity of the fluores­
cence of the different porphyrins at equal concentration 
would be expected to differ slightly according to the sys­
tem used for measurement. All of our measurements 
have been made by visual comparison, in some cases with 
the Zeiss “ stufenphotometer.”

Fluorescence is excited by the light from a quartz mer­
cury vapor lamp. The ultraviolet light is passed through 
filters to cut out all radiation of a wave length longer than 
about 3800 A. The “ uviol” or Wratten No. 18A (ultra­
violet) filters are satisfactory, especially when used as the 
windows of a copper sulfate cell. Wratten Nos. 15G and 
18A make an excellent combination but a very powerful 
ultraviolet lamp must be used. The fluorescence of the 
porphyrin solutions may be studied in any type of quartz 
absorption vessels or ordinary glass vessels, provided these 
latter have relatively thin walls and possess no fluorescence 
of their own. Lacking more specialized apparatus, satis­
factory comparisons can be made with matched test-tubes 
placed in the path of filtered ultraviolet light from an 
ordinary clinical ultraviolet lamp.

Standard coproporphyrin solution in 5%  HCl was the 
standard of reference and all results here are expressed in 
terms of fluorescence equivalent to coproporphyrin. In 
general, the most useful concentrations for standard 
solutions are 0.2, 0.1 and 0.05y of porphyrin per ml.

(15) R. Fikentscher, Biochem. Z., 249, 257 (1932).
(16) A. A. H. van den Bergh, W. Grotepass and R. E. Revers, 

K lin . Wochsch., 11, 1534 (1932).
(17) J. T. Brugsch, Z. ges. exp. Med., 95, 471 (1935).
(18) H. Fink and W. Hoerburger, Z. physiol. Chem., 202, 8 (1931).
(19) C. Dhéré, in Abderhalden, “ Handbuch der biologischen Ar- 

beitsmethoden,” Abt. II, Teil 3, H eft 4, Lieferung 400, pp. 3097, et 
seq.

In the preparation of ethereal porphyrin solutions of 
known concentration dissolve from 2 to 20 micrograms of 
the pure crystalline material in about 30 ml. of 5 %  HCl. 
The exact concentration of porphyrin in the hydrochloric 
acid is determined, in terms of intensity of red fluorescence, 
by comparison with a stock standard solution of copro­
porphyrin. As soon as this measurement is completed, 
the acid solution is neutralized with solid sodium acetate 
and extracted with successive 25-ml. portions of ether until 
the aqueous phase no longer shows red fluorescence in 
ultraviolet light. It may be necessary to add a few drops 
of acetic acid in this process to keep the mixture slightly 
on the acid side of neutrality. The combined ethereal solu­
tion contains all the porphyrin originally dissolved in the 
5%  HCl.

For the purposes of quantitative analysis it is necessary 
that the partition between ether and hydrochloric acid be 
measured under conditions which are reproducible and 
easily applied. We add the hydrochloric acid to the 
ethereal solution in a separatory funnel and slowly shake 
back and forth by hand. Violent or prolonged agitation is 
unnecessary and may result in loss or oxidation of some of 
the porphyrin. The partition does not seem to be affected 
by the ordinary variations in room temperature in the 
range 20 to 26°. After the extraction, the hydrochloric 
acid extract was drawn off, the concentration brought up 
to 5%  HCl and the fluorescence intensity measured at 
once. Finally, the ether was extracted with 5 %  HCl until 
all porphyrin had been removed from the ether. The 
fluorescence intensity was measured in these final extrac­
tions so that the total recovery of porphyrin from the ether 
was measured.

0.02 0.05 0.1 0.2 0.5 1 2 5 10
Concentration of HCl, %  (log scale).

Fig. 1.—Extraction of porphyrins from ethereal 
solution by various concentrations of hydrochloric 
acid.

Figure 1 shows the results obtained when the volume 
relations were 1 part hydrochloric acid solution to 3 parts 
ethereal solution. Distribution coefficients for the several 
porphyrins over the useful range of hydrochloric acid 
concentration are given in Figs. 2 and 3. Most of these 
values were obtained using the volume relation 1 part 
hydrochloric acid to 3 parts ether. In a number of cases, 
however, the constancy of the distribution coefficient was 
checked by determinations made with the volume relation 1 
part hydrochloric acid to 1 part ether.

Included in Fig. 2 are two points from an unknown por­
phyrin which occurs in very minute amounts in human 
feces. This porphyrin was soluble in chloroform and
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was purified so far as possible with repeated fractionation 
by means of 0.25% HCl, ether, 5%  HCl and chloroform. 
As can be seen from the distribution coefficient this por­
phyrin appears to be a separate entity. This appearance 
is fortified by the fact that the distribution coefficient did 
not change during six successive extractions.

0.02 0.05 0.1 0.2 0.5 1 2 3 4
Hydrochloric acid concn.

Fig. 2.—Distribution coefficients for the partition 
of porphyrins between ether and various concentra­
tions of hydrochloric acid.

The distribution coefficient is simply the ratio 
of the concentration of the solute in the acid 
phase to that in the ether phase. If we let a = 
the percentage of the solute in the acid, and v the 
volume of the acid as percentage of the total 
volume, the distribution coefficient is
xr _  ah  j
A  (100 -  a)/(100 -  v)

100 K v  /T,
a 100 +  K v  -  v W

Wills tatter’s hydrochloric acid number corresponds 
to a distribution coefficient of 2.0. In Table I we 
have given the previous values for the HCl num­
ber and the values calculated from the present 
results.

Quantitative analysis using distribution co­
efficients necessarily must involve successive 
extractions. It is requisite then that the ex­
perimental results with successive extractions 
conform to theory. General principles applicable 
to successive extractions were formulated by 
Herz21 (1909). Let bi = the amount, in per­
centage terms, unextracted after the first extrac­
tion; i. e.f bi = 100 — a. Then

_________ 61 = 100 ( jo ir-
(20) H. Fischer and A. Treibs, in Oppenheimer, “ Handbuch der 

Biochem ie,” 2d ed., Suppl. vol. 30, 1930, p. 72.
(21) Herz, “ Der Verteilungssatz,” Stuttgart, 1909, p. 5.

T a b l e  I

H y d r o c h l o r ic  A c id  N u m b e r s  o f  P o r p h y r in s  
Concentration of HCl which will extract two-thirds of 

the porphyrin from ether solution when equal volumes of 
HCl and ether are used in a single, extraction. “ Previous 
Values” taken from A. Treibs,22 Fischer,14 Fischer and 
Treibs20 and A. Kirstahler.8

Porphyrin
Previous

values
Present
values

Uncer­
tainty

Proto- 2 2.0 ± 0 .1
Deutero- 0.3-0.4 0.47 ±  .05
Meso- 0.5 .32 ±  .05
Hemato- 0 . 1 .098 ±  .003
Copro- 0.08 .081 ±  .003
Phylloerythrin about 9 8.5 ±  .5
Unknown porphyrin® from 

human feces 0.94

a This porphyrin is recovered in very small amounts 
from human feces by extraction in the following manner: 
extract with acetic ether, transfer to 5%  HCl, transfer 
back to ether, extract with 0.25% HCl, neutralize, extract 
with chloroform, transfer to 5%  HCl, carry back to ether, 
extract with HCl.

After n extractions the amount remaining in the 
ether (unextracted by the acid) will be

>■ -  100 ( m - ,~ + K i ) '  (II>
Figure 4 shows the correspondence between 

experiment and theory for three successive ex­
tractions, using 3 vol­
umes of ether and 1 vol­
ume of acid for each ex­
traction. For this case 
equation II becomes
h  = 100 ( ^ A - J 3 (HA)

In Fig. 4 the lines have 
been calculated from 
equation IIA and Figs. 2 
and 3; the points are ex­
perimental observations.

Figure 4 shows that 
the agreement is good 
except at the highest hy­
drochloric acid concen­
trations where the ex­
traction tends to be more 
complete than predicted.
This is probably due to 
the fact that a small amount of hydrochloric 
acid is carried over in the ether to the succeeding 
extraction so that the hydrochloric acid is some­
what increased. This error is greatest with 
phylloerythrin and least with coproporphyrin.

(22) A. Treibs, in Oppenheimer, “Handbuch der Biochemie,” 2d 
ed., Erganzungsband, 1930, pp. 104-116.
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Accordingly it appears that successive extrac­
tions with the lowest effective hydrochloric acid 
concentration should be satisfactory.

0.02 0.05 0.1 0.2 0.5 1 2 5 10 20
Concentration of HCl, %.

Fig. 4.—Constancy of the distribution coefficient 
in successive extractions. Lines calculated from 
distribution coefficients obtained in single extrac­
tions, points are experimental results with three 
successive extractions, using one volume hydro­
chloric acid to three volumes ether in each.

Finally, it is necessary to know whether the 
extraction of one porphyrin proceeds in quanti­
tative independence of the presence of a second 
porphyrin. This question was studied with 
synthetic mixtures of porphyrins of known com* 
position in terms of fluorescence equivalent to 
coproporphyrin. The results with two mixtures— 
copro- and protoporphyrin, and copro- and meso­
porphyrin—are given in Fig. 5. In Fig. 5 the 
circles represent the experimental observations, the 
heavy lines were calculated from the distribution 
coefficients. The general agreement is good but 
there is a tendency to extract less than expected 
in some of the extractions. In all cases, however, 
the error is less than 4% of the total porphyrin.

The apparent small discrepancy between theory 
and observation with mixed porphyrins pos­
sibly may mean that the fluorescence intensities 
per unit concentration for the several pojphyrins 
are not identical. I t is generally assumed that 
the fluorescence intensities of the porphyrins 
studied here are equivalent per molecule. Our 
own studies indicate that this is approximately 
true when measurements are made in 5% HCl, 
but, owing to the excessively minute amounts 
of the materials available, an uncertainty of the 
order of 10% must be admitted.

(15y +  15y) Copro-Proto (10.6y +  15y) Copra-Meso

0 2  4 6  0 2 4 6
Extraction number.

Fig. 5.—Successive extractions of mixtures of porphy­
rins. Extraction of ethereal solution by 0.25% HCl, one 
volume of hydrochloric acid to three volumes ether in 
each extraction. Points experimentally determined, lines 
calculated from distribution coefficients (Fig. 2).

Summary

The following pure porphyrins were prepared 
and studied: copro-, hemato-, meso-, deutero- 
and protoporphyrin, and phylloerythrin.

Distribution coefficients for the porphyrins 
between ether and hydrochloric acid were deter­
mined by fluorescence measurements, over the 
range 0.025 to 10% HCl.

For each of the porphyrins the distribution 
coefficient at a given hydrochloric acid con­
centration is constant over a range of porphy­
rin concentration from 0.05 to 2000 micrograms 
per ml.

The results of successive extractions of ethereal 
solution by hydrochloric acid are quantitatively 
predictable from the distribution coefficients, but 
the error becomes significant when over 85% of 
the total porphyrin has been extracted.

The results of extractions of mixed porphyrins 
conform approximately to expectations from the 
distribution coefficients, but the error in any 
single extraction may be as great as 5% of the 
total porphyrin.

The use of successive extractions with appro­
priate concentrations of hydrochloric acid pro­
vides a satisfactory basis for at least semiquan- 
titative separation of the ether-soluble porphy­
rins when as much as 0.01 mg. of total porphyrin 
is available.
M in n e a p o l is , M i n n .
R o c h e s t e r , M i n n . R e c e iv e d  M a y  9, 1938
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ö-Methoxyphenylmalonic Acid and its Derivatives

By J o s e p h  B. N i e d e r l  a n d  R o s l y n  T. R o t h 1

Experimental
o-Methoxybenzyl Chloride (II).—Into a 500-cc. three­

necked flask containing 100 g. of o-methoxybenzyl alcohol, 
a vigorous stream of dry hydrogen chloride was introduced. 
As soon as the temperature began to rise, the mixture was 
cooled externally with an ice-salt mixture, keeping the re­
action temperature below 20°. Introduction of the gas 
was continued for about two hours, by which time the reac­
tion was practically complete, as recognized by the attain­
ment of constant weight or a fall of the temperature of the 
reaction mixture to about 2°. To the mixture was added 
crushed ice and ether. The ether extract was washed 
with water, 5% sodium carbonate solution and water. 
The washing was done rapidly to avoid hydrolysis. The 
ether was removed by distilling under reduced pressure, 
and the crude chloride was used directly for the prepara­
tion of the cyanide.

o-Methoxybenzyl Cyanide (III).—The crude, freshly 
prepared o -methoxybenzyl chloride as prepared above 
was mixed with 100 cc. of ethyl alcohol and added drop- 
wise over a period of an hour to a gently refluxing mixture 
of 46 g. of sodium cyanide in 42 cc. of water. Refluxing 
was continued for one and one-quarter hours (further re­
fluxing decreased the yield due to the formation of high

(IV )
----------------------- C2H6OOCCHCN

/ N oCH2

(V)
h 2n o c c h c n

(VII) 
CH(COOC,H5)2

T
(VIII)

C2H5OOCCHCOOH
(X)

c h 2c o o h

In a previous report of J. B. Niederl and co­
workers,2 the preparation of ^-methoxyphenylma- 
lonic acid and its derivatives was described and 
its general use in organic syntheses demonstrated. 
It was obvious that the preparation of its ortho 
isomer should be attempted. Unfortunately, 
due to the fact that in the diazotization of o-amino- 
benzyl • cyanide not the phenolic product but 
rather the indazole compound is formed,3 a simi­
lar reaction scheme as for the para acid could not 
be utilized for the ortho isomer. Instead, the 
following series of reactions had to be employed

+ H C 1
0-CH3OC6H4CH2OH ( I ) --------->

+K C N
0-CH3OC6H4CH2CI ( I I ) ----------- >-

+  Claisen cond.' 
o-CH3OC6H 4CH2CN (III) ------------------- ->■

o-CH30C6H4CH(CN)COOC2H5 (IV)

The ethyl 0-methoxyphenylcyanoacetate (IV) 
was converted to the nitrile-amide (V) and the 
diester (VII). In the 
preparation of the latter 
compound, the mono­
ethyl ester (VIII) was 
obtained as a by-product.
On heating and saponi­
fication, it was converted 
into 0-methoxy phenyl­
acetic acid (X). The di­
ester (VII) was con­
verted into the diamide
(VI) and the free dibasic 
acid (IX), which on heat­
ing also yielded tf-meth- 
oxyphenylacetic acid
(X). This latter acid 
was prepared by saponi­
fying the 0-methoxybenzyl cyanide (II) with alco­
holic potassium hydroxide solution.4

The structural relationship of these compounds 
is as shown.

(1) The material is taken from a portion of the thesis presented by 
Roslyn T. Roth to the faculty of the Graduate School of New York 
University in partial fulfilment for the degree of Doctor of Phi­
losophy.

(2) Niederl, R oth and Plentl, T h is  J o urn al , 59, 1901 (1937).
(3) Pschorr, Ber., 43, 2543 (1910).
(4) Pschorr, Wolfes and Buckow, ibid., 33, 166 (1900).

boiling and non-volatile products). The alcohol was 
removed from the reaction mixture under reduced pres­
sure. The residue was dissolved in ether, the ether ex­
tract treated with water, then dried and distilled. The 
fraction boiling a t 100-135° a t 4 mm. was allowed to 
stand on ice for a week. Large prismatic crystals formed 
from which the oil was separated by placing the crystals on 
porous tile. The yield of crystals was 38 g.

In this process a large amount of o-methoxybenzyl ethyl 
ether always formed, due to interaction of the chloride 
with the ethyl alcohol used as solvent.' Consequently,
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Carbon, % Hydrogen, % Nitrogen, % N eut. equiv.
Compound M. p., °C. Formula Calcd. Found Calcd. Found Calcd. Found Calcd. Found

IV Et. ester-nitrile 49 C12H13NO3 65.80 66.10 5.94 5.65 6.39 6.40
V Nitrile-amide 142-143 C10H10N2O3 63.16 63.17 5.26 5.04 14.73 14.68
VI Diamide 204 C10H12N2O3 57.69 57.94 5.76 5.49 13.46 13.35
VII Diester® CuHxsO* 63.16 63.30 6.77 6.64
VIII Monoethyl ester 86-87 C12H14O5 60.51 60.66 5.89 5.89 238 235
IX Free acid 142-143 C10H10O5 57.15 57.30 4.76 4.91 105 106

® B. p. 133-135° (2 mm. ); sp. gr. a t 24°, 1.103; n™° d  1.5020.

substitution of the ethyl alcohol by other organic, water- 
soluble solvents (acetone, dioxane, etc.) was attempted, 
leading to the formation of non-volatile high polymeric 
residues. No cyanide could be obtained under these reac­
tion conditions.

Since the above method would constitute a simplification 
in the synthesis of alkoxyphenylmalonic acids, this same 
reaction was applied to ^-methoxybenzyl alcohol, but in 
this case no ^-methoxybenzyl cyanide could be obtained 
a t all, either the ^-methoxybenzyl ethyl ether (ethyl alco­
hol as solvent), or the polymer formed (dioxane as solvent), 
while with acetone as solvent no reaction whatsoever took 
place.

o-Methoxyphenylmalonic Acid. Ethyl Ester-Nitrile 
(IV).—A solution of 32 g. of the crystalline o-methoxy­
benzyl cyanide in 150 cc. of anhydrous ether was added 
dropwise, over a period of two and one-half hours, to a 
mixture of 5.1 g. of sodium shot, 20 cc. of ether, 26 g. of 
freshly dried and distilled ethyl carbonate. The mixture 
was allowed to stand overnight, and then after refluxing 
for two hours was acidified with ice-cold 25% sulfuric acid 
and extracted with ether. The ether extract was washed 
with water, 5% sodium carbonate solution, dried and dis­
tilled. The fractions from 150-175° (7 mm.) were col­
lected. After standing, the lower fraction crystallized 
partly, and the higher fraction completely; yield 10 g. 
The ester-nitrile crystallized from alcohol in the form of 
large prisms.

In the preparation of the free o-methoxyphenylmalonic 
acid, 0.2 g. of the ester-nitrile in 10 cc. of ether was shaken 
for ten minutes with 8 cc. of 2%  sodium hydroxide solu­
tion. Then the ether layer was removed and the ether 
allowed to evaporate. The residue thus obtained was un­
reacted ester-nitrile. Half of the alkaline solution, upon 
being acidified, yielded a mixture of acidic products. The 
other half of the alkaline solution, when allowed to stand 
overnight before being acidified, yielded the water-soluble 
o-methoxy pheny lmalonic acid (IX).

o-Methoxyphenylmalonic Acid Amide-Nitrile (V).— 
Six-tenths of 1 g. of the ester-nitrile (IV) was melted and 
shaken for five minutes with 20 cc. of concentrated am­
monia. Nearly all dissolved, and the rest was removed 
by filtration immediately. The amide-nitrile crystallized 
out from the filtrate in long needles; yield 0.3 g. I t  was 
recrystallized from hot water; mixed m. p. with the p- 
isomer, 114-126°.

o-Methoxyphenylmalonic Acid Mono and Diethyl Esters 
(VII and VIII).—A mixture of 4.45 g. of the ester-nitrile 
(IV), 7 cc. of ethyl alcohol, and 0.2 cc. of water was treated 
with dry hydrogen chloride, first while cold, then for fifteen 
minutes while refluxing, and then while being cooled in an 
ice-salt bath. I t  was allowed to stand overnight, and 
then refluxed for one hour, and poured into water. The 
ether extract of this solution was washed with 5% sodium 
carbonate solution and water, dried with calcium chloride 
and distilled, the product being the diethyl ester (VII). 
Neutralization and extraction with ether of the sodium 
carbonate washings yielded 0.24 g. of the monoethyl ester 
(VIII) which crystallized on long standing and was re­
crystallized from hot water. The monoester was identi­
fied by heating to drive off the free carboxyl group and 
saponification of the ester group by 3% sodium hydroxide. 
On acidification, the o-methoxyphenylacetic acid was ob­
tained, confirmed by a mixed melting point with the same 
acid prepared from o-methoxybenzyl cyanide.

0 -M ethoxyphenylmalonic Acid Diamide (VI).—Three- 
tenths of a gram of the diethyl ester (VII) was shaken for 
several hours with 5 cc. of concentrated ammonia, filtered, 
and the filtrate allowed to evaporate at room temperature. 
The residue was recrystallized from absolute alcohol, in 
the form of flakes.

0 -Methoxyphenylmalonic Acid (IX).—An ether solution 
of 0.24 g. of the diethyl ester (VII) was shaken for three 
hours with 1 cc. of sodium hydroxide solution. On acidi­
fication and extraction with ether, 0.15 g. of the free acid 
was obtained. I t  was recrystallized from ether-petroleum 
ether mixture in the form of prisms. The acid on melting 
gave off carbon dioxide. The residue when heated to 150° 
gave o-methoxyphenylacetic acid; mixed m. p. with the p- 
isomer, 122°.

The authors desire to express their appreciation 
to Reed and Carnrick, Jersey City, N. J., for a 
fellowship grant.

Summary
1. The preparation of o- and ^-methoxybenzyl 

cyanide was studied.
2. o-Methoxyphenylmalonic acid and several

of its derivatives were prepared and characterized.
N e w  Y o r k , N .  Y .  R e c e iv e d  J u n e  10, 1938
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The Reactions of Certain Gamma Ketonic Acids. V. Ketonic Beta Lactones and
the Walden Inversion*

B y  E. P. K o hler  and  J .  E. J a n se n

In a previous paper1 it was shown that the 
rates at which two diastereomeric /3-bromo acids 
form /3-lactones are dependent on the configura­
tions of the bromo acids. The relations described 
did not provide a basis for determining whether 
the closure and opening of the /3-lactone ring does 
or does not involve inversion. That problem is 
the subject of the present paper.

In order to secure substances of known con­
figuration, it was necessary to resort to cyclic 
compounds in which the configuration is fixed by 
the structure and in which it can be determined by 
the methods that have been evolved for unsatu­
rated ketonic acids.2 To this end we began with 
two anhydrides of which the configuration is 
known, both from the relative ease with which 
they are formed and from the resolvability of the 
corresponding trans dibasic acid.

can be employed for determining the configuration 
of their cyclic analogs. To this end each acid 
was dissolved in a cooled mixture composed of 
equal parts of acetic acid and acetic anhydride 
containing a trace of sulfuric acid, or each acid 
was dissolved in a warmed mixture of equal parts 
of acetic acid and acetic anhydride and, in each 
case, the cis acid was converted rapidly and com­
pletely into the compound which we assume to be 
the dicyclic acetate, whereas the trans acid was 
recovered unchanged. In order to convert the 
trans acid into a dicyclic acetate it was necessary 
to omit the acetic acid and employ only the anhy­
dride. The configuration of these 7 -keto acids 
can be established, therefore, by comparing the 
relative ease with which they form dicyclic ace­
tates.
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CO

CO H

H O
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XCO
II

H H >
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Both of these anhydrides were condensed with 
bromobenzene without difficulty and each gave 
only one 7 -ketonic acid.

< 1 V

< ^O O H ]>
COOH COC6H4Br H COC6H4Br

I l l  IV

The relative stability of these ketonic acids is 
the same as that of the corresponding dibasic 
acids, but, doubtless because of the greater tend­
ency for ketones to enolize, the cis acid can be 
transformed into the trans by heating with bases 
as well as with acids. With the help of these 
acids of known configuration it was possible to as­
certain whether a method which had been found 
reliable in the case of unsaturated ketonic acids

(*) This paper was written by Professor Kohler a few months 
before his death. A few minor additions of experimental work, 
completed after the paper was written, have been included.—J. E. 
J a n s e n .

(1) Kohler, Peterson and Bickel, T h i s  J o u r n a l , 56, 2000 (1934).
(2) Kohler and Peterson, ibid., 56, 2192 (1934).

The bromination of the cyclic ketonic acids 
proved to be unexpectedly troublesome. Neither 
of the acids could be brominated satisfactorily in 
non-polar solvents. In direct sunlight bromine 
reacts slowly with the cis acid in boiling chloro­
form, but the product is a mixture that is ex­
tremely difficult to separate. Under the same 
conditions the trans acid reacts still more slowly 
and forms only oily products. Both acids, how­
ever, can be dehydrated to an unsaturated 7 -lac­
tone which can be utilized for securing both 
bromo acids. This unsaturated lactone forms a 
dibromide which is converted into the dicyclic 
acetate of the trans bromo ketonic acid and when 
the unsaturated lactone is brominated in a mixture 
of acetic acid and acetic anhydride, it forms a mix­
ture of the dicyclic acetates of the cis and trans 
bromo ketonic acids. The hydrolysis of the ace­
tates to the corresponding bromo ketonic acids 
presents no difficulties. These relations are 
shown in the following chart.
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This series of reactions, doubtless, accounts for 
the fact that both acids can be brominated in 
acetic anhydride and, also, in a mixture of acetic 
acid and anhydride. When they are brominated 
in acetic anhydride the sole product is the same 
dicyclic bromoacetate (IX) that is formed by the 
action of the anhydride on the dibromide, and 
when they are brominated in an acid and anhy­
dride mixture they also form the mixture of bro- 
moacetates that is formed by brominating the un­
saturated lactone under the same conditions.

The configurations of the bromo ketonic acids 
were established without difficulty because they 
differ even more conspicuously than the unbro- 
minated acids in the ease with which they form di­
cyclic acetates. The higher-melting bromo acid 
forms a dicyclic acetate when it is dissolved in cold 
acetic anhydride, in a warmed mixture of four 
parts of anhydride and one part acetic acid and 
when it is warmed with a mixture of equal parts 
of acetic acid and anhydride. The lower-melting 
bromo acid is not converted into its acetate in 
this manner; in order to prepare the dicyclic ace­
tate it is necessary to employ acetic anhydride 
and sulfuric acid. In the higher-melting bromo 
acid, therefore, the carbonyl and bromobenzoyl 
groups are on the same side of the molecule as 
shown in formula XII. In these experiments two 
dicyclic acetates of the higher-melting bromo acid 
are obtained: one from the acetic anhydride solu­
tion and the other from the solutions of anhy­

dride containing either 
acetic acid or sulfuric acid. 
The formation of two di­
cyclic acetates is attribut­
able to the generation of a 
third center of symmetry 
in the molecule.

With these two bromo 
acids of known configura­
tion in hand, it was possi­
ble to attack the problem 
of lactone formation. We 
found that these acids dif­
fer in their behavior to­
ward bases precisely like 
the corresponding open- 
chained acids. The bro­
mine derivative of the 
trans ketonic acid is ex­
tracted from an ether so­
lution by dilute aqueous 

sodium bicarbonate, but its salt is converted rap­
idly and completely into a /3-lactone. Under 
these conditions the bromine derivative of the cis 
ketonic acid is converted into a salt which under­
goes no further change. Moreover, unlike the 
corresponding open chain compound, this bromo 
compound cannot be converted into a /3-lactone 
by means of caustic alkalies. In this series, there­
fore, the /3-lactone ring can be closed only when 
the bromine atom and the carboxyl group are on 
the same side of the molecule.

XI

COOH Br CO- -O

H COC6H4Br
X

H COC6H 4Br
X III

By analogy to cyclohexene oxide and to the cy­
clohexane dicarboxylic anhydrides, the /3-lactone 
that is obtained from the bromo ketonic acid has 
the configuration shown in formula X III. In 
view of its relative stability and the rapid cycliza­
tion, formation of a /3-lactone with a trans con­
figuration of the ring appears improbable and is 
inconsistent with the known properties of these 
bicyclic compounds. Also, since the isomeric 
bromo acid, in which the bromine and carboxyl 
groups are in the trans position, fails to form a /3- 
lactone, it is unlikely that the reaction proceeds 
with inversion. If this were the case, it would be 
expected that this isomeric bromo acid would 
more readily form the /3-lactone with a cis ring.
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This /3-lactone is exceedingly sensitive to bases. 
I t  is rapidly extracted from an ether solution by 
cold, dilute, aqueous potassium hydroxide, and 
more slowly by sodium carbonate, to yield, quan­
titatively, in each case, a salt of a single hydroxy 
acid. This hydroxy acid is not affected by dilute 
alkalies—it was recovered quantitatively from a 
solution of potassium hydroxide which had been 
boiled for four hours. In methyl alcohol con­
taining a trace of sodium methylate, the /3-lactone 
is opened quantitatively to a methyl ester of this 
same hydroxy acid. This methyl ester is also ob­
tained from the hydroxy acid with methyl alcohol 
and sulfuric acid.

The methyl ester of a higher-melting isomeric 
hydroxy acid is obtained quantitatively when 
solutions of the /3-lactone in methyl alcohol, con­
taining sulfuric acid, are allowed to stand. This 
higher-melting hydroxy acid is also formed to some 
extent when the /3-lactone is dissolved in methyl 
alcohol containing an excess of sodium methylate, 
or when it is boiled for a long time with dilute 
sulfuric acid. No isomerization of the lower- 
melting hydroxy acid, obtained from the /3-lactone

rivative of the cis ketonic acid and the former is a 
derivative of the trans acid. However, these con­
figurations have not been established with the cer­
tainty that was possible with the bromo acids.

The hydroxy groups in both the hydroxy acids 
were surprisingly resistant to attack. At the 
ordinary temperatures, with hydrogen bromide in 
acetic acid, the hydroxyl groups were not replaced 
with bromine and at elevated temperatures only 
thick oils resulted. Furthermore, it was not pos­
sible to prepare the corresponding methoxy acids 
by any of the ordinary methods.

With the configurations that are established, it 
is possible finally to decide whether the /3-lactone 
is closed with or without inversion. Because the 
ring formation proceeds through closure of two 
groups in the cis position, with formation of a /3- 
lactone of the same configuration, no inversion 
has occurred. The evidence obtained favors the 
same cis configuration for the hydroxy acid that 
is obtained from the /3-lactone with bases and on 
this basis the ring opening with bases has also oc­
curred without inversion. These reactions are 
shown in the chart.
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H COC6H4Br
X

c o - -o

H

COOH OH

COC6H4Br 
, X III

H COC6H4Br
XIV

H OH H

COOH COC6H4Br CO

OH>
/OCOCH3

C6H4BrC\\f

XV

with bases, is observed in acid solutions. Thus, in 
this manner it was possible to secure the two iso­
meric hydroxy acids, though it was impossible to 
prepare more than one /3-lactone.

The isomeric hydroxy acids, like all the other 
pairs of isomers that have been described, differed 
greatly in the ease with which they formed dicy­
clic acetates in acetic anhydride, but, unlike the 
bromo acids, in mixtures of acetic acid and anhy­
dride satisfactory conversion to cyclic acetates 
could not be achieved. In acetic anhydride, the 
lower-melting hydroxy acid, which was formed by 
the action of bases on the /3-lactone, failed to form 
the dicyclic compound, but the higher-melting iso­
mer was converted into a dicyclic acetate without 
difficulty. On this basis, the latter acid is a de-

XVI

Experimental
A part of the material employed in the investigations 

was prepared from dimethyl phthalate. The commercial 
ester was hydrogenated in the presence of Raney catalyst 
at a temperature of 225° and under a pressure of 2000 lbs. 
(133 atm.). As it was impossible to attain complete hy­
drogenation, the product had to be purified by fractional 
distillation before it was hydrolyzed to the dibasic acid 
from which the anhydride was made.

The rest of the material was made by adding maleic 
anhydride to butadiene* X 3 and hydrogenating the addition 
product. As the equipment for making butadiene4 in 
quantity was available, we found it much more convenient 
to synthesize the anhydride by this method than to make 
it from the phthalate.

Tetrahydrophthalic Anhydride.—Diels and Alder oper­
ated in sealed tubes, but we found tha t with our much

(3) Diels and Alder, A n n ., 460, 113 (1928).
(4) Fieser, Org. Syntheses, 17, 25 (1937), .
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larger quantities it was quite feasible and much more 
convenient to operate in strong-walled flasks in the fol­
lowing manner. A suspension of 90 g. of maleic anhy­
dride in 300 cc. of pure benzene was introduced into a 
suction flask equipped with a delivery tube that dipped 
under the surface of the liquid, and a Bunsen valve that 
was constructed out of heavy-walled tubing. The de­
livery tube was connected with a cooled vessel containing 
70 g. of butadiene and the container was allowed to assume 
the temperature of the room. The gas was absorbed as 
fast as it was evolved, the temperature of the suspension 
rose rapidly and the anhydride disappeared before all of 
the diene had evaporated. The clear solution was al­
lowed to remain under the pressure of butadiene until 
most of the addition product had separated, then cooled 
and filtered. The yield was 134 g. or 96%.

Hydrogenation: cis Cyclohexane Dicarboxylic Anhy­
dride, I.—A suspension of 40 g. of the anhydride in 40 
g. of glacial acetic acid was shaken with hydrogen in the 
presence of 0.1 g. of Adams catalyst. Hydrogen was ab­
sorbed rapidly, the reduction being complete in three to 
four hours. The catalyst was removed by filtration and 
the solvent by evaporation under diminished pressure. 
Nearly all of the residue was pure cis anhydride distilling at
161.7-161.9 ° (25 mm.) and melting at 31 °. The yield was 
93%.

/raws-Cyclohexane Dicarboxylic Anhydride, II.—The
cis anhydride was heated for three hours a t 180 ° with con­
centrated hydrochloric acid and the resulting trans acid 
was converted into its anhydride by treatment with acetyl 
chloride as directed by Baeyer. 5 The anhydride melted at 
140-142° and the yield was 70%.

cw-£-Bromobenzoyl Cyclohexane Dicarboxylic Acid,
III.—To a solution of 50 g. of the cis anhydride in 250 g. 
of bromobenzene which was cooled to 1 0  0 was added, in a 
single lot, 94 g. of powdered aluminum chloride. The 
mixture was stirred and the temperature rose to 60-65°. 
After remaining at room temperature for forty-five minutes 
it was stirred into a mixture of ice and dilute acid and set 
aside to allow the acid to solidify. The solid was removed, 
washed with water and dissolved in sodium carbonate. 
After removal of the unchanged bromobenzene with ether, 
the carbonate solution on acidification deposited 98 g. of 
solid which was recrystallized from 75% acetic acid. I t 
separated in fine needles melting at 169-171 °. I t  is very 
sparingly soluble in ether, readily soluble in chloroform, 
benzene and acetone. The yield was 83 g. or 83%.

Anal. Calcd. for CuHisOsBr: C, 54.0; H, 4.8. Found: 
C, 53.9; H, 4.9.

The methyl ester of the cis ketonic acid was prepared by 
means of diazomethane. I t  crystallized from ether- 
petroleum ether in small prisms melting at 60-61 °. I t  also 
can be obtained by esterifying the acid with methyl alcohol 
and sulfuric acid but the yield is poor.

Anal. Calcd. for Ci5Hi70 3Br: C, 55.4; H, 5.2. Found: 
C, 55.3; H, 5.2.

The Dicyclic Acetate, V.— (1) To a cooled solution of 1.0 
g. of the cis ketonic acid in 60 cc. of acetic acid was added 
2 0  cc. of acetic anhydride containing a trace of sulfuric acid 
(one drop of acid to 50 cc. of anhydride) which had been

cooled to 0°. The solution was kept at 10° for half an 
hour, then stirred into ice water and left to itself for an 
hour. (2) One gram of the acid was dissolved in 40 ce. of 
equal parts of acetic acid and acetic anhydride and the 
solution kept a t 60-65° for fifteen minutes. The solution 
was then treated as above. The resulting solid in each 
case was recrystallized from ether-petroleum ether. I t 
separated in small prisms melting at 149°. The yields 
were 0.9 g. The mixed melting point of the two samples 
was not depressed.

Anal. Calcd. for CieHiyOéBr: C, 54.5; H, 4.9. Found: 
C, 54.5; H, 5.0.

Hydrolysis of the Acetate.—The acetate is hydrolyzed 
with great rapidity. In  boiling moist ether it disappeared 
within three hours and it was removed from its ethereal 
solution by dilute sodium bicarbonate. In each case the 
cis ketonic acid was the only product.

trans-p-Bromobenzoyl Cyclohexane Carboxylic Acid,
IV.—By the same procedure that was employed for the 
preparation of the cis ketonic acid, the anhydride of trans 
cyclohexane dicarbonic acid was converted into the trans 
ketonic acid. The acid was recrystallized from ether- 
petroleum ether. I t  separated in irregular prisms melting 
at 164°. The yield was 60%.

Anal. Calcd. for CuHi50 3Br: C, 54.0; H, 4.8. Found: 
C, 54.2; H, 5.1.

The Methyl Ester.—The ester was prepared both with 
diazomethane and with methyl alcohol and sulfuric acid. 
I t  crystallized from methyl alcohol in prisms and melted at 
98-99°. The yields were quantitative.

Anal. Calcd. for Ci5Hi7 0 3Br: C, 55.4; H, 5.2. Found: 
C, 55.5; H, 5.4.

The Dicyclic Acetate, VI.—In experiments which were 
conducted exactly the same as tha t by which the cis 
ketonic acid was converted into the dicyclic compound, all 
of the trans acid was recovered. The acetic acid was 
omitted, therefore, and 1 . 0  g. of the trans acid was dissolved 
in 2 0  cc. of acetic anhydride containing a trace of sulfuric 
acid. The solution was kept a t the ordinary temperature 
for fifteen minutes and then manipulated as described 
under the cis acetate. The result was 1.0 g. of the trans 
dicyclic acetate. I t  crystallized from ether-petroleum 
ether in small prisms and it melted at 96-97°. The trans 
acetate is more stable than the cis isomer in the presence of 
water but it is rapidly hydrolyzed by dilute acids, regener­
ating the trans acid.

Anal. Calcd. for C ie H ^ B r: C, 54.5; H, 4.9. Found: 
C, 54.6; H, 5.2.

Isomerization of the cis into the trans Ketonic Acid.—
The cis ketonic acid, like the dibasic acid, can be isomer- 
ized with acids but unlike the dibasic acids it is isomerized 
much more rapidly with bases. Thus, after a solution of 
15 g. of the acid in 400 cc. of 5% aqueous sodium carbonate 
had been boiled for three hours, it contained only the salt 
of the trans acid. The trans acid is, therefore, most easily 
secured by converting the cis anhydride into the corre­
sponding ketonic acid and inverting this acid with sodium 
carbonate.

The Unsaturaled 7 -Lactone, VII.—A suspension of 10 g. 
of the cis ketonic acid in 50 cc. of acetic anhydride was 
cooled to 0°, stirred vigorously and treated with 3 drops of(5) Baeyer, A n n ., 258, 217 (1890).
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concentrated sulfuric acid. The acid dissolved immedi­
ately and in a few moments a new solid appeared. After 
fifteen minutes the mixture was stirred into ice water 
where it was left for an hour. The solid was then col­
lected, washed with water, dried and recrystallized from 
methyl alcohol. I t  separated in small cubes melting at 
95°. The yield was 8  g. In a repetition with the same 
quantity of the trans acid, the same solid was formed in the 
same quantity and apparently with the same ease.

Anal. Calcd. for Ci4Hi30 2Br: C, 57.3; H, 4.5. Found: 
C, 57.4; H, 4.8.

Hydrolysis.—The unsaturated lactone, like the corre­
sponding monocyclic lactones, reverts to a ketonic acid 
when it is treated with bases. Thus a solution of 1 g. of 
the substance in 50 cc. of methyl alcohol containing a gram 
of potassium hydroxide was boiled for an hour, then 
diluted with water and acidified. The product was 0.6 g. 
of the trans ketonic acid, the only ketonic acid that is 
stable in the presence of bases.

Addition of Bromine: the Dibromide, VIII.—To a solu­
tion of 4 g. of the unsaturated lactone in 40 cc. of carbon 
disulfide, which was kept a t 0 °, was added 2 . 2  g. of bro­
mine. The bromine disappeared as fast as it was added. 
After removing a part of the solvent, the residual solution 
was diluted with petroleum ether. I t deposited 5.4 g. of a 
solid which, after recrystallization from ether-petroleum 
ether from which it separated in large tables, melted with 
decomposition at 119-122 °.

Anal. Calcd. for Ci4Hi30 2Br3: C, 37.1; H, 2.9; Br,
53.0. Found: C,37.3; H, 3.2; Br, 52.8.

Hydrolysis.—The dibromide is hydrolyzed slowly in 
contact with air, more rapidly when shaken with dilute 
acetic acid. After a suspension of 2 g. of the substance had 
been shaken with the dilute acid for eight hours it yielded 
1.6 g. of pure trans bromo ketonic acid X.

Alcoholysis: the Dicyclic Bromomethyl Ether.—A solu­
tion of 0 . 5  g. of the dibromide in 1 0  cc. of methyl alcohol 
was kept at the ordinary temperature for three hours and 
then allowed to evaporate. The resulting oil was dissolved 
in ether. From the washed and dried ethereal solutions 
petroleum ether precipitated the solid ether in small hard 
prisms melting a t 93°. The corresponding ethyl ether 
melts at 115°. These ethers are more stable than the 
bromide and the acetate but when they are digested with 
acetic acid and concentrated hydrochloric acid they like­
wise are hydrolyzed to the trans bromo ketonic acid.

Anal. Calcd. for Ci5Hi6 0 3Br2: C, 44.6; H, 4.0. 
Found: (93°) C, 44.5; H, 4.2. Calcd. for Ci6Hi80 3Br2: 
C, 46.0; H, 4.3. Found: (115°) C, 46.1; H, 4.6.

Reaction with Acetic Anhydride: the trans Dicyclic 
Bromoacetate, IX.—A solution of 0.5 g. of the dibromide in 
acetic anhydride almost immediately deposited 0.4 g. of 
the solid bromoacetate. I t  was crystallized from chloro­
form from which it separated in small, hard prisms melting 
with decomposition a t 174-176°.

Anal. Calcd. for CieHieC^Brg: C, 44.5; H, 3.7.
Found: C,44.3; H,3.8.

As this bromo compound can be obtained without diffi­
culty by brominating either the cis or the trans ketonic 
acid, it was used as a source for the trans bromo ketonic 
acid. For this purpose it was prepared in the following

manner: a solution of 39 g. of bromine in 50 cc. of acetic 
acid was added slowly to a solution of 75 g. of the cis 
ketonic acid in 200 cc. of acetic anhydride. The reaction 
started at once and proceeded rapidly. Hydrogen bro­
mide was not evolved. The cyclic acetate began to pre­
cipitate before more than a third of the bromine had been 
added. In order to complete the precipitation the mixture 
was cooled for several hours in ice water before filtration. 
The solid was washed with dilute acetic acid, dried and 
recrystallized from chloroform or benzene. The yield was 
94%. When the trans ketonic acid was brominated in 
the same manner the same dicyclic bromoacetate was 
obtained, the yield being 93%.

Hydrolysis: the trans Bromo Ketonic Acid, X.—The 
bromoacetate is not nearly so sensitive as the correspond­
ing unsubstituted acetate, being unaffected when its 
ethereal solution is shaken with dilute solutions of bases. 
For the purpose of hydrolysis a suspension of 98 g. of the 
compound in 300 cc. of acetic acid and 40 cc. of concen­
trated hydrochloric acid was heated with constant stirring 
on a steam-bath for two hours. The clear solution, 
cooled and diluted with water, deposited a solid which, 
after recrystallization from ether, from which it sepa­
rated in hard irregular prisms, melted a t 147 °. The yield 
was 94%.

Anal. Calcd. for Ci4Hi40 3Br2: C, 43.1; H, 3.6. 
Found: C,43.1; H, 3.9.

The cis Dicyclic Bromoacetate, XI.—A solution of 2.6 g. 
of bromine in 2 0  cc. of acetic acid was added to a solution of 
5.0 g. of the cis ketonic acid in 150 cc. of acetic acid and 75 
cc. of anhydride. The reaction started slowly and re­
quired an hour for completion. When the solution was 
cooled it deposited 2.5 g. of the trans bromoacetate which 
was removed by filtration. The filtrate, on dilution with 
water, deposited 2 . 0  g. of solid that was separated by re­
crystallization from ether into 0.5 g. of trans and 1.5 g. of 
the cis bromoacetate. This cis compound crystallized 
from ether in flat needles melting a t 149 °.

Anal. Calcd. for C16Hi60 4Br2: C, 44.5; H, 3.7. 
Found: C, 44.3; H, 3.9.

Hydrolysis: the cis Bromo Ketonic Acid, XII.—The di­
cyclic acetate was hydrolyzed in the same manner as the 
trans compound. The product crystallized in fine needles 
and melted with decomposition a t 185-187 °.

Anal. Calcd. for Ci4Hi40 3Br2: C, 43.1; H, 3.6.
Found: C,42.8; H, 3.7.

The methyl ester of the cis bromo ketonic acid was ob­
tained by means of diazomethane and with methyl alcohol 
and sulfuric acid. I t  crystallized from ether in small 
prisms and melted a t 106 °.

Anal. Calcd. for Ci5Hi60 3Br2: C, 44.6; H, 4.0.
Found: C,44.3; H, 4.4.

In the bromination of the cts ketonic acid the bromo 
derivatives of the cis and trans acids were formed in poor 
yields in the ratio of 30% of the former to 70% of the la t­
ter. Under the same conditions bromination of the un­
saturated 7 -lactone resulted in 25% of cis and 75% of trans 
compounds. No cis compounds were formed in the 
bromination of the trans ketonic acid but a t least 2 0 % of 
the product formed in the bromination of the methyl ester 
of the trans ketonic acid was the methyl ester of the cis
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bromo ketonic acid. Attempts to isomerize the cis bromo 
acid were unsuccessful.

Configuration of the Bromo Ketonic Acids.—Solutions 
of 0.5 g. of each bromo acid in 20 cc. of equal parts of acetic 
acid and acetic anhydride or in 20 cc. of one part acetic 
acid and four parts acetic anhydride were kept at 80° for 
forty-five minutes, then poured into ice water. The re­
sulting solutions were stirred for an hour before filtration. 
The solid in each case from the bromo acid melting a t 147° 
was unchanged bromo acid and the recovery of acid re­
crystallized from ether-petroleum ether was 80%. The 
solid from the bromo acid melting a t 187° was the dicyclic 
acetate X I melting a t 149 ° and the yield of pure reef ystal- 
lized compound was 80%.

In another experiment in which solutions of equal quan­
tities of the two bromo acids in acetic anhydride were kept 
a t the temperature of the room for five hours and then 
manipulated as in the preceding experiment, the bromo 
acid melting at 147° was again recovered in an almost 
quantitative yield. The product from the higher melting 
bromo acid was a new dicyclic acetate which crystallized 
from ether-petroleum ether in small prisms which melted 
a t 78°. When this acetate was hydrolyzed with acetic 
acid and hydrochloric acid it regenerated the bromo acid 
from which it had been formed.

Anal. Calcd. for CieHieC^B^: C, 44.5; H, 3.7. 
Found: C,44.5; H, 3.9.

These experiments show quite conclusively that the 
configuration of the higher-melting bromo acid is repre­
sented by X II and tha t of the lower-melting bromo acid by 
X.

The /3-Lactone, XIII.—A solution of 5 g. of the lower- 
melting bromo acid in 250 cc. of alcohol-free ether was 
shaken for two hours with 250 cc. of 1% sodium bicarbon­
ate. The ether layer was washed thoroughly with water, 
dried over sodium sulfate, concentrated and diluted with 
low boiling petroleum ether. I t  deposited a solid which, 
after recrystallization from methyl alcohol, melted a t 83°. 
The lactone crystallizes in diamond-shaped plates and is 
soluble in all common solvents except petroleum ether. 
The yield was 97%.

Anal. Calcd. for Ci4Hi30 3Br: C, 54.4; H, 4.3. 
Found: C, 54.6; H, 4.7.

The /3-lactone is stable in methyl alcoholic solutions even 
with prolonged boiling. With hydrogen bromide in ace­
tone solution the /3-lactone was converted completely into 
the trans bromo acid from which it is formed. With 
ammonia in methyl alcohol only unidentified oily products 
were obtained.

Action of Bases: the trans Hydroxy Acid, XIV.—A solu­
tion of 5 g. of the lactone in ether was shaken with 300 cc. 
of 1% aqueous potassium hydroxide for twenty minutes. 
The resulting alkaline solution on acidification deposited
4.5 g. of a solid which, after recrystallization from ether- 
petroleum ether from which it separated in small, hard 
prisms, melted a t 134 °. The yield was 90%. As this acid 
is not affected by aqueous alkalies, it is also the only prod­
uct tha t is formed when the bromo acid is shaken with 
dilute aqueous potassium hydroxide. Isomerization of 
this acid also was not detected in acid solutions.

Anal. Calcd. for Ci4Hiö04Br: C, 51.4; H, 4.6.
Found: C, 51.3; H, 4.6.

The methyl ester, obtained by treating the trans hy­
droxy acid with diazomethane, crystallized from ether- 
petroleum ether in thick plates melting a t 88°.

Anal. Calcd. for Ci5Hi70 4Br: C, 52.8; H, 5.0.
Found: C,53.0; H, 5.5.

When a solution containing 2 g. of the /3-lactone in 50 cc. 
of methyl alcohol containing 0.0007 mole of sodium 
methylate was allowed to stand for fifteen hours there was 
obtained after the usual manipulations 1.6 g. of a solid 
methyl ester which, after recrystallization from ether- 
petroleum ether, from which it separated in small prisms, 
melted at 142°.

Anal. Calcd. for Ci5Hi70 4Br: C, 52.8; H, 5.0.
Found: C, 52.6; H, 5.2.

This same 142° methyl ester also was obtained from the 
trans hydroxy acid with methyl alcohol and sulfuric acid in 
quantitative yields. When the 88° methyl ester is al­
lowed to stand in methyl alcohol solutions containing 
either sulfuric acid or a trace of sodium methylate, it is 
converted completely into the 142 0 methyl ester. Both of 
these esters are hydrolyzed readily to the trans hydroxy 
acid with bases and less readily with acids. No evidence 
was obtained to show that one of them is a cyclic ether.

The cis Hydroxy Acid, XV.—A solution of 10 g. of the /3- 
lactone in 600 cc. of methyl alcoholic sodium methylate 
containing 6 g. of sodium was left a t room temperature. 
I t deposited 5 g. of the sodium salt of the trans hydroxy 
acid. The filtrate from the salt, diluted with water and 
acidified, deposited 4 g. of the isomeric acid in nearly pure 
condition. The acid crystallized from ether in thin plates 
melting at 187 °. The same acid was obtained in a yield of 
68% when the lactone was boiled for thirty hours with 5% 
sulfuric acid. The methyl ester of this same hydroxy acid 
was also obtained in nearly quantitative yield when 
methyl alcoholic solutions of the /8-lactone containing a 
few drops of sulfuric acid were allowed to stand a t room 
temperature. This methyl ester was hydrolyzed readily 
with bases to the hydroxy acid.

Anal. Calcd. for Ci4H160 4Br: C, 51.4; H, 4.6.
Found: C, 51.2; H, 4.6.

The methyl ester obtained by treating the cis hydroxy 
acid either with diazomethane or with methyl alcohol and 
sulfuric acid, and from the /8-lactone with methyl alcohol 
and sulfuric acid, crystallized from methyl alcohol in hard, 
irregular prisms, which melted a t 54

Anal. Calcd. for Ci5Hi70 4Br: C, 52.8; H, 5.0.
Found: C,53.1; H, 5.4.

Configuration of the Hydroxy Acids: the Dicyclic 
Hydroxy Acetate, XVI.—One gram of each of the hydroxy 
acids was shaken with 40 cc. of pure acetic anhydride until 
solution was complete^—about fifteen minutes. The solu­
tions were kept a t the ordinary temperature for forty-five 
minutes, then poured into ice water. The resulting sus­
pensions were stirred for an hour before the solid products 
were removed and purified. The solid from the lower- 
melting acid was unchanged hydroxy acid—the recovery of 
pure acid after recrystallization from ether-petroleum 
ether was 70%. The solid from the higher-melting hy­
droxy acid was a neutral compound which crystallized from 
ether-petroleum ether in short, stout needles melting at 
95°. The yield was 77%.
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Anal. Calcd. for CieHiyOgBr: C, 52.0; H, 4.6. 
Found: C, 51.7 ; H, 4.9.

In  ether solution this neutral product was not hydro­
lyzed with sodium bicarbonate solution but when it was di­
gested with a dilute solution of hydrochloric acid in acetic 
acid it regenerated the higher-melting hydroxy ketonic acid.

In solutions of acetic anhydride and acetic acid both 
hydroxy acids failed to react at the ordinary temperature. 
With heating in such solutions both hydroxy acids gave 
oils which invariably gave both the hydroxy acids on 
standing or when their ether solutions were extracted with 
dilute sodium bicarbonate. On the basis of the experi­
ments with acetic anhydride only the higher-melting acid 
forms a dicyclic acetate and in this acid the carboxyl and 
bromobenzoyl groups are on the same side of the ring as 
shown in formula XV.

Summary
The configurations of two cyclic diastereomeric 

j3-bromo 7 -keto acids have been established. 
The bromo acid in which the bromine and car­
boxyl groups are in the cis position is the only one 
that will form a /3-lactone. Evidence is given to 
show that this /3-lactone formation has occurred 
without inversion. The /-Mactone is opened with 
bases to give a single hydroxy acid. The evi­
dence indicates that this hydroxy acid has the 
same configuration as the /3-lactone and the bromo 
acid from which it is prepared.
C a m b r id g e , M a s s . R e c e iv e d  J u n e  27, 1938

[C o n t r ib u t io n  N o. 135 f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , t h e  U n i v e r s it y  o f  T e x a s ]

5,5-Dialkylhydantoins Containing a Dialkylamino Substituent1,2

B y  J. W m . M a g ee  w it h  H e n r y  R. H e n z e

Attempts to relate chemical constitution to 
physiological activity have been of but moderate 
success and the information thus secured has been 
used in the development of the barbituric acid 
series of soporifics.3,4 Synthesis of additional de­
rivatives in this field has continued with the pro­
duction of only a few new types. More recently 
interest has again been centered in the prepara­
tion of sedatives through the replacement of the 
hydrogen attached to the nitrogen of the barbi­
turic acid nucleus by alkyl groups.5,6 Here, par­
ticularly, the substitution of the methyl group for 
the imidic hydrogen has in certain instances pro­
duced compounds of extremely short but intense 
period of hypnotic activity.7 A late publication 
includes evidence of success in the introduction of 
alkylamino groupings8 into the alkyl commonly 
attached to the 5-position of the heterocycle,

(1) From a portion of a dissertation presented by j .  Win. M agee to  
the Faculty of the Graduate School of The University of Texas in 
partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, June, 1938.

(2) Presented before the Division of Medicinal Chemistry at the 
95th meeting of the American Chemical Society, Dallas, Texas, 
April 18 to 21, 1938.

(3) Shonle, Ind . Eng. Chem., 23, 1104 (1931).
(4) Shonle, Waldo, Keltch and Coles, This J o urn al , 53, 585  

(1936).
(5) U. S. Patent 1,073,380 (Sept. 16, 1913); U. S. Patent 1,074,030 

(Sept, 30, 1913); German Patent 537,366 (July 9, 1929); British 
Patent 401,693 (Nov. 17, 1933); U. S. Patent 1,947,944 (Feb. 20, 
1934); German Patent 606,499 (Dec, 4, 1934).

(6) Dox and Jones, T h i s  J o u r n a l , 51, 316 (1929); Shonle and 
Doran, ibid., 58, 1358 (1936); Buck, Hjórt, Ide and DeBeer, ibid,, 60 
461 (1938).

(7) Tabern and Volwiler, ibid., 58, 1354 (1936).
(8) Rosenberg, Kneeland and Skinner, ibid., 56, 1339 (1934),

(3) HN1 . CO (4) (3) HN1 <:o (4)
(2) 1

OC
|

ch21 (5) (2) OC

(1)
|

HN
1

CO (6) (1)
j

HN (: h 2 (5)
I II

HN------CO
Ioc
I

H N -----C—C2H5

c 6h 5
III

A definite similarity exists in the structure of 
barbituric acid (I) and hydantoin (II), and rather 
close analogy is evident in the fact of the existence 
of compounds derived from substitution of identi­
cal groupings for the hydrogen atoms in the 5,5-,
1- and 3-positions of both the barbituric acid and 
hydantoin heterocycles.4,6,9-11 Although, as yet, 
but one 5,5-disubstituted hydantoin12 (III) has 
found clinical use, the hydantoin nucleus is in­
nocuous and offers hope that additional com­
pounds of value as sedatives may be derived from 
it by appropriate substitution. In this Labora­
tory attention has previously been directed to the 
utilization of alkoxyalkyl13 and aryloxyalkyl14 
substituents and compounds of definite hypnotic 
power but unfavorable toxicity have been pro-

(9) Fischer and Dilthey, A n n ., 335, 334 (1904).
(10) Bucherer and Liéb, J . prakt. Chem., 141, 5 (1934).
(11) Biltz and Slotta, ibid., 113, 245, 255 (1926).
(12) Swiss Patent 72,561 (Sept. 16, 1916).
(13) Rigler with Henze, T h i s  J o u r n a l , 58, 474 (1936).
(14) W hitney with Henze, ibid., 60, 1148 (1938).
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duced.13 These hydantoin derivatives have been 
obtained from alkoxy- and aryloxy-dialkyl ke­
tones and from alkoxyalkyl aryl ketones by adap­
tation of Bucherer’s method15 for synthesizing 
simple hydantoins. This process is much simpler 
and productive of better yields than is that of 
Bergs.16

The purpose of the present investigation was 
to obtain 5,5-dialkylhydantoins containing di­
alkylamino substituents. Although l-alkyl-5,5- 
dialkylhydantoins11 have been prepared, a thor­
ough search of the literature fails to disclose the 
synthesis of 5-dialkylaminoalkyl-5-alkylhydan- 
toins. In fact, Slotta, Behnisch, and Szyszka17 
reported that they were unable to convert di- 
methylaminoacetone and te-dimethylamino- 
methyl ketone into the corresponding hydantoins 
by means of Bergs' procedure.16 The former of 
these* ketones, as well as nine other disubstituted 
aminoacetones, have been prepared in this re­
search and all subsequently converted into 5- 
dialkyl- or diallyl-aminomethyl-5-methylhydan- 
toins by adaptation of the method of Bucherer.15

Five of the dialkylaminoacetones had been syn­
thesized previously but inadequately character­
ized. Marked discrepancies were found between 
the melting points of the semicarbazones of three 
of these ketones as recorded in the literature18 and 
as determined in the course of this study.

Experimental
Bromoacetone.—The bromoacetone was prepared by 

slightly altering Levene’s19 modification of Nef’s20 method. 
I t  seemed advantageous to decrease by one-third the vol­
ume of water used and to heat on a steam-cone. Using an 
efficient mechanical stirrer, it was possible to add the re­
quired amount of bromine rapidly through a short separa­
tory funnel. Experimental runs using 10 moles of acetone 
produced 800 g. of bromoacetone in about 55% of the 
theoretical yield and in sufficient state of purity to use 
without redistillation.

Preparation of the Disubstituted Aminoacetones.—Two
general procedures were used for preparing the dialkyl­
aminoacetones. In one method two moles of a specific 
secondary aliphatic amine, diluted with 20 volumes of 
ether, was treated with one mole of bromoacetone diluted 
with 2 volumes of ether. Usually the hydrobromide of 
the secondary amine separated as glistening, white leaflets

(15) Bucherer and Fischbeck, J . prakt. Chem., [2] 140, 69 (1934); 
Bucherer and Brandt, ibid., 129; Bucherer and Barsch, ibid., 151; 
Bucherer and Steiner, ibid., 291; Bucherer and Lieb, ibid., 141, 5 
(1934).

(16) German Patent 566,094 (Dec. 1, 1932).
(17) Slotta, Behnisch and Szyszka, Ber., 67B, 1529 (1934).
(18) Stoermer and Pogge, ibid., 29, 866 (1896).
(19) Levene, “ Organic Syntheses,” John Wiley & Sons, Inc., 

N ew  York, N. Y ., Vol. X , 1930, pp. 12-13.
(20) Nef, A n n ., 335, 259 (1904).

from the reddish-brown colored solution. The ether solu­
tion was refluxed until the odor of bromoacetone was no 
longer evident, chilled in an ice-bath and filtered. The 
filtrate was fractionated under diminished pressure. In 
order to avoid the conversion of one-half of the secondary 
amine into the hydrobromide salt, a second method was 
developed. To one mole of the secondary amine, sus­
pended in 5 volumes of water containing 2 moles of sodium 
carbonate, was added one mole of bromoacetone with 
vigorous stirring during thirty minutes or until the odor of 
bromoacetone could not be recognized. After filtration 
from the sodium bicarbonate formed, the filtrate was ex­
tracted with ether and the extract dried over anhydrous 
sodium sulfate before fractionation. Only in the cases of 
the di-s-propyl and di-s-butyl compounds was this second 
method unsuccessful. In these two instances the rate of 
reaction between the secondary amine and the bromo­
acetone seemed slower than the rate of decomposition of 
the bromoacetone by the alkali.

Although the di-s-butylaminoacetone was refractionated 
a number of times, and the analytical results seemed to 
indicate a state of satisfactory purity, the observed mo­
lecular refractivity and parachor did not check the calcu­
lated values very closely. Hence the liquid was treated 
with enough 6 N  hydrochloric acid to dissolve 90-95% of 
the material; the acid solution was extracted with ether 
and then neutralized with sodium hydroxide. The re­
generated amino ketone was treated with such a quantity 
of 6 N  acid as to dissolve only 5-10 % of the material. The 
residual liquid was washed free of any salt, dried and dis­
tilled. The physical properties of the fractionated ma­
terial were not appreciably altered by this treatment.

All the ketones included in this study are colorless oils 
when freshly and carefully fractionated, possess a strong 
basic odor, but darken after standing even for a short time. 
Only one of the ketones, dimethylaminoacetone, is readily 
miscible with water but all are soluble in the usual organic 
solvents such as ether, acetone, alcohol, benzene, and 
chloroform. The amino ketones are readily dissolved by 
acids, as hydrochloric, sulfuric, and acetic.

Boiling points were taken with calibrated thermometers 
and the properly corrected values are reported for the di­
substituted aminoacetones. Surface tensions were meas­
ured by means of Cassel’s21 precision capillarimeter at 20 °. 
Densities were determined by means of a U-shaped glass 
tube weighing 1.7231 g. and containing 1.1384 cc. of water 
a t 4°. The data resulting from the determination of 
physical constants, the values derived from these data by 
calculation and such information as was obtained through 
analysis of the substituted aminoacetones have been 
tabulated in Table I.

Preparation of Semicarbazones from Disub­
stituted Aminoacetones.—Solid, crystalline semi­
carbazones were obtained from all of the disubsti­
tuted aminoacetones. Those derived from di­
methyl- and diethylaminoacetones, whose syn­
theses have not been reported previously, were so 
soluble in water as to present difficulty in their 
isolation. They were obtained best by making a

(21) Cassel, Chem. Ztg., 53, 479 (1929).
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T a b l e  I
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D is u b s t it u t e d  A m in o a c e t o n e s , R2NCH2COCH3

- R

B. p.,
° c .

(corr.) Mm.
Density

d  204

Ref. 
index 
n  2°D

Surface 
tension 7 20

dynes/cm .

Free
surface
energy

7(m /d )2/3
Yield,

%
1 — C H 3 31.6® 27 0.8688 1 .4 1 3 1 2 7 .7 7 6 6 2 .1 3 6
2 — C H 2C H 3 6 9 .6 * 32 .8 6 2 0 1 .4 2 4 9 2 6 .6 7 7 5 2 .5 4 8
3 — C H 2C H 2C H 3 6 4 . 6 & 8 .8 5 2 0 1 .4 2 9 7 2 6 .6 9 8 5 3 .3 72
4 — C H (C H 3)2 7 9 .7 17 .8 5 9 3 1 .4 3 2 4 2 7 .3 7 8 8 2 .1 6 9
5 — c h 2c h 2c h 2c h 3 8 6 . 7 3 .8 5 0 5 1 .4 3 5 9 2 7 .2 0 9 8 5 .1 71
6 — C H 2C H (C H 3)2 8 0 . 7 & 9 .8 4 2 6 1 .4 3 1 5 2 8 .3 4 1 0 3 2 .5 5 8
7 — C H 2C H (C H 3)C H 3 1 0 4 .7 14 .8 7 4 9 1 .4 4 2 2 2 8 .7 0 1020.0 6 4
8 — c h 2c h 2c h 2c h 2c h 3 110.2 7 .8 4 1 1 1 .4 3 8 2 2 7 .4 9 1 1 6 3 .7 69
9 — C H 2C H 2C H (C H 3)2 7 8 . 7 b 2 .8 4 3 6 1 .4 3 7 9 2 6 .5 5 1 1 2 1 .3 56

10 — C H 2C H :C H 2 8 0 .7 22 .8 8 9 0 1 .4 5 8 6 2 8 .5 9 8 8 5 .5 70

® Stoermer and Dzimski, Ber., 28, 2223 (1895), reported only the following boiling points for these ketones: dimethyl- 
aminoacetone, 123 °; diethylaminoacetone, 155-156 ° with some decomposition.

6 Stoermer and Pogge18 reported for certain of these dialkylaminoacetones the following data which are noticeably at 
variance with the data included in Table I.

Di-w-propylaminoacetone
Diisobutylaminoacetone
Diisoamylaminoacetone

R
Carbon,

Calcd.
%
Found

Hydrogen, % 
Calcd. Found Calcd.

1 59.37 59.18 10.96 10.95 29.24
2 65.07 65.02 11.70 11.82 38.48
3 68.74 68.30 12.18 12.24 47.71
4 68.74 68.48 12.18 12.25 47.71
5 71.29 71.18 12.51 12.43 56.95
6 71.29 71.16 12.51 12.51 56.95
7 71.29 71.21 12.51 12.37 56.95
8 73.18 73.16 12.76 13.06 66.19
9 73.18 73.14 12.76 12.95 66.19

10 70.54 70.38 9.87 9.65 46.78

concentrated solution of semicarbazide hydro­
chloride in the amino ketone, adding a slight ex­
cess of dilute aqueous solution of sodium hydrox­
ide, and chilling in an ice-bath. Recrystalliza­
tion of all semicarbazones is accomplished readily 
by solution in hot benzene and precipitation from 
the cooled solution by addition of several volumes 
of petroleum ether. The corrected melting points 
of, and the analytical constants for, the ten semi­
carbazones are collected in Table II. It is to be 
noted that the melting points of three of these 
semicarbazones, namely, of the di-^-propyl, diiso­
butyl and diisoamyl derivatives differ, as do the 
densities of the respective amino ketones, from 
those reported by Stoermer and Pogge.18 In 
view of these discrepancies all three of the dialkyl­
aminoacetones were resynthesized and their semi­
carbazones prepared again and carefully purified 
and dried. The melting points and analytical data 
checked closely those of the first preparations.

Formation of the Disubstituted Aminohydan- 
toins.—The hydantoins were easily synthesized

B. p., ° c . d 17°
188 0 . 8337
206-207 8735
219-220 8911

Mol. ref. Parachor
Found A M R Calcd. Found AP
29.04 — 0.20 267.8 265.7 -  2.1
38.34 — .14 345.8 340.6 -  5.2
47.64 — .07 423.8 419.5 -  4.3
47.52 — .19 423.8 418.6 -  5.2
56.98 + .03 501.8 497.6 -  4.2
56.98 + .03 501.8 507.4 +  5.6
56.06 — .89 501.8 490.2 -1 1 .6
66.46 + .27 579.8 579.5 -  0.3
66.29 + .10 579.8 573.6 -  6.2
47.10 + .22 400.8 398.6 -  2.2

T a b l e  I I

S e m ic a r b a z o n e s  o f  D is u b s t it u t e d  A m in o a c e t o n e s

r 2n c h 2c ==n n h c o n h 2
I

c h 3
M. p. °C. Nitrogen, %

- R (corr.) Calcd. Found
1 —CHS 137 35.42 35.27
2 —CH2CH8 143 30.41 30.55
3 —c h 2c h 2c h 8 150a 26.14 26.13
4 — CH(CH8)2 195 26.14 25.94
5 —c h 2c h 2c h 2c h 3 132 23.12 23.38
6 -  CH2CH(CH8)2 175® 23.12 23.13
7 — CH2CH(CH3)CHs 196 23.12 23.10
8 — c h 2c h 2c h 2c h 2c h 3 102 20.72 20.62
9 — CH2CH2CH(CH3)2 124® 20.72 20.82

10 — c h 2c h = c h 2 105 26.64 26.73
® Stoermer and Pogge [Ber., 29, 866 (1896)] report the 

following melting points:
- R M. p . ,  ° I

3 —c h 2c h 2c h 3 n o
6 —CH2CH(CH3)3 132
9 —CH2CH2CH(CH3)2 166

directly from the substituted aminoacetones by 
subjecting the carbonyl compounds to the action
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T a b l e  I II
HN------CO

I
OC

I
D is u b s t it u t e d  A m in o h y d a n t o in s  HN----- C—CH2NR2

CH3
- R

Yield,
%

M. p., °c.
(corr.)

Nitrogen, % 
Calcd. Found

Carbon, % 
Calcd. Found

Hydrogen, % 
Calcd. Found

1 —c h 3 32 177 24.55 24.64 49.11 49.14 7.65 7.67
2 —c h 2c h 3 38 196 21.09 21.32 54.25 54.02 8.60 8.61
3 ■—CH2CH2CH3 84 161 18.49 18.72 58.12 58.23 9.31 9.14
4 —CH(CHs)a 77 198 18.49 18.31 58.12 58.26 9.31 9.23
5 —CHaCHaCHaCH, 73 173 16.46 16.76 61.14 61.30 9.87 10.03
6 — CHaCH(CH3)2 62 22 2 16.46 16.50 61,14 61.24 9.87 9.79
7 — CH2CH(CH3)CH3 68 233 16.46 16.60 61.14 61.20 9.87 9.77
8 — CHaCHaCHaCHaCHs 92 171 14.83 15.04 63.57 63.74 10.29 10.29
9 ~CHaCHaCH(CH3)a 98 204 14.83 14.97 63.57 63.85 10.29 10.39

10 —CHaCH=CHa 91 135 18.82 18.71 59.17 59.50 7.68 7.59

of potassium cyanide and ammonium carbonate 
in alcoholic solution according to directions of 
Bucherer.15 To an Erlenmeyer flask fitted with 
an air condenser were added 0.10 mole of ketone,
0.30 mole of freshly powdered ammonium car­
bonate, 0.13 mole of potassium cyanide, and 7-8 
volumes of 50% alcohol,22 and the mixture heated 
for about eight hours. As the carbonate and cy­
anide gradually dissolved, gas was evolved and 
ammonium carbonate formed in the condenser 
tube. Near the end of the period of heating the 
condenser tube was removed and the temperature 
of the bath increased to evaporate the alcohol. 
Cooling in an ice-salt mixture caused most of the 
hydantoin to separate and only an additional, 
small amount was obtained when the solution was 
neutralized with dilute hydrochloric acid. Be­
cause of the dialkylamino substituent, all of the 
hydantoins are soluble in acid so an excess of the 
latter was avoided.

The hydantoins are easily recrystallized from 
dilute alcohol, are soluble in the ordinary organic 
solvents and, with the exception of the dimethyl 
homolog, very sparingly soluble in water. Be­
cause the compounds are amphoteric they are 
soluble in both acidic and alkaline solutions from 
which they are readily precipitated unchanged 
when such solutions are made exactly neutral. 
The disubstituted aminohydantoins are stable, 
white, crystalline solids which melt without de­
composition to clear straw colored liquids. The 
temperatures reported as melting points of the 
hydantoins in Table III represent corrected 
values.

(22) Due to the solubility of the dimethylaminoacetone no alcohol 
was used in the preparation of 5-dimethylaminomethyl-5-methyl- 
hydantoin.

Summary
1. The series of 5,5-dialkylhydantoins has 

been extended by the synthesis of nine examples of 
dialkylamino derivatives. Likewise the produc­
tion of 5-diallylaminomethyl-5-methylhydantoin 
represents the initial preparation of an additional 
type.

2. Although Slotta, Behnisch and Szyszka 
were unable to convert dimethylaminoacetone 
into 5-dimethylaminomethyl-5-methylhydantoin 
by means of the method of Bergs, this conversion 
has now been accomplished utilizing the closely 
related method of Bucherer.

3. Diallylaminoacetone and four new mem­
bers of the series of dialkylaminoacetones have 
been prepared and five additional examples of this 
type have been resynthesized and all adequately 
characterized. The densities of three of the ke­
tones are in definite disagreement with the data 
previously reported in the literature.

4. The yield of disubstituted aminoacetones, 
as based on the weight of the secondary amine 
used, has been doubled by using dilute alkali to 
prevent the formation of the secondary amine hy­
drobromide.

5. Semicarbazones, useful in the identifica­
tion of the amino ketones, were obtained from 
each of the ten members of this series. The melt­
ing points of the semicarbazones of three of the 
disubstituted aminoacetones are quite different 
from those reported in a prior investigation.

6. For diallylaminoacetone and the series of
dialkylaminoacetones studied in this investiga­
tion, the molecular refraction was found to be more 
sensitive than the parachor as an index to purity. 
A u s t i n , T e x a s  R e c e iv e d  J u n e  13, 1938
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Syntheses from Ethanolamine. V. Synthesis of A1 2-Oxazoline and of 2,2'-A2-D i-
oxazoline

B y  H e n r y  W e n k e r

As the lowest member of the series, A2-oxazo- 
line (I) is of theoretical interest. The compound 
has not been described hitherto; earlier attempts1 
to prepare it by dehydration of ethanol formamide 
resulted invariably in cleavage into carbon mon­
oxide and ethanolamine.

The base has now been obtained by the action 
of alkali upon #-chloroethyl formamide; the lat­
ter was made from ethanol formamide1,2 and 
thionyl chloride. Similarly, 2,2'-A2-dioxazoline 
(II) was prepared from s-ft/3'-dichlorodiethyl 
oxamide. The method in itself is not new; 
Gabriel and Heymann3 obtained 2-phenyl-A2- 
oxazoline from d-bromoethyl benzamide and alkali

N—
i i

- c h 2 c h 2- n
1 II ar­il

HC o
- 1 II

c h 2 c- i
No \ q / \

A2-Oxazoline is a colorless, mobile liquid which 
boils at 98° under atmospheric pressure and has a 
specific gravity of 1.0752V  Its odor is sweetish 
and somewhat pyridine-like, resembling that of 
the next higher 2-alkyl homologs. I t is miscible 
with water, ethanol and ether; the aqueous solu­
tion reacts alkaline to phenolphthalein. It is less 
stable than the higher homologs. Boiling water 
hydrolyzes it to ethanol formamide. Anhydrous 
hydrogen chloride (in ether) forms an unstable 
hydrochloride which rearranges quickly to /3- 
chloroethyl formamide, a characteristic reaction 
which it shares with the higher 2-alkyl homologs. 
Metallic sodium reacts with formation of sodium 
cyanide as one of the products. A picrate could 
not be obtained.

2,2'-A2-Dioxazoline, on the other hand, is a 
stable, well crystallized compound. I t dissolves 
in water with neutral reaction and forms a stable 
picrate. With dry hydrogen chloride it regener­
ates 5-jS,/3'-dichlorodiethyl oxamide.

Experimental
/3-Chloroethyl Formamide.—Due to its instability, this 

compound was not obtained in pure form. One hundred 
twenty-five grams of thionyl chloridewas dropped into 89g. 
of ethanol formamide with cooling; the charge was then 
heated on the water-bath for fifteen minutes and subjected 
to vacuum distillation. Forty-eight grams distilled be­

(1) Wenker, T h is  J o urn al , 57, 1080 (1935).
(2) French Patent 638,023 (1928).
(3) Gabriel and Heymann, Ber., 23, 2493 (1890).

tween 130-155° (20 mm.); the residue then began to de­
compose. The distillate contained 25.0% of chlorine 
(theory 32.8%). Slow decomposition took place during 
the whole operation and made the maintenance of an ade­
quate vacuum difficult. For the same reason, attempts a t 
fractionating the first distillate with the aid of a column 
were unsuccessful. A second distillation gave 10 g. of ma­
terial boiling between 137 and 140° (20 mm.) and having 
28.5% chlorine; a third distillation gave 6 g. boiling a t 
137-138° (20 mm.) with 29.4% chlorine. The distillates 
represented colorless, odorless liquids miscible with water 
and with ethanol. Experiments in which a larger excess of 
thionyl chloride was used, gave smaller yields and showed 
an increased rate of decomposition.

The large amount of non-volatile residue apparently was 
caused by cleavage of /3-chloroethyl formamide into carbon 
monoxide and /3-chloroethylamine; the latter is protected 
by the dissolved hydrogen chloride from immediate de­
composition. This explanation was supported by the 
following experiments, (a) Sodium hydroxide produced 
in a concentrated aqueous solution of the residue a liquid 
base which boiled up and decomposed after short standing; 
jö-chloroethylamine shows the same spontaneous decom­
position. (b) In  a more dilute solution of the residue 
alkali produced ethylene-imine: 40 g. of residue was dis­
solved in a solution of 40 g. of sodium hydroxide in 350 g. 
of water; the clear solution was distilled, the first 20 cc. of 
distillate was carefully saturated, and then covered with dry 
sodium hydroxide, followed by distillation from a boiling 
water-bath. Two and two-tenths grams of ethylene-imine 
distilled over and was identified by its boiling point (56°).

A2-Oxazoline.—Fifty-four grams of /3-chloroethyl form­
amide, once distilled, was added to 150 g. of 50% potassium 
hydroxide contained in a 500-cc. distilling flask over a 
period of ten minutes. The mixture was shaken fre­
quently and a temperature of 15-18° was maintained by 
external cooling with ice. Shaking was continued for 
about five minutes longer; by this time the crude oxazoline 
base had separated as an oily layer above the alkaline liq­
uid. The flask was now connected with a condenser tube 
reaching into the bulb of a 250-cc. distilling flask; the 
latter was surrounded by ice. The base was distilled under 
a vacuum of 15 mm. from a water-bath heated to 45 °. To 
the distillate, amounting to 25 g., 60 g. of dry potassium 
hydroxide was added under constant cooling with ice; the 
first additions had to be made in very small portions, since 
violent decomposition, due to overheating, occurred during 
one experiment a t this stage. The charge was distilled in 
vacuo as before and the distillate (15 g.), which was already 
practically anhydrous and gave the correct nitrogen value, 
was covered again with 60 g. of potassium hydroxide and 
distilled in vacuo, giving 14 g. of the pure base.

Anal. Calcd. for C3H 5NO: N, 19.7. Found: N, 19.6.
Reactions of A2-Oxazoline. A. Boiling Point.—Two 

grams of oxazoline, heated in a test-tube over a free flame, 
boiled without decomposition a t 98°. At the end of five 
minutes, the boiling point was unchanged.
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B. Hydrolysis with Water.—Three grams of base and 
3 g. of water was heated in a test-tube, foiling began at 
94° and continued, after removing the flame, for five 
minutes, while the temperature rose to 108 °. The color­
less liquid, which still smelled of oxazoline, was heated for 
thirty minutes more in the boiling water-bath and then 
dried in vacuo a t 100°. A colorless, odorless oil remained 
which contained 14.9% nitrogen as compared with 15.7% 
calculated for ethanol formamide. A part of the oil was 
heated to 100 ° in oxalic acid solution for one hour; ethanol 
now precipitated the characteristic alcohol-insoluble 
ethanolamine oxalate.

C. Reaction with Hydrogen Chloride.—To 3 g. of
oxazoline dissolved in 10 g. of ether, 15 g. of a 10% ethereal 
solution of hydrogen chloride was added with ice cooling. 
A white crystalline powder separated a t once which at 
room temperature soon melted to a clear colorless liquid. 
After removing the ether and excess of hydrogen chloride 
in vacuo a t 100°, the product contained 32.1% of chlorine; 
calculated for /3-chloroethyl formamide, 32.8%.

D. Reaction with Sodium.—A piece of sodium in 1 g. 
of oxazoline caused a violent reaction with evolution of gas. 
The residue, a yellow amorphous mass, gave a precipitate 
of Prussian blue by the usual test for cyanides.

E. Picrate.—The alcoholic solution of the base re­
mained clear with picric acid. Ether precipitated an oil 
which did not crystallize.

s-/3, /3-Dichlorodiethyl Oxamide.—Twenty grams of s- 
diethanol oxamide,4 1 100 g. of toluene and 42 g. of thionyl 
chloride was heated for thirty minutes to 60°, then for 
ninety minutes in a boiling water-bath. Without first 
dissolving, the diethanol oxamide changed to a thick white 
crystal sludge. After cooling, the crystals were filtered, 
washed subsequently with ethanol, boiling water, ethanol, 
and crystallized from 200 g. of boiling “cellosolve” (ethyl­
ene glycol monoethyl ether). The yield was 19 g. or 78%.

(4) Knorr, Ber., 36, 1278 (1903).

The product forms white needles, insoluble in water, 
sparingly in hot ethanol, which melt a t 203 °.

Anal. Calcd. for CtfLyNtCkCU: Cl, 33.3. Found: Cl,
33.1.

2,2'-A2-Dioxazoline.—Ten and six-tenths grams of the 
preceding compound in 100 cc. of N  methyl alcoholic 
potassium hydroxide was boiled for one hour, the clear 
solution filtered from potassium chloride, evaporated on 
the water-bath and the crystalline residue recrystallized 
from 100 g. of toluene. The yield was 5.9 g. or 84%. 
2,2 '-A2-Dioxazoline crystallizes from toluene in white, 
fern-like aggregates which melt a t 213 °. I t  is very soluble 
in water and in ethanol, almost insoluble in ether and in 
cold toluene.

Anal. Calcd. for CeHs^Oa: N, 20.0. Found: N, 19.9.
Reaction with Hydrogen Chloride.—One and four-tenths 

grams of dioxazoline was dissolved in methanol and 10 g. 
of a 10% solution of hydrogen chloride in ether was added. 
White crystals separated and were identified, after crystal­
lization from “cellosolve,” by melting point and mixed 
melting point (203°) as s-/3,/3-dichlorodiethyl oxamide.

Picrate.—Thirty-five hundredths of a gram of dioxazo­
line and 1.3 g. of picric acid both dissolved in hot ethanol 
gave a sparingly soluble picrate which crystallized in long 
needles and melted a t 182°.

Summary
Thionyl chloride reacts with ethanol formamide 

and with 5-diethanol oxamide with formation of 
d-chloroethyl formamide and of /3-dichlorodi­
ethyl oxamide. With alkali, the latter two com­
pounds yield A2-oxazoline and 2,2'- A^dioxazo­
line, respectively. Some characteristic reactions 
of the two oxazolines are described.
E l i z a b e t h , N . J .  R e c e i v e d  J u n e  20 , 19 3 8

[C o n t r ib u t io n  f r o m  t h e  N ic h o l s  L a b o r a t o r y  o f  N e w  Y o r k  U n i v e r s i t y ]

Reactions of Grignard Reagents with Isatin and N-Alkyl Isatins1
B y  F r e d e r ic k  J. M y e r s2 a n d  H. G. L in d w a l l

The reactions of several Grignard reagents with 
isatin and N-methylisatin have been reported by 
Kohn.3 With isatin the Grignard reagents yield 
the respective 3-alkyl(or aryl)-3-hydroxy-oxin- 
doles, as would be anticipated. These products 
have the general formula

(1) Presented in part at the Rochester meeting of the American 
Chemical Society, September, 1937.

(2) Present address: c /o  Rohm and Haas Go., Bridesburg, Penna.
(3) Kohn and Ostersetzer, Monatsh., 32, 905 (1911); Kohn, ibid., 

31, 747 (1910).

Kohn prepared the 3-methyl, 3-phenyl and 3- 
benzyl derivatives of I, but did not investigate 
the chemical characteristics of these compounds.

Structure I suggested the possibility of the prepa­
ration of 3-alkylidene oxindoles through the 
action of dehydrating agents; using 3-benzyl-3- 
hydroxyoxindole as the representative of the 

4 group, various methods of dehydration were at­
tempted, but without success. In most cases, 
the compound was recovered unchanged, or, under 
extremely strenuous conditions, suffered changes 
more complex than the simple splitting off of a 
molecule of water.

Kohn4 also studied the action of phenylmagne-
(4) Kohn and Ostersetzer, ibid., 34, 789 (1913).
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sium bromide upon N-methylisatin, and reported 
a single compound, 2,3-diphenyl-1-methylindole- 
oxide-2,3 (II), as the product. He postulated the 
mechanism

R R

/ V NV o

-CO

2 CeHsMgBr ---------------- >
/y k
\ / —

/C6H5

X)MgBr
✓ OMgBr

The reaction has been repeated; the product iso­
lated was found to melt at 140-143°, which was 
in close agreement with the melting point (145°) 
reported for II by Kohn. However, upon re­
peated recrystallization of the product from dilute 
ethyl alcohol, it soon became apparent that two 
compounds were present; one (II) melting at 
137.5-138.5°, was yellow and, as reported by 
Kohn for II, gave a marked fluorescence in solu­
tion, and the other (III) was almost white, melted 
at 171-171.5°, and gave no fluorescent effect in solu­
tion. Compound II was obtained as plates, while 
III was in the form of needles. The longer the 
period of time of exposure of the original Grignard 
complex to the hydrolytic agent (sulfuric acid), 
the larger was the relative amount of III obtained. 
Analyses showed II and III to be isomeric.

The oxide ring structure assigned by Kohn to 
II suggested that III might be a rearrangement 
product of II, and that III was possibly N-methyl-
3,3-diphenyloxindole. Synthesis proved this 
structure for III to be correct. Inagaki’s5 
method of preparation of 3,3-diphenyloxindole by 
the action of benzene upon 3,3-dichloroöxindole 
in the presence of aluminum chloride was applied, 
substituting N-methyl-3,3-dichloro5xindole. This 
Friedel-Crafts reaction proceeded smoothly, and 
yielded III.

R

(5) Inagaki, J .  P h a r t n .  S o c .  J a p a n ,  53, 686 (1933).

Furthermore, phenylmagnesium bromide and 
N-ethylisatin -were found to yield two products 
(IV and V) paralleling II and III. The higher 
melting compound (V) was shown, by synthesis 
as above, to be N-ethyl-3,3-diphenyloxindole, and 
compound IV was similar to II in general charac­
teristics.

Experimental Part
2.3- Diphenyl-l-methylindole-oxide-2,3 (II).—Powdered 

N-methylisatin (0.05 mole) was added slowly, over the 
period of one hour, to a boiling solution of phenylmag­
nesium bromide (0.25 mole) in 150 cc. of ether and 150 
cc. of benzene. After addition the mixture was kept 
a t its boiling point with vigorous stirring for one-half 
hour, and then was poured into an ice and coned, sulfuric 
acid mixture. After standing overnight, 52% of crude 
product had separated; the residual liquid mixture was 
set aside for one week, in the course of which time further 
solid product appeared (see below).

The crude product, which had separated after over­
night standing of the hydrolytic mixture, was obtained as 
a crystalline mass, green in tint, soluble in dilute ethyl al­
cohol, dilute methyl alcohol, and dilute acetic acid; 
thin plates from dilute ethyl alcohol, m. p. 140-143° 
(Kohn and Ostersetzer report 145°).

Repeated recrystallizations finally yielded II  in purer 
form as thin plates, m. p. 137.5-138.5°, and showing a 
marked fluorescence in solution. Also (see below), 
another product (III) was isolated which differed from II 
in crystal form and did not show fluorescence in solution.

Anal. Calcd. for C21H17ON: N, 4.68. Found: N, 
4.71, 4.80.

3.3- Diphenyl-1-methyloxindole (III). By the Action of 
Phenylmagnesium Bromide upon N-Methylisatin.—Re­
peated recrystallization of I I  (above) yielded small 
amounts of III, though not in very pure form (m. p. 167- 
168°). The residual hydrolytic mixture (see above for 
II), after removal of crude II  and after one week of stand­
ing at room temperature, yielded a sample of III, which 
was easily purified by crystallization from aqueous alcohol; 
m. p. 171-171.5°; short stubby needles, showing no 
fluorescence in solution.

Anal. Calcd. for C21H17ON: N, 4.68. Found: N, 
4.92, 4.52.

Compound III. By the Friedel-Crafts Reaction.—Pow­
dered anhydrous aluminum chloride (0.0125 mole) was 
added slowly to 3,3-dichloro-l-methyloxindole (0.005 
mole) in 20 cc. of absolute benzene, and the mixture was 
then heated a t 50° for four hours. After removing the 

§ benzene by distillation under diminished pressure, the 
residue was treated with ice and dilute hydrochloric acid. 
A gummy mass resulted which was extracted with dilute 
methyl alcohol; the extract was decolorized with charcoal 
and cooled and the product (III) separated as white 
needles from methyl alcohol, m. p. 171-171.5°. Melting 
point methods showed samples of I II  to be identical with 
that obtained from the Grignard reaction.

2.3- Diphenyl-l-ethylindole-oxide-2,3 (IV).—N-Ethyl- 
isatin and phenylmagnesium bromide were allowed to react
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following a procedure similar to that shown above for 
II. After hydrolytic treatment in the usual manner, 
the crystalline material that had formed in two hours 
was removed and purified by recrystallization from dilute 
methyl alcohol to which a little acetic acid had been added. 
Compound IV was thus obtained as short diamond­
shaped crystals, greenish-yellow in color, and showing 
greenish fluorescence in solution; m. p. 116-117°; yield, 
56%. The residual benzene-ether solution, from which the 
crude IV was obtained originally after the hydrolysis of the 
Grignard complex, was set aside for ten days, after which 
time compound V was isolated (see below).

Anal. Calcd. for C22H 19ON: N, 4.47. Found: N, 
4.29.

3,3-Diphenyl-l-ethyloxindole (V). By the Action of 
Phenylmagnesium Bromide upon N-Ethylisatin.—The
residual benzene-ether solution, from which IV had sepa­
rated (see above), was allowed to stand for ten days 
and then was concentrated by distillation. Compound 
V, yield 16%, separated and was purified by crystalliza­

tion from dilute methyl alcohol; long white needles, m. p. 
156-157°, giving no fluorescence in solution.

Anal. Calcd. for C22H i9ON: N, 4.47. Found: N, 4.40.
Compound V. By the Friedel-Crafts Reaction.—Com­

pound V was prepared by the reaction of benzene with 3,3- 
dichloro-l-ethyloxindole, as for III. The product was 
identical with the V obtained from the Grignard reaction 
in melting point and physical characteristics. A mixture 
of samples from the two sources showed no depression of 
the melting point.

Summary
3,3 - Diphenyl -1 - methyloxindole and 3,3 - di­

phenyl-1-ethyloxindole accompany the respective
2,3-diphenyl-l-alkylindole-oxide-2,3 as products 
of the reaction of phenylmagnesium bromide with 
N-methylisatin and N-ethylisatin.
U n iv e r s it y  H e ig h t s
N e w  Y o r k , N .  Y .  R e c e iv e d  J u n e  28, 1938

[C o n t r ib u t io n  No. 364 f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , U n i v e r s it y  o f  P it t s b u r g h ]

Friedel-Crafts Reactions on m-Diphenylbenzene1
By H . G aines G oodman, J r ., and Alexander  L owy

In the process for the preparation of biphenyl 
from benzene, considerable amounts of high boil­
ing products are produced. m-Diphenylbenzene 
is one of the constituents of this high boiling ma­
terial. Wardner and Lowy2 have reported refer­
ences to the literature concerned with the prepa­
ration of this hydrocarbon and its derivatives up 
to 1932. Since then the additional articles3 
listed have dealt with the subject.

Because a search of the literature has revealed 
that no attempt has been made previously to ap­
ply the Friedel-Crafts type of reaction to m-di- 
phenylbenzene, a study was undertaken, with the 
object of synthesizing and identifying several new 
compounds of the ketonic types, prepared by the 
action of acyl halides and anhydrides on m-6i- 
phenylbenzene in the presence of anhydrous alu­
minum chloride.

The Friedel-Crafts reaction needs no discus­
sion here since it is covered admirably by several 
comprehensive reviews.4

(1) Abstracted from a thesis presented by H. Gaines Goodman, 
Jr., to the Graduate School in partial fulfilment of the requirements 
for the Ph.D. degree.

(2) Wardner and Lowy, T h is  J o u r n a l , 54, 2510 (1932).
(3) Cook and Cook, ibid., 55, 1212 (1933); Wulff and Roell, 

U. S. Patent 2,004,546; Busch and Weber, J . prakt. Chem., 148, 1 
(1936).

(4) Kranzlein, “ Aluminiumchlorid in der organischen Chemie,” 
Verlag Chemie, G. m. b. H., Berlin, 1932; Calloway, Chem . Rev., 17, 
327 (1935); Groggins, “Unit Processes in Organic Syntheses,” 
McGraw-Hill Book Co., Inc., New York, N . Y., 1935.

The structure of the m-diphenylbenzene mole­
cule is such that six theoretical monosubstitution 
products are possible. I t was desirable, there­
fore, to determine the position of attack in the 
case of each reactant, and, in order to accomplish 
this, an oxidation of each acylation product was 
carried out and a study of the oxidation products 
made. The oxidation products isolated indicated 
that, in each reaction, the para position of an end 
ring had been attacked, except in the case of m- 
diphenylbenzene-phthaloylic acid,5 the exact 
structure of which was not determined. This was 
in agreement with numerous examples contained 
in the literature, which indicated the para position 
of a substituted benzene ring to be the one gen­
erally attacked in the Friedel-Crafts syntheses.

Experimental
The writers are indebted to Mr. R. E. Bowman, of 

Wilmington, Delaware, who is investigating the high boil­
ing material furnished by the Monsanto Chemical Co., for 
a generous supply of m-diphenylbenzene. The m-di­
phenylbenzene thus obtained was recrystallized twice 
from ethyl alcohol, producing white needle-shaped crys­
tals, m. p. 85°. Redissolving these crystals in boiling 
ethanol, and filtering after cooling to 70°, resulted in the

(5) m-Diphenylbenzene-phthaloylic acid is the term selected for 
use here, in order to embrace all of the six monosubstitution products 
which might be obtained theoretically by the action of phthalic an­
hydride on m-diphenylbenzene. Groggins, Ind . Eng. Chem., 22, 620 
(1930), has suggested a better nomenclature in the event that the 
structures of the acids are definitely known.
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T a b l e  I
F r ie d e l - C r a f t s  R e a c t io n s

m-(f>3 = m-Diphenylbenzene. A = Aluminum Chloride. B = Reactant.

Expt. m-<f> 3 A -Grams used-------------- -—-------B Inert solvent
Conditions Product 
(See text) (See Table II)

1 30 20.7 10.2(Acetyl chloride) Nitrobenzene 28(0.5)-45°(5) (A)
2 20 25.5 9.1 (Acetic anhydride) Nitrobenzene 28(ll)-45°(0 .5) (B)
3 (See text) 21.6 7 .9(Acetyl chloride) Nitrobenzene 30(2)-50°(l) (C)
4 20 15.4 13.3(Benzoyl chloride) Nitrobenzene 28°(5) (D)
5 23 14.6 11.3(Chloroacetyl chloride) Carbon bisulfide 4°(6) (E)
6 23 14.6 19.4(Benzenesulfonyl chloride) None 50(4)-100°(0.5) (F)
7 23 29.3 14.8( Phthalic anhydride) d-Dichlorobenzene 30(7)-50o(l) (G)

separation from the cooled filtrate of crystals melting at 
87°.

The apparatus described by Riddell and Noller6 was used 
throughout the investigation.

In general, the procedures followed throughout the in­
vestigation were essentially the same, as is exemplified in 
the method used in the first experiment, described com­
pletely herewith.

Preparation and Identification of ^-Acetyl-m-diphenyl- 
benzene.—To a solution of 30 g. (0.13 mole) of m-diphenyl­
benzene in 100 cc. of nitrobenzene, a solution of 20.7 g. 
(0.15 mole) of anhydrous aluminum chloride in 100 cc. of 
nitrobenzene was added and mixed thoroughly. With the 
above mixture a t 28°, 10.2 g. (0.13 mole) of acetyl chloride 
was added dropwise from the dropping funnel, stirring 
continuously. A vigorous evolution of hydrochloric acid 
gas continued for thirty  minutes. Then the temperature 
was raised to 45 ° and held for five hours. The charge was 
hydrolyzed by the addition of ice, and the nitrobenzene 
layer separated and washed thoroughly with water. The 
nitrobenzene was removed by steam distillation and the 
resulting crude product dissolved in acetone and filtered. 
The acetone was then removed by evaporation and the 
residue subjected to a vacuum distillation. The distillate 
which passed over from 232 to 246° at 1 mm. pressure was 
further purified by three recrystallizations from ethanol, 
whereupon 10 g. of white />-acetyl-m-diphenylbenzene, 
melting at 104°, was obtained.

This compound was also produced by the use of acetic 
anhydride instead of acetyl chloride under the conditions 
given for experiment 2, Table I. Isolation of the reaction 
product was accomplished by the method described above.

One gram of £-acetyl-m-diphenylbenzene was refluxed 
for five hours with 5 g. of chromic anhydride and 40 cc. of 
glacial acetic acid. The charge was then poured into ice 
water, and the precipitated acid filtered and washed 
thoroughly with distilled water. The free acid was then 
dissolved in a small amount of 10% sodium hydroxide 
solution and filtered through asbestos. The filtrate was 
acidified with concentrated hydrochloric acid to reprecipi­
tate the free acid which was washed thoroughly with dis­
tilled water and dried. The acid thus obtained was 
identified as terephthalic acid by conversion to dimethyl 
terephthalate, m. p. 140°, thus indicating that acylation 
had taken place in the para position of m-diphenylbenzene.

The essential data concerning each preparation are 
given in Table I. In this table the conditions are de­
scribed by giving the initial and final temperatures, fol­

(6) Riddell and Noller, T h is  J o ur n a l , 52, 4368 (1930).

lowed in parentheses by the duration of each temperature 
in hours. In  each experiment the inert solvent was re­
moved from the crude product by steam distillation. In 
Experiment 3, £-acetyl-m-diphenylbenzene, the product of 
Experiment 1, was used instead of m-diphenylbenzene in 
order to produce £,£'-diacetyl-m-diphenylbenzene. All 
efforts to produce this material from m-diphenylbenzene 
failed. After removal of the solvent, the crude product 
was extracted with ethyl ether and the residue recrystal­
lized. This procedure also was used in working up the 
crude product of Experiment 4. In Experiment 5, after 
completion of the reaction, the inert solvent, carbon bi­
sulfide, was decanted from the insoluble complex com­
pound, which was then hydrolyzed, steam distilled to 
remove any residual carbon bisulfide, and the crude prod­
uct extracted twice with 100 cc. of boiling ethanol. Upon 
cooling these extracts, crystals were deposited which were 
recrystallized from small amounts of ethanol. Benzene- 
sulfonyl chloride was found to react very sluggishly upon 
m-diphenylbenzene if an inert solvent was used. In 
Experiment 6, therefore, the hydrocarbon and reactant 
were mixed, raised to 50°, and the aluminum chloride 
added in small increments. After hydrolysis, the crude 
product was boiled successively with several large portions 
of water to remove any remaining benzenesulfonyl chlo­
ride. The residue was then recrystallized from large 
quantities of ethanol. The procedure used in isolating the 
product of Experiment 7 differed so markedly from the 
others that it is given in detail, thus. The charge was 
hydrolyzed by pouring into a mixture of crushed ice con­
taining 10% of concentrated hydrochloric acid. After 
hydrolysis, the solvent layer was separated and washed 
thoroughly to remove all the mineral acid, and the o-di- 
chlorobenzene removed by steam distillation. The crude 
product was separated and boiled with 350 cc. of 10% 
sulfuric acid to remove any residual aluminum salts, and 
finally with several successive portions of water to remove 
any residual sulfuric acid and phthalic acid. The remain­
ing solid m atter was dissolved in 500 cc. of water containing 
50 cc. of concentrated ammonium hydroxide, a small 
amount of boneblack added, and the solution boiled for 
one hour. After cooling, the boneblack and any insoluble 
hydrocarbon or phthalides were filtered off. The car­
boxylic acid was then reprecipitated by the addition of con­
centrated hydrochloric acid. After removal by filtration 
and washing to remove any residual hydrochloric acid or 
soluble chlorides, this product, 35.5 g., was dried over con­
centrated sulfuric acid, under reduced pressure. All 
efforts to purify this product by crystallization were futile. 
I t  is very soluble in methanol, ethanol, benzene, toluene,
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T a b l e  II
C h a r a c t e r ist ic s  o f  P r o d u c t s  

m-<f>3 = m-T> ipheny lb enzerie
Solvent for Yield, M. p., Carbon, % H ydrogen, %

Product recrystallization g. °c. Formula Calcd. Found Calcd. Found

(A) ^-Acetyl-m-03 EtOH 10 104 C20H i6O 88.24 88.09 87.95 5.88 5.74 5.82
(B) £-Acetyl-m-03 EtOH 5 104
(C) p,p '-Diacetyl-m-03 EtOH 1.4 152 C22H18O2 84.08 84.15 83.95 5.73 5.45 5.64
(D) ^-Benzoyl-m-03 Benzene, EtOH, 1:4 13 117 C2&H18O 89.82 89.92 89.73 5.39 5.30 5.34
(E) p,p'-T>i-{ -co-chloro- EtOH 3 150 C22H16O2CI2

acetyl)-w-<£3 Cl, 18.53 18.23 18.27
(F) ^-Benzenesulfonyl-m-03 EtOH 4 119 C24H18O2S S, 8.64 8.61 8.65
(G) m-03-Phtfialoylic acid5 35.5 C 26H 180 3  82.54 82.47 82.52 4.76 4.95 4.91

Neut. eq. 378 385 387

acetic acid, acetone, and ethyl ether, from any of which 
it may be recovered by evaporation of the solvent as a 
glassy, resinous film. The dried product fuses at 90-100° 
to a straw-colored, opaque, resinous mass.

Table II gives essential data concerning the products 
obtained.

Table III  lists the oxidation products of each of the 
compounds with the melting points of their derivatives 
used for identification. These oxidations were all per­
formed in the heretofore described manner, using a mixture 
of chromic anhydride and acetic acid. All esters were pre­
pared by the method given by Mulliken.7

T a b l e  I II
I d e n t if ic a t io n  o f  P r o d u c t s

m . p. °c.
DM E = Dimethyl ester

Compound Oxidation products ME =  M ethyl ester

(A) Terephthalic acid DME, 140
(C) Terephthalic acid DME, 140
(D) £-B enzoylbenzoic acid 194; ME, 107
(E) Terephthalic acid DME, 140
(F) ^-Phenylsulfonebenzoic acid 273
(G) No identifiable products

Ring Closure of m-Diphenylbenzene-phthaloylic Acid.—
Several experiments were performed with the idea of de­
termining the susceptibility of ra-diphenylbenzene-phthal- 
oylic acid to ring closure, to form a substituted anthra- 
quinone type. Of the five dehydrating agents used, acetic 
anhydride, anhydrous aluminum chloride, anhydrous ferric 
chloride, phosphorus pentoxide, and sulfuric acid, positive 
results were obtained only by the use of the last named re­
agent, when heated at 136°. Sulfonation, however, was 
shown to occur simultaneously. The resulting product 
was water soluble and when treated with zinc dust and 10% 
sodium hydroxide solution produced a deep red color, 
which disappeared upon blowing air through the solution.

m-Diphenylbenzene-p-carboxylic Acid.—The method of 
oxidation described below is based upon that described by 
Bogert and Hasselström8 for the preparation of retene-a- 
carboxylic acid from acetylretene.

One gram of />-acetyl-w-diphenylbenzene was dissolved 
in 50 cc. of hot methanol and, with stirring, 15 cc. of a 
strong sodium hypochlorite solution was added drop by

(7) Mulliken, “ Identification of Pure Organic Compounds,” John 
W iley and Sons, Inc., N ew  York, N . Y ., 1904, Vol. I, p. 85.

(8) Bogert and Hasselström, Proc. N atl. Acad. Sci., 18, 417 (1982).

drop. Stirring was continued for one hour. The formed 
suspension of white solid in methanol was poured into ice 
water and heated until the solid material had dissolved, 
filtered hot, and allowed to cool. The solid which crystal­
lized was filtered and boiled with water to which sufficient 
hydrochloric acid had been added to convert the sodium 
salt to the free acid. This was cooled, filtered, and the 
residue washed thoroughly with water. The crude prod­
uct, 0.9 g., was then recrystallized twice from benzene, 
after which 0.4 g. of white ra-diphenylbenzene-£-carboxylic 
acid, melting a t 221 °, was obtained.

Anal. Calcd. for C19H 14O2: C, 83.21; H, 5.11; neut. 
equiv., 274. Found: C, 82.78, 83.03; H, 5.21, 5.26; 
neut. equiv., 274, 267.

The sodium salt is very insoluble in cold water, soluble 
in hot water.

Summary
1. The following hitherto undescribed com­

pounds were prepared by means of the Friedel- 
Crafts synthesis, using m-diphenylbenzene as the 
hydrocarbon: (a) p  - acetyl - m - diphenylbenzene,
which was converted to m-diphenylbenzene-£- 
carboxylic acid; (b) ^,£'-diacetyl-m-diphenylben- 
zene; (c) £-benzoyl-m-diphenylbenzene; (d) p ,p '-  
di-(-co-chloroacetyl)-m-diphenylbenzene; (e) p -  
(benzenesulfonyl)-m-diphenylbenzene; and (f) m- 
diphenylbenzene-phthaloylic add.

2. Oxidation experiments upon (a), (b), (c),
(d), and (e) yielded products which indicated that, 
in each case, the substitution had taken place in 
the para position of an end ring of the m-diphenyl­
benzene molecule. The structure of m-diphenyl- 
benzene-^-carboxylic acid follows from its syn­
thesis from (a) by oxidation. Most likely (f) is a 
mixture of two or more isomeric keto acids.

3. Attempts to form a substituted anthraquin- 
one type by ring closure of (f) indicated that, of 
the five dehydrating agents tried, sulfuric acid 
alone gave positive results. Sulfonation, how­
ever, occurred simultaneously.
Pittsburgh, Penna. Received July 14, 1938



2158 Roger Adams, C. C. Price and W. R. D ial Vol. 60

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

Structure of Gossypol.
By R oger Adams, C. C.

Gossypol reacts readily with two molecules of 
aniline;3 two molecules of water are eliminated 
and dianilinogossypol is formed. This product 
is purified easily, and as a consequence aniline has 
actually been used for the extraction of gossypol.3

The formation of this compound has led to the 
deduction that two keto groups are present in the 
gossypol structure. However, in a previous 
paper from this Laboratory it was pointed out that 
certain vinyl alcohol groups condense equally well 
with aniline with the elimination of water. There 
is reason for believing that gossypol contains 
groupings of this type.

Anhydrogossypol reacts with aniline to give 
dianilinogossypol quantitatively; moreover, liq­
uid ammonia reacts with gossypol or anhydro­
gossypol to give diaminogossypol. Both di- 
aminogossypol and dianilinogossypol hydrolyze 
with unusual ease to give gossypol.

Substituted anilines have now been combined 
with gossypol. Some of them condense in a 
manner similar to aniline, /3-naphthylamine and 
ö-phenylenediamine. The derivative of ö-phenyl~ 
enediamine is of particular interest. Karrer and 
Tobler4 reported the condensation product of 
gossypol and ö-phenylenediamine as consisting 
of one molecule of gossypol and one of diamine 
with the loss of two molecules of water. From 
this they concluded that an o-quinone or
1,2-diketone might be present in the parent 
molecule. All the reliable reactions thus far 
described and many yet unpublished have con­
formed to the point of view of a symmetrical 
molecule for gossypol. An even number of mole­
cules of reagent condense. It is not impossible 
that two ketone groups are adjacent and are 
symmetrically located in the molecule but as this 
seemed unlikely the condensation with ö-phenyl­
enediamine has been studied again. It has now 
been established that ö-phenylenediamine when 
used in molecular amounts with gossypol gives a 
non-homogeneous product which agrees in prop-

(1) For the previous article in this field see Miller and Adams, T his 
Jo u r n a l , 59, 1736 U937).

(2) Dow Chemical Fellow, 1936-38. Portion of a thesis submitted 
in partial fulfilment for the degree of Doctor of Philosophy.

(3) Clark, J. Biol. Chem., 76, 229 (1928); Carruth, T h is J o u rn al , 
40 , 647 (1918).

(4) Karrer and Tobler, Helv. Chim. Acta , 15, 1204 (1932).

V.1 Anilino Derivatives
P rice and W. R. D ia l2

erties with that reported by the above-mentioned 
authors. On the other hand, if two or more mole­
cules of ö-phenylenediamine are used, a readily 
purified, nicely crystalline compound is isolated 
in quantitative yield which consists of two mole­
cules of ö-phenylenediamine and one of gossypol 
with the elimination of two molecules of water. 
The presence of a 1,2-diketone grouping in gossy­
pol, therefore, appears improbable.

Other substituted anilines condense readily 
with gossypol. However, in many cases (0-, 
w-, and ^-toluidine, p-anisidine, ^-chloroaniline) 
the analyses of the products do not conform to a 
simple derivative similar to the dianilinogossypol. 
They are more difficult to purify and it appears 
in some cases that an additional molecule of 
aniline is present in the product or that an oxygen 
has entered simultaneously. These compounds, 
however, all hydrolyze to gossypol. Similarly, 
the acetates of all but the dianilino compound are 
difficult to purify and give variable analyses.

Dianilinogossypol acetylates to a hexaacetyl 
derivative. Pyrolysis of this compound gives 
acetanilide and as a consequence it seems likely 
that two acetyls are attached to nitrogen atoms 
which would be possible only if the dianilino­
gossypol were so constituted that hydrogens were 
present on the nitrogen atoms.

Dianilinogossypol also can be methylated. 
Under certain conditions, a crystalline dimethyl- 
dianilinogossypol is sometimes produced. This 
substance is deep red. It has the methyl groups 
on the two nitrogens, if the fact that the Zeisel 
number of the derivatives is almost zero may be 
used as experimental evidence. Moreover, the 
compound cannot be hydrolyzed to gossypol 
under the conditions used for dianilinogossypol. 
These data and those on the acetylation product 
make it appear probable that the dianilino com­
pound is tautomeric. The original dianilinogos­
sypol which is yellow possibly may be a Schiff 
base which upon methylation is converted into a 
red N-methyl derivative of the hydroxymethyl- 
ene type. These reactions may be explained by 
the presence of the following groupings 
—C—CHO __ ^  —C=CHOH

—C—OH ^  —C= 0  ^
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—C—C H =N C 6H 5
II

—C—OH

Under slightly modified conditions of methyla­
tion, a crystalline dimethyldianilinooxogossypol 
is readily formed in which it appears th a t an 
atom of oxygen has replaced two hydrogens in 
dimethyldianilinogossypol or possibly merely an 
atom of oxygen was added. The compound does 
not hydrolyze to gossypol under the usual con­
ditions. Its  structure has not yet been investi­
gated.

Experimental
Dianilinogossypol.—This compound previously de­

scribed by Carruth3 and by Clark5 was prepared by dis­
solving crude gossypol-acetic acid in ten times its weight of 
boiling aniline. The orange crystals which separated on 
cooling were collected and washed thoroughly with ether. 
I t  was purified from chloroform-petroleum ether and 
yielded yellow-orange plates, m. p. 303°, with decomposi­
tion.

For hydrolysis, it was dissolved in concentrated sulfuric 
acid, the solution allowed to heat to 90° on a hot-plate 
(about two to two and one-half minutes), poured onto ice, 
filtered, and dried. The product was dissolved in hot 
glacial acetic acid and water was added dropwise to the 
boiling solution until crystals started to appear. The 
solution on cooling deposited gossypol-acetic acid which 
was usually in practically a pure state as golden platelets.

Dianilinogossypol, when heated on the steam cone for 
thirty minutes in 40% aqueous alkali, followed by methyla­
tion with dimethyl sulfate, gave a 60% yield of apogossypol 
hexamethyl ether.

By Zeisel methoxyl determination, gossypol is reported 
to give about 5% methoxyl. A repetition of this deter­
mination using a commercial grade of 47% hydriodic acid 
containing a small amount of preservative (1.5% H3P 02) 
gave less than 0.2% methoxyl. Dianilinogossypol also 
showed less than 0.2% methoxyl.

Hexaacetyldianilinogossypol.—A solution of 0.5 g. of 
dianilinogossypol in 10 cc. of pyridine and 5 cc. of acetic 
anhydride was warmed on a steam-cone for thirty minutes. 
About 10 cc. of acetic acid was added and the reaction 
mixture was poured into water. A bright yellow product 
separated which was purified by crystallization from 
methanol, m. p. 185°, decomposing vigorously without dis 
coloration a t 220°.

Anal. Calcd. for CmH52N2Oi2: C, 70.40; H, 5.70; N, 
3.04; acetyl, 28.0. Found: C, 69.94; H, 5.82; N, 2.89; 
acetyl, 28.4.

The heat decomposition of this compound led to the 
isolation of a white crystalline compound, m. p. 112°, 
which sublimed in the cooler portions of the pyrolysis tube. 
I t  proved to be acetanilide. I t  may thus be deduced that

(5) Clark, J. Biol. Chem., 75, 725 (1927).

-c = c h n h c 6h 5
I

- 0=0

-C =C H —N(CH3)C6H5

—c = o

two acetyl groups are probably attached to nitrogens in the 
starting material.

By hydrolysis with concentrated sulfuric acid, gossypol 
was recovered. The initial color in the acid is yellow 
which turns to olive-green in thirty seconds and to scarlet 
on addition of a drop or two of water.

Di-ö-phenylenediaminogossypol.—A mixture of 2.5 
moles of ö-phenylenediamine and one of pure gossypol- 
acetic acid in chloroform solution was refluxed for thirty 
minutes. On cooling the solution, the product separated 
as orange crystals. I t  was recrystallized from chloroform, 
m. p. 246°.

Anal. Calcd. for C42H42N40 6: C, 72.13; H, 6.06; N,
8.02. Found: C, 72.01, 71.92; H, 5.84, 6.08; N, 8.18, 
7.99.

By the use of one molecule of o-phenylenediamine, a non­
crystalline substance was obtained which had properties 
similar to that reported by Karrer and Tobler.4 An excess 
of diamine, however, readily converted it to the product 
reported above.

In the preparation of the di-ö-phenylenediamine deriva­
tive, a product melting at 184° sometimes was obtained. 
This product, however, on drying and long standing ac­
quires the higher melting point mentioned above.

Di-/3-naphthylaminogossypol.—It formed bright orange 
crystals from chloroform, m. p. 310-313° with decomposi­
tion. I t hydrolyzed to gossypol with sulfuric acid.

A nal Calcd. for C50H44N2Oö: C, 78.09; H, 5.97; N, 
3.65. Found: C, 77.95; H,5.78; N, 3.69.

The preparation of similar compounds was attempted 
from gossypol and o-, ra-, and ^-toluidine, ^-chloroaniline 
and ^-anisidine. In all these cases, crystalline products 
were obtained, more difficult to purify than the ones 
previously described. Analyses did not check the calcu­
lated values. In some cases, the analyses indicated that 
normal condensation took place and an additional molecule 
of the amine had added. In other cases, addition of one 
atom of oxygen to the condensation product of two mole­
cules of amine agreed most satisfactorily. All these com­
pounds, however, were hydrolyzed to gossypol. The 
acetyl derivatives were difficult to purify and did not give 
the expected values on analysis.

Dimethyldianilinooxogossypol.—To a solution of 1 g. 
of dianilinogossypol in 100 cc. of chloroform, were added 10 
cc. of dimethyl sulfate and 6 cc. of pyridine in portions 
with shaking. The reaction mixture did not change color 
but separated into two phases in a few minutes. After 
standing at room temperature for five days to a week, 15 
cc. of pyridine was added to decompose the excess dimethyl 
sulfate. The chloroform solution was washed twice with 
water, dried over sodium sulfate, and evaporated. I t was 
purified by recrystallization from benzene as red micro­
crystals, m. p. 275-280°. I t gave a brown color in concen­
trated sulfuric acid which turned red on standing for five 
to ten minutes.

Anal. Calcd. for C, 74.33; H, 5.95; N,
3.94; OCH3, 8.74. Found: C, 74.22, 74.46; H, 5.96, 5.82; 
N, 4.00, 3.99; OCH3, 1.45.

The compound was recovered unchanged after eighteen 
hours in concentrated sulfuric acid by pouring on ice and 
recrystallizing from benzene-methanol. The resistance to
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hydrolysis, as well as the low Zeisel number, indicates 
tha t the methyl groups are probably attached to nitrogens.

Dimethyldianilinogossypol.—By a similar procedure to 
the preparation of the oxo compound but refluxing over­
night rather than allowing the reaction mixture to stand 
at room temperature resulted in a methylated but unoxi­
dized product. I t  was purified from benzene and formed 
red crystals, m. p. 253-258°. I t gave a dark red-brown 
color in sulfuric acid.

Anal. Calcd. for C44BU2N2O6: C, 75.83; H, 6.36; N, 
4.02; OCH3, 8.89. Found: C, 75.70; H, 6.11; N, 4.09; 
OCH3, 1.01.

Concentrated sulfuric acid does not hydrolyze this prod­
uct. This and the low Zeisel number indicate the proba­
bility that the methyls are attached to nitrogen.

Summary
Gossypol condenses with /3-naphthylamine or 

ö-phenylenediamine in the same way as with

aniline. Two molecules of amine react and two 
moles of water are eliminated.

Several other aniline derivatives gave products 
which did no t analyzve for simple condensation 
products. All of these hydrolyzed with sulfuric 
acid to give gossypol.

Dianilinogossypol can be acetylated to a hexa- 
acetate. Two acetyls are attached to nitrogen. 
M ethylation gives sometimes a dimethyldianilino­
gossypol or more commonly a dimethyldianilino­
oxogossypol.

I t  is deduced th a t there exist in gossypol two of 
the tautomeric residues

—C—OH —C = 0

—S—CHO *  —<>=CHOH
Urbana, Illinois Received June 27, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

Structure of Gossypol. VI.1 Addition Products with Butadienes

B y  R o g er  A dam s, B . S. F r ie d m a n , C. C. P r ic e , R . C. M o r r is  and  E. C. K ir k p a t r ic k 2

From a study of anhydrogossypol3 and its reac­
tion products and of the diamino- and dianilino- 
gossypols1 it was deduced th a t gossypol contains 
two similar groupings which are probably vinyl 
alcohols. Since the most common type of rela­
tively stable vinyl alcohols possesses a carbonyl 
in place of one of the hydrogens of the methylene

group ( —C^-CH=CHOh ) , the possibility of two 
such residues in gossypol has now been studied. 
The reaction used for this purpose was the Diels- 
Alder and the reagent, 2,3-dimethylbutadiene.

Gossypol condenses very readily in alcohol 
solution with the addition of two molecules of 
dimethylbutadiene and elimination of two mole­
cules of water to give a beautifully crystalline 
product. In  a similar way, anhydrogossypol or 
diaminogossypol in benzene condenses with two 
molecules of dimethylbutadiene to give the same 
derivative.

In the case of gossypol, the reaction involves 
the elimination of water; in the case of diamino­
gossypol the loss of ammonia; in the case of anhy­
drogossypol, however, the same derivative is

(1) For the previous article in this field see Adams, Price and Dial, 
T h is  J o ur n a l , 60, 2158 (1938).

(2) A portion of a thesis submitted in partial fulfilment of the re­
quirements for the degree of Doctor of Philosophy by E. C. Kirk­
patrick, Solvay Fellow, 1936-1938.

(3) Miller and Adams, T h is  J o u rn al , 59, 1736 (1937).

formed by  simple addition. Since anhydrogos­
sypol adds the diene, it  is a safe conclusion th a t 
the molecule probably contains a, /3-unsaturated 
carbonyl linkages. The addition product, un­
like anhydrogossypol itself, is no t hydrolyzed. 
Consequently, the easily-opened oxygen ring 
which was postulated previously as being present 
in anhydrogossypol, m ust have been stabilized. 
This is no doubt due to the fact th a t the carbon- 
carbon double bond to which the diene adds is 
part of the oxygen-containing ring of the anhy­
drogossypol. Suggested nuclei which will ac­
count for the changes follow: gossypol (I), an­
hydrogossypol (II), dimethylbutadiene addition 
product (III).

7 °  / >
—C—C=CHOH — C—CH =CH

I —► 1 /°  —*►
\ c = C —CHOHR ">C=C------ CHR
/  a  7

I II
CHS—C = C —CH3

f --c—
c h 2 c h 2

- A - 4 h

1 >
=C----- CHR

III

I t  is probable th a t gossypol and diaminogossypol
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first lose water and ammonia, respectively, and 
then the diene adds to  the anhydrogossypol 
formed.

The nucleus I I  accounts for the ease with which 
anhydrogossypol is hydrolyzed to gossypol, m eth­
ylated or acetylated to  gossypol hexamethyl 
ether or gossypol hexaacetate and converted by 
ammonia or aniline to  the corresponding gossy­
pol derivatives. Nucleus I I I  indicates why the 
addition product is stable to hydrolysis as it no 
longer contains an easily-opened oxygen ring.

The dimethylbutadiene anhydrogossypol prod­
uct is soluble in alkali and contains two acidic 
hydroxyls which are readily acetylated or m eth­
ylated to form stable crystalline derivatives. I t  
also gives a red color with pyroboroacetate, in­
dicative of a phenol group ortho or peri to a car­
bonyl.

Still further deductions concerning the oxygen- 
containing ring formation when gossypol is con­
verted to anhydrogossypol may be made. Liquid 
ammonia3 converts anhydrogossypol to diamino­
gossypol and not to a molecule containing an 
imino nitrogen in place of the oxygen of the 
oxygen-containing ring in anhydrogossypol. I t  
is difficult to believe th a t the nitrogen compound 
corresponding to I I  shown in IV would not be

/>
—C—C = C H

N i > h
y  C = C —CH—R 

IV

stable if the hydroxyl m arked a  in formula I were 
alcoholic in character. On the other hand, if it 
were phenolic, the non-formation of IV is explic­
able. For this reason, i t  is assumed th a t the 
oxygen-containing ring in anhydrogossypol is 
formed by elimination of water between the hy­
droxyl of an hydroxymethylene group and a 
phenolic group.

The ease of condensation of anhydrogossypol 
or gossypol with the diene and the fact th a t neither 
gossypol hexamethyl ether nor tetram ethyl ether 
undergoes such a reaction, makes it probable 
th a t the hydrogen on the carbon holding the 
vinyl hydroxyl is unsubstituted. The grouping
should therefore be represented preferably by

R

^>C=CHOH and no t by  ^>C=C—OH- The ease
of the reaction with the diene also tends to nullify 
the possibility of a structure isomeric with I shown

in V and hence eliminates the likelihood of the 
presence of residues of a quinone-like structure 
(VI) in the gossypol molecule.

/ °
—C—C—CHOHR
\  II-^C—C—OH

V VI

The reaction is not limited to dim ethylbuta­
diene. Anhydrogossypol also condenses with
2,3-butadiene to  give an analogous product in 
which two molecules of diene have added, and 
two acidic hydroxyls remain unaffected. The 
product apparently is not as stable as the di­
methylbutadiene derivative, as it  dissociates upon 
standing in solution. I t  gives a diacetate similar 
to the dimethylbutadiene derivative.

From the study of the aniline and ammonia 
derivatives1,3 and of the diene addition products, 
the presence in gossypol of two tautomeric hy- 
droxyaldehyde residues seems fairly well estab­
lished.

Experimental
The Addition of 2,3-Dimethylbutadiene-l,3 to Gossy­

pol.—To a solution of 1 g. of gossypol in 25 cc. of absolute 
alcohol was added 1.5 cc. of freshly prepared dimethylbuta­
diene. The reaction mixture was refluxed for eight hours 
on the steam-bath, the condenser was then removed and 
the alcohol allowed to evaporate. After concentrating for 
a short time, crystals began to separate, the flask was 
cooled and the precipitate filtered. On further concentra­
tion of the mother liquor more product was obtained; 
yield Ö.8 g. The material crystallized from acetone- 
methanol in bright yellow cubes, m. p. 244-245° with 
decomposition.

Anal. Calcd. for C42H460 6: C, 78.00; H, 7.12. Found: 
C,77.83; H, 7.09.

The crystals gave a bright yellow-brown color in concen­
trated sulfuric acid. Alcoholic ferric chloride gave a deep 
red color. Aqueous sodium hydrosulfite solution had no 
effect on an alcoholic solution of the addition compound. 
I t  gave a deep red with pyroboroacetate.

The addition reaction takes place equally well using 
benzene as the solvent.

The addition product would not condense with aniline. 
I t  was unaffected by heating for one-half hour on the 
steam-bath with 40% aqueous alkali. I t  decomposed 
when dissolved in concentrated sulfuric acid and allowed 
to stand overnight. I t  did not reduce catalytically with 
hydrogen and platinum oxide platinum black.

Methylation of the Dimethylbutadiene Addition Prod­
uct.—To- a solution of 0.4 g. of the addition product in 
10 cc. of 30% methanolic potassium hydroxide was 
added an excess of dimethyl sulfate, in portions. When 
the reaction was complete the solution was made alkaline,
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diluted with water, and the precipitate filtered and washed. 
The product was air dried and crystallized from acetone- 
methanol; bright yellow needles, m. p. 227-229°, yield 
0.32 g. I t  gave a yellow-brown color in concentrated 
sulfuric acid and gave no color with phenol reagents.

Anal. Calcd. for C44H6o06: C, 78.3; H, 7.42. Found: 
C, 78.11; H, 7.35.

Acetylation of the Dimethylbutadiene Addition Prod­
uct.—By heating for a half-hour a mixture of 0.075 g. of 
addition product, excess of acetic anhydride and sodium 
acetate, and then pouring into water, 0.065 g. of the 
acetylated compound was obtained. I t  crystallized in 
light yellow plates from acetone-methanol, m. p. 227- 
229°, and gave a brown color in concentrated sulfuric acid.

Anal. Calcd. for C46H5o08: C, 75.5; H, 6.84. Found: 
C, 75.22; H, 6.95.

Saponification of this product yielded the original mate­
rial as shown by melting point and mixed melting point.

The product was not affected by long refluxing (two and 
one-half hours) with acetic anhydride and sodium acetate.

Condensation of 2,3-Dimethylbutadiene-l,3 with An­
hydrogossypol.—To a solution of 0.5 g. of anhydrogossypol 
in 25 cc. of dry benzene was added 1.5 cc. of freshly pre­
pared dimethylbutadiene. The solution was refluxed 
overnight on the steam-bath, then evaporated to dryness. 
The residue was purified by crystallization from acetone- 
methanol; m. p. 244-245° with decomposition. A mixed 
melting point with the product from the addition of 
dimethylbutadiene to gossypol showed no lowering.

Condensation of 2,3-Dimethylbutadiene-l,3 with Di­
aminogossypol.—A solution of 0.425 g. of diaminogossypol 
in 25 cc. of dry benzene was refluxed on the steam-bath 
overnight with 1.5 cc. of freshly distilled dimethylbuta­
diene.

The material dissolved to give the red solution charac­
teristic of diaminogossypol in benzene. At the end of 
eight hours the red color had faded to the yellow color 
common to a solution of gossypol.

The solution was evaporated and the residue crystallized 
from acetone-methanol, m. p. 244-245° with decom­
position. This product was identical with that obtained 
in the reaction above using gossypol or anhydrogossypol.

Attempted Condensations with 2,3-Dimethylbutadiene-
1,3.—Using the same procedure that was employed in the 
condensation of gossypol with dimethylbutadiene, a t­
tempts were made to condense hexaacetylgossypol, the 
white hexamethyl ethers of gossypol and apogossypol. In 
every case the starting material was recovered unchanged.

Condensation of Butadiene-1,3 with Anhydrogossypol.—
A mixture of 3 cc. of pure butadiene-1,3,5 cc. of pure dry 
benzene and 0.5 g. of anhydrogossypol was heated in a 
sealed tube on a steam-bath for twelve hours. After 
evaporation of the excess butadiene by warming, the red 
solution was cooled and filtered from the precipitate. The 
solid thus obtained was purified by rapid crystallization 
from acetone-methanol; yellow crystals which darkened 
at 242° and melted with decomposition at 245-246°.

Anal. Calcd. for C38H38Ofi: C, 77.2; H, 6.43. Found: 
C, 76.95; H, 6.46.

The product gave an orange color in concentrated 
sulfuric acid. If the addition compound was allowed to re­
main standing in solution, there was a reversion with re­
generation of anhydrogossypol.

Acetylation of Butadiene Addition Product.—By a pro­
cedure similar to tha t described for the dimethylbutadiene 
product, a white diacetate was obtained. I t  was purified 
from aqueous methanol, m. p. 250-251° with decompo­
sition. I t  gave a yellow color in concentrated sulfuric 
acid.

Anal. Calcd. for C38H3604(0 C0 CH3)2: C, 74.8; H, 
6.24. Found: C, 74.91; H, 6.50.

Summary
Gossypol, anhydrogossypol, and diaminogossy­

pol react with dim ethylbutadiene to give a prod­
uct which analyzes for the addition of two moles 
of diene to one of anhydrogossypol. During the 
reaction with gossypol or diaminogossypol, two 
moles of w ater or two moles of ammonia are 
eliminated simultaneously. The product con­
tains two hydroxyls which can be m ethylated or 
acetylated.

Butadiene gives a similar product with anhy­
drogossypol though it  is less stable than the di­
methylbutadiene derivative.

The deduction from these experiments is th a t 
two a, /3-unsaturated carbonyl groups are present 
in the anhydrogossypol molecule. Gossypol in 
forming anhydrogossypol probably loses water 
between hydroxymethylene groups and phenolic 
hydroxyls.
Urbana, Illinois Received June 27, 1938
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Structure of Gossypol. VII. Gossypol Dimethyl Ether

B y R oger  A dams and T . A. G eissm a n

Evidence has been presented in previous 
papers1 that gossypol is a symmetrical molecule 
containing six hydroxyl groups and two tauto­
meric hydroxyaldehydic residues. Of the six 
hydroxyls, two are much less acidic than the 
other four. The stability of two of the ether 
linkages in gossypol hexamethyl ether should be 
different from that of the other four and this now 
has been tested experimentally.

The white and red hexamethyl ethers of gossy­
pol are demethylated upon treatment with sul­
furic acid in acetic acid with the formation of a di­
methyl ether. This new product possesses many 
of the properties of gossypol. It dissolves in 
alkali to give solutions which oxidize in the air. 
It gives a green color with ferric chloride; it 
forms a compound with one molecule of acetic 
acid; it gives an orange-red color with pyro­
boroacetate and an orange-red color with stan­
nic chloride. With concentrated sulfuric acid it 
gives the orange color characteristic of the hexa­
methyl ethers of gossypol in contrast to the 
tetramethyl ether which gives a scarlet color 
similar to that given by gossypol. This is as­
sumed to mean that the two unmethylated hy­
droxyl groups in gossypol tetramethyl ether are 
those which are methylated in the dimethyl ether. 
This assumption has been supported further by a 
study of the demethylation of gossypol tetra­
methyl ether under conditions similar to those 
used in the demethylation of the hexamethyl 
ethers. Gossypol is the resulting product.

The hexamethyl and tetramethyl ethers of 
gossypol do not react with aniline but the new 
dimethyl ether does react to give a condensation 
product. Although this derivative appears from 
analysis to be one of complicated type similar to 
those obtained from gossypol and certain sub­
stituted anilines, it can be hydrolyzed by acids 
to the original dimethyl ether of gossypol.

The dimethyl ether does not give an anhydro 
derivative under the conditions used for pre­
paring anhydrogossypol from gossypol, and could

(1) (a) Campbell, Morris and Adams, T h is  Jo urn al , 59, 1723 
(1937); (b) Miller and Adams, ibid., 59, 1729 (1937); (c) Morris and 
Adams, ibid., 59, 1731 (1937); (d) Miller and Adams, ibid., 59, 1736 
(1937); (e) Adams, Price and Dial, ibid., 60,2158 (1938); (f) Adams, 
Friedman, Price, Morris and Kirkpatrick, ibid,, 60, 2160 (1938).

not be converted to the red hexamethyl ether of 
gossypol either under the conditions used for 
preparing this compound from gossypol or under 
conditions which were modifications of these.

Gossypol dimethyl ether undergoes the apo 
reaction in a manner similar to gossypol, which 
again is in contrast to the tetra- and hexamethyl 
ethers which are stable under similar conditions.2

Remethylation of the dimethyl ether leads to 
the lower-melting form of the white hexamethyl 
ether.

The white hexaethyl ether of gossypol can be 
deethylated to a gossypol diethyl ether analogous 
in structure and similar in properties to the di­
methyl ether.

If gossypol hexamethyl ether in condensed form 
is accepted as having the structure indicated in 
I, and the tetramethyl ether II, then it may be 
concluded that III would be the structure for the 
dimethyl ether.

[ « o c a k P l
I

[ e I4Hn(OH)(OCH3) ( S f 3) ] 2
II

[ c „ H 1,(OCH,XOH) ( ™ o ) ] ,

I II

The methylation of gossypol was reported to 
give a tetramethyl ether, two white hexamethyl 
ethers which were dimorphic and a red hexa­
methyl ether. It has now been found that the 
methylation conditions must be controlled very 
carefully in order to obtain the tetramethyl ether 
in a pure state. Moreover, it is possible to methyl­
ate gossypol-acetic acid to yield either the tetra­
methyl ether or the two white hexamethyl ethers.

Three different white gossypol hexamethyl 
ethers have now been isolated, m. p. 188, 225, 
238-240°. The first two are apparently di- 
morphs but the highest melting appears to be 
diastereoisomeric or isomeric with the other 
two, if the depressed mixed melting point of the 
225 and 240° forms is considered a proper criter-

(2) The apogossypol dimethyl ether could not be isolated in a pure 
state but upon methylation yielded apogossypol hexamethyl ether. 
This work will be reported in a subsequent paper.
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ion. Fortunately, the chemical reactions of all 
these forms lead to the same products, so that their 
exact character is less significant.

The gossypol dimethyl ether can be oxidized in 
alkaline or acid medium. A solution in aqueous 
alkali when treated with air gives a deeply colored 
crystalline compound. This substance forms a 
violet salt the solution of which is decolorized by 
sodium hydrosulfite. The properties of this 
product indicate it to be a quinone. The di­
methyl ether is also oxidized by ferric chloride 
in acetic acid or by dilute nitric acid to a deep 
orange crystalline compound. The mechanism by 
which these substances are produced has not yet 
been determined.

Experimental
Gossypol Dimethyl Ether.—To 1 g. of gossypol hexa­

methyl ether (m. p. 238-240°) dissolved in 40 cc. of hot 
acetic acid was added a solution of 10 drops of concentrated 
sulfuric acid in 10 cc. of acetic acid. The solution turned 
a deep red. After heating for thirty minutes on the steam- 
bath, 23 cc. of water was added carefully, with stirring and 
scratching of the walls of the flask. The initially flocculent 
precipitate soon became crystalline. I t was filtered, 
washed with acetic acid and water and dried. The product 
was a yellow-green crystalline material and weighed 0.82 g. 
This crude product melted at about 155-165° with de­
composition and obviously contained acetic acid. I t  was 
difficult to purify directly by further crystallization from 
acetic acid. By the action of aqueous alkali, a product was 
obtained which crystallizes from benzene-petroleum ether 
(b. p. 30-60°) as soft yellow needles, m. p. 191-193° (corr.), 
with decomposition. This is acetic acid free. The acetic 
acid also may be removed from the crude product merely 
by crystallization from benzene-petroleum ether without 
previous treatment with alkali. Recrystallization of this 
yellow crystalline form, m. p. 191-193° (corr.), from dilute 
acetic acid, results in the formation of a pure acetic acid 
derivative of gossypol dimethyl ether, m. p. 230-232° 
(corr.), with decomposition. The melting point varies 
considerably with the rate of heating.

Anal. Calcd. for C ^ sO e tO C H ^ : C, 70.33; H, 6.23. 
Found: (benzene-petroleum ether) C, 69.96; H, 6.01. 
(Removal of acetic acid by alkali) C, 70.48; H, 6.22. 
Calcd. for CsoHasOetOCHgVCHaCOOH: C, 67.33; H, 
6.26; OCH3, 10.20. Found: C, 67.56; H, 5.99, 6.30; 
OCH3, 14.2, 12.4, 13.5, 14.4.3

Aniline Derivative of Gossypol Dimethyl Ether.—A solu­
tion of 0.1 g. of the dimethyl ether of gossypol and 0.25 cc. 
of aniline in 4 cc. of benzene, was refluxed for thirty min­
utes. On dilution with petroleum ether (b. p. 30-60°), 
the aniline compound separated as orange prisms weighing 
95 mg. Recrystallized from chloroform-petroleum ether 
(b. p. 30-60°), it formed bright orange prisms which 
melted at 268-270° (corr.) with decomposition.

(3) Gossypol and most of its derivatives invariably give results 
from one to five per cent, high in the Zeisel determination. Compare 
Clark, This J o ur n a l , 51, 1479 (1929).

Anal. Calcd. for C44H44N2O6: C, 75.86; H, 6.3; N, 
4.0. Found: C, 74.92, 74.78; H, 6.30, 6.22; N, 5.20.

Deanilination of the Gossypol Dimethyl Ether-Aniline 
Compound.—To about 50 mg. of the aniline compound 
dissolved in 2 cc. of hot acetic acid was added one drop of 
concentrated hydrochloric acid. The clear orange solution 
was diluted drop by drop with water until crystallization 
started. The product was recrystallized from benzene- 
petroleum ether (b. p. 30-60°) (soft yellow needles, m. p. 
187-189° (corr.) with decomposition), and then from dilute 
acetic acid (shining yellow leaflets, m. p. 229-230° (corr.) 
with decomposition). The latter sample showed no de­
pression in melting point when mixed with a sample of di­
methyl ether-acetic acid compound, m. p. 230-232° (corr.) 
with decomposition.

Gossypol Diethyl Ether.—To 0.1 g. of hexaethyl ether of 
gossypol in 4 cc. of hot acetic acid was added 1 cc. of acetic 
acid containing one drop of concentrated sulfuric acid. 
After heating on the steam-bath for fifteen minutes the 
solution was diluted with 2 cc. of water and cooled. The 
crude product was a yellow crystalline powder which 
weighed 95 mg. After one recrystallization from dilute 
acetic acid and a second from benzene-petroleum ether (b. 
p. 30-60°), it formed bright yellow needles, m. p. 193-195° 
(corr.) with decomposition.

Anal. Calcd. for C34H380 8: C, 71.08; H, 6.62. Found: 
C, 71.17; H, 6.36.

The compound dissolves in alkali to give a yellow solu­
tion which slowly turns violet on standing in air. I t  gives 
a bright orange color with concentrated sulfuric acid and a 
brownish-green color with ferric chloride.

The fact that the material after a crystallization from 
dilute acetic acid melted a t the same point as that from 
benzene-petroleum ether, indicates that an acetic acid 
compound analogous to the gossypol dimethyl ether 
derivative may not form.

Methylation of Gossypol Dimethyl Ether.—To a solution 
of 1.49 g. of the dimethyl ether in a mixture of 20 cc. of 
methanol and 20 cc. of dimethyl sulfate, 30 cc. of 10% 
methanolic potassium hydroxide was added slowly with 
cooling and the mixture was allowed to stand for forty- 
eight hours. The excess dimethyl sulfate was decomposed 
with 10% aqueous sodium hydroxide and the product col­
lected. I t  formed white needles, weighing 1.5 g. Re­
crystallization from methanol gave white prisms, m. p. 209- 
211° (corr.).

Recrystallization from acetone-methanol gave small 
prisms which could be obtained melting as high as 221-223 ° 
(corr.), although it usually was possible to raise the melting 
point over 219° only by numerous recrystallizations. Re­
crystallization from ligroin (b. p. 90-110°) or from ace­
tone-water gave long, crisp white needles which melted at 
173° when heated quickly to this temperature, or a t 223° 
when heated slowly (with shrinking a t about 173°).

Anal. Calcd. for C so^C ^O C H ^: C, 71.76; H, 6.97; 
OCH3, 30.9; mol. wt., 602. Found: (prism form) C, 
71.85; H, 6.93; OCH3, 31.9, 33.3; (needle form) C, 71.78; 
H, 6.71; mol. wt. (Rast), 620.

This compound was proved by mixed melting point to be 
identical with the hexamethyl ether, m. p. 225°, obtained 
by methylating gossypol-acetic acid under suitable condi­
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tions, and different from the hexamethyl ether, m. p. 240°, 
obtained by the methylation of the tetramethyl ether of 
gossypol (mixed m. p. 210-218° (corr.)).

Methylation of Gossypol-acetic Acid, (a) Gossypol 
Hexamethyl Ether (240° form).4 *—A solution of 10 g. of 
pure gossypol-acetic acid in a mixture of 50 cc. of dimethyl 
sulfate and 50 cc. of methanol was treated with 75 cc. of 
10% methanolic potassium hydroxide with efficient cooling 
in an ice-bath. The solution was allowed to stand at 10- 
15° for about thirty-six hours and the excess dimethyl 
sulfate decomposed by the addition of 10% aqueous so­
dium hydroxide with ice cooling. The precipitate was 
washed well with water and with methanol, and consisted 
of buff needles weighing 5.95 g. and melting at 162-164°. 
I t  gave a scarlet color with concentrated sulfuric acid, 
indicating it to be crude tetramethyl ether.

This was remethylated to the hexamethyl ether accord­
ing to the previously described procedure.10 I t  was re­
crystallized from acetone-methanol, when it formed 
colorless prisms, m. p. 238-240° (corr.). A sample re­
crystallized from ligroin (b. p. 90-110°) also formed 
prisms, m. p. 239-241° (corr.).

(b) Gossypol Hexamethyl Ether (225° form).—The pro­
portions were the same as those just described for the first 
methylation, but the reaction mixture was cooled under 
the tap {ca. 20-25°) during the first addition of alkali and 
the final decomposition with 10% aqueous sodium hydrox­
ide, and was allowed to stand for thirty-six hours at room 
temperature. The first product, methanol washed, 
weighed about 7.5 g., gave a deep orange color with con­
centrated sulfuric acid and melted at about 213°. Re­
methylated in the usual way,1 it gave a product which 
melted (crude) a t 211-213°, after one recrystallization 
from acetone-methanol at 216-218°, and after a second 
crystallization a t 224-225° (corr.). A mixture of this 
with the product melting a t 238-240° (corr.) melted at 
212-217°.

This compound crystallized from ligroin (b. p. 90-110°) 
in clusters of white needles which sintered at about 179° 
and melted to a clear liquid at 221-224°. Plunged into a 
preheated bath a t various temperatures it sintered at 185° 
and melted a t 188°. At 198° it melted instantly, then 
resolidified, and remelted a t 223-225° (corr.). The melted 
and resolidified samples of the needle form were found to 
have been converted to the prism form.

Both forms (m. p. 240° and 225°) were identical in their 
reactions.

Oxidation Products of Gossypol Dimethyl Ether, (a) 
Air Oxidation in Alkaline Solution.—Air was bubbled 
through a warm solution of 0.1 g. of the dimethyl ether in 
25 cc. of 4% aqueous sodium hydroxide. After about five 
minutes the color became red and sodium hydrosulfite 
caused the reappearance of the initial yellow color. Con­
tinued treatment with air caused the solution finally to 
turn a deep violet and a purple sodium salt separated. 
The solution was acidified with sulfuric acid, extracted 
with ether, the ether solution dried and concentrated. 
The addition of petroleum ether caused the separation of 
60 mg. of a compound crystallizing in tiny rosets. Re­
crystallized from ether-petroleum ether (b. p. 30-60°), the

(4) This product was reported in a previous paper to melt at
235°.

compound formed rosets of maroon prisms, m. p. 246° 
(corr.) with decomposition.

Anal. Calcd. for C3oH3o0 8: C, 69.50; H, 5.79. Found: 
C, 69.46, 69.51; H, 6.02, 6.10.

The compound gives a deep purple solution in sulfuric 
acid which changes through red to orange to yellow on 
dilution. The purple-red solution of the compound in 
dilute aqueous alcoholic alkali is changed to a yellow 
color by sodium hydrosulfite. Air reoxidizes the solution 
rapidly.

(b) Oxidation with Ferric Chloride.—To 0.8 g. of the di­
methyl ether of gossypol dissolved in 80 cc. of hot glacial 
acetic acid was added 60 cc. of a 10% aqueous solution of 
ferric chloride. The solution turned deep greenish-brown 
and a small amount of tarry substance separated and was 
removed. The solution was heated on the steam-bath for 
a few moments and scratching of the walls of the flask 
caused orange crystals to form. These were collected and 
washed with acetic acid. They weighed 0.52 g. Recrys­
tallized from acetic acid or dilute acetone the compound 
formed shining orange leaflets, m. p. 215-216° (corr.).

Anal. Calcd. for C32H30O10: C, 66.90; H, 5.23. Found 
(acetone): C, 66.56; H, 5.19; (acetic acid): C, 67.02; H, 
5.12.

The compound gives a red-brown color with ferric chlo­
ride and a red-brown color with concentrated sulfuric 
acid. I t  is soluble in dilute alkali, giving a red-violet solu­
tion which is unaffected by sodium hydrosulfite. I t 
leaves no residue on ignition (not a F e +++ salt).

(c) Oxidation with Nitric Acid.—Two attempts to isolate 
crystalline products after prolonged heating of the di­
methyl ether with dilute nitric acid (1:4) were unsuccess­
ful.

In  another experiment 0.5 g. of the compound was dis­
solved in 10 cc. of benzene and 50 cc. of nitric acid (1:4) 
was added. The mixture was heated until the benzene had 
distilled off, the solid remaining suspended in the aqueous 
layer as a reddish, spongy mass. The heating was con­
tinued (gentle boiling) until this solid had turned a 
brick-red color. I t was collected and washed free of nitric 
acid and crystallized three times from slightly diluted 
acetic acid; orange leaflets, m. p. 213-214° (corr.). Mixed 
with a sample of the ferric chloride oxidation product (m. 
p. 212-213°) it melted a t 212-214°. Its color reactions 
with ferric chloride, concentrated sulfuric acid, and alkali 
were also identical.

Anal. Calcd. for C32H30O10: C, 66.90; H, 5.23. Found: 
C, 66.70; H, 5.22.

Summary

Gossypol hexamethyl ethers are demethylated 
to gossypol dimethyl ether by the action of a drop 
of sulfuric acid in glacial acetic acid. Gossypol 
tetramethyl ether under similar conditions gives 
gossypol, which leads to the deduction that the 
two methoxyls in the dimethyl ether correspond 
to the two hydroxyls in the tetramethyl ether.

This dimethyl ether, in contrast to the tetra- 
and hexamethyl ethers, reacts with aniline or
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with alkali, and in general shows many of the The color reactions and oxidation products of
reactions of gossypol. It may be remethylated the dimethyl ether are described.
to  g o ssy p o l h e x a m e th y l e th e r .  U r b a n a , I l l in o is  R e c e iv e d  J u n e  27, 1938

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

Structure of Gossypol. VIII.1 Derivatives of the Ethers of Gossypol
B y  R oger  A dams and  T . A. G eissm a n

The non-reactivity of gossypol tetra- and hexa­
methyl ethers with many carbonyl reagents leaves 
doubt concerning the presence of aldehyde groups 
in these molecules in spite of the fact that experi­
ments indicate that six hydroxyls and two alde­
hyde groups are present in gossypol. This paper 
presents evidence which points to the belief 
that in the tetra- and hexaalkyl ethers of gossypol 
the systems involving the two aldehyde groups 
and two of the six hydroxyls may be stabilized in 
the lactol form by alkylation with the formation 
of two acetal (or lactol ether) linkages (formulas 
la, lb, II).

Although gossypol (la and lb) and its dimethyl 
ether form derivatives with aniline and with sub­
stituted anilines,1,2 neither the hexamethyl ethers 
nor the tetramethyl ether of gossypol have been 
found previously to form any derivatives which 
showed unequivocally the presence in the mole­
cule of a carbonyl group. In fact, all attempts to 
form such a derivative in alkaline or neutral solu­
tion have yielded negative results.3 The white 
hexamethyl ether (either form) shows a remark­
able stability in neutral or alkaline solution, being 
unattacked by permanganate in acetone or py­
ridine solution. In the latter case fairly vigorous 
treatment results in 
the complete degra­
dation of a small per­
centage of the start­
ing material with the 
recovery of the re­
mainder unchanged.

Gossypol hexa­
methyl ether does 
not react with ma­
lonic acid in alcohol 
in the presence of piperidine or in pyridine solution.4

(1) For previous paper see Adams and Geissman, T his Jo u r n a l , 
60, 2163 (1938).

(2) Adams, Price and Dial, ibid., 60, 2158 (1938).
(3) Morris and Adams, ibid., 59, 1731 (1937).
(4) Kuhn, Ber., 63, 2164 (1930).

With methylmagnesium iodide in benzene-ether 
solution some reaction seemed to occur, but a 
large proportion of starting material was recov­
ered along with a small amount of an uncrystalliz- 
able oily product.

In acetic acid solution, however, the hexa­
methyl ether (II) behaves quite differently. It is 
attacked instantly by potassium permanganate 
(no crystalline products isolated), and it forms 
readily a crystalline condensation product with 
two molecules of phenylhydrazine (III) or with 
two molecules of hydroxylamine (IV). These 
latter condensation products appear to be formed 
by loss of two methylene groups due to hydrolysis 
of two methoxyls to hydroxyls followed by the 
loss of water between the resulting aldehyde 
groups and the reagents. The dihydroxylamine 
derivative was found by analysis to have lost an 
additional two molecules of water, probably 
through the formation of two orthoxazine rings. 
The unusual ease with which the methyl groups of 
two of the methoxyls in gossypol tetramethyl and 
hexamethyl ethers are eliminated in mildly acid so­
lution leads to the deduction that acetal methoxyls 
are probably present. The chemical changes just 
described may be formulated structurally:

The phenylhydrazone can be reconverted to 
the hexamethyl ether by treatment with metha- 
nolic hydrogen chloride, and converted by treat­
ment with ethanolic hydrogen chloride to a di­
ethyl tetramethyl ether which presumably has

I" c 14h 13o 2 (  ° H X]  ^ ± 1  ["c 14h 13o2 (  °\ Y ] L \—CHO/J2 L \—c h o h / J 2
la  Gossypol lb

r  / —o  M  C6H6NHNH2 r  /
c 14Hh(o c h 3)2 ( i ) ..> c 14H n (o cH 3)2 (L \ —c h o c h 3/ J 2 c h 3o h  h c i  L V

1 11 111 i t

rC 14Hn(OCH3)2 (  ° V \ 1  rC 14Hu(OCH3)2 (  ?  iL \ —c t r  /  J2 L \ — c h —n h n h c „h 6/ J

f—OH

-C H = N —NHCcH5.)}
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two ethoxy groups of the acetal type. Attempts 
to convert it to a tetramethyl ether by hydrolysis 
in aqueous or non-alcoholic media were unsuc­
cessful; treatment of the compound with dry 
hydrogen chloride in acetic acid led to a com­
pound containing chlorine whose constitution has 
not yet been investigated.

The tetramethyl ether of gossypol reacts with 
phenylhydrazine under conditions similar to those 
used for the hexamethyl ether and forms an analo­
gous product, the diphenylhydrazone of a gos­
sypol dimethyl ether. It can be reconverted into 
the gossypol tetramethyl ether or converted into 
a gossypol diethyldimethyl ether. The gossypol 
tetramethyl ether also reacts with two molecules 
of hydroxylamine. Two methoxyl groups are 
hydrolyzed and two molecules of water are lost 
followed by the elimination of two more molecules 
of water just as occurred in the gossypol hexa­
methyl ether derivative.

The facts presented in this paper favor the 
structures written for these compounds; the 
acetal structure for gossypol hexa- and tetra­
methyl ethers adequately explains the stability 
of these compounds toward alkaline reagents, 
their ready reaction in acid solution with the hy­
drolysis of methyl groups from two of the ether link­
ages, and the hydrolysis of the hexamethyl ether 
to the dimethyl ether by sulfuric acid in acetic 
acid solution.

The dimethyl ether of gossypol also forms a 
diphenylhydrazone and a dioxime, but as is to be 
expected no methyl groups are lost in the process. 
The dioxime, moreover, does not lose water. 
That acetic acid is not necessary in these conden­
sations is indicated by the ready condensation of 
the dimethyl ether with aniline in benzene or 
chloroform solution.

It is significant that the diphenylhydrazone of 
the dimethyl ether of gossypol is isomeric with 
the diphenylhydrazone obtained from the tetra­
methyl ether. As was previously mentioned, two 
methyl groups are lost in the synthesis of the 
latter compound. That the two substances are 
not identical is to be expected from the fact that 
the two methoxyl groups in gossypol dimethyl 
ether are the ethers of the two free hydroxyl 
groups in gossypol tetramethyl ether, as was 
shown in a previous communication.1

The relationship between the phenylhydrazine 
derivatives of gossypol di-, tetra- and hexamethyl 
ethers may be formulated as follows

Hexa C»H,i(OCHs)a (  C U = N - NHCsH i)]- 

Tetra [c„H„(OCH,)(OH) ( l ® _ N_ KHC<H, ) ] ,

Di [c ,fl„(O H )(O C H .) ( I ? 2 _ n _ n h c ,H i) ] ,

The dehydro dioxime or orthoxazine derived 
from the hexamethyl ether and hydroxylamine 
forms a crystalline potassium salt when treated 
with alcoholic potassium hydroxide. This salt 
on treatment with acetic acid undergoes a change 
resulting in the formation of a compound which no 
longer contains nitrogen, formulated as a lac­
tone

ĵ CI4H„(OCH3)2 ^
-<X

-CH/ ':N

n(OCH3)2 ( _ ch = = n o _ _ |k ) ] 2

[ c 14h ii(o c h 3)2( ^ = n o h ) ] 2

£ c MH„(OCH3)2j ^  ? ^ n h ) ]

£ c 14Hn(OCH3): a n
The reactions of this compound, which corre­
sponds to the dilactone of a gossypol tetramethyl 
ether in which the two aldehyde groups are con­
verted into carboxyls and then dehydrated with 
two hydroxyl groups to lactone residues, will be 
the subject of a later paper. It is proposed to 
call the molecule theoretically obtained by oxi­
dizing the two aldehyde groups in gossypol to 
carboxyls, gossylic acid. This new compound 
would then be a gossylic acid lactone tetramethyl 
ether.

The fact that in this molecule there are only 
eight oxygens, the same number as in gossypol, 
lends additional weight to the conclusion that 
the oxygens in gossypol are present in the form 
of six hydroxyls and two aldehyde groups.

Speculation concerning the structure of the 
(Ci4Hii)2 residue in gossypol may be made. On 
the basis of the available knowledge, the presence 
of two naphthyl or analogous residues directly 
or indirectly linked is indicated. This assump­
tion is founded partly on the work of Schmid5 
and partly on absorption spectra data and on 
chemical data not yet published which have been 
accumulated in this Laboratory. Assuming the 
molecule to be symmetrical and that six hydroxyls 
and two aldehyde groups may replace eight hy-

(5) Schmid and Margulies, Monatsh., 65, 391 (1934).
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drogens in the naphthalene nuclei, the residue 
becomes (C^OCio^-CioKk^Hg) or an isomer 
of it, in which each of the C4H9 radicals represents 
more than one group. The two naphthyl groups, 
however, may be attached through an alkylene 
residue, thus Ci0H3-(C8Hi6)-CioH3. Still another 
possible combination is that in which one or more 
alkyl groups are present in each of the naphthalene 
nuclei and the two naphthalene residues are con­
nected by one or more methylene groups.

One type of hydroxyaldehyde which may 
explain many of the reactions of gossypol and 
its ethers is represented by the partial nucleus.

OH CHO

-OH A study of a naphthalene

derivative with substituents of this type is now 
being made. An attempt to give a complete 
formula for gossypol is not yet justified as certain 
conflicting experimental facts must first be clari­
fied.

Experimental
Condensation of Phenylhydrazine and Gossypol Hexa­

methyl Ether (a).—To a solution of 0.27 g. of pure gossypol 
hexamethyl ether (m. p. 239-241°) in 20 cc. of glacial 
acetic acid was added 1.5 cc. of phenylhydrazine. After 
heating for several minutes on the steam-bath bright yel­
low needles began to separate. After thirty minutes the 
solution was filtered hot and the product washed with 
acetic acid. I t  formed bright yellow needles, m. p. 266- 
267° (corr.) with decomposition, and weighed 0.25 g. No 
satisfactory method was found for recrystallization of this 
product.

(b). A solution of 0.25 g. of gossypol hexamethyl 
ether (m. p. 223-225°) was treated as in (a). The product 
weighed 0.28 g. In  larger runs the yield was nearly 
quantitative.

Anal. Calcd. for C46H5o0 6N4: C, 73.22; H, 6.63; N, 
7.43. Found: C, 72.78, 73.09; H, 6.59, 6.58; N, 7.40.

The compound is insoluble in alkali (aqueous or alco­
holic) and gives no ferric chloride color. I t  gives an orange 
color with concentrated sulfuric acid.

To a suspension of 0.5 g. of the phenylhydrazone in 10 
cc. of glacial acetic acid was added 5 drops of concentrated 
hydrochloric acid. The yellow-brown solution which 
rapidly formed, began to deposit clusters of yellow needles 
after standing for an hour at room temperature. The 
product was collected and washed with acetic acid and 
water. I t  could not be recrystallized successfully. I t 
was insoluble in alkali and in ether, acetone and benzene. 
I t  was soluble in methanol and slightly so in acetic acid. 
I t  contained halogen (Beilstein test) and nitrogen. The 
compound melted at 257-262° (corr.) with decomposition.

When the solution of this material in methanol was satu­
rated with dry hydrogen chloride a thick mass of short 
white needles separated. This compound is nicely crystal­

line, contains halogen and nitrogen, gives a yellow color 
with concentrated sulfuric acid, dissolves in warm alcoholic 
alkali to a bluish-red solution, and melts at 274-276° 
(corr.) with decomposition. I t  turns brown on standing 
in air and no method has yet been found for its purification.
Conversion of the Phenylhydrazine Derivatives of Gossy­

pol Hexamethyl Ether to Gossypol Hexaalkyl Ethers
(a) With CH3OH-HCI: Formation of Gossypol

Hexamethyl Ether.—-A suspension of 0.5 g. of the phenyl­
hydrazone in 20 cc. of absolute methanol was treated with 
dry hydrogen chloride until the compound had gone into 
solution. The solution was allowed to stand overnight a t 
room temperature. A crystalline product separated in 
clusters of stout prisms. I t weighed 0.32 g. After re­
crystallization from ligroin, then from methanol it formed 
tiny white prisms, m. p. 219-221° (corr.), and mixed with 
gossypol hexamethyl ether (m. p. 221-223°), it melted at 
221-223°.

(b) C2H5OH-HCI: Formation of Gossypol Tetra­
methyl Diethyl Ether.—A solution of 0.5 g. of the phenyl­
hydrazone in 20 cc. of absolute ethanolic hydrogen 
chloride (prepared as in the case of the methanol) was 
allowed to stand at room temperature. Within two hours 
white needles began to separate from the solution. The 
crude product weighed 0.35 g. Recrystallized from 
ethanol-acetone, it formed white prisms, m. p. 229-230° 
(corr.).

Anal. Calcd. for C3oH2402(OCH3)4(OC2H5)2: C, 72.38;
H, 7.30. Found: C, 72.19; H, 7.49.

A mixture of this compound (m. p. 229-230°) with the 
hexamethyl ether (m. p. 221-223°) melted a t 203-208°. 
The compound gave the usual (for hexaalkylated gossypol) 
orange color with sulfuric acid.

Condensation of Hydroxylamine with Gossypol Hexa­
methyl Ether.—To 2.0 g. of gossypol hexamethyl ether dis­
solved in 30 cc. of hot acetic acid was added a solution of
I . 0 g. of hydroxylamine hydrochloride in a very small 
quantity of water. The solution was heated on the steam- 
bath (five to ten minutes) until scratching of the walls of 
the flask caused crystallization to start. After allowing the 
mixture to stand until cool (overnight is preferable) the 
product was collected and washed with acetic acid and 
water. I t  formed greenish-yellow leaflets weighing 1.5 g.

Recrystallized from dilute acetic acid it forms flat buff 
needles and from benzene-petroleum ether it forms tiny 
buff platelets. Both forms when heated rapidly melt 
with decomposition at 192-204° but when heated slowly 
merely sinter at this temperature and do not melt below 
280°.

Anal. Calcd. for (dioxime) C34H4o08N2: C, 67.5; H, 
6.63; N, 4.64. Calcd. for (dioxime less 2H20) C34H 3606N2: 
C, 71.82; H, 6.34; N, 4.92. Found (acetic acid): C, 
71.83; H, 6.44. Found (benzene-petroleum ether): C, 
72.05; H, 6.51; N, 4.83.

The oxime gives an orange color with concentrated 
sulfuric acid and no ferric chloride color. I t  is soluble in 
hot 10% methanolic potassium hydroxide, and the potas­
sium salt crystallizes from the hot solution in clusters of 
bright yellow needles.

Degradation of the Hydroxylamine Derivative of Gossy­
pol Hexamethyl Ether to a Lactone.—A suspension of 4.69
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g. of the crude hydroxylamine derivative of gossypol hexa­
methyl ether in 60 cc. of 10% methanolic potassium 
hydroxide was heated to boiling with stirring. The com­
pound gradually went into solution, then the potassium 
salt rapidly crystallized as a thick sludge of yellow needles. 
After being heated for a short time just below the boiling 
point to complete the reaction the mixture was allowed to 
cool and the product collected and washed with a small 
amount of alcoholic potassium hydroxide and with ether. 
The salt weighed 5.15 g. Purified hydroxylamine deriva­
tive gives a better yield but no over-all advantage is 
gained by such a procedure.

Analysis of the crude product for potassium indicated 
that it is a dipotassium salt.

Anal. Calcd. for (Ci7Hi904NK)2: K, 11.5. Calcd. for 
(Ci7Hi804NK2)2: K, 20.6. Found: K, 10.8, 10.2.

A solution of 5.15 g. of crude potassium salt in 50 cc. of 
boiling glacial acetic acid was diluted carefully with water 
until crystallization started. I t was then diluted with 
several times its volume of water and allowed to cool. The 
crude, crystalline product was collected and dried. I t was 
found most convenient to recrystallize it from glacial 
acetic acid in the following way. The crude product was 
dissolved in 46 cc. (0.5 mole) of boiling acetic anhydride 
and the acetic anhydride carefully decomposed by the 
addition of 9 cc. of water dissolved in 10 cc. of acetic acid. 
As soon as the acetic anhydride had been hydrolyzed the 
product crystallized in shining leaflets. I t weighed 4.05 g. 
and after recrystallization from acetic acid (in which it is 
difficultly soluble) or acetic anhydride it melted at 327- 
328° (corr.).

Anal. Calcd. for Ci7H i70 4: C, 71.58; H, 5.96; 2- 
OCHs, 21.75. Found: C, 71.17; H, 6.11; OCH3, 21.40.

The lactone is difficultly soluble in cold alcoholic alkali 
but dissolves readily on warming. I t  gives a yellow color 
with concentrated sulfuric acid and no ferric chloride color.

Condensation of Phenylhydrazine with Gossypol Tetra­
methyl Ether.—To a solution of 0.5 g. of gossypol tetra­
methyl ether in 20 cc. of hot glacial acetic acid was added 1 
cc. of phenylhydrazine. On standing overnight the solu­
tion deposited 0.61 g. of a bright yellow crystalline product. 
Recrystallized from acetic acid it forms canary-yellow 
platelets, from benzene a bright yellow crystalline powder, 
and from benzene-petroleum ether bright yellow rosets of 
scale-like crystals which effloresce on drying at 100° to a 
yellow powder, m. p. 246-248° (corr.) with decomposition.

Anal. Calcd. for C44H460 6N4: C, 72.73; H, 6.34. 
Found (acetic acid): C, 73.07; H, 6.29. Found (benzene): 
C, 72.76; H, 6.52. Found (benzene-petroleum ether): 
C, 72.32; H, 6.53.

The compound gives a scarlet color with concentrated 
sulfuric acid, no ferric chloride color, and is soluble in alco­
holic alkali with a reddish-yellow color.

Conversion of the Phenylhydrazine of Gossypol Tetra­
methyl Ether to Tetraalkyl Ethers

(a) Gossypol Tetramethyl Ether.—A solution of 0.5 g. 
of the phenylhydrazone from gossypol tetramethyl ether in 
20 cc. of absolute methanolic hydrogen chloride was al­
lowed to stand at room temperature overnight. A crystal­
line deposit weighing 0.30 g. was obtained and purified by

recrystallization from acetone, m. p. 186-189° (corr.). I t  
gave no depression in melting point when mixed with an 
authentic sample of gossypol tetramethyl ether.

(b) Gossypol Dimethyl Diethyl Ether.—A solution of 0.5 
g. of the phenylhydrazone from gossypol tetramethyl ether 
in 15 cc. of absolute ethanolic hydrogen chloride began to 
deposit white needles after several hours at room tempera­
ture. The product was collected after diluting the solu­
tion and weighed 0.32 g. Recrystallized from dilute ace­
tone it formed slender white needles, m. p. 160-162° (corr.).

Anal. Calcd. for C3oH260 4(OCH3)2(OC2H6)2: C, 71.76; 
H, 6.98. Found: C, 71.49; H, 6.89.

The compound gives a scarlet color with concentrated 
sulfuric acid.

Condensation of Hydroxylamine with Gossypol Tetra­
methyl Ether.—To a solution of 0.5 g. of gossypol tetra­
methyl ether in 5 cc. of glacial acetic acid was added a 
solution of 0.25 g. of hydroxylamine hydrochloride in 0.5 cc. 
of water. After heating on the steam-cone for fifteen 
minutes, the solution was filtered and cooled. On scratch­
ing the walls of the flask the product separated as a yellow 
powder weighing 0.33 g. I t  can be recrystallized from 
benzene or benzene-petroleum ether from which it is ob­
tained as fine canary-yellow platelets or prisms which 
melted poorly from 140-190° (with decomposition). 
Analysis indicated that it contained combined solvent. 
Recrystallized from ligroin (b. p. 90-110°) it formed short 
yellow needles which melted a t 281-283° (corr.) with de­
composition.

Anal. Calcd. for (dioxime less 2H20) C32H320 6N2: 
C, 71.11; H, 5.92; N, 5.18. Calcd. for C32H320 6N2- 
V2C6H6: C, 73.78; H, 6.15; N, 4.63. Found (ligroin): C, 
70.93; H, 5.97. Found (benzene-petroleum ether): C, 
73.56; H, 6.28; N,4.79.

The compound dissolves in concentrated sulfuric acid 
to give an orange solution which turns deep wine-red on 
standing. I t gives no color with ferric chloride. I t  dis­
solves readily in cold, dilute alcoholic potassium hydroxide 
to give a yellow solution which quickly turns wine-red. 
This red color is discharged by sodium hydrosulfite, giving 
the original yellow color.

Condensation of Phenylhydrazine with Gossypol Di­
methyl Ether.—To a solution of 1.9 g. of the dimethyl 
ether in 20 cc. of glacial acetic acid was added 3 cc. of 
phenylhydrazine, and the mixture was warmed for fifteen 
minutes on the steam-bath. The solution was diluted care­
fully with water, with scratching, until crystallization be­
gan. The crude product weighed 2.0 g. Recrystallized 
from benzene, the compound formed rosets of yellow nee­
dles, m. p. 248-249° (corr.) with decomposition. From 
dilute acetic acid it forms yellow platelets, m. p. 246-248° 
(corr.) with decomposition. The melting point varies 
with the heating rate.

Anal. Calcd. for C44H460 6N4: C, 72.73; H, 6.34; N, 
7.72. Found (benzene): C, 72.89; H, 6.58; N, 7.17.

The compound depressed the melting point of the iso­
meric phenylhydrazone from gossypol tetramethyl ether 
(mixed m. p. 232-234° corr.) with decomposition. I t  gives 
an orange-yellow color with concentrated sulfuric acid, and 
with ferric chloride a cherry-red which changes immedi­
ately to orange. I t  is soluble in cold alcoholic alkali.
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Attempts to hydrolyze the compound by the procedure 
described for the phenylhydrazones did not yield a tetra­
methyl ether.

Condensation of Hydroxylamine with Gossypol Di­
methyl Ether.—The product was prepared by treatment 
of an acetic acid solution of gossypol dimethyl ether with a 
neutralized solution of hydroxylamine hydrochloride in 
water, heating for thirty minutes on the steam-bath and 
diluting and scratching the hot solution. The hydroxyl­
amine derivative was recrystallized from dilute acetic acid, 
from which it formed buff platelets, m. p. 229-232° (corr.) 
with decomposition.

Anal Calcd. for CmHmOb̂ :  C, 66.66; H, 6.25; N, 
4.85. Found: C, 66.33; H, 6.45; N, 4.38.

In contrast to the hydroxylamine derivative prepared 
from the hexamethyl ether, this substance has not lost the 
elements of water to form an orthoxazine.

The compound gives a yellow-orange solution in concen­
trated sulfuric acid, a green color with ferric chloride, and 
its yellow solution in aqueous alkali turns red on standing 
in the air.

Zeisel Determinations
The Zeisel numbers on gossypol and many of its deriva­

tives appear to have very little significance, for the values 
found are usually too high. They are given in the table.

Ze is e l  D e t e r m in a t io n s  o n  G o s s y p o l  E t h e r  D e r iv a ­
t iv e s

Found Calcd.

1 Phenylhydrazone from 17.8 16.4 (4-OCH3)
hexamethyl ether

2 Phenylhydrazone from 11.8 12.3 8.5 (2-OCH3)
tetramethyl ether

3 Phenylhydrazone from 13.0 11.3 8.5 (2-OCH3)
dimethyl ether

Although the found and calculated values are 
discordant, it is noteworthy that essentially the

same values were obtained for the phenylhydra­
zones of the tetra- and dimethyl ethers and the 
compounds therefore are isomeric. This coin­
cides with the other analytical data.

Summary
Gossypol hexamethyl ether and tetramethyl 

ether react with phenylhydrazine in acetic acid 
solution to give derivatives in which two mole­
cules of water and methyl groups have been elimi­
nated. Treatment of the products with ethanolic 
or methanolic hydrogen chloride results in the re­
conversion to hexa- or tetraalkyl ethers of gossypol.

The hexa and tetra ethers also react with 
hydroxylamine with elimination of four mole­
cules of water and hydrolysis of two methoxyl 
groups. Apparently the two oxime groups ini­
tially formed lose water with formation of orthox­
azine rings.

The phenylhydrazine derivatives of gossypol 
tetramethyl ether and of gossypol dimethyl ether 
are isomeric, as would be anticipated from the 
fact that the two methoxyls in gossypol dimethyl 
ether correspond to the two hydroxyls in gossypol 
tetramethyl ether.

The hydroxylamine derivative of gossypol 
hexamethyl ether by treatment with alkali, then 
with a mixture of acetic acid and acetic anhy­
dride, gives a compound which appears to be a 
lactone and corresponds to a gossypol derivative 
in which the aldehyde groups have been con­
verted to carboxylic acid groups.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  27, 1938

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

Structure of Gossypol. IX.1 Oxidation and Degradation of Gossypol Hexamethyl
Ether; Gossie Acid

B y R oger  A dams, R. C. M o r r is  and  E. C. K ir k p a t r ic k 2

The experimental evidence previously published 
on the structure of gossypol has given much in­
formation concerning the functional groupings 
present in the molecule and some knowledge 
concerning the relative arrangement of these 
groups. On the other hand, it has not been 
demonstrated that the molecule contains two

(1) For previous paper in  th is field see Adams and Geissman, T h is 
J o urn al , 60, 2166 (1938).

(2) Abstract of a portion of a thesis submitted in partial fulfil­
ment for the degree of Doctor of Philosophy by E. C. Kirkpatrick, 
Solvay Fellow 1936-1938.

naphthyl residues or a binaphthyl residue as has 
been tentatively assumed.

It is only by obtaining degradation products 
and by identifying them that it may be hoped to 
clarify the complete structure of gossypol. The 
search for a convenient degradation reaction has, 
up to this time, been fruitless. Now, however, 
a most promising reaction has been discovered by 
which a smaller molecule can be isolated in a pure 
state and in reasonable yields.

The white gossypol hexamethyl ether (I) or gos-
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sypol tetramethyl diethyl ether1 can be oxidized 
with chromic acid, periodic acid or dilute nitric 
acid. By very short treatment with chromic 
acid, oxidation occurs to give chiefly a yellow 
crystalline compound (II) which for convenience 
may be looked upon as being formed by the hy­
drolysis of two methoxyl groups followed by re­
placement of four hydrogen atoms by two oxygens. 
This product will be called gossypolone tetra­
methyl ether since it is analogous to the compound 
described by Clark,3 designated by him as tetra- 
acetylgossypolone and obtained by the oxidation 
of gossypol hexaacetate; thus C3oH240 2(OCOCH3)6
tO  C 8 oH 2 2 0 6 ( O C O C H 8)4 .

Along with the gossypolone tetramethyl ether 
was invariably found a very small amount of a 
second oxidation product C30H22O4(OCH3)4, III, 
which proved to be a lactone and identical with 
the gossylic acid lactone tetramethyl ether de­
scribed in a previous paper.1

Gossypolone tetramethyl ether probably con­
tains aldehydic carbonyls as shown by the con­
densation with two molecules of aniline. Pre­
liminary tests indicate that it may also contain 
quinone groupings. I t does not contain carboxyl 
groups, for the product could not be titrated elec- 
trometrically. If gossypol hexamethyl 
ether is accepted as containing two alde­
hyde and six methoxyl groups, there may 
have occurred in this oxidation the hy­
drolysis of two methoxyls to hydroxyls 
and the conversion of two phenolic resi­
dues to quinones. The product may well 
be a gossypoloquinone tetramethyl ether.

Gossypolone tetramethyl ether also 
could be obtained from gossypol hexa­
methyl ether by the action of periodic acid KMn04 
but this reaction was not nearly as satis­
factory as the oxidation with chromic acid.

The oxidation of gossypol hexamethyl 
ether with dilute nitric acid is more deep-seated 
than with chromic or periodic acid. By this proce­
dure, two products which account for essentially 
all of the starting material are formed, a yellow 
crystalline water-insoluble compound (IV), and a 
white crystalline water-soluble product (V). Ap­
proximately equal amounts of each are obtained.

The water-insoluble substance (IV) has a 
molecular weight comparable with that of the 
starting material and has two more oxygens 
than gossypolone tetramethyl ether (II). It is

(3) Clark, T h is  Jo u rn al , 51, 1475 (1929).

an acid and a tetramethyl ether and some indica­
tions are that it is a quinone. It will be called 
gossypolonic acid tetramethyl ether. Although 
stable to dilute nitric acid, it is readily oxidized 
with permanganate to give the same water-soluble 
compound (V), C14H14O7, which results by the 
direct dilute nitric acid oxidation of gossypol 
hexamethyl ether. It is thus obvious that a close 
relationship in structure between these compounds 
exists. The oxidation of gossypol hexamethyl 
ether apparently takes place in two directions, one 
without degradation and the other with a cleav­
age to approximately a half molecule.

Moreover, these substances and gossypolone 
tetramethyl ether (II) are related as shown by 
the fact that the latter upon treatment with di­
lute nitric acid readily oxidizes to the water-in­
soluble product, gossypolonic acid tetramethyl 
ether (IV), obtained by direct nitric acid oxida­
tion of gossypol hexamethyl ether. By treat­
ment with permanganate gossypolone tetramethyl 
ether gives the water-soluble product (V) obtained 
either by the nitric acid oxidation of gossypol hexa­
methyl ether or by the permanganate oxidation 
of gossypolonic acid tetramethyl ether. These 
conversions are shown in the chart

->

C3oH240 2( OCH3) 6 

I

HNOs Cr03

C3oH220 4(OCH3 ) 4

III
> f T

C30H22O8(OCH3)4 -<— ------ C3oH220 6(OCH3)4
IV II
+  *

Ci4Hi40 7
V

KMn04

A possible breakdown of these molecules with a 
postulated intermediate VI may be suggested

( (OCH3 ) 6  

C2sH22<
l  (CHO)* 
I

( (OCH3 ) 4 ( (OCH3 ) 4

C2 8H2o< (CHO) 2 — ^ C28I W  (COOH) 2

l ( = 0 ) 4 u = :0 )4
II IV

I t is recognized that other tautomeric forms or 
perhaps closely related isomeric forms of these 
structures may be the more nearly correct con-
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figurations but this will have to be determined 
after further experimentation.

The water-soluble product, because of its ease 
of preparation and of its molecular size of about 
300, is a most promising derivative for immediate 
study to obtain a further insight into the gossypol 
structure. I t will be called gossie acid. This 
product is a dimethyl ether and is acid in char­
acter as shown by its decomposition of aqueous 
sodium carbonate. I t forms a monomethyl ester 
with diazomethane but titrates in aqueous solu­
tion approximately for a tribasic acid. Con­
sequently a dibasic acid anhydride linkage in 
addition to a carboxyl group may be present. In 
all respects the compound acts like a substi­
tuted benzene. It gives none of the unusual color 
reactions of the higher molecular weight gossypol 
derivatives and has entirely normal solubility 
and crystallizing characteristics. From these mea­
ger results a partial breakdown of the gossie acid 
molecule may be postulated as follows

(CH30 )2C6H <

C3H6
COOH

—CO
\o

- c /

but the exact constitution must await further in­
vestigation.

It is significant that, under similar conditions, 
gossypol tetramethyl ether is oxidized by dilute 
nitric acid only to water-soluble acids which have 
not been obtained in a crystalline state. Neither 
could crystalline derivatives be obtained by the 
oxidation with chromic or periodic acid.

Experimental
Chromic Acid Oxidation of Gossypol Hexamethyl Ether 

or Gossypol Tetramethyl Diethyl Ether: Gossypolone 
Tetramethyl Ether (II).—To a solution of 2 g. of white 
gossypol hexamethyl ether in 50 cc. of boiling glacial acetic 
acid, was added rapidly with vigorous stirring 10 cc. of a 
10% aqueous solution of chromic oxide and the mixture 
was allowed to boil for one minute. I t was then poured 
onto a mixture of 100 g. of ice and 75 cc. of water. The 
product was filtered with suction and the yellow residue 
was washed with water until the washings were neutral. 
The air-dried residue was added to 40 cc. of boiling metha­
nol. The material at first became gummy and then went 
gradually into solution, but, before solution was complete, 
a yellow material began to crystallize. By keeping warm 
on a steam-bath and breaking up the lumps with a stirring 
rod, all non-crystalline material went into solution. After 
standing for two hours a t room temperature, the yellow 
crystalline product was filtered; yield 1.5 g. To purify, 
it was heated with 120 cc. of boiling methanol and filtered

hot. The insoluble residue is described below. After 
cooling and allowing the filtrate to stand for two hours in 
an ice box, the yellow crystalline plates of gossypolone 
tetramethyl ether were filtered and washed with 20 cc. of 
petroleum ether (b. p. 30-60°). After two more crystal­
lizations, the melting point was constant at 156-157°.

Anal. Calcd. for C30H22O6(OCH3)4: C, 67.77; H, 5.64; 
4CH30, 20.59; mol. wt., 602. Found: C, 67.69, 67.42; 
H, 5.83, 6.06; CH30, 21.0, 20.8; mol. wt. (b. p. acetone), 
664, 616.

Exactly the same substance was formed by a similar 
oxidation of gossypol tetramethyl diethyl ether.

The product gave a dark brown color in concentrated 
sulfuric acid which changed to a light orange on standing 
for a half hour. I t  gave no color with ferric chloride and a 
deep red with pyroboroacetate.

I t  was insoluble in 10% aqueous sodium hydroxide but 
was soluble in a 10% methanolic potassium hydroxide 
solution with decomposition.

This same product may also be made, though less con­
veniently, by the oxidation of gossypol hexamethyl ether 
with periodic acid.

By-Product from Oxidation with Chromic Acid: Gossylic 
Acid Lactone Tetramethyl Ether (III).—The material in­
soluble in the 120 cc. of boiling methanol was dissolved in 4 
cc. of boiling acetone and the solution filtered. Upon stand­
ing, a yellow product separated. By crystallization from 4 
cc. of acetone it formed yellow needles. A second crystal­
lization this time from 15 cc. of boiling glacial acetic acid 
gave light yellow needles, m. p. 315-317°.

Anal. Calcd. for C30H22O4(OCH3)4: C, 71.58; H, 5.96; 
CH30, 21.75. Found: C, 70.82; H, 5.84; CHsO, 21.2.

I t proved to be identical by mixed melting point deter­
mination with the lactone obtained by treating gossypol 
hexamethyl ether with hydroxylamine followed by alkali 
and acetic anhydride.

Oxidation of Gossypol Hexamethyl Ether with Dilute 
Nitric Acid

Water-Insoluble Oxidation Product: Gossypolonic Acid 
Tetramethyl Ether (IV).—A suspension of 0.40 g. of white 
gossypol hexamethyl ether in a mixture of 10 cc. of concen­
trated nitric acid (sp. gr. 1.42) and 40 cc. of water was 
refluxed for twelve hours. At the start of the reaction the 
material was a flocculent suspension, in about two hours it 
became a reddish-brown gummy mass which floated on the 
acid. Toward the end of the reaction, the mass had be­
come hard. After cooling, the solid was filtered and the 
filtrate set aside for isolation of the water-soluble product.

The solid was dissolved in ether and the solution shaken 
repeatedly with sodium bicarbonate solution until all 
the alkali-soluble material was extracted. The bicarbon­
ate extract was acidified, the yellow precipitate filtered, 
washed and dried. On crystallization from benzene, it 
formed small yellow plates, m. p. 249-251 ° with decom­
position, yield 0.14 g. The product is essentially insoluble 
in methanol.

Anal. Calcd. for C34H340i2: C, 64.4; H, 5.36; (40CH 3), ( 
21.2; mol. wt., 634. Found: C, 64.33; H, 5.32; OCH3,' 
20.9; mol. wt. (acetone), 644.

In concentrated sulfuric acid, the compound gave a deep
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red color, which rapidly faded to a yellow-brown. An 
alcohol solution gave no color with aqueous ferric chloride. 
I t  was not decolorized with sulfur dioxide or aqueous so­
dium hydrosulfite.

Although stable when dissolved in aqueous sodium bi­
carbonate, it was unstable in aqueous sodium hydroxide 
with the appearance of a green color and precipitation of a 
gummy mass.

I t  was unchanged by further refluxing (fifteen hours) 
with dilute nitric acid and was only very slowly affected 
by chromic acid in acetic acid solution.

When dissolved in concentrated sulfuric acid and the 
solution allowed to stand for one-half hour and then diluted 
with water, there was obtained only a brown amorphous 
powder which could not be made to crystallize.

Demethylation with constant boiling hydrobromic acid 
yielded no definite product.

The product can be nitrated with cold 100% nitric acid 
to give a crystalline nitro derivative which obviously has 
been oxidized also. Its chemical reactions will be reported 
later.

Water-Soluble Oxidation Product: Gossie Acid.—The
dilute nitric acid filtrate from the oxidation reaction was 
neutralized with sodium carbonate, then acidified to Congo 
red with sulfuric acid, saturated with sodium chloride and 
extracted several times with ether. The crude brown 
product was crystallized twice from toluene from which it 
separates slowly in the form of long colorless needles, m. p. 
184-186°. I t  may also be crystallized from petroleum 
ether (b. p. 60-110°), yield 0.16 g. A preferable method 
of purification for analysis is one crystallization from tolu­
ene, followed by sublimation at 15 mm. and then a second 
crystallization from toluene or petroleum ether (b. p. 60- 
110°).

Anal. Calcd. for Ci4H140 7: C, 57.2; H, 4.76; 20CH3, 
21.0; neut. equiv., 98; mol. wt., 294. Found: C, 57.18; 
H, 4.95; OCH3, 21.0, 20.6; neut. equiv., 104; mol. wt,. 
(camphor), 316.

When larger amounts of gossypol hexamethyl ether were 
oxidized it was found an advantage to heat the sodium car­
bonate solution with potassium permanganate until the 
purple color had become permanent. The precipitate of 
manganese dioxide was destroyed with sulfur dioxide, the 
solution acidified with sulfuric acid and saturated with 
sodium chloride. Extraction in the way previously de­
scribed gave a product very easily purified. The yields 
were equivalent to those obtained without the use of potas­
sium .permanganate.

The compound gave no color when dissolved in concen­
trated sulfuric acid. Such a solution after standing one- 
half hour gave unchanged product on dilution with water. 
I t  gave no color with aqueous ferric chloride solution.

Attempts to nitrate the compound with cold 100% 
nitric acid were unsuccessful and the product was recovered 
unchanged. The compound was very stable to chromic 
acid in acetic acid.

An aqueous solution was not oxidized by periodic acid. 
Refluxing for eight hours in nitric acid (1:1) did not affect 
the compound.

Permanganate Oxidation of Gossypolonic Acid Tetra­
methyl Ether: Gossie Acid.—To a suspension of 0.35 g. 
of gossypolonic acid tetramethyl ether in 200 cc. of water

was added, in portions, 1.5 g. of solid potassium per­
manganate. The reaction mixture was heated on the 
steam-bath for five hours, at the end of which time there 
was still excess permanganate present. The flask was 
cooled, acidified with dilute sulfuric acid and sulfur dioxide 
was passed through until the excess permanganate and 
precipitate of manganese dioxide was destroyed. The 
solution was filtered, saturated with sodium chloride and 
extracted with ether. The ether extract was evaporated 
and the gummy residue crystallized from toluene. I t  
formed long, colorless needles that became opaque on 
drying, m. p. 184-186°, yield 0.15 g. I t  proved to be 
gossie acid.

Oxidation of Gossypol Tetramethyl E ther—Dilute 
nitric acid oxidation of gossypol tetramethyl ether, accord­
ing to the directions used for the hexamethyl ether, gave 
only a nitric acid Soluble product. Upon neutralizing and 
extracting with ether, an oily product, acidic in nature, 
was obtained. No crystalline substance was separated.

Methyl Ester of Gossie Acid.—To a solution of 0.10 g. 
of the acid in 5 cc. of ether was added an ether solution of 
diazomethane from 0.15 g. of nitrosomethyl urea. The 
reaction mixture was allowed to stand overnight at room 
temperature, then evaporated to dryness. The residue 
was purified by sublimation a t 20 mm. and crystallized 
from petroleum ether (b. p. 30-60°) in long colorless 
needles, m. p. 106 °.

Anal. Calcd. for Ci5H i60 7: C, 58.5; H, 5.19; 30CH3, 
30.2; mol. wt., 308. Found: C, 58.86; H, 5.25; OCH5, 
31.2; mol. wt. (Rast), 316.

The ester was saponified back to gossie acid by the 
following procedure. A suspension of 0.10 g. of the ester 
was refluxed gently with 5 cc. of 10% aqueous sodium 
hydroxide. The material was insoluble but gradually 
went into solution on heating. When solution was com­
plete the reaction mixture was acidified, saturated with 
sodium chloride and extracted with ether. The ether was 
evaporated and the residue crystallized from petroleum 
ether (b. p. 60-110°), m. p. 184-186°.

Nitric Acid Oxidation of Gossypolone Tetramethyl 
Ether.—A suspension of 0.2 g. of gossypolone tetra­
methyl ether in 25 cc. of water and 8 cc. of concentrated 
nitric acid was refluxed for six and one-half hours. The 
insoluble product was worked up as described in the nitric 
acid oxidation of gossypol hexamethyl ether; yield 0.15 g. 
Recrystallized from benzene, it formed yellow needles, m. 
p. 237-238°. A mixed melting point showed it to be 
identical with gossypolonic acid tetramethyl ether.

Permanganate Oxidation of Gossypolone Tetramethyl 
Ether.—To a suspension of 0.1 g. of gossypolone tetra­
methyl ether in 20 cc. of water was added over a period of 
thirty minutes, 0.4 g. of potassium permanganate crystals. 
The mixture was heated under reflux for seven hours. 
Sulfur dioxide was then bubbled in till the manganese di­
oxide had dissolved and the solution was colorless. Un­
changed gossypolone tetramethyl ether was filtered and 1 
cc. of concentrated hydrochloric acid added to the filtrate. 
The filtrate was then extracted several times with ether, 
the ether extract dried with sodium sulfate, filtered and 
evaporated to remove the solvent. The gum obtained was 
dissolved in 10 cc. of boiling acetone, 10 cc. of petro­
leum ether (b. p. 60-110°) was added, and the mixture
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evaporated to 9 cc. The product was obtained as de­
scribed previously and purified in a similar way: yield 
0.045 g. of white needles; m. p. 183-184.5°. This product 
was gossie acid.

Anal. Calcd. for C14H14O7: C, 57.1; H, 4.76. Found: 
C, 56.52; H, 4.85.

Concentrated aqueous ammonia converted gossypolone 
tetramethyl ether dissolved in a mixture of 5 cc. of acetone 
and 5 cc. of ethanol to a yellow crystalline material which 
separated from solution. I t could not be recrystallized 
and was insoluble in all common organic solvents. I t 
melted above 300 °. I t  gave a deep yellow solution in con­
centrated sulfuric acid.

Reaction of Aniline with Gossypolone Tetramethyl 
Ether.—A solution of 0.5 g. of gossypolone tetramethyl 
ether in 100 cc. of methanol and 0.2 cc. of aniline was 
boiled gently on a steam-bath for about an hour. The 
solution was concentrated to 50 cc. and allowed to stand. 
The crude product which separated was crystallized from 
20 cc. of acetone: yellow plates; m. p. 213-215°.

Anal. Calcd. for C34H3208(NHC6H5)2: C, 73.37; H, 
5.84; N, 3.72; 4CH30, 16.45. Found: C, 73.54; H, 5.86; 
N, 3.70; CH30 , 16.8.

The product was stable when dry. A solution, however, 
when exposed to air discolored.

I t gave a light yellow color in concentrated sulfuric acid.
Action of Concentrated Nitric Acid on Gossypol Hexa­

methyl Ether.—By the action of cold 100% nitric acid, 
gossypol hexamethyl ether is nitrated and oxidized to a

crystalline product, the nature of which will be reported 
later.

Summary
Gossypol hexamethyl ether has been oxidized 

by chromic acid, periodic acid and by dilute nitric 
acid. By the action of chromic acid or periodic 
acid a yellow crystalline product, gossypolone 
tetramethyl ether, is obtained which is formed by 
hydrolysis of two methoxyls followed by re­
placement of four hydrogens by two oxygens. 
Dilute nitric acid, however, gives two products, 
one which is water insoluble of a molecular weight 
comparable with the starting material, named 
gossypolonic acid tetramethyl ether and the other 
water-soluble, called gossie acid, of only about half 
the size. The former can be oxidized with per­
manganate to the latter. Gossypolone tetra­
methyl ether is oxidized with dilute nitric acid to 
gossypolonic acid tetramethyl ether and with 
permanganate to gossie acid. A discussion of 
the relationship of these compounds is given.

Gossie acid, C14H14O7, appears to be a benzene 
derivative and contains a carboxyl, a dibasic acid 
anhydride linkage, and two methoxyls.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  27, 1938

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

Structure of Gossypol. X.1 Apogossypol and its Degradation Products
B y R o ger  A dams and D . J. B u t t e r b a u g h 2

Clark3 discovered that by the action of hot 
concentrated alkali, gossypol, C30H30O8, loses two 
carbon and two oxygen atoms with the formation 
of two moles of alkali formate and one mole of a 
white unstable compound, C28H30O6, which he 
designated as apogossypol. He demonstrated 
by methylation and acetylation that this sub­
stance contained six hydroxyl groups, for the 
stable hexaacetyl and hexamethyl derivatives 
were prepared readily.

Clark did not attempt to speculate as to what 
occurred in the gossypol molecule by the action 
of alkali but it is quite obvious from the results 
published in papers V-IX of this series. The 
evidence is convincing that gossypol is a hexahy-

(1) For previous paper see Adams, Morris and Kirkpatrick, T h is 
J o urnal , 60, 2170 (1938).

(2) Abstract of a thesis submitted in partial fulfilment for the de­
gree of Doctor of Philosophy in chemistry; Chemical Foundation 
Fellow, 1936-1938.

(3) Clark, J . Biol. Chem., 78, 159 (1928).

droxy dialdehyde and consequently the ready re­
moval of the aldehyde groups by the action of al­
kali might be anticipated. Examples of the elimi­
nation of aldehyde groups from hydroxy alde­
hydes in this way are well-known. This is es­
pecially true also of easily tautomerized hydroxy- 
aldehydes such as the conversion of hydroxy- 
methylene camphor to camphor by alkali.4

It has been shown that two of the six hydroxyls 
in gossypol are more difficult to methylate than 
the other four. Moreover, two of the acetyls in 
gossypol hexaacetate are more difficult to sa­
ponify than the other four. Attempts to methyl­
ate or acetylate apogossypol to a tetramethyl 
ether or tetraacetate were unsuccessful but it was 
found by us that benzoylation yielded merely a 
tetrabenzoate.

Both apogossypol hexamethyl ether and hexa-
(4) Bishop, Claisen and Sinclair, A n n ., 281, 314 (1894).
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acetate may be oxidized by chromic acid. Clark 
designated the oxidation product from the hexa- 
acetate as tetraacetylapogossypolone and assigned 
it the structure C22Hi602(0C0CH3)4. To the 
product from the oxidation of the hexamethyl 
ether he gave the formula C28H2204(0 CH3)4 and 
named it tetramethoxypseudogossypolone. Our 
results have demonstrated that these two com­
pounds are analogous and the proper formula for 
Clark’s tetraacetylapogossypolone is actually 
C28H2204(0 C0 CH3)4. I t is proposed to avoid 
further confusion by naming both these com­
pounds as apogossypolone derivatives, apogossy­
polone tetramethyl ether and apogossypolone 
tetraacetate. The analytical data on the oxida­
tion product of the hexaacetate are equally satis­
factory for Clark’s assumed compound and the 
structure assigned it in this Laboratory.

These oxidation products were considered by 
Clark to be quinones but he offered no experi­
mental evidence for this assumption. It has 
now been found that they are quinones, since 
both apogossypolone tetramethyl ether and 
tetraacetate may be reductively acetylated and 
the reduction product of the tetraacetate may be 
reoxidized to the quinone. The formulas, there­
fore, may be written as follows

( (OCH3)6
C28H22 <

( h 2
Cr03 C (OCH3)4 -  . n

CmH2J  Zn- Aca°
h=o)4 *

C23H2
/(OCOCH3)e Cr0s

I h 2 *

((OCH,)4 
c 28h 22{

l(OCOCH8)4

C (OCOCHs)* Zn, Ac20
-3--------- ► C28H22(OCOCH3)8

U = 0 > ‘ "<_OrÖ2
It is obvious that two methoxyl or two acetoxy 

groups are replaced by oxygens and two ad­
ditional hydrogens are replaced by oxygens; or, 
interpreted in another way, two methoxyphenyl 
or acetoxyphenyl residues in the molecules are 
converted to quinones. Moreover, it is significant 
that these molecules differ from the corresponding 
gossypolone tetramethyl ether or tetraacetate by 
two carbon and two oxygen atoms. Since the 
apogossypolone derivatives are unquestionably 
quinones, this is indirect evidence for the as­
sumed quinone structures of gossypolone deriva­
tives. The analysis of the reductively acetylated 
apogossypolone tetraacetate does not agree with a 
formula derived from Clark’s postulated structure 
of apogossypolone tetraacetate.

The apogossypolone tetraacetate is much more 
sensitive to reagents than the tetramethyl ether 
and consequently only the latter has been given 
an exhaustive investigation. Clark5 oxidized 
apogossypolone tetramethyl ether with cold 
permanganate to a white acidic substance which 
he called apogossypolic acid. He believed this 
to have the formula C20H24O9 and to be the tri­
methyl ether of a tricarboxylic acid, which on 
heating above its melting point lost one molecule 
of water to produce a trimethyl ether of a ketonic 
dibasic acid. The latter compound formed a 
hydrazone and a semicarbazone and hence the 
presence of a ketonic group was deduced.

A careful study of apogossypolic acid has led 
us to different conclusions concerning its struc­
ture. I t proved by titration in aqueous solution 
to be a dibasic acid. Upon sublimation it lost 
water to give an anhydride and upon treatment 
with diazomethane it gave a dimethyl ester. 
Moreover, the molecular weight of the anhydride 
gave values which indicated the molecule to be 
most probably a simple benzene derivative. The 
molecular formula may be written as C13H16O6 or 
C9H8(OCH3)2(COOH)2. The formation of a semi­
carbazone of the anhydro product with the loss 
of a molecule of water does not necessarily imply 
the presence of a ketone group. It readily can be 
explained by analogy to other dibasic acid anhy­
drides which react with ketone reagents. Phthalic 
anhydride, for example, with hydroxylamine gives 
hydroxyphthalimide6

—CO —CO
\  \

O +  NH2OH — ^  NOH +  H20
/  /

—CO —CO

Apogossypolic acid therefore may be given the 
structural formula

L COOH 
(CH30 )2C6H2< COOH 

( c 3h 6

The problem is to determine the disposition of 
the C3H6 residue. It is obvious that in order to 
explain the facile formation of an anhydride, the 
two carboxyls must either both be in the ortho 
positions to each other in the ring or one may be 
in the ring ortho to a side-chain holding the car­
boxyl on the first carbon atom. This limits the 
structure to (1 ) a ^-propyl or isopropyl group in 
the ring, (2) an ethyl and a methyl group in the 
ring, (3) a side-chain of the type —CH(C2H5)-

(5) Clark, Oil and Fat Industries, 6 , July (1929).
(6) Orndorff and Pratt, Am . Chem. J .,  47, 88 (1912).
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GOOH or —C(CH3)2COOH, (4) a side-chain — CH- 
(CH3)COOH with a methyl group in the ring, 
(5) a side-chain —CH2COOH with one ethyl or 
two methyl groups in the ring. The determina­
tion of its exact structure will be the subject of a 
subsequent communication.

Apogossypol hexamethyl ether undergoes a 
very unusual reaction under the influence of con­
centrated sulfuric acid at room temperature. 
A white stable crystalline substance is formed 
containing no sulfur and still retaining the six 
methoxyl groups. This substance will be desig­
nated as desapogossypol hexamethyl ether. 
The molecular weight and analyses agree un­
usually well for the loss of the residue C6Hi2 from 
the starting material and this assumption was 
confirmed by a study qf its oxidation products 
which apparently are analogous to those of apo­
gossypol hexamethyl ether. Desapogossypolone 
tetramethyl ether is obtained by a periodic acid 
oxidation and this product may be reductively 
acetylated. This latter substance may be re­
oxidized to the quinone. Both the quinone 
and its reduction product have C6Hi2 less than 
the corresponding apogossypol hexamethyl ether 
derivatives, and the reaction thus may be formu­
lated as follows

found but it is interesting to note that isopropyl- 
naphthalene can be dealkylated by means of hy­
driodic acid.7

The orange quinone, desapogossypolone tetra­
methyl ether, undergoes oxidation by means of 
cold permanganate to give a water-soluble dibasic 
acid which was identified as m-hemipinic acid, 
l,2-(CH30)2C6H2(C00H)2-4,5, by comparison of 
it, its anhydride and its N-ethylimide with syn­
thetic samples.

The isolation of m-hemipinic acid proves defi­
nitely that apogossypol hexamethyl ether and 
therefore gossypol hexamethyl ether contain two 
pairs of ortho methoxyl groups.

Since both m-hemipinic acid and apogossypolic 
acids are formed by permanganate oxidation 
of quinones, it may be inferred that the o-meth- 
oxyl groups are not in the quinone rings of the 
apogossypolone or desapogossypolone tetra­
methyl ethers since the quinone portions of the 
molecules probably account for two carboxyl 
groups found in the oxidation products.

The analogy between the degradation reactions 
of apogossypol and desapogossypol and the pos­
sible identification of acetone in the formation of 
desapogossypol hexamethyl ether make the as­
sumption inviting that two isopropyl groups

( (OCH3)6 
C28ÏÏ22\

I h 2

((O C H 3)6
H2SQ* c 22h 10<

V H 2

h i o 4 C22H i

Zn,
A c2Ó

( (OCHs),

=0)4lo
HlOi

C22H]
ƒ (OCH3)4 

( (OCOCH3),

Assuming that apogossypol is a symmetrical 
molecule just like gossypol, the elimination of 
C3H6 from each half of the molecule has taken 
place. Since the reagent for this degradation is 
cold sulfuric acid, it appeared likely that propyl 
or isopropyl acid sulfate might be the by-product. 
The diluted sulfuric acid reaction mixture there­
fore was distilled and the distillate treated with 
potassium dichromate and mercuric sulfate. 
After boiling for one to two minutes, an orange 
precipitate separated similar to that obtained by 
the use of acetone. Moreover, the iodoform test 
of the original distillate is positive. The quan­
tities of material available were so small as to lack 
the desired convincing proof, but tentatively it 
has been postulated that two isopropyl groups 
have been removed from the original molecule. 
No exact parallel for such a reaction has been

have been removed and, hence, that 
apogossypolic acid and m-hemipinic 
acid differ only by an isopropyl residue.

Apogossypol hexaethyl ether can be 
prepared readily, but it did not undergo 
the transformation to the desapogossy­
pol hexaethyl derivative under the con­

ditions used. The discussion of the reagents and 
conditions employed for preparing these different 
compounds is given in the experimental part. 
Suffice it to say here that the yields in the degra­
dation reactions are usually not good and only if 
the conditions are carefully controlled can crystal­
line, easily purified compounds be obtained.

Experimental
Apogossypol.—The method employed for the preparation 

of apogossypol was tha t described by Clark3 except for minor 
modifications. In place of pure gossypol as a raw material, 
it was found possible to use crude gossypol-acetic acid. To 
the alkaline solution sodium hydrosulfite, to the extent of 
about one-fifth the weight of the gossypol-acetic acid, was 
added to inhibit air oxidation. The apogossypol is unstable 
and turns dark on standing even in a nitrogen atmosphere 
in a desiccator. I t  must be converted immediately after 
preparation to a hexamethyl ether or a hexaacetate.

(7) Meyer and Bernhauer, Monatsh., 54, 721 (1929).
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Freshly prepared apogossypol gives a yellow color in 
concentrated sulfuric acid, a dark green with ferric chloride 
and an orange-red with pyroboroacetate. The nickel ace­
tate, diethyl malonate, thiophene-sulfuric acid and stannic 
chloride tests were all negative. Attempts to prepare an 
anhydro compound by the method employed for preparing 
anhydrogossypol were unsuccessful.

Apogossypol Hexamethyl Ether.—The apogossypol was 
converted to its hexamethyl ether by the method of Clark.3 
A 40% yield of crystalline apogossypol hexamethyl ether or 
a 60% yield of methanol-insoluble material suitable for 
oxidation purposes could be obtained from crude gossypol- 
acetic acid. Pure apogossypol hexamethyl ether was 
purified by dissolving in the smallest possible volume of 
benzene, concentrating to one-half the volume and adding 
three volumes of methanol, m. p. 259 °. Clark also reports 
259°.

Apogossypolone Tetramethyl Ether.—This product was 
prepared from crude gossypol hexamethyl ether by oxida­
tion with Kiliani’s reagent according to the directions of 
Clark8 (called by him tetramethoxy pseudogossypolone).

I t could also be obtained by the oxidation with periodic 
acid. To a solution of 2.0 g. of (methanol-insoluble) apo­
gossypol hexamethyl ether in 90 cc. of dioxane was added 
30 g. of periodic acid in 20 cc. of water. The mixture was 
refluxed for four hours. During this period a 5-g. portion 
of periodic acid was added at the end of two hours and 
another a t the end of three hours. The bright red solution 
changed to light yellow. After cooling, the solution was 
poured into 300 to 400 cc. of water and part of the dioxane 
removed by a current of air. The orange solid separating 
during this concentration was collected on a filter, dried 
and treated with just enough methanol to cover the solid. 
A bright orange solution resulted from which apogossypol­
one tetramethyl ether precipitated as a bright yellow solid. 
For further purification the material was recrystallized 
from a small volume of methanol in preference to an ether- 
acetic acid mixture recommended by Clark: m. p. 212- 
214°; yield 0.37 g.

Anal. Calcd. for CwHmO ^O C H ^: C, 70.3; H, 6.23; 
mol. wt., 546. Found: C, 70.30, 70.20; H, 6.27, 6.27; 
mol. wt., 538.

No crystalline products could be obtained by the action 
of o-phenylenediamine or by demethylation with hydro­
bromic acid in acetic acid.

I t  gave in concentrated sulfuric acid a dark orange color 
changing rapidly to bright purple. With the diethyl 
malonate-ammonia reagent it gave a blue-green.

Reductive Acetylation of Apogossypolone Tetramethyl 
Ether; Hydroapogossypolone Tetramethyl Ether Tetraace­
tate.—A mixture of 0.02 g. of pure apogossypolone tetra­
methyl ether, 0.02 g. of anhydrous sodium acetate, 1.0 g. of 
zinc dust and 2.0 cc. of acetic anhydride was refluxed for 
twenty-five minutes. Small additions of zinc dust were 
made intermittently during this time. The mixture was 
filtered hot, the residue washed twice with small portions of 
acetone and the filtrate poured into water to decompose the 
acetic anhydride. A few drops of glacial acetic acid aided 
materially in this decomposition. The white hydroapo­
gossypolone tetramethyl ether tetraacetate was purified

by crystallization from anhydrous ethanol, m. p. 229- 
230.5°, yield 0.015 g.

Anal. Calcd. for C^H^OCOCHaMOCHs^: C, 66.85; 
H, 6.41. Found: C, 66.93; H, 6.44.

Apogossypolic Acid.—This product was prepared accord­
ing to unpublished directions of Clark.9 A solution of 1.0 g. 
of crude apogossypolone tetramethyl ether (methanol- 
insoluble material) in 100 cc. of acetone distilled from potas­
sium permanganate was cooled to 0° in an ice-bath. To 
this was added with stirring in three portions one hour 
apart 1.7 g. of potassium permanganate. The mixture 
was stirred, kept cold for twenty-four to thirty hours, after 
which time the manganese dioxide was collected on a 
gravity filter and washed free of any excess permanganate 
with acetone. After thorough air drying of the manganese 
dioxide precipitate, it was covered with water to which two 
or three drops of ethanol were added to decompose any per­
manganate that might not have been removed. I t was 
then heated on a steam-bath for fifteen minutes. The 
manganese dioxide was removed by filtration and the 
alkaline solution acidified with dilute sulfuric acid. The 
yellow semi-solid material which separated was extracted 
with ether. The ether solution was dried and then concen­
trated to a few cubic centimeters. After addition of 15 cc. 
of dry benzene and concentration until the product started 
to separate (about 5-8 cc.), the solution was allowed to 
stand a day for crystallization. The apogossypolic acid 
obtained is essentially pure but may be purified further by 
dissolving in dry ether, pouring into benzene and concen­
trating till crystallization begins: white crystals, m. p. 
162-165°, but the value obtained is very dependent on the 
rate of heating.

Anal. Calcd. for Ci3Hi60 6: C, 58.2; H, 5.97; neut. 
equiv., 2COOH, 134. Found: C, 58.10, 58.00; H, 5.89, 
5.90; neut. equiv., 134.

Dimethyl Ester of Apogossypolic Acid.—To an ether 
solution of 0.07 g, of apogossypolic acid was added an ether 
solution of diazomethane prepared from nitrosomethyl 
urea. At the end of twenty-four hours at room tempera­
ture, the solution was filtered and concentrated by evapora­
tion. The oil obtained required about twenty days in an 
ice box before it became crystalline. For purification, it 
was twice sublimed at 25 mm.: white crystals; m. p. 45- 
46.5°.

Anal. Calcd. for Ci5H2o06: C, 60.8; H, 6.76. Found: 
C, 60.49; H, 6.77.

Apogossypolic Acid Anhydride.—Sublimation of apo­
gossypolic acid at 25 mm. with a bath temperature of 170- 
180 ° gave the anhydride in quantitative yields. After a 
second sublimation at 90-100 °, a white product, m. p, 93- 
94° (Clark, 95°), resulted.

Anal. Calcd. for C13H14O5: C, 62.40; H, 5.60; neut. 
equiv., 2COOH, 125; 2 0 CHS, 24.8. Found: C, 62.10; 
H, 5.39; neut. equiv., inH 20, 123; OCH3, 23.6.

The Action of Semicarbazide Hydrochloride on Apo­
gossypolic Acid Anhydride.—A mixture of 0.075 g. of 
apogossypolic acid anhydride, 0.075 g. of semicarbazide 
hydrochloride, 0.112 g. of sodium acetate and 1.2 cc. of 95% 
ethanol was immersed in a bath of hot water and left while

(8) Clark, T h is  J o u r n a l , 51, 1475 (1929). (9) Private communication from E. P. Clark.
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the bath cooled. After standing for five hours, a few 
drops of water was added and the sides of the container 
scratched. The product crystallized and was purified by 
dissolving in a little methanol and adding an equal volume 
of water. Fine white crystals separated in the course of a 
few hours, m. p. 221-223°, yield 0.055 g. Clark reported 
233°.

Anal Calcd. for C14H17O5N3: C, 54.8; H, 5.54; N, 
13.68. Found: C, 54.91; H, 5.60; N, 13.58.

Action of Concentrated Sulfuric Acid on Apogossypol 
Hexamethyl Ether; Desapogossypol Hexamethyl Ether.—
To 80 cc. of concentrated sulfuric acid was added with 
vigorous stirring to aid solution, 4.0 g. of apogossypol 
hexamethyl ether. The mixture was allowed to stand for 
thirty minutes at room temperature and then poured onto 
ice. A fine purple-tinted amorphous material precipitated 
which was extremely difficult to filter. The dilute sulfuric 
acid suspension was therefore shaken with 25 to 50 cc. of 
ether, the two layers separated and the ether suspension 
poured into water. As the ether was evaporated on the 
steam-bath, a gray-white granular precipitate was ob­
tained; yield 3.3 g. The product was purified by dissolv­
ing it in the smallest possible volume of boiling benzene, 
concentrating to about 40% of its original volume and add­
ing two volumes of methanol. Crystallization was com­
plete in about three hours; yield 1.6 g. An additional 
treatment in benzene with Norite followed by concentra­
tion and addition of methanol as previously described gave 
a white crystalline product, m. p. 295-296 °.

A nal Calcd. for C28H30O6: C, 72.70; H, 6.50; mol. wt., 
462; OCH3, 40.2. Found: C, 72.62, 72.73, 72.68; H, 
6.79, 6.56, 6.56; mol. wt., 425; OCH3, 36.1, 35.8, 36.3,
37.8, 37.7, 35.8, 36.7.

In preparing the above compound in larger quantities, 
crude (methanol-insoluble) apogossypol hexamethyl ether 
proved satisfactory. Once recrystallized sulfuric acid 
compound was satisfactory for degradation purposes.

The product gave an orange-yellow color in concen­
trated sulfuric acid.

Periodic Acid Oxidation of Desapogossypol Hexamethyl 
Ether; Desapogossypolone Tetramethyl Ether.—A solu­
tion of 2.0 g. of desapogossypol hexamethyl ether in 140 cc. 
of dioxane was prepared by heating to boiling. After 
cooling to 40-50 °, a saturated aqueous solution of 30 g. of 
periodic acid was added. The mixture was heated gently 
for a half hour during which time the solution refluxed 
vigorously and turned a dark red-brown color. The solu­
tion was then heated till it refluxed and after another 
thirty minutes a second 30-g. portion of periodic acid was 
added. After two more hours of refluxing, during which 
period the solution generally changed to orange in color, 
the solution was cooled to 60-70 9 and poured into 400 cc. 
of water. An orange flocculent precipitate formed. The 
major portion of the dioxane was removed by a current of 
air and the orange powder filtered; yield 1.5 g. This 
crude product was digested with 10 cc. of warm methanol 
for thirty minutes during which time all the lumps were 
crushed thoroughly with a glass rod. After standing for 
one hour, an orange powder weighing 0.53 g. was obtained. 
This was further purified by dissolving in a small volume of 
acetone, adding two volumes of methanol and concentrat­
ing till crystals appeared. The product formed orange

spikes, softening at 199° and melting at 236-238° with 
decomposition. This product retained a small amount of 
solvent which was very difficult to remove; consequently, 
it was dissolved in benzene and concentrated to one-half 
volume, diluted with benzene and again concentrated. 
Petroleum ether (b. p. 60-110°) was then added, the mix­
ture concentrated to one-half and this procedure repeated 
till practically all the benzene was removed. On cooling, 
an orange microcrystalline product separated, m. p. 245- 
248 0 with decomposition. This was used for analysis.

Chromic acid and Kiliani’s reagent could not be substi­
tuted for periodic acid. With these reagents an orange 
product resulted but could not be obtained crystalline.

A nal Calcd. for Q ^ O g :  C, 67.5; H, 4.76; 40CHS,
26.8. Found: C, 67.20; H, 4.98; OCH3, 23.5, 23.3.

I t gave a permanent dirty brown color in concentrated 
sulfuric acid. The o-quinone test with thiophene-sulfuric 
acid was negative.

Reductive Acetylation of Desapogossypolone Tetra­
methyl Ether; Hydrodesapogossypolone Tetramethyl 
Ether Tetraacetate.—A mixture of 0.4 g. of pure desapo­
gossypolone tetramethyl ether, 5 cc. of acetic anhydride, 
0.4 g. of fused sodium acetate and 2 g. of zinc dust was re­
fluxed gently for twelve minutes. Small additions of zinc 
dust were made from time to time during this period. The 
solution was then filtered, the zinc washed with acetone 
and the filtrates poured into water. The fine white crys­
talline powder was purified by crystallization from metha­
nol, m. p. 264-266 °, yield 0.36 g.

A nal Calcd. for C34H34012: C, 64.40; H, 5.37; 4CHS- 
CO, 27.1. Found: C, 64.03, 64.28; H, 5.50, 5.18; CH3- 
CO, 25.8, 25.8.

Periodic Acid Oxidation of Hydrodesapogossypolone 
Tetramethyl Ether Tetraacetate.—Excess (2 to 3 g. in 2 
cc. of water) periodic acid was added to a dioxane solution 
of 0.030 g. of hydrodesapogossypolone tetramethyl ether 
tetraacetate and the solution warmed gently on a steam- 
bath for fifteen to twenty minutes. During this time a 
colorless to yellow to orange-red change was observed. 
The orange product, precipitated by the addition of water 
to the dioxane solution, was collected on a filter, dried, 
digested with a small volume of methanol and crystallized 
from a hot mixture of benzene and methanol. The orange 
crystals so obtained proved to be identical with desapogos­
sypolone tetramethyl ether obtained by the periodic acid 
oxidation of desapogossypol hexamethyl ether.

Permanganate Oxidation of Desapogossypolone Tetra­
methyl Ether; ra-Hemipinic Acid.—To a cold (0°) solu­
tion of 0.5 g. of desapogossypolone tetramethyl ether in 130 
cc. of acetone (distilled from permanganate) was added 
portionwise over a period of five hours, 1 g. of potassium 
permanganate. The solution was stirred and main­
tained at 0 ° for forty-eight hours. The manganese dioxide 
was filtered and washed to remove excess permanganate. 
The manganese dioxide precipitate was air-dried, then 
covered with water to which two to three drops of 
ethanol and 0.5-1 cc. of 10% aqueous sodium bicarbonate 
had been added. After heating on a steam-bath for fifteen 
minutes, the manganese dioxide was filtered and a dark 
orange solution remained. Dilute sulfuric acid precipi­
tated a tan flocculent material which was extracted with 
ether. After drying the ether solution with sodium sul-
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fate, a little benzene was added and the mixture concen­
trated. After the ether was removed, a light colored 
crystalline product began to separate. After standing for 
several hours, it was filtered and purified by a Norite treat­
ment in acetone solution, followed by concentration after 
the addition of benzene, m. p. 191 °, yield 0.13 g.

To complete the purification of this slightly colored ma­
terial, it was sublimed at 60 mm. in a bath a t 195°. A 
perfectly white crystalline product resulted, m. p. 179- 
181°, which apparently was the anhydride of the unsub­
limed material. This substance proved to be m-hemipinic 
acid anhydride. Carr and Pyman10 report m. p. 176° for 
this substance.

Anal. Calcd. for CioHsOs: C, 57.70; H, 3.85; mol. wt., 
208. Found: C, 57.82; H, 4.14; mol. wt. (Rast), 215.

This anhydride was dissolved in 5% aqueous sodium 
hydroxide and the solution acidified with acid, keeping the 
mixture below 20 °. The white insoluble m-hemipinic acid 
was extracted with ether, the ether solution dried and 
mixed with an equal volume of petroleum ether (b. p. 30- 
60°). Upon evaporation a t room temperature long white 
needles of m-hemipinic acid separated, m. p. 191°. Carr 
and Pyman report a melting point of 192 °.

Anal. Calcd. for CioH ioOö: C, 53.20; H, 4.43; neut. 
equiv., 113; mol. wt., 226. Found: C, 53.29; H, 4.65; 
neut. equiv., 115; mol. wt. (Rast), 224.

N-Ethylimide.—The acid just described was dissolved 
in an excess of ethanolic ethylamine containing 30-40% 
water. The product obtained by evaporating the solution 
to dryness on a steam-bath was sublimed at 60 mm. and a 
bath temperature of 235-240°. The fine white needles 
were then recrystallized from methanol, m. p. 229-231°. 
Carr and Pyman report a variety of melting points of the 
N-ethylimide of m-hemipinic acid ranging from 228-234°.

Anal. Calcd. for C 12H 13O4N :  C, 61.35; H, 5.54; N, 
5.96. Found: C, 61.49; H, 5.68; N, 5.92.

m-Hemipinic acid, its anhydride and N-ethylimide were 
synthesized from veratric aldehyde11 by Perkin’s12 method. 
The melting points are recorded in Table I .

Table I
Comparison of m-HEMipiNic Acid from Apogossypol 

and by Synthesis
Acid

Synthetic 190-191
Mixture 190-191
From apogossypol 190-191

Anhydride N-Ethylimide

176-177 228-231
176-178 229-231
179-181 229-231

Apogossypol Dimethyl Ether.—To a small pressure 
bottle filled with nitrogen was added 12 cc. of 30% metha­
nolic potassium hydroxide and 0.5 g. of gossypol dimethyl 
ether.13 The flask was closed and heated at 100° for four 
hours after which period it was cooled and the contents 
poured into 8 cc. of water and acidified immediately with 
concentrated sulfuric acid. A light cream colored pre­
cipitate formed which could not be separated by filtration.

(10) Carr and Pyman, J . Chem. Soc., 105, 1630 (1914).
(11) The preparation of veratric aldehyde was best accomplished 

by adding simultaneously concentrated aqueous sodium hydroxide 
and dimethyl sulfate to  fused vanillin, Org. Syn ., 16, 91 (1936).

(12) Perkin and Robinson, J . Chem. Soc., 91, 1073 (1907).
(13) Adams and Geissman, T h is  J o u rn al , 60, 2163 (1938).

The suspension was extracted with ether, dried and 
evaporated to yield a light brown amorphous solid. No 
method of purification was discovered. Methylation of 
this product in 20% aqueous alkali gave apogossypol hexa­
methyl ether, m. p. 259°.

Apogossypol Hexaethyl Ether.—To a solution of 2.0 g. 
of freshly prepared dry apogossypol in 10 cc. of methanol 
was added 12 cc. of pure diethyl sulfate and then dropwise 
with stirring a saturated methanolic solution of potassium 
l^droxide until the mixture was alkaline to moist litmus. 
After standing for several hours, the mixture was poured 
into water and the brown powder filtered. I t  was purified 
by dissolving in the smallest possible amount of benzene 
followed by addition of four volumes of methanol. This 
was repeated several times until the melting point was con­
stant, 176-180 °; yield 0.8 g.

Anal. Calcd. for C28H24(OC2H5)6: C, 76.15; H, 8.57. 
Found: C, 75.82; H, 8.36.

Apogossypol Hexaacetate.—This product was prepared 
by the method of Clark3 in yields of 62% of crystalline 
material, using crude gossypol-acetic acid for the conver­
sion to apogossypol.

Apogossypolone Tetraacetate.—Clark’s3 procedure was 
used in this preparation. I t  was found that crude apo­
gossypol hexaacetate gave satisfactory results. The prod­
uct was purified from methanol, m. p. 230-232°. Clark 
reports 230 °.

I t gave in concentrated sulfuric acid a dark orange color 
changing rapidly to bright purple; with diethyl malonate- 
ammonia reagent, it gave a reddish-purple.

Reductive Acetylation of Apogossypolone Tetraacetate; 
Hydroapogossypolone Octaacetate.—A mixture of 0.62 g. 
of apogossypolone tetraacetate, 10 cc. of acetic anhydride, 
0.3 g. of fused sodium acetate and 2 g. of zinc dust was re­
fluxed gently for twelve minutes. The product was iso­
lated as described for hydroapogossypolone tetramethyl 
ether tetraacetate; yield quantitative. After crystalliza­
tion from ethanol it formed white crystals, m. p. 225-229°.

Anal. Calcd. for C44H46O16: C, 63.8; H, 5.32. Found: 
C, 63.74; H, 5.33.

Oxidation of hydroapogossypolone octaacetate gave apo­
gossypolone tetraacetate. To a hot solution of 0.2 g. of 
octaacetyl product in 10 cc. of glacial acetic acid was added 
1 cc. of 10% aqueous chromic acid. The mixture was 
heated for one minute and poured onto ice. The bright 
orange apogossypolone tetraacetate melted at 230-232 °.

Apogossypol Tetrabenzoate.—To 45 cc. of a cooled 20% 
aqueous sodium hydroxide solution of 2.5 g. of apogossypol 
was added in portions with stirring and cooling 18 cc. of 
benzoyl chloride. A light yellow product separated and 
was purified by dissolving in a small volume of hot ben­
zene, concentrating one-half, adding an equal volume of 
methanol and allowing to stand. The benzoate crystal­
lizes as white crystals with a faint pinkish tint: m. p. 314- 
316°; yield 1.9 g.

Anal. Calcd. for C^Ï^OCOCeHö^: C, 76.55; H, 
5.24. Found: C, 76.42; H, 4.89.

Gossypol Tetrabenzoate.—In a previous article14 gossy­
pol hexabenzoate was described. The analysis of this sub-

(14) Miller, Butterbaugh and Adams, ibid., 59, 1729 (1937).
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stance was poor for the hexa but it conforms satisfactorily 
to a tetrabenzoate which we now believe it to be. This 
opportunity is therefore taken to correct the error appear­
ing in the earlier paper.

Summary
Apogossypol formed by the action of concen­

trated aqueous sodium hydroxide on gossypol 
yields a stable hexaacetate and a stable hexa­
methyl ether.

Both these products are oxidized to quinones, 
apogossypolone tetraacetate and apogossypolone 
tetramethyl ether. During this reaction, two 
acetoxy groups in the acetate and two methoxyl 
groups in the ether have been eliminated.

The presence of two quinone nuclei in each was 
proven by reductive acetylation. Hydroapogos­
sypolone octaacetate and hydroapogossypolone 
tetramethyl ether tetraacetate are thus produced 
and the former could be ,reoxidized readily to 
apogossypolone tetraacetate.

The apogossypolone tetramethyl ether is oxi­
dized with permanganate to a water-soluble acid, 
called apogossypolic acid, C13H13O6. I t contains 
two methoxyls and two carboxyl groups.

Apogossypol hexamethyl ether by the action 
of cold concentrated sulfuric acid loses the residue 
C6H12 with the formation of a product called 
desapogossypol hexamethyl ether. This product

is oxidized with periodic acid to desapogossypo­
lone tetramethyl ether which corresponds to 
apogossypolone tetramethyl ether in being a 
quinone but with C6Hi2 lost. Reductive acetyla­
tion gives hydrodesapogossypolone tetramethyl 
ether tetraacetate which can be reoxidized to 
desapogossypolone tetramethyl ether. This re­
ductively acetylated product also analyzes for 
C6Hi2 less than hydroapogossypolone tetra­
methyl ether.

When apogossypolone tetramethyl ether is 
oxidized with permanganate, m-hemipinic acid 
is formed as proved by a comparison with an 
authentic sample. I t is thus demonstrated that 
two methoxyls are adjacent and since gossypol 
or apogossypol are symmetrical molecules, two 
pairs of tf-methoxyls must be present.

Since apogossypolic acid and m-hemipinic acid 
differ by a C3H6 or half the C6H 12 lost m conversion 
of apogossypol tetramethyl ether to desapogossy­
pol tetramethyl ether, it is a reasonable as­
sumption that the difference is merely an iso­
propyl or propyl residue. The difference be­
tween the apo and desapo series would then be 
two isopropyl or propyl residues. Evidence is 
presented to indicate these groups to be iso­
propyl.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  27, 1938

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

Structure of Gossypol. XI.1 Absorption Spectra of Gossypol, its Derivatives and of
Certain Dinaphthalene Compounds

By R o g er  A dams and  E. C. K ir k p a t r ic k 2

Previous work on the structure of gossypol 
has involved the preparation of derivatives and 
degradation products. While much information 
has thus been obtained concerning the functional 
groups present, little evidence is available as yet 
to indicate the nature of the basic nucleus of gossy­
pol. Ultraviolet absorption offers a method of 
procuring such knowledge.

An examination of the spectra of gossypol3 and
(1) For previous paper, see Adams and Butterbaugh, T h is  J o ur­

n a l , 60, 2174 (1938).
(2) Portion of a thesis submitted in partial fulfilment of the re­

quirements for the degree of Doctor of Philosophy in Chemistry by 
E. C. Kirkpatrick, Solvay Fellow, 1936-1938.

(3) Grfinbaumowna and Marchlewski, Biochem. Z., 286, 295 
(1936); see also Marchlewski, J . prakt. Chem., 60, 84 (1899); Tobler, 
Dissertation "Arbeiten fiber Gossypol,” Zürich, 1932; Podölskaja, 
Biochem. Z ., 284, 401 (1936); Zamyshlyaeva and Krivich, J . Gen. 
Chem. (U. S. S. R .), 7, 1936 (1937),

many of its derivatives shows them all to be 
characterized by an absorption maximum at ap­
proximately 2500 A. with the logarithm of the 
molal extinction coefficient close to 5 and a maxi­
mum or point of inflection near 3000 A. with a 
log e of 4. Thus, gossypol is a very intense ab­
sorbent which can be explained only by assuming 
the presence of aromatic rings.

A comparison of the absorption spectrum of 
gossypol with those of substituted naphthalenes 
indicates that it is of the same general shape but 
with subdued detail.4 The peaks of the gossypol 
curve are regularly more intense. If this inten­
sity were due merely to auxochromes or other

(4) De Laszlo, Z. physik. Chem., 118, 369 (1925); Proc. Roy. 
Soc. (London), 111, 355 (1926); Henri and de Laszlo, ibid., A105, 355 
0.936); Ley, Handbuch der Physik, 21, 176 (1929).
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chromophores in the molecule, the peaks of the 
curves of the various derivatives of gossypol 
in which the functional groups have been modified 
or eliminated, should vary considerably from those 
of gossypol and in general should be less intense. 
This has been found not to be the case. Thus, for 
example, the absorption spectrum of apogossypol 
hexamethyl ether (Figs. 1 and 4) which has two 
aldehyde groups less than gossypol shows only 
minor differences in the two main peaks from that 
of gossypol, instead of approaching in resemblance 
more closely that of naphthalene.

(1 )—, Gossypol; ( 2 ) - - - ,  gossypol dimethyl 
ether.
Fig. 1.

The spectra of compounds with more complex 
condensed ring systems such as. phenanthrene, 
anthracene, chrysene, naphthacene, benzanthra­
cene, etc., are quite different from those of naph­
thalene derivatives or of gossypol. Both ab­
sorption regions, log e = 4 and log e = 5, become 
much broader, contain many more peaks shifted 
toward the visible and in general show no sharp 
distinction between the two regions. Closely- 
packed ring systems such as pyrene and perylene 
enhance this effect so that they both have strong 
absorption in the visible. Fluorene, as illustra­
tive of a molecule containing separated benzene 
rings, has much less intensity of absorption 
than gossypol. Oxygen-containing rings and

quinones also have distinctly different spectra.5
The difference between the two principal peaks 

in gossypol and in naphthalene derivatives is one 
of intensity. The enhancement of the intensity 
in the gossypol spectrum is by an amount which 
could be satisfactorily explained by assuming 
double the number of naphthalene rings per mole.

(1)—, Gossypol; (2)---- , jS^-binaphthyl;
(3 )--  a'^binaphthyl.

Fig. 2.

Consequently, the absorption spectra have been 
determined of four dinaphthalene compounds: 
a, a-binaphthyl, /5, /5-binaphthyl, yym-di-a-naph- 
thylethane, and sym-di-/5-naphthylethane (Figs. 
2 and 3). These all have absorption regions of 
the same character and intensity as gossypol 
but nearer the ultraviolet. Because of the many 
substituents in gossypol, it is impossible to iden­
tify its absorption spectrum with any one of 
the four. However, the log e — 5 absorption re­
gion is closer to the visible in the two binaphthyls 
than in the two dinaphthylethanes and conse­
quently the position and character of the peaks

(5) (a) Dadieu, Z. physik. Chem., 135, 347 (1928); (b) M ayneofd 
and Roe, Proc. Roy. Soc. (London), 152, 299 (1935); 158, 634 (1937); 
(c) Seshan, Proc. Ind . Acad. Sci., 3A, 148, 191 (1936); (d) Conrad- 
Billroth, Z. physik. Chem., B15, 1 (1932); (e) Macbeth, Price
and Winzor, J . Chem. Soc., 325 (1935); (f) Shibata and Kimatsuki 
J . Tokyo Chem. Soc., 39, 771 (1918); Shibata and Nagai, J . Chem. 
Soc. Japan , 43, 101 (1922); Tasaki, Acta Phytochini., 2, 119 (1925L
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in the curves of the former two resemble more 
closely those of gossypol. The conclusion is that 
either an a, a -binaphthyl or a /3,/3-binaphthyl is 
probably the basic nucleus of gossypol.

22 24 26 28 30 32 36 40 45
X X 10~2 A.

(1) —, Gossypol; (2) — , syM-di-/3-naphthyl- 
ethane; ( 3 ) ---- , sym-di-a-naphthylethane.

Fig. 3.

Gossypol and gossypol dimethyl ether, which 
resemble each other chemically, have very similar 
absorption spectra, Fig. 1, with an absorption 
maximum at 3600 A. This maximum was not 
found in the spectra of gossypol tetramethyl 
ether, hexamethyl ether or hexaacetate. All of 
these gossypol derivatives show none of the char­
acteristic aldehyde reactions of gossypol and are 
in general less reactive. The fact that the region 
of strong absorption in or near the visible is a low 
energy excitation coupled with its complete disap­
pearance in the more highly methylated or the 
acetylated derivatives points strongly to a tauto­
meric structure in gossypol and gossypol dimethyl 
ether. Tautomerism is also to be inferred from 
the fact that ordinary analogous hydroxy and 
methoxy compounds differ from each other in 
absorption spectra only slightly whereas a marked 
change occurs in these gossypol derivatives when 
methylation or acetylation has been effected.

The absorption spectra of gossypol hexamethyl 
ether, apogossypol hexamethyl ether and des­
apogossypol hexamethyl ether are shown in Fig.
4. The basic nuclei must be very similar or iden­
tical in all of these. Apogossypol hexamethyl 
ether is converted into desapogossypol hexa­
methyl ether by the action of cold sulfuric acid. 
The alteration which takes place in this trans­
formation as deduced from absorption spectra 
comparisons must be in the substituents and not 
in the nucleus. This is confirmatory of the de­
ductions from chemical information.

(1) —, Apogossypol hexamethylether;
(2 )— , desapogossypol hexamethyl 

ether; (3 )-—-, gossypol hexamethyl ether.
Fig. 4.

Gossypol hexamethyl ether is oxidized first to 
gossypolone tetramethyl ether, then to gossy­
polonic acid tetramethyl ether. Apogossypol 
hexamethyl ether is oxidized to apogossypolone 
tetramethyl ether. The molecular weights of all 
these oxidation products are not far different 
from the parent compounds. The absorption 
spectra, however, are materially different. In 
place of the sharp peak near 2500 A. in the un-. 
oxidized substances, these products have less 
intense broad bands at a position nearer the 
visible, (Fig. 5). Solubility difficulties pre­
vented the study of apogossypolone tetramethyl 
ether at higher concentrations which would allow
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observation of the second less intense maximum. 
The curve obtained, however, is less intense 
though very similar to that of the gossypolone 
tetramethyl ether or gossypolonic acid tetra­
methyl ether. The difference in the absorption 
spectra between the unoxidized and oxidized 
products resembles the difference between the 
absorption spectrum of naphthalene and 1,4- 
naphthoquinone. Broad bands appear with de­
crease in intensity indicating a change in ring 
structure.5c,d These facts substantiate the chemi­
cal experiments which gave evidence of quinone 
nuclei.

(1) —, Apogossypolone tetramethyl ether;
(2 )— , gossypolone tetramethyl ether; (3 )---- ,
gossypolonic acid tetramethyl ether.

Fig. 5.

Reductive acetylation of apogossypolone tetra­
methyl ether results in hydroapogossypolone 
tetramethyl ether tetraacetate and the latter 
product6 has a spectrum resembling that of 
apogossypol tetramethyl ether, thus suggesting a 
return to the original ring structure. These 
changes are shown in Fig. 6. Conversion of a 
naphthalene to a naphthoquinone then recon­
version to a naphthalene may be inferred from 
the absorption spectra of this series of compounds.

Anhydrogossypol (Fig. 7) has a spectrum en-
(6) In taking the absorption spectra, hydroapogossypolone octa­

acetate was the substance actually used. Since, however, the ace­
tates and the ethers in the apogossypol series resemble each other 
very closely, the curve given in Fig. 6 must be essentially the same 
as that of the tetramethyl ether tetraacetate.

(1 )— , Apogossypol hexamethyl ether; ( 2 ) —, 
apogossypolone tetramethyl ether; (3 )---- , hy­
droapogossypolone octaacetate.

Fig. 6.

tirely different from those of other gossypol de­
rivatives tested. I t may be concluded that loss 
of water when gossypol is converted to anhydro­
gossypol involves a deep-seated change such as the 
formation of a new ring containing unsaturation 
and the alteration of the electronic configuration 
of the basic ring structure.

* 4.4 -  \
boO _

4.0 -

22 24 26 28 30 32 3640
X X 10~2 A. 

Anhydrogossypol.
Fig. 7.
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Experimental
The absorption spectra were taken on a Bausch 

and Lomb ultraviolet spectroscope using a hy­
drogen discharge tube operating under 15,000 
volts as a light source. The calibration of wave 
length was made from the lines Ha, H/3 and Hy 
from this source. A quartz cell exactly 1 cm. 
thick was used throughout with a slit width of 
60 ijl and appropriate exposure. Stock solutions 
5 X 10~4 molar were diluted to yield a series of 
seven concentrations between this and 5 X 10 ~6 
molar. These concentrations covered the critical 
concentrations in all cases.

Gossypol and all its derivatives except anhy­
drogossypol were dissolved in alcohol for these de­
terminations. Anhydrogossypol was dissolved 
in absolute alcohol and the absorption spectrum 
taken immediately. Of the a,a-binaphthyl, ft/5- 
binaphthyl, 'syrn-di- a-naphthylethane and sym- 
di-ft nap hthyle thane only the first two were 
sufficiently soluble in alcohol; as a consequence 
purified dioxane7 was used as a solvent for all 
four. That dioxane gives absorption spectra com­
parable to those taken in alcohol was shown by

(7) Oxford, Biochem. J .,  28, 1325 (1934).

the fact that a, a-binaphthyl gave identical curves 
in both solvents.

Summary
On the basis of the comparison of the ultra­

violet absorption spectra of gossypol and its de­
rivatives with known spectra of aromatic ring 
systems and with four dinaphthalene compounds, 
a, ̂ binaphthyl, ft /5-binaphthyl, sym-di-a-naph- 
thylethane, sym-di-/5-naphthylethane, it was con­
cluded that gossypol probably contains a bi- 
naphthyl nucleus.

The following deductions were drawn from a 
study of the absorption spectra of gossypol de­
rivatives. (a) Gossypol and gossypol dimethyl 
ether have a third absorption maximum not 
found in gossypol tetramethyl ether, hexamethyl 
ether or hexaacetate. (b) The difference be­
tween the absorption spectra of the oxidation 
products of gossypol hexamethyl ether or apogos­
sypol hexamethyl ether resembles the difference 
between the naphthalene and 1,4-naphthoquinone. 
Quinone structures for the oxidation products 
were thus deduced.
Urbana, Illinois Received June 27, 1938

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

The Structure of Gossypol. XII.1 Gossylic Acid Lactone Tetramethyl Ether
By R oger  A dams and  T. A. G eissm a n

When the compound (I) obtained by treatment 
of gossypol hexamethyl ether with hydroxylamine 
hydrochloride in acetic acid is dissolved in metha­
nolic potassium hydroxide, a crystalline potassium 
salt (II) is obtained. This salt when heated in 
acetic acid solution undergoes a change which is 
assumed to follow the course formulated below, 
resulting in the formation of a lactone (III)2

^ C u H h C O C H ,)^  — >

I

r  C x4H ii(O C H s) 2(  °  1 H ) 1 ----- S»
L \ —CH=NO— J k / J 3

II

j^CuHn(OCH3)2 c m  -

(1) For previous paper see Adams and Kirkpatrick, T his Jour­
nal , 60, 2180 (1938).

(2) Adams and Geissman, ibid., 60, 2166 (1938).

[" C14H ii(OCH3) /  ?  ) 1 ---->-
L \ —c= n h / J 2

^C „H ,i(OCH3)2 0)1 
I II

The same compound is obtained in small yields as 
a by-product in the oxidation of gossypol hexa­
methyl ether with chromic acid in acetic acid.3

In this communication evidence is presented 
that this substance not only is a lactone but that 
it is formed from a carboxyl and a phenolic hy­
droxyl group. This information along with the 
results reported in previous papers and additional 
evidence since accumulated in this Laboratory 
leads to the conclusion that a lactone structure 
between the peri positions of a naphthalene nu­
cleus (IV) is actually in hand.

(3) Adams, Morris and Kirkpatrick, ibid., 60, 2170 (1938).
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O— CO

IV

The lactone ring can be opened by warming the 
compound in 10% methanolic potassium hydrox­
ide solution; acidification of the alkaline solution 
gives the hydroxy acid (V). It can be converted 
into the lactone merely by warming in acetic an­
hydride.

By treatment of the hydroxy acid in metha­
nolic alkali with dimethyl sulfate, the hydroxyl 
and carboxyl groups are methylated leading to the 
dimethyl ester of gossylic acid hexamethyl ether 
(VI). Moreover, the hydroxy acid may be 
methylated in ether solution with diazomethane 
to give the same compound (VI). This latter re­
action is significant in that alcohols do not or­
dinarily methylate with this reagent and, hence, 
it may be inferred that the hydroxyls are phenolic 
groups. Attempts to hydrolyze the ester (VI) to 
the corresponding acid were unsuccessful, lending 
support to the conclusion that ortho substituents 
to the carbomethoxy groups are present, which 
hinder saponification. Added confirmation of 
this is found in the fact that attempts to esterify 
the hydroxy acid (V) in methanol-sulfuric acid 
or methanol-hydrochloric acid were equally 
unsuccessful. Attempted esterification by the 
methanol-mineral acid procedure resulted in the 
formation of the lactone.

Methylmagnesium iodide reacts with the lac­
tone to give a compound in which each lactone 
residue has added one mole of reagent (VII); 
this substance will be called homogossypol tetra­
methyl ether since it is homologous with a tauto­
meric form of one of the possible gossypol tetra­
methyl ethers. The product is soluble in metha­
nolic alkali and can be methylated in two ways

CHHn(OCHa)2( ~ ?  ) ]  ^=±1 (~ ~ ° H )  — >  C
\ —C O /J 2 \ —COOH /  V

I I I  V

with the formation of isomeric methyl ethers. 
Upon treatment of an alkaline solution of homo­
gossypol tetramethyl ether (VII) with dimethyl 
sulfate, the ether produced is formulated as a 
methoxy methyl ketone (VIII), while treatment 
with methanol containing a few drops of sulfuric 
acid gives an isomeric ether probably of the acetal 
type (IX).

Considerable significance can be attached to 
the fact that a large excess of Grignard reagent 
did not bring about the addition of more than one 
mole to each of the two lactone linkages. The 
usual course of the reaction between a lactone 
and a Grignard reagent is as follows 

-O y----- OMgX
x<r

-CO
X'

COR

OMgX
/ RO CR

OMgX
Xa Xb

[<

Since in the present case the keto group repre­
sented by step Xa does not undergo further ad­
dition (Xb), a reasonable assumption is that it is 
present in the molecule with ortho substituents 
on each side as in a 2-substituted 1-naphthyl 
methyl ketone. The same explanation accounts 
for the resistance of the ester (VI) to saponifica­
tion.

The lactone (III) was surprisingly stable to 
oxidizing agents; it was unattacked by potas­
sium permanganate under most conditions, se­
vere treatment resulting in complete destruction 
of the molecule. Chromic acid did not oxidize 
the molecule, which indicates that in the chromic 
acid oxidation of gossypol hexamethyl ether,3 the 
lactone is formed as a by-product and not as an 
intermediate. The lactone was not affected by 
dilute nitric acid of a strength which readily 
oxidized gossypol hexamethyl ether. It was 
found impossible also to reduce the lactone al­
though a variety of reagents was employed.

-OCH3 \ The hydroxy acid (V) differs from

—COOCH< 
VI

J the lactone in that it can be oxidized 
J by dilute nitric acid (1HN03:4H20) 

and the product (XI) is gossypolonic 
acid tetramethyl ether, the water-in­
soluble compound obtained by a simi­
lar oxidation of gossypol hexamethyl 
ether. I t is probable that the ring con­
taining the peri hydroxyl is converted 
to a quinone and since only two hydro­
gens for each quinone ring formed are 
lost in the process, a hydrogen in the
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Ci4H„(OCH3)2

V
"H yiI/J2-COOH >

Ci4H io(OCH3);

XI

ortho position or more probably in the para posi­
tion to the hydroxyl in the original ring must be 
unsubstituted (XII). The para hydrogen seems 
the more likely since the series of quinones in the 
gossypol and apogossypol series are all yellow in 
color while the vast majority of 0-quinones are 
red or at least not yellow. The quinone produced 
by this oxidation may be assumed to have the 
structure shown in XIII.

The lactone, however, when treated with the 
proper concentration of nitric acid was readily 
nitrated and two nitro groups were introduced 
(XIV). The corresponding diamine was formed 
by reduction and this was characterized through 
the acetyl derivative. The nitro group generally 
enters a 1-naphthol in the 4-position, if unoc­
cupied, and this is in agreement with the results 
of the oxidation of the hydroxy acid.

Since the carboxyl group in the lactone which 
has been studied unquestionably has been formed 
from the corresponding aldehyde, three positions 
in each of the naphthalene rings in gossypol can 
be considered as definitely established (XV): 1- 
aldehydo, 5-hydrogen, 8-hydroxyl.

OH CHO

/ \ A / \
XV

Experimental
Gossylic Acid Lactone Tetramethyl Ether.—This was 

prepared by the method previously described.3
Gossylic Acid Tetramethyl Ether (V).—To a solution of

1.10 g. of gossylic acid lactone tetramethyl ether in 30 cc. of 
10% methanolic potassium hydroxide was added about a 
gram of zinc dust and 10 cc. of water. The solution (deep 
red at first) was boiled until the color had faded to yellow 
and filtered into dilute sulfuric acid. The hydroxy acid 
was extracted with ether, the ether solution dried over

anhydrous sodium sulfate and concentrated. Dilution 
with petroleum ether (b. p. 30-60°) caused the compound 
to crystallize in soft white needles weighing 0.85 g. Re­
crystallized from ether-petroleum ether, the compound 
formed soft white needles which, when heated slowly, 
melted a t the melting point of the lactone, but when 
plunged into a bath preheated to 290 0 melted with vigorous 
decomposition, resolidified and then remelted a t the melt­
ing point of the lactone.

Anal. Calcd. for Css^COCHsM OH^COOH^: C, 
67.33; H, 6.27. Found: C, 67.34; H, 6.20.

Dimethyl Gossylate Tetramethyl Ether (VI)
(1) With Dimethyl Sulfate.—To a hot solution of 0.5 g. 

of gossylic acid lactone tetramethyl ether in 10 cc. of 10% 
methanolic potassium hydroxide was added slowly 1.65 cc. 
of redistilled dimethyl sulfate. Then 15 cc. of potassium 
hydroxide and 1.7 cc. of dimethyl sulfate were added in 
that order and the mixture heated on the steam-bath for 
five minutes longer. After dilution with water, the mix­
ture was allowed to stand for an hour and filtered. The 
air-dried solid obtained was recrystallized twice from dilute 
acetic acid, yielding 0.46 g. of white plates, m. p. 215- 
216.5°, to a yellow liquid which did not decompose when 
heated to 300°.

Anal. Calcd. for C28H22(OCH3)6(COOCH3)2: C,
68.89; H, 6.94; OCH3, 37.5. Found: C, 69.18; H, 6.80; 
OCH3, 35.6, 35.4.

The compound gives a pale yellow color in concentrated 
sulfuric acid. I t  is insoluble in alkali.

(2) With Diazomethane.—A solution of 0.18 g. of gossylic 
acid lactone tetramethyl ether in 10 cc. of 10% methanolic 
potassium hydroxide was diluted with 80 cc. of water and 
acidified with hydrochloric acid. The precipitated hy­
droxy acid was taken up in ether, extracted from the ether 
solution with sodium carbonate solution, and after acidifi­
cation of the sodium carbonate solution extracted with 10 
cc. of ether. The ether solution was added to 10 cc. of a 
solution of diazomethane in ether prepared from 0.2 g. of 
nitrosomethyl urea. Nitrogen was evolved for about ten 
minutes. The solution was allowed to stand overnight 
and then evaporated on the steam-bath. The yellow gum 
remaining was crystallized from dilute acetic acid by care­
ful dilution of an acetic acid solution held a t the boiling 
point. Recrystallized from 62% acetic acid, the com­
pound formed colorless crystals which gave no depression 
in melting point when mixed with the compound obtained 
by methylating the lactone with dimethyl sulfate.

Homogossypol Tetramethyl Ether (VII).—To a solution 
of methylmagnesium iodide prepared from 10 g. of methyl 
iodide and 1.7 g. of magnesium in 50 cc. of dry ether was 
added a suspension of 3.5 g. of gossylic acid lactone tetra­
methyl ether in 40 cc. of dry ether. Reaction took place 
immediately with moderate refluxing of the solution, which 
acquired an orange color. Refluxing was continued for 
thirty minutes, a t the end of which time the lactone had all 
dissolved. The solution was poured into an iced solution 
of ammonium chloride, and the ether layer was separated 
and concentrated. The product separated as a white 
crystalline powder as the ether evaporated. After washing 
with fresh ether the product weighed 3.07 g. Recrystal­
lized from chloroform-petroleum ether (b. p. 90-110°) it
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formed a white crystalline powder, and from dilute pyridine 
it formed rosets of pinkish-white prisms, m. p. 308-309° 
(corr.), with decomposition.

Anal. Calcd. for C28H22(ÖCH3)4( I J :
\ —C(OH)CH3/2

C, 71.76; H, 6.98. Found: C, 71.97; H, 7.10.
It gives a deep yellow color with concentrated sulfuric 

acid and no ferric chloride color. It is readily soluble in 
alcoholic alkali to a rose-pink solution which is decolorized 
by sodium hydrosulfite. The compound is insoluble in 
sodium carbonate solution.

Phenylmagnesium bromide and gossylic acid lactone 
tetramethyl ether gave only oily products.

Methylation of Homogossypol Tetramethyl Ether
(1) Dimethyl Sulfate and Alkali (VIII).—To a solution 

of 0.5 g. of homogossypol tetramethyl ether in 5 cc. of 30% 
ethanolic potassium hydroxide, dimethyl sulfate was added 
until the solution was no longer alkaline. Alcoholic alkali 
and dimethyl sulfate were each added in slight excess 
several times; the solution was finally made alkaline, 
diluted and filtered. The crude product was white and 
crystalline and weighed 0.5 g. After two recrystallizations 
from methanol and two from dilute dioxane the compound 
was obtained as tiny clusters of white needles, m. p. 242- 
243° (corr.), to a colorless liquid which was stable up to 
270°.

A nal. Calcd. for (^^(O C H M C O C H ,,)*: C, 72.38; 
H, 7.30. Found: C, 72.61; H, 7.58.

The compound is insoluble in alcoholic alkali and gives a 
yellow color with concentrated sulfuric acid.

(2) Methanol-Sulfuric Acid (IX).—To a suspension of 
0.2 g. of homogossypol tetramethyl ether in 10 cc. of 
methanol was added 8 drops of concentrated sulfuric acid. 
On warming, the compound dissolved with the formation 
of an emerald green solution and after a few moments’ 
refluxing, colorless prisms began to separate from the 
solution. After cooling, the product was collected. It 
was obtained as colorless flat prisms and weighed 0.2 g. 
After several recrystallizations from dilute acetone it was 
obtained as flat white prisms, m. p. 255-256° (corr.), to a 
pink liquid. The same product was obtained by methyla­
tion in methanol with dimethyl sulfate and alkali but with 
an excess of dimethyl sulfate. In this case to a solution 
of 0.5 g. of homogossypol tetramethyl ether in 4 cc. of 
methanol and 4 cc. of dimethyl sulfate was added 6 cc. of 
10% methanolic potassium hydroxide and the mixture was 
allowed to stand overnight. The solid (product and 
methyl potassium sulfate) was collected on a filter, the 
potassium salt washed out with water, and the water- 
insoluble portion recrystallized from dilute acetone. It 
formed flat white prisms, m. p. 255-256°, and gave no de­
pression in melting point when mixed with the product 
obtained by the use of methanol-sulfuric acid.

Anal. Calcd. for C28H22(OCH3) /  ?  V .
\ —C(OCH3)CH3/ 2

C, 72.38; H, 7.30. Found: C, 72.52; H, 7.23.
A mixture of IX  (m. p. 255-256°) and VIII (m. p. 242- 

243°) melted at 221-236°.
The compound is insoluble in alcoholic alkali and gives a 

deep yellow color with concentrated sulfuric acid.

Oxidation of Gossylic Acid Tetramethyl Ether.—The di­
rections followed for this oxidation were those previously 
described for the oxidation of gossypol hexamethyl ether. 
One gram of the lactone was converted to the hydroxy acid 
as described above, and the latter compound was refluxed 
for four hours with a mixture of 10 cc. of concentrated 
nitric acid and 40 cc. of water. The solid first became 
gummy, then gradually formed a hard pale yellow mass 
(with spots of red-brown gum). After cooling, the solution 
was neutralized and extracted with ether, the solid dis­
solved in this ether solution and the solvent removed and 
replaced with methanol. On standing, 0.48 g. of bright 
yellow needles separated. Recrystallized from benzene- 
ligroin (b. p. 60-110°), the compound formed soft yellow 
needles which gave no depression in melting point when 
mixed with the product obtained in a similar oxidation of 
gossypol hexamethyl ether, and gave identical color reac­
tions in sulfuric acid (brownish-red) and methanolic alkali 
(blue-green).

Dinitrogossylic Acid Lactone Tetramethyl Ether (XIV).
—A suspension of 0.95 g. of the lactone in a mixture of 20 
cc. of glacial acetic acid and 3 cc. of concentrated nitric 
acid was heated to boiling on a hot-plate. The lactone 
dissolved in the course of several minutes to a clear brown­
ish-yellow solution. Water was added carefully. The 
solution was kept at the boiling point until crystallization 
started, and the mixture was allowed to cool. The product 
separated in pale yellow, flat needles melting at 246-248 °, 
and weighed 0.87 g.

Recrystallized from acetone-methanol, ether-petroleum 
ether or ethyl acetate-petroleum ether, the compound 
formed pale yellow prisms which melted at 238-239° 
(corr.), resolidified, and then remelted at 247-248° (corr.). 
Recrystallized from dilute acetic acid the compound 
formed fiat, slender, pale yellow needles which melted 
sharply at 247-248°.

Anal. Calcd. for C28H2o(OCH3)4( I ) (N 0 2)2: C,
\ —c o  A

61.82; H, 4.85; N , 4.25. Found (methanol-acetone): 
C, 61.97; H, 5.03; N , 4.43. Found (dilute acetic acid): 
C, 62.16; H, 5.06; N , 4.48.

The compound gives a yellow color with concentrated 
sulfuric acid and no ferric chloride color. It is insoluble in 
aqueous alkali, but dissolves readily in cold methanolic 
alkali to a deep orange-red solution.

Diaminogossylic Acid Lactone Tetramethyl Ether.— 
Reduction of the nitro compound with zinc dust in acetic 
acid, sodium hydrosulfite in alkali or iron in acetic acid 
yields the same compound.

To a hot solution of 0.5 g. of the nitro compound (XIV) 
in 5 cc. of acetic acid was added 0.5 g. of iron powder. 
The pale yellow color of the solution changed quickly to a 
deep orange. After the addition of a drop of hydrochloric 
acid the solution was heated for thirty minutes on the 
steam bath. A heavy precipitate of orange needles formed 
after a few minutes.

At the end of thirty minutes some acetic acid was added 
to dissolve the product which had separated and the solu­
tion was filtered, several small portions of boiling acetic 
acid being used to extract the product which was admixed 
with the iron. The hot solution was diluted carefully until 
crystallization started. On cooling, there was obtained
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0.38 g. of bright orange platelets, and on dilution of the 
mother liquors there was obtained an additional 80 mg. of 
what was largely unreduced nitro compound.

Recrystallization of the main portion several times from 
slightly diluted acetic acid (with the addition of a small 
amount of iron) resulted in the formation of bright orange 
platelets, m. p. 293-294° (corr.), with decomposition.

Anal. Calcd. for C28H2o(OCH3)ƒ  '? V n H2)2: C,
\ —CO/2

68.00; H, 6.00; N , 4.67. Found: C, 67.52; H, 6.09; 
N, 4.54.

The compound gives a pale yellow color with concen­
trated sulfuric acid and is readily soluble in methanolic 
hydrochloric acid (but not in methanol) or in a mixture of 
acetic acid and hydrochloric acid. Upon the addition of 
hydrochloric acid to the orange solution of the compound 
in acetic acid the color fades to pale yellow. It dissolves 
with some difficulty in warm alcoholic alkali with the 
formation of a yellow solution which rapidly turns deep 
blue in air.

Acetylation of Amino Derivative.—A solution of 0.27 g. 
of the diamine and 0.1 g. of anhydrous sodium acetate in 
5 cc. of acetic anhydride was refluxed for one hour. The 
initially deep orange solution soon became a pale yellow. 
The excess acetic anhydride was decomposed with water 
and the product, which weighed 0.29 g., was recrystallized 
twice from methanol, from which it formed pearly-white 
leaflets, m. p. 252-253° (corr.).

A nal Calcd. for C28H20(OCH3) /  ?  V n HCO-
\ —C O /2

CH3)2: C, 66.66; H, 5.85; N, 4.10. Calcd. for C28H20-

(OCH3) /  I ^ [N(COCH3)2]2: c ,  65.63; H, 5.73 ;
\ — C O /2

N, 3.65. Found: C, 66.03; H, 5.71; N , 3.71.
The compound is insoluble in alcoholic hydrochloric acid.

Summary
Gossylic acid lactone tetramethyl ether has 

been shown to be a pm-naphthalene lactone. It 
can be hydrolyzed to the corresponding hydroxy 
acid which can be methylated with diazomethane 
or alkali and dimethyl sulfate to the ether ester. 
The hydroxy acid is oxidized with dilute nitric 
acid to gossypolonic acid tetramethyl ether, the 
same water-insoluble quinone obtained by the 
oxidation of gossypol hexamethyl ether with nitric 
acid. The color indicates a p -quinone which 
demonstrates the probability of unsubstituted 
hydrogens para to the hydroxyls in the hydroxy 
acid.

The lactone is resistant to oxidation but is ni­
trated to a dinitro derivative. The nitro groups 
presumably occupy the unsubstituted positions 
para to the hydroxyls.

Gossypol can be considered as having two 
naphthalene nuclei each containing the following 
substitutions: 1-aldehydo, 5-hydrogen, 8-hydroxyl. 
U r b a n a , I l l in o is  R e c e iv e d  J u n e  27, 1938

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

Structure of Gossypol. XIII.1 Conversion of Gossie Acid to Apogossypolic Acid

B y  R o g e r  A d a m s  a n d  R. C. M o r r is

Two products are obtained by oxidation of 
gossypol hexamethyl ether with nitric acid, a 
water-insoluble, gossypolonic acid tetramethyl 
ether, and a water-soluble, gossie acid. The 
former is converted into the latter by the action 
of potassium permanganate.2 Gossie acid has 
approximately half the molecular weight of the 
original compound and consequently knowledge 
of its structure would be of unusual value in clari­
fying the structure of gossypol.

It was shown previously that gossie acid con­
tains two methoxyls, one carboxyl, and one di­
basic acid anhydride linkage formulated as I. 
These facts were deduced from a Zeisel deter­
mination, titration for a tribasic acid in aqueous

(1) For previous paper in this series see Adams and Geissman, T h i s  
J o u r n a l , 60, 2184 (1938).

(2) Adams, Morris and Kirkpatrick, ibid., 60, 2170 (1938).

solution, formation of a monomethyl ester (II) by 
the action of diazomethane and a molecular 
weight determination. Various derivatives and 
degradation products now have been prepared. 
Gossie acid is hydrolyzed by alkali to a tribasic 
acid (III) which could not be isolated in a pure 
state due to its tendency to revert to gossie acid. 
However, an ether solution of the hydrolyzed 
gossie acid was methylated with diazomethane 
and a stable crystalline trimethyl ester (IV) ob­
tained. This confirms the presence of a carboxyl 
and a dibasic acid anhydride residue in gossie 
acid. By demethylation of gossie acid, the cor­
responding dihydroxy acid (V) was isolated 
readily. That no rearrangement was involved 
was indicated by the action of diazomethane on 
the demethylated product. The methyl ester
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of gossic acid (II) previously prepared from 
gossic acid resulted. The demethylated gossic 
acid, when heated with quinoline and copper 
bronze, lost carbon dioxide to give a dihydroxy 
dibasic acid anhydride, C11H10O5 (VI). This in 
turn, upon methylation with diazomethane, gave 
a dimethoxy dibasic acid anhydride (VII), which 
proved to be identical with apogossypolic acid an­
hydride and which hydrolyzed to apogossypolic 
acid (VIII) .3 This series of reactions is shown as

(CH30 )2C6H

' COOH ' COOH

—CO —CO
\ \

O — >  (HO^CsH < o  — s. (HO)2C6H2 {
1 Ov o

\

. c 3h 6 . CsHe

( (COOH) 3
(c h 3o )2c 6h ^

( c 3h 6

III

i
( (COOCH3)3 

(CH80 ) sC6H<J
( c 3h 6

IV

(CH30 )2C6H

II

COOCHs

—CO

O (CH30 )2C6H2

—CO

c 3h 6
VIII

(CH30 ) 2C6H2

There are several interesting deductions which 
may be drawn from these experiments. Gossic 
acid is derived from gossypol hexamethyl ether, 
and apogossypolic acid from apogossypol hexa­
methyl ether. The difference between gossic 
and apogossypolic acids is merely a single car­
boxyl group. Since gossypol has two aldehyde 
groups and apogossypol none, and since the oxida­
tion products are obtained by not dissimilar re­
actions, it is a reasonable speculation that one 
of the aldehyde groups in the gossypol hexa­
methyl ether accounts for the carboxyl group 
which is present in gossic acid and which is not 
found in apogossypolic acid anhydride.

The dihydroxy compounds (V and VI) both 
give a green color with ferric chloride indicative 
of two ortho hydroxyls. These compounds are 
oxidized by blowing air through the alkaline 
solutions. Upon acidification of the oxidized 
solutions they both yield the same red crystalline 
compound, which has the formula C9Hi0O4, and

(3) Adams and Butterbaugh, T h i s  J o u r n a l , 60, 2174 (1938).

which appears to be a quinone, since it can be re­
duced with sodium hydrosulfite and the colorless 
solution thus obtained can be reoxidized by shak­
ing in air.

Experimental
Trimethyl Ester of Hydrolyzed Gossic Acid.—A solution 

of 0.100 g. of gossic acid in 5 cc. of 10% aqueous sodium 
hydroxide was prepared by warming for a few minutes on 
the steam-bath and then cooling in an ice-salt mixture. 
The cooled solution was acidified carefully with dilute 

hydrochloric acid and extracted a 
number of times with ether. The 
ether extracts were combined and 
washed with cold water. To this 

O solution was added an ether solution
of diazomethane from 0.5 g. of ni­
trosomethyl urea. The reaction 
mixture was allowed to stand over- 

VI night at room temperature, then
washed with dilute sodium hydrox­
ide. The ether was evaporated and 
the residue purified by crystalliza­
tion from petroleum ether (30-60°), 
m. p. 70-71°.

Anal. Calcd. for CnH^Os: C, 
57.6; H, 6.21. Found: C, 57.56; 
H, 5.92.

Demethylation of Gossic Acid.—
A suspension of 0.15 g. of gossic acid 
was refluxed very gently with 5 cc. 
of constant boiling hydrobromic 
acid for twenty to twenty-five min- 

y j l j  ' utes. The material dissolved in a
short time and at the end of the 

reaction the solution had only a light yellow color. The 
reaction mixture was diluted with water, neutralized with 
sodium carbonate, acidified to Congo red with dilute sul­
furic acid, and extracted with ether. The ether was 
evaporated and the residue crystallized from acetone- 
petroleum ether (b. p. 60-110°). Long colorless needles 
formed, m. p. 140-141 °.

Anal. Calcd. for Ci2H10O7: C, 54.2; H, 3.76; mol. wt., 
266. Found: C, 54.43; H, 3.80; mol. wt. (Rast), 280.

This product gave a green color with alcoholic ferric chlo­
ride, and a very light yellow color when dissolved in cold 
concentrated sulfuric acid. The material dissolved easily 
in 10% aqueous sodium hydroxide to give a light yellow 
solution, which became bright red upon shaking with air.

Action of Diazomethane on Demethylated Gossic Acid.— 
To an ether solution of 0.10 g. of the demethylated gossic 
acid was added an ether solution of diazomethane from 
0.15 g. of nitrosomethyl urea. The reaction mixture was 
allowed to stand overnight at room temperature, then the 
ether was evaporated and the residue purified by sublima­
tion at 15 mm., followed by crystallization from petroleum 
ether (b. p. 30-60°); white needles, m. p. 106°. The 
mixed melting point gave no lowering with the ester of 
gossic acid previously described.

Oxidation of Demethylated Gossic Acid.—A solution of 
0.10 g. of the demethylated gossic acid in 5 cc. of 10%

—CO

—CO

C3H6

—CO
\O
/

—CO

C3H6

COOH

COOH

c 3h 6
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aqueous sodium hydroxide was oxidized by blowing a 
stream of air through it. The alkaline solution was at first 
a bright yellow, changing to a deep orange, and finally to a 
bright red. After nine hours the solution was acidified 
with dilute sulfuric acid and the flocculent precipitate 
filtered, washed., and dried. The residue was purified by 
sublimation at 15 mm., and subsequent crystallization 
from benzene; large red plates, m. p. 179-181 °.

Anal. Calcd. for C9Hio04: C, 59.5; H, 5.49. Found: 
C, 59.56; H, 5.55.

Sodium hydrosulfite causes the red color to disappear 
from an aqueous alkaline solution of the compound; on 
shaking in the air the red color reappears immediately.

Decarboxylation of Demethylated Gossic Acid.—To a 
solution of 0.20 g. of demethylated gossic acid in 0.8 cc. of 
dry quinoline was added 0.1 g. of copper bronze. The 
reaction mixture was heated in a Wood's metal bath at 
160-165°. At this temperature there was a vigorous 
evolution of gas.

When the evolution of gas ceased, the tube was cooled 
and the reaction mixture diluted with ether. The ether 
solution was filtered and washed a number of times with 
dilute hydrochloric acid. The ether was evaporated and 
the residue purified by sublimation at 15 mm. It crystal­
lized from ether-petroleum ether (b. p. 60-110°) in white 
plates, m. p. 165-166°.

Anal. Calcd. for CnHi0O5: C, 59.5; H, 4.52. Found: 
C, 59.62; H, 4.40.

The compound gave a green color with alcoholic ferric 
chloride. It dissolved in aqueous alkali to a yellow solu­
tion which changed to red on standing. It was soluble in 
water and a spontaneous evaporation formed long needles.

Oxidation of Demethylated Decarboxylated Gossic Acid. 
—Air was blown through a solution of 0.10 g. of demethyl­
ated decarboxylated gossic acid in 5 cc. of 10% aqueous 
sodium hydroxide for nine hours. The material dissolved 
to give a yellow solution which quickly turned to a bright 
red on passing through the air.

The solution was acidified with dilute sulfuric acid and 
extracted with ether. The ether was evaporated and the 
residue purified by sublimation and crystallization from 
benzene, m. p. 179-181 °. It was shown by mixed melting 
point to be identical with the product obtained by the 
alkaline-air oxidation of the demethylated gossic acid.

Diazomethane on Demethylated Decarboxylated Gossic 
Acid; Apogossypolic Acid Anhydride.—To a solution of 
0.10 g. of the demethylated decarboxylated gossic acid in 
10 cc. of ether was added an ether solution of diazomethane 
from 0.15 g. of nitrosomethyl urea. The reaction mixture 
was allowed to stand at room temperature overnight.

The ether was evaporated and the residue purified by 
sublimation at 15 mm., followed by crystallization from

petroleum ether (b. p. 30-60°); white needles, m. p. 93- 
94°. The compound gave no depression in melting point 
when mixed with apogossypolic acid anhydride.

Anal. Calcd. for Ci3H i40 6: C, 62.4; H, 5.60; 20C H 3,
24.8. Found: C, 62.1; H, 5.39; OCH3, 23.6.

A solution of 0.050 g. of this product in 10% aqueous 
sodium hydroxide was cooled in an ice-bath and carefully 
acidified with dilute sulfuric acid. The suspension that 
formed was extracted with ether, the ether extract dried 
and evaporated. The residue was crystallized from 
petroleum ether (b. p. 30-60°), m. p. 170-171° with de­
composition. This compound gave no depression in melt­
ing point when mixed with apogossypolic acid.

Anal. Calcd. for Ci3H i60 6: C, 58.3; H, 5.97; neut. 
equiv., 134. Found: C, 58.31; H, 6.24; neut. equiv., 
134.

On .sublimation at 15 mm. dehydration takes place with 
formation of apogossypolic acid anhydride as shown by 
melting point and mixed melting point.

Apogossypolic acid was veiy  stable to alkaline per­
manganate and was recovered unchanged even on long 
refluxing.

Summary
COOH

— CO

Gossic acid, (CHsO)2C6H2 O , obtained by

c 3h 6

oxidation of gossypol hexamethyl ether has been 
degraded through (1) demethylation with hydro­
bromic acid followed by (2) heating with quinoline 
and copper bronze and subsequent (3) methyla­
tion with diazomethane. The final product 
proved to be apogossypolic anhydride,

(CH30 )2C6H2

—CO
\ O
/  , the product obtained by

—CO

l c 3h 6

oxidation of apogossypol hexamethyl ether. It 
appears likely that the carboxyl group in gossic 
acid is produced from an aldehyde group in gossy­
pol.
U r b a n a , I l l in o is Received June 27, 1938



Sept., 1938 Apogossypolic Acid 2191

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

Structure of Gossypol.1 XIV. Apogossypolic Acid

B y  R o g e r  A d a m s , R. C. M o r r is , D. J .  B u t t e r b a u g h 2 a n d  E. C. K ir k p a t r ic k 2

Apogossypolic acid1»3 which can be obtained from 
gossypol hexamethyl ether by oxidative and deg­
radation reactions and from apogossypol hexa­
methyl ether by oxidation has the formula shown 
in I. The possible position or positions for the 
C3H6 residue have been discussed previously.3

I, Veratric acid; II, homoveratric acid; III, de­
carboxylated apogossypolic acid.

Fig. 1.

The two most likely structural formulas are 
assumed to be II and III.

/COOH

(CH30)2C6H2 <(C00H

ICaHe
I

c h 3(v U c o o h c h 3o/ nNCOOH

CH30I JcO O H c h 3oI J—C— COOH

1
CH

/ \
c h 3 c h 3

c h 3 c h 3
II III

By extended boiling with hydrobromic acid, two 
methoxyls are converted to hydroxyls and one

(1) For previous paper in th is  field see Adams and Morris, T h is 
Jo u r n a l , 60, 2188 (1938).

(2) Portions of theses submitted in partial fulfilment of the degree 
of Doctor of Philosophy by D. J. Butterbaugh, Chemical Foundation 
Fellow 1935-1938, and E. C. Kirkpatrick, Solvay Process Fellow, 
1936-1938.

(3) Adams and Butterbaugh, T h i s  J o urn al , 60, 2174 (1938).

molecule of carbon dioxide is lost. The com­
pound thus produced is postulated as IV or V. 
Upon treatment of this substance with diazo­
methane, methylation of the hydroxyl and car-

HOr

HOI 'COOH

CH

CH3 CH3 
IV

CH3Or

Ch 3o1 'COOH

CH

HOj

HO* C—COOH

CH3 c h 3

CH3Or

c h 3o '

V

C—COOH
/ X

c h 3 c h 3

c h 3 c h 3
VI VII

boxyl groups occurs and upon saponification the 
dimethoxy acid (VI or VII) results. The fact 
that the ester saponifies with reasonable ease is 
in favor of structure VI, for esters of the type of 
the acid shown in VII saponify only with great 
difficulty. This monobasic acid (VI or VII) is 
surprisingly resistant to oxidation and no satis­
factory results were obtained after repeated 
experiments. Moreover, the carboxyl from com­
pound IV or V could not be eliminated by any of 
the usual procedures which decarboxylate 1,2- 
dihydroxy-4-benzoic acid.

The absorption spectra of homoveratric acid 
(VIII) and of veratric acid (IX) were compared 
with that of compound VI or VII. The results 
are shown in Fig. 1. It is clearly apparent that

CH3Or

c h 3o'

)CH2COOH

VIII

CH3Oj

CH3ol

iCOOH

IX

the absorption spectra of veratric acid and 
the acid from gossypol resemble each other 
closely and differ from that of homoveratric 
acid. Formula V, therefore, was assumed to be 
that of decarboxylated apogossypolic acid. The 
presence of the isopropyl group ortho to the 
carboxyl may account for the difficulty in elimi­
nating the carboxyl in compound IV. The dif­
ficulty with which the compound apparently is
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oxidized may be explained by the hindrance of 
the isopropyl group by ortho substitutents.

Apogossypolic acid reacts with nitric acid and a 
carboxyl group is replaced by a nitro. Two 
alternative structures, based on formula V, are 
possible but compound X is the more likely be­
cause oxidation of the nitro compound failed and 
oxidation might have been expected if the nitro 
were ortho to the isopropyl group. This re­
placement is analogous to that reported for the

CH3Or

CHgOl

|N02

ICOOH

cn 30|
CH30I

[NH2

CH

CH3 CHs 
X

c h 3o

c h 3o

V- N H

J—o CO

CH3 CHs 
X II

CH

CH3 CHs 
X I

substitution of the carboxyl group in veratric 
acid by a nitro group.4 Upon reduction of the 
mononitromonocarboxylic acid (X), an amino 
compound was formed which was purified by 
sublimation. The product proved to be not the 
expected amino acid but an amine (XI) due to loss 
of carbon dioxide. A lactam (XII) undoubtedly 
would have resulted if the structure of the apogos­
sypolic acid was III. The decarboxylation of 
the amino compound upon sublimation resembles 
the reaction of 0-aminobenzoic acid under similar 
conditions. These facts leave little doubt that 
the CaH6 is present in the molecule as a propyl or 
isopropyl substituent in the benzene ring. It 
cannot be present as two groups, an ethyl and 
methyl, because apogossypolic acid may be formed 
from gossic acid which contains in the ring two 
methoxyls and three carboxyls and hence only a 
single position for the C3H6 residue is available. 
The group is probably isopropyl since experi­
mental evidence indicated that isopropyl alcohol 
was lost in the conversion of apogossypol hexa­
methyl ether to desapogossypol hexamethyl ether.

It is true that the experimental facts available 
do not allow a conclusive deduction concerning 
the relative positions of the methoxyl, isopropyl, 
and carboxyl groups in apogossypolic acid. How­
ever, indirect evidence adduced from the study

(4) Zincke and Franke, A n n ., 293, 177 (1896). See also Weg­
scheider and Klemenc, M onatsh., SI, 740 (1910); Rossin, ibid,, 12, 
493 (1891).

of the various degradation products of gossypol 
and apogossypol is very helpful5 and practically 
limits the structures of gossic acid to XIII, 
apogossypolic acid to XIV and decarboxylated 
apogossypolic acid to XV. The absolute proof 
of these must await synthesis.

CH3Oj

CHsol

COOH
-CO

> o
-CO

CROr

CH3ol

|COOH C R A  

»COOH CH3 0 I 'COOH

CH

CH3 CH3 
X III

CH CH
/ \ / \

c h 3 c h 3 c h 3 c r
X IV X V

Experimental
Action of Hydrobromic Acid on Gossic Acid, Apogos­

sypolic Acid or Apogossypolic Acid Anhydride.—The same
product was obtained by the action of constant boiling 
hydrobromic acid on gossic acid, apogossypolic acid or its 
anhydride. Since from a preparative standpoint gossic 
acid is the most convenient raw material, the detailed 
directions below involve this product. The procedure for 
the other compounds is exactly the same except that only 
two hours of boiling with hydrobromic acid instead of four 
is necessary.

A suspension of 0.10 g. of gossic acid was refluxed for 
four hours with 5 cc. of constant boiling hydrobromic acid. 
At the end of this time the reaction mixture was poured 
into a beaker. On cooling there separated a precipitate of 
light pink crystals. The product was filtered and purified 
by sublimation and crystallization from benzene or tolu­
ene. It formed colorless plates, m. p. 216 -217°. The 
product may be heated until it distils and is recovered un­
changed.

A n a l .  Calcd. for CioH^Ou C, 61.2; H, 6.12. Found: 
C, 61.21; H, 6.55.

The compound gave a green color with alcoholic ferric 
chloride. A solution of the compound in dilute aqueous 
sodium hydroxide rapidly becomes yellow and on standing 
longer changes to deep orange.

Diazomethane on Demethylated Decarboxylated Apo­
gossypolic Acid.—To a solution of 0.02 g. of the demethyl­
ated decarboxylated apogossypolic acid in ether was added 
an ether solution of diazomethane. The reaction was al­
lowed to stand overnight at room temperature. The ether 
solution was then washed with cold 2 %  aqueous sodium 
hydroxide and evaporated. The residue was purified by 
sublimation and then crystallization from petroleum ether 
(b. p. 30-60°); colorless prisms, m. p. 106-107°.

A n a l .  Calcd. for C 13H 18O4: C, 65.6; H, 7.56. Found: 
C, 65.42; H, 7.20.

Saponification of the Methyl Ester of Decarboxylated 
Apogossypolic Acid.—A suspension of 0.10 g. of the ether 
was refluxed with 1 0 % aqueous sodium hydroxide until 
solution was complete. The reaction mixture was then 
cooled, acidified with dilute sulfuric acid, and extracted 
with ether. The ether was evaporated and the residue

(5) See papers V II-X III  of this series.
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purified by sublimation followed by crystallization from 
benzene; colorless plates, m. p. 167-169°.

A n a l .  Calcd. for C12H 16O4: C, 64.4; H, 7.15. Found: 
C, 64.85; H, 7.42.

Action of Dilute Nitric Acid on Apogossypolic Acid.—A 
mixture of 0.15 g. of apogossypolic acid, 3 cc. of concen­
trated nitric acid and 9 cc. of water was refluxed for two 
hours. Upon cooling, fine white crystals separated. 
These were purified by crystallization from cyclohexane, 
m. p. 15 5 -15 8 °; yield0.105 g.

A n a l .  Calcd. for Ci2H i60 6N : C, 53.55; H, 5.58; N, 
5 .2 1 ; neut. equiv., 269. Found: C, 53.79; H, 5.75; N, 
5 .19 ; neut.equiv.,268.

Reduction of the Nitric Acid Product of Apogossypolic 
Acid.—The product just described was reduced with 
Raney nickel and hydrogen under 2.5 atm. pressure in 
ethanol solution. The product was purified by twice 
subliming at 25 mm.; white crystals, m. p. 74-76°, that 
turn dark after standing a few hours in air.

A n a l .  Calcd. for ChH i70 2N : C ,67.7; H ,8.72; N ,7 .18 . 
Found: C, 67.84; H ,8.62; N, 6.96.

This material was insoluble in dilute aqueous sodium 
hydroxide but soluble in 5%  aqueous hydrochloric acid. 
It diazotized with nitrous acid and the solution gave a red 
color on treatment with a solution of /3-naphthol.

Acetylation of the Amine.—A mixture of 30 mg. of the 
amine just described, 2 cc. of acetic anhydride and 50 mg. 
of fused sodium acetate was refluxed gently for thirty 
minutes. After cooling, the excess acetic anhydride was 
decomposed by the addition of three to four volumes of 
water. The solution was evaporated to dryness under a 
stream of air and the amine acetate extracted from the 
sodium acetate by means of ether. From this extract a

colorless oil was obtained which crystallized after standing 
for two to three hours. Purification of this crystalline 
material was accomplished by two sublimations at a bath 
temperature of 10 0 -12 5° (18 mm.). This was followed by 
a dilute acid wash and by a third sublimation; white 
crystals, m. p. 85-86°.

A n a l . Calcd. for diacetate, Ci5H2i04N : C, 64.52; H, 
7.53; N, 5.02. Found: C, 64.73; H,7.49; N ,5 .1 1 .

Summary

Apogossypolic acid is decarboxylated and de­
methylated by the action of hydrobromic acid. 
The product, upon methylation with diazo­
methane and subsequent saponification gives 
a monobasic acid, decarboxylated apogossypolic 
acid. A discussion of the structure of this latter 
product is given.

Apogossypolic acid is converted to a mononitro 
monocarboxylic acid by the action of nitric acid. 
The nitro compound upon reduction followed by 
sublimation gives an aromatic amine containing 
no carboxyl group. This must be a dimethoxy 
n- or isopropyl aminobenzene. Its structure and 
the analogous compounds from gossypol are dis­
cussed.

The absorption spectrum of decarboxylated 
apogossypolic acid is similar to that of veratric 
and dissimilar to homoveratric acid.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  27, 1938

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

Structure of Gossypol. XV.1 An Interpretation of its Reactions

By R o g er  A d a m s , R. C. M o r r is , T. A. G e iss m a n , D. J. B u t t e r b a u g h  a n d  E. C. K ir k pa t r ic k

A large number of reactions of gossypol and of 
its degradation products have been studied. As 
the result of this accumulation of experimental 
evidence, it is now possible to formulate deduc­
tively a reasonable structure for the gossypol 
molecule. The purpose of this communication is 
to correlate and interpret the physical and chemi­
cal properties of gossypol in terms of this struc­
ture.

The absorption spectra of gossypol2 and its 
derivatives and the formation of many of its

(1) For previous paper in this series, see Adams, Morris, Butter- 
baugh and Kirkpatrick, T h i s  J o u r n a l , 60, 2191 (1938).

(2) Adams and Kirkpatrick, ibid., 60, 2180 (1938); Marchlewski, 
J . prakt. Chem., 60, 84 (1899); Griinbaumowna and Marchlewski, 
Biochem. Z ., 286, 295 (1936); Zamyshlyaeva and Krivich, J . Gen. 
Chem., (U. S. S. R .) , 7, 1969 (1937).

degradation products are indicative of a mole­
cule containing two naphthalene nuclei connected 
either directly or through an alkylene chain. The 
formula for gossypol must be essentially sym­
metrical and probably completely so, for an even 
number of moles of reagent reacts in every in­
stance. The diverse and unusual reactions of 
gossypol as well as the absorption spectra show 
every indication that the molecule is tautomeric.

The postulated structure of gossypol is rep­
resented by la with lb and Ic representing two 
possible tautomeric forms.

The structural configuration of gossypol will be 
discussed and formulas will be assigned for all the 
significant derivatives and degradation products.
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CHO OH OH CHO 

OH

HO'

HOCH-O

HO,

CHOH

CH;

Wherever structural formulas are used, only half 
the molecule will be written in order to conserve 
space. It must be remembered, however, that 
in all cases double the number of moles of reagents 
react than is indicated by the half molecules and 
double the number of groups are introduced.

Color Reactions and Salts.3—Gossypol gives 
(1) a green color with ferric chloride, (2) a deep 
red with pyroboroacetate and (3) a purple red 
with stannic chloride. These colors have been 
shown previously to be rather characteristic, 
particularly in the naphthalene series, (1) of two 
phenolic hydroxyls ortho to each other, (2) and
(3) of a hydroxyl peri or ortho to a carbonyl. 
These colors may be expected of a molecule with 
formula la. Gossypol forms a stable compound 
with stannic chloride which was isolated and ana­
lyzed. It has a Sn :C1 ratio of 1:2. Naphthalene 
molecules with two peri hydroxyls and a ketone 
or aldehyde group form similar compounds. It 
is not unreasonable to believe that an arrange­
ment of hydroxyls and aldehyde groups as shown 
in formula la would give the same result though 
no simple naphthalene derivatives with hydroxyls 
and aldehyde thus placed have been tested.

Gossypol titrates dibasic and forms a dipyridyl 
salt. Many hydroxyaldehydes show a similar 
acidity for the phenol group possibly due to the 
vinylogous relationship of an o- or ^-hydroxyal- 
dehyde to a carboxylic acid.

Aniline and Ammonia Derivatives.4—Gossypol 
condenses readily with two moles of aniline with

the elimination of two moles of 
water. Several substituted ani­
lines, including o-phenylenedia- 
mine, also condense in the same 
ratio; others give products 
which do not analyze for simple 
derivatives. All these prod­
ucts, however, are readily hy­
drolyzed by acid to gossypol.

Liquid ammonia reacts simi­
larly to give an easily hydro­
lyzed diaminogossypol.

Of importance from the struc­
tural standpoint are the methyl­
ation and acetylation of the 
yellow dianilinogossypol.4 Un­
der proper conditions a red di- 
methylated compound is isolated 

which has the methyl groups attached to nitrogens 
since they cannot be removed by hydriodic acid; 
the methylated compound cannot be hydrolyzed 
to gossypol. The hexaacetyldianilinogossypol has 
two acetyls attached to nitrogens since acetanilide 
is obtained by pyrolysis. These experiments es­
tablish the probability of the dianilino compound 
existing not as a simple Schiff base but as a tauto­
meric structure such as might be formed from an 
hydroxymethylene compound, the tautomeric 
form of an o-hydroxy aldehyde. The anilino 
compound of gossypol therefore is formulated 
as Ila, lib, lie  and the hexaacetate possibly as 
III though it could be based on structure lie.

c 6h 6n = c h c 6h 6n h c h
1 OH II OH

n V y — T A
H 0 V / \ / CH3 * hovA/

1
CH CH

/ \ / \
CHs CHs CH3 CHs

I la lib
c o c h 3
1 tl

C6H5N— CH

° - i
CHsCOOl

OCOCH3

CH3

CeHsNHCH-O

CH
/ \

CH3 CH3 
I I I lie

(3) Campbell, Morris and Adams, T h i s  J o u r n a l , 59, 1723 (1937).
(4) Adams, Price and Dial, ibid., 60, 2158 (1938). The amino derivatives produced by the action
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of liquid ammonia probably have analogous for­
mulas, IVa, IVb, IVc.

H N = C H  OH

HOi

HO' CH3

is pro­
melting

H2N — CH OH

- ° tWHO^X/ICHa 

CH

CH^CHs 
IVb

Anhydrogossypol.5—Anhydrogossypol 
duced by heating gossypol above its 
point or by the use of a mild dehydrating agent 
in an inert solvent. It is very sensitive to hydroly­
sis, regenerating gossypol. The reactions which 
were attempted such as methylation, acetylation 
or treatment with liquid ammonia or amines even 
under strictly anhydrous conditions result not in 
anhydrogossypol derivatives but in derivatives of 
gossypol. In the case of anhydrogossypol, the re­
actions always involve simple addition; in the case 
of gossypol, the same derivatives are obtained by 
elimination of water, acetic acid or analogous 
molecules but never by simple addition. A very 
easily opened oxygen-containing ring must there­
fore be present in anhydrogossypol.

The anhydro compound reacts with both buta­
diene and dimethylbutadiene6 to give addition 
products. This indicates the probability of the 
presence of an c^/S-unsaturated carbonyl group­
ing. The stability of the diene addition com­
pounds to hydrolysis leads to the conclusion that 
the unstable oxygen-containing ring of anhydro­
gossypol has been modified and stabilized. It is 
probable, therefore, that the carbon-carbon 
double bond of the a,/3-unsaturated carbonyl

H2N—C H -0

ho/ N / ^

hoU\J
CH

/ \
c h 3 c h -

IVc

c h 3

o
-c—c=

> c ^ c
V

=CHOH

-C O H =
a

CH3— c=

o
-c—c==CH

. ch2
—c—c-

>0
^>c=c—c==

VI
=c—c h 3 

I
c h 2

>c=c

-CH

y°
VII

(5) Miller and Adams, T h is  J o u r n a l , 59, 1736 (1937).
(6) Adams, Friedman, Price, Morris and Kirkpatrick, %bid.y 

2160 (1938).

grouping is part of the oxygen-containing ring of 
anhydrogossypol. Nuclei postulated to account 

for these transformations are shown 
in V (gossypol), VI (anhydrogossy­
pol), and VII (diene addition prod­
uct).

Gossypol also adds dienes but with 
the simultaneous loss of water to 
give the same compound obtained 
from anhydrogossypol.

The a-hydroxyl in formula V must 
be phenolic since otherwise a nitrogen-containing 
ring4 analogous to VI should be produced upon 
treatment with anhydrous ammonia.

The tautomeric formula of gossypol (Ic) con­
tains just such a nucleus as is shown in V and the 
formula of anhydrogossypol may thus be VIII 
and the dimethylbutadiene addition product IX. 
The portions of the molecules above the dotted 
lines in Ic, VIII and IX are identical with the 
corresponding nuclei V, VI and VII.

HOCH C H -0 ,
II O H / 1  l '

hc\ a J ch'1

►
HOk A J CĤ

1
CH CH

/ \ / \
c h 3 c h 3 CH3 CH3

Ic VIII

CH3C—CH,
II \

CH3C C H -0

IX

The oxygen-containing ring structure in VIII 
probably would hydrolyze readily and that in 
IX would undoubtedly be stable.

The diene addition products also contain two 
phenolic hydroxyls which are readily methylated 
or acetylated. These are shown in IX. The 
red color which the addition products give with 
pyroboroacetate is found in molecules with an 
hydroxyl ortho or peri to a carbonyl.

From a survey of the literature of hydroxy 
aldehydes of the benzene and naphthalene series, 
it was impossible to find any record of a derivative
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of the tautomeric forms of the hydroxymethylene 
type. On the other hand, it seems likely they 
should exist, especially in certain types of poly­
hydroxy naphthaldehydes and an attempt is now 
being made to prepare such derivatives. It is 
worthy of note that Windaus7 on the basis of 
sound experimental evidence postulated the hy­
droxymethylene form of an aromatic hydroxy al­
dehyde for the structure of colchicine.

Ethers of Gossypol.8—A white tetramethyl 
ether of gossypol is obtained by the action of 
dimethyl sulfate on gossypol under conditions 
which exclude degradation due to the presence of 
alkali. Further methylation of this compound 
gives a white or a red hexamethyl ether, depending 
on the experimental conditions. Moreover, it 
acetylates to a gossypol tetramethyl ether diace­
tate.

The tetramethyl ether and the white hexa­
methyl ether are very stable to alkali or alkaline 
oxidizing agents in contrast to gossypol. They 
do not react with aldehyde reagents in neutral 
solvents. In the presence of acetic acid, how­
ever, condensation reactions with aldehyde rea­
gents take place.9 The substances produced no 
longer contain six methoxyls. Two apparently 
are hydrolyzed to hydroxyls and then two moles 
of reagent react in the normal way with the alde­
hyde groups. The phenylhydrazine derivative of 
gossypol hexamethyl ether is a diphenylhydrazone 
of a gossypol tetramethyl ether; of gossypol 
tetramethyl ether a diphenylhydrazone of a 
gossypol dimethyl ether. By means of methanolic 
hydrochloric acid, the diphenylhydrazone of gossy­
pol tetramethyl ether is reconverted to gossypol 
hexamethyl ether or by ethanolic hydrochloric 
acid to gossypol tetramethyl diethyl ether.

It is thus obvious that two of the methoxyls in 
gossypol hexamethyl ether differ from the other 
four and their reactivity suggests they are of an 
acetal type. A lactol structure of a ^m-hydroxy- 
naphthaldehyde is written to account for these 
results. Gossypol hexamethyl ether (X) is thus 
based on structure lb. The phenylhydrazine 
derivative is represented by XIa and Xlb and 
the gossypol tetramethyl diethyl ether by XII.

The reaction of hydroxylamine9 in acetic acid 
solution with gossypol tetramethyl and hexa­
methyl ethers also involves the hydrolysis of 
two methoxyl groups. Two moles of reagent

(7) Windaus, A nn ., 439, 59 (1924).
(8) Morris and Adams, T h is  J o ur n a l , 59, 1931 (1937),
(9) Adams and Geissman, ibid., 60, 2166 (1938).
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then condense in the usual way, followed however 
by loss of two more molecules of water. These
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reactions may best be interpreted by the assump­
tion that orthoxazine rings have formed XIII.

CH3OOC OCH3 
CH3CY

CH3OI CH3

HOOC OH 
CH3O,

CH3Of

HOOC )
CH3o / \

c h 3
CH3OI J CH3

I ..
CH O 

CH ĈH3
XV X X I

c o - o

CH3o / \

CH,oL 1
1 1 NOj

CH CH

cA c h 3 c h ? c h 3
XIV

I
X X

1
OH OCH3

CH3C0 0CH3 

CHsO,^ ^
c h 3o!v A Jc h 3

: h 3 c h 3
X IX

Hydrolysis of the orthoxazine (XIII) followed 
by treatment with acetic acid results in a lactone, 
gossylic acid lactone tetramethyl ether (XIV). 
The hypothetical intermediates in this transfor­
mation, the structures of which are given but not 
numbered, were not isolated.

The lactone10 (XIV) is hydrolyzed to the 
hydroxy acid (XV), which can be methylated 
by treatment either with diazomethane, thus 
indicating that a phenolic hydroxyl is involved 
in the lactone, or by dimethyl sulfate and alkali, 
to give dimethyl gossylate hexamethyl ether 
(XVI). The fact that XVI could not be hydro­
lyzed under any usual conditions constitutes evi­
dence for the presence of orthosubstituted groups.

Additional reactions of the lactone (XIV) were 
also carried out. I t reacts with one molecule of 
methylmagnesium iodide instead of two, as is 
common to ordinary lactones which are not 
hindered, and gives homogossypol tetramethyl

(10) Adams and Geissman, T h i s  J o u r n a l , 60, 2184 (1938);

ether (XVII). Upon methylation with metha­
nolic sulfuric acid, this yields the ether (XVIII) 

whereas dimethyl sulfate and 
alkali gives the isomeric ether 
(XIX). Nitration of the lactone 
(XIV) results in a dinitro com­
pound (XX). The action of di­
lute nitric acid upon the hydroxy 
acid (XV), however, oxidizes it to 
the quinone, gossypolonic acid 
tetramethyl ether, shown in XXI.

Gossypol hexamethyl ether11 
can be demethylated partially by 
means of a drop of sulfuric acid in 
acetic acid. A dimethyl ether is 
formed which, unlike the tetra- 
and hexamethyl ethers, shows 
many of the characteristic reac­
tions of gossypol. It condenses 
readily with aniline in neutral 
solution and undergoes loss of two 
carbons and two oxygen atoms 
by treatment with concentrated 
aqueous sodium hydroxide. 
Gossypol tetramethyl ether, when 
demethylated in a similar way, 
is converted to gossypol. This 
shows conclusively that the two 
hydroxyls in gossypol tetramethyl 
ether are those which are methyl­
ated in gossypol dimethyl ether. 

In view of these facts the formula for the tetra­
methyl ether is XXII and of the dimethyl ether 
XXIII.

CHS

CH3OCH-O HOCH-O

c h 3

c h 3 c h 3
X XII

c h 3 c h 3
XXIII

It becomes obvious why the phenylhydrazine de­
rivatives of gossypol tetramethyl ether (XXIV) 
and of the dimethyl ether (XXV) are isomeric 
and not identical.9

The structure assigned the hexamethyl ether 
(X) accounts satisfactorily for the existence of 
two stereoisomeric forms.11 The two lactol 
carbon atoms are asymmetric and, therefore, 
allow two stereoisomers. Stereoisomers could

(11) Adams and Geissman, ibid., 60, 2163 (1938)*
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also be explained on the basis of formula la due to 
restricted rotation between the naphthalene 
nuclei. Since, however, stereoisomers were iso­
lated only in the case of gossypol hexamethyl 
ether, the first explanation seems preferable. The 
formula (X) also explains why its absorption spec­
tra2 and that of the tetramethyl ether (XXII) dif­
fer from those of gossypol and the dimethyl ether 
(XXIII). The third peak in the spectra of the 
latter two compounds is missing in the first two. 
This peak is presumably due to the tautomeric 
ö-hydroxyaldehyde nucleus and confirms the 
structures written for those molecules.

Esters of Gossypol.—Gossypol hexaacetate12 
is formed from gossypol, acetic anhydride and 
sodium acetate under very mild 
conditions. In addition to the 
white hexaacetate, a yellow 
product is obtained. This latter 
product is also formed upon 
heating the white hexaacetate 
with acetic anhydride. The 
yellow substance has not been 
obtained in an analytically pure 
state so that its character is 
undetermined. I t is natural to 
assume that the white gossypol 
hexaacetate has a structure ana­
logous to the hexamethyl ether 
and is, therefore, XXVI, though 
other formulas may be written 
based on the other tautomeric 
forms of gossypol. Renzoyla- 
tion of gossypol13 results merely in a tetrabenzoate 
and is represented by XXVII.

Oxidation Reactions of Gossypol Hexamethyl 
Ether.14—Gossypol hexamethyl ether (X) upon 
oxidation with chromic acid yields primarily a 
compound, gossypolone tetramethyl ether 
(XXVIII), in which two methoxyls have been 
hydrolyzed and two hydrogens have been replaced 
by an oxygen. As a minor by-product the lac­
tone (XIV) is formed. Oxidation of X by dilute 
nitric acid yields two products in about equal 
amounts, the first, the water-insoluble gossypo­
lonic acid tetramethyl ether (XXIX) of molecu­
lar size about that of the starting material, the 
second the water-soluble gossic acid (XXX) of 
about half the molecular size. Gossypolonic acid 
tetramethyl ether (XXIX) by the action of per­
manganate gives gossic acid (XXX). More­
over, gossypolone tetramethyl ether (XXVIII) 
is oxidized by nitric acid to gossypolonic acid 
tetramethyl ether (XXIX) and by permanganate 
to gossic acid (XXX). The lactone (XIV) is stable 
to nitric acid but the corresponding acid (XVI) is 
oxidized with nitric acid to gossypolonic acid tetra­
methyl ether (XXIX).
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(12) M iller, Butterbaugh and Adams, T h is  J o urn al , 59, 1729 
(1937).

(13) Adams and Butterbaugh, ibid,, 60, 2174 (1938),

It is obvious how gossic acid (XXX) is pro­
duced. The quinone rings of gossypolonic acid 
tetramethyl ether (XXIX) are oxidized to two
o-carboxyls which form the anhydride linkage. 
On the other hand, it is not so clear why gossy­
polonic acid tetramethyl ether (XXIX) cannot 
be oxidized with nitric acid to gossic acid (XXX) 
and still gossic acid is formed directly and simul­
taneously along with (XXIX) by the nitric 
acid oxidation of gossypol hexamethyl ether (X). 
An oxidation with degradation of the naphthalene

(14) Adams, Morris and Kirkpatrick, ibid., 60, 2170 (1938).
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nucleus can take place apparently without qui­
none formation as an intermediate.

An extended study of the reactions of gossy­
polone tetramethyl ether (XXVIII) or of gossy­
polonic acid tetramethyl ether (XXIX) has not 
yet been completed. I t has been shown, how­
ever, that the former contains no carboxyl groups 
while the latter contains two. Evidence yet un­
published is that they are quinones. Gossic acid 
(XXX), on the other hand, by degradation 
studies has been shown to be a benzene derivative 
with two methoxyls, a carboxyl, a dibasic acid 
anhydride and an isopropyl group. The evidence 
for this last group will be discussed under the 
heading ‘ ‘ Desapogossypol. ’’

Gossic acid15 (XXX) is converted to apogos­
sypolic acid (XXXIV) through the following 
intermediates, all of which can be isolated in a 
pure state, (1) demethylated gossic acid (XXXI),
(2) demethylated decarboxylated gossic acid
(XXXII), (3) decarboxylated gossic acid or apo­
gossypolic acid anhydride (XXXIII), (4) apo­
gossypolic acid (XXXIV). Other derivatives 
of gossic acid are also shown, methyl gossate 
(XXXV) by the action of diazomethane on gossic 
acid and the trimethyl ester (XXXVI) of hy­
drolyzed gossic acid by treatment of gossic acid 
with alkali, followed by acidification and methyl­
ation.

Gossypol hexaacetate16 acts similarly to gossy­
pol hexamethyl ether and undergoes oxidation 
with chromic acid to gossypolone tetraacetate 
(XXXVII). Further degradations of this mole­
cule are not feasible because of the tendency for

(15) Adams and Morris, T h is  J o u r n a l , 60, 2188 (1938).
(16) Clark, ibid., 51, 1475 (1929).

the acetyls to hydrolyze and thus to give products 
which are unstable and which rapidly decompose.

O

Apogossypol and its Derivatives.—Gossypol 
(la or Ic) loses two carbons and two oxygens by 
the action of concentrated aqueous sodium hy­
droxide.5,13 The unstable compound produced,, 
apogossypol (XXXVIII), is undoubtedly formed 
by the loss of the two aldehyde groups. Such a 
redaction is common to many hydroxyaldehydes 
of the benzene and naphthalene series. The 
instability of the product is explicable if com­
pared with many polyhydroxynaphthalenes. The 
hexaacetate (XXXIX) and hexamethyl ether 
(XLII) of apogossypol, however, are stable com­
pounds. Both of these derivatives oxidize, the 
first to apogossypolone tetraacetate (XL) and the 
second to apogossypolone tetramethyl ether 
(XLIII). Two methoxyls or two acetoxyls are 
lost during these reactions and the products are 
quinones as shown by reductive acetylation to 
hydroapogossypolone octaacetate (XLI) and hy­
droapogossypolone tetramethyl ether tetraacetate 
(XLIV). In the case of the hydroapogossypolone 
octaacetate (XLI) reoxidation to the quinone 
takes place readily. It is important to note that 
parallel series of derivatives are formed from the 
hexaacetate and hexamethyl ether.
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The quinone,13,17 apogossypolone tetramethyl 
ether (XLIII), upon oxidation with permanganate 
gives the water-soluble apogossypolic acid 
(XXXIV) described in connection with the deg­
radation reactions of gossic acid (XXX). This 
transformation is shown below, the quinone ring 
oxidizing to two carboxyl groups.

XLIV

O

CHsOf

CHaOl

\ II
CH O

CHs

CHs CHs 
XLIII

:Hs CHs 
X XXIV

I t  is significant that apogossypol (XXXVIII), 
apogossypol hexamethyl ether (XLII) and apo­
gossypolone tetramethyl ether (XLIII) corre­
spond exactly to gossypol la, gossypol hexamethyl 
ether (X), and gossypolone tetramethyl ether 
(XXVIII). There are two aldehyde groups less 
in each of the members of the former series, and 
consequently no condensation with aniline oc­
curs. With the latter series aniline derivatives 
are formed. Apogossypolic acid (XXXIV) from

(17) Clark, O i l  &  F a t  I n d u s t r i e s ,  6, 7, 15 (1929).

OCHs the first series and gossic acid 
(XXX) from the second series 
differ merely by a carboxyl 
group18 which presumably has 
formed from the aldehyde group 
by oxidation. Observation of 
this parallelism in the gossypol 
and apogossypol series leads to 
the conclusion that gossypolone 
tetramethyl ether and apogossy­
polone tetramethyl ether must 
have analogous structures. 
Since the latter has been shown 
unquestionably to be a quinone, 
the former is almost certain to 
be one also. This is confirmed 
by comparison of their absorp­
tion spectra.

Apogossypolic acid (XXXIV) 
has been degraded in a number 
of ways.1 Methylation gives a 
dimethyl ester (XLV), and 
sublimation, the anhydride
(XXXIII). Hydrobromic acid 
hydrolyzes the methoxyl groups 

and at the same time a carboxyl group is elimi­
nated as carbon dioxide giving compound (XLVI). 
Methylation of (XLVI) gives the dimethoxy ester 
(XLVII) and saponification of the latter the acid 
(XLVIII).

Apogossypolic acid upon treatment with nitric 
acid is converted to a compound in which one 
carboxyl has been replaced by a nitro group, 
postulated as XLIX. Reduction of this sub­
stance gives the amino acid (L) which was not iso­
lated as such, for attempted purification by sub­
limation results in the loss of carbon dioxide 
with the formation of the amine (LI). This 
series of reactions has eliminated both of the 
carboxyl groups in apogossypolic acid and has 
thus demonstrated that they must be directly 
attached to the benzene nucleus.

The structures of these substances are assigned 
on the basis of indirect evidence or by analogies 
and not upon experimental data. Further study 
may necessitate changes in them. Thus, the 
nitro derivative (XLIX) of apogossypolic acid 
may have the nitro group in place of one or the 
other of the two carboxyls. Moreover, by hy­
drobromic acid treatment of apogossypolic acid,

(18) The fact that two carboxyls stabilize them selves as an an­
hydride linkage in gossic acid is of secondary importance.
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the resulting molecule will be different depending 
upon which carboxyl is lost. The relative posi­
tions of the methoxyls and isopropyl group from 
indirect evidence appear indisputable and are the 
important factor in these molecules. The posi­
tion of the other groups is less significant.

Desapogossypol and its Derivatives.13—Apo­
gossypol hexamethyl ether (XLII) reacts with 
cold concentrated sulfuric acid and a loss of 
C6Hi2 occurs. The product, which still contains

COOH
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c h 3 c h 3
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c h 3
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six methoxyl groups, is desapogossy­
pol hexamethyl ether (LII). It is not 
unlike the corresponding apo com­
pound in its reactions for it oxidizes 
to a quinone, desapogossypolone tetra­
methyl ether (LIII), with loss of two 
methoxyls. Moreover, the quinone 
is reductively acetylated to hydro­
desapogossypolone tetramethyl ether 
tetraacetate (LIV) which in turn can 
be reoxidized to the quinone (LIII).

Desapogossypolone tetramethyl 
ether oxidizes with permanganate to 
m-hemipinic acid (LV), the only 
known product from gossypol which 
has yet been isolated. The difference 
between the molecular formula of m- 
hemipinic acid and apogossypolic acid
(XXXIV) is a C3H6 residue. Be­
tween the corresponding but less de­
graded compounds of the desapogossy­
pol and the apogossypol series, there 

is a difference of CeHi2 and between those of the 
desapogossypol and gossypol series C6Hi2 and 
2CO. It is, therefore, reasonably certain that 
the C6H 12 residue merely corresponds to two C3H7 

groups, one in each naphthalene nucleus. By 
distilling the dilute sulfuric acid filtrate from the 
preparation of desapogossypol, a distillate is ob­
tained which on oxidation gives a test for acetone. 
This demonstrates that the groups are isopropyls 
and are being removed directly from the naphtha­
lene nuclei by hydrolysis.

The deductive evidence that has just been sub­
mitted for assuming gossypol to contain two 
naphthalene nuclei and that the functional groups 
present are of the kind and in the location shown 
in la, can best be summarized by a table of for­
mulas (Table I) in which the relationships be­
tween the most important derivatives of gossypol 
are clearly apparent. All intermediates are 
omitted.

The experimental facts discussed in this com­
munication have established without much ques­
tion the functional groups in the 1, 5, 6, 7 and 8- 
positions of the two naphthalene nuclei. There 
is reasonable certainty of a hydrogen in the 4- 
position as deduced by the yellow color of the 
quinones; the possibility that the hydrogen may 
be in the 2-position is not absolutely excluded. 
No direct evidence is yet in hand from which the 
linkages and groups in the 2,3-positions may be
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T a b l e  I
C o r r e l a t io n  o f  G o s s y p o l , A p o g o ssy p o l  a n d  D e s a p o g o s s y p o l  D e r iv a t iv e s
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assigned. Alternative isomeric structures for 
that portion of the molecule associated with the 
linkage of the two naphthalene rings are shown 
in LVIa, LVIb, LVIc, LVId.

1
/
2 ^ c h 2—c h Z

^CHa CHs 3
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21 |2
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\ ^JcHj— C H y
LVIc LVId

All four of these structures could be formed from 
isoprene units of which so many natural products 
appear to be built. Thus, two examples are 
given in formulas LVII and LVIII.

Numerous naturally-occurring compounds con­
tain methyl and isopropyl groups in the relative 
positions 3,5 in naphthalene skeletons. Only 
formula LVIa has such a structure though LVId 
might result from the oxidation of a methyl 
group in the 3-position. A most important fact 
is that a substantial quantity of acetic acid can 
be isolated along with formic and isobutyric 
acids, by the limited permanganate oxidation of 
gossypol.19 The aldehyde group may be the 
source of the formic acid and the isopropyl group 
with a carbon atom from the ring the source 
of the isobutyric acid. The formation of the 
acetic acid can be explained only on the basis of 
LVIa and LVIc. Attempted isolation of suc-

(19) Clark, J . B i o l .  C h e m . ,  77, 81 (1928).
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cinic acid which should result from LVIb and 
LVId by a similar oxidation was unsuccessful. 
Since LVIc is less likely because it does not have 
the 3-methyl-5-isopropyl arrangement, LVIa is 
considered as the most acceptable. It is ob­
vious that other combinations in the 2,3-posi­
tions may be written but none other than those 
mentioned would result in a completely sym­
metrical molecule.

In view of these facts, formula la has been 
tentatively adopted for gossypol and is 2,2-bi-l, 
6,7-trihydroxy-5-isopropyl-8-aldehydonaphthyl.

The structure of gossypol (la) accounts for the 
anomalous results found by Clark20 in carrying 
out a Zeisel determination. Gossypol gave a 
value of 5.7% though it contains no methoxyls. 
In the investigations from this Laboratory, 
methoxyl values of most of the gossypol deriva­
tives were very frequently high. These can be 
accounted for by the fact that hydriodic acid 
removes, partially at least, the isopropyl groups 
as isopropyl iodide. The removal of an iso­
propyl group from a naphthalene by means of 
hydriodic acid is not entirely to be unexpected 
for it is reported in the literature that a-iso- 
propylnaphthalene can be converted by means 
of hydriodic acid into naphthalene and iso­
propyl iodide.21

The definite establishment of structure la for 
gossypol must await (1) the synthesis of one or 
more of the benzene derivative degradation 
products, (2) a further study of gossypolone 
tetramethyl ether and gossypolonic acid tetra­
methyl ether, (3) knowledge concerning the 
arrangement of linkages and groups at The 2,3- 
positions.

Two oxidation products of gossypol dimethyl 
ether which have not been discussed are (1) 
that obtained by passing air through an alkaline

(20) Clark, T h i s  J o u r n a l , 51, 1479 (1929).
(21) Meyer and Bernhauer, M onatsh ., 54, 721 (1929).

solution, and (2) that resulting from 
treatment with ferric chloride.11 These 
are of less significance in connection 
with the gossypol structure and conse­
quently their further investigation is 
of secondary importance. The same is 
true of the oxidation product of de­
methylated apogossypolic acid in alka­
line solution by means of air.15

The red gossypol hexamethyl ether 
requires further study.3 This substance 

is not easily isolated in a pure state and conse­
quently there is some doubt as to its exact em­
pirical formula. The yellow product formed along 
with gossypol hexaacetate or from the latter by 
the action of acetic anhydride falls into the same 
category.12 The complex compounds4 from gossy­
pol and certain substituted anilines need clarifica­
tion. The character of the nitration products of 
gossypol hexamethyl ether and gossypolonic acid 
tetramethyl ether has not yet been determined. 
The structure of red gossypol may be Ic though 
no evidence for this is available.22

No simple naphthalene compounds have ever 
been isolated by degradation of gossypol except 
that reported by Schmid23 as /3-isoamylnaphtha- 
lene, obtained by exhaustive hydrogenation of 
gossypol and distillation of the reaction mixture 
with excess zinc dust. The identification of 
the product mentioned was not convincing and 
the formula for gossypol proposed would not 
give jS-isoamylnaphthalene by the procedure 
used. Schmid also reported the isolation of n- 
butyric acid, a compound which could not be 
obtained from formula la.

The character of gossypolic acid reported by 
Karrer and Tobler24 cannot be determined until 
a satisfactory method is found for its preparation.

The authors desire to express their sincere 
thanks to the Proctor and Gamble Company for 
furnishing through their subsidiary, the Buckeye 
Cotton Oil Company, the cottonseed meats from 
which the gossypol is being extracted for use in 
these investigations.

Summary
1. The correlation of the results of the study 

of gossypol has been made. The deductions from 
(1) the color reactions and salts, (2) the anilino

(22) Podolskaja, Biochem. Z., 284, 401 (1936); Fettchcmische 
Umschau , 42, 96 (1935).

(23) Schmid and Margulies, M onatsh ., 65, 391 (1934).
(24) Karrer and Tobler, Helv. Chim. Acta, 15, 1204 (1932).
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and amino derivatives, (3) anhydrogossypol, and and. its degradation products lead to the postula- 
its derivatives, (4) the esters, (5) the.ethers, and tion that gossypol is 2,2-bi-l,6,7-trihydroxy-3- 
their degradation products, (6) apogossypol methyl-5-isopropyl-8-aldehydonaphthyl. 
aud its degradation'products, (7) desapogossypol U r b a n a , I l l in o is  Received J u n e  27, 1938

! {C o n t r ib u t io n  f r o m  t h e  C h e m is t r y  L a b o r a t o r y  o f  t h e  U n i v e r s it y  o f  M ic h i g a n ]

The Diels-Alder Reaction between Naphthylcyclopenten.es and Maleic Anhydride
B y  W. E. B a c h m a nn  a n d  M. C. K l o e t z e l1

Cohen and Warren2 have shown recently that
1-vinylnaphthalene and 2-vinylnaphthalene un­
dergo the Diels-Alder reaction with maleic an­
hydride to give 1,2,3,10a-tetrahydrophenan- 
threne-l,2-dicarboxylic acid anhydride (I) and 
2,3,4,4a-tetrahydrophenanthrene-3,4 - dicarboxylic 
acid anhydride (II), respectively. A similar ad­
dition of maleic anhydride to l-(6'-methoxy-2'- 
naphthyl)-cyclopentene-1 (III) would be ex­
pected to form a compound (IV) having the sterol

II
O—CO
I I

OC

III  IV

skeleton, but it has been reported by Bergmann 
and Bergmann3 that maleic anhydride reacts 
neither with 1-(a-naphthyl)-cyclopentene-1 (V) 
nor with (III). We have now found that (III) 
and (V) can be made to react practically quanti­
tatively with maleic anhydride. Similarly, l-(/3-

(1) Du Pont Post-Doctorate Fellow.
(2) Cohen and Warren, J . Chem . Soc., 1318 (1937).
(3) Bergmann and Bergmann, T his J o ur n a l , 59, 1443 (1937).

naphthyl)-cyclopentene-1 (VI) can be made to 
react with maleic anhydride to the extent of 92%.

V Va
O—CO
I IOC

VI V ia

When a xylene solution of equimolecular pro­
portions of (V) and maleic anhydride was re­
fluxed for two hours arid allowed to cool, a mix­
ture of 3,4 - cyclopentano -1,2,3,10a-tetrahydro- 
phenanthrene-l,2-dicarboxylic acid and the corre­
sponding acid anhydride (Va) was deposited. 
Under these conditions, reaction was found to 
have gone to the extent of 63%. A quantita­
tive yield of the adduct could be obtained by 
fusing (V) with ten mole equivalents of maleic an­
hydride for twenty hours on a steam-bath.

When 1-(/3-naphthyl)-cyclopentene-1 (VI) was 
refluxed for two hours in xylene solution with 
maleic anhydride and the solution was allowed to 
cool, l,2-cyclopentano-2,3,4,4a-tetrahydrophenan- 
threne-3,4-dicarboxylic acid anhydride (Via) was 
deposited as a resin, but (Via) and (IV) were 
best prepared by fusing (VI) or (III), respectively, 
with ten mole equivalents of maleic anhydride on 
a steam-bath for twenty hours, dissolving the 
adduct in aqueous potassium hydroxide and pre­
cipitating by acidification with hydrochloric acid.
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We have shown recently4 that methyl groups in 
the meso positions of anthracene derivatives 
markedly activate the diene systems involved in 
the reaction with maleic anhydride. We there­
fore prepared 1-(«-naphthyl)-2-cyclopentene-l
(VII) , 1 - (/3-naphthyl) -2-methylcyclopentene-1
(VIII) and 1 -(6 '-methoxy-2 '-naphthyl) -2-methyl- 
cyclop entene-1 (IX) and tested their reactivity 
with maleic anhydride. These naphthylcyclo­
pentenes reacted to give (Vila), (Villa) and 
(IXa), respectively, but, contrary to expectation, 
the presence of the methyl groups actually de­
creased the rates of reaction.

O—CO

IX  IXa

The compounds (IV), (Va), (Via), (Vila), 
(Villa) and (IXa) are in each instance proposed 
as the primary addition products with the reali­
zation that they may be isomerized to the corre­
sponding naphthalenic isomers. This isomeri­
zation was actually demonstrated by Gohen and 
Warren,2 who converted (I) into (X) by the action 
of hot acetic acid saturated with hydrogen chlo­
ride.

The extent of reaction of each of these naphthyl- 
cyclopentenes with maleic anhydride was deter­
mined by refluxing a xylene solution (2 cc. of 
xylene/g. of cyclopentene) containing equimo- 
lecular proportions of the reactants for periods of

(4) Bachmann and Kloetzel, T his Journal, 60, 481 (1938).

one and two hours, respectively. In each in­
stance, also, the naphthylcyclopentene was fused 
with ten mole equivalents of maleic anhydride on 
a steam-bath for twenty hours. The results, 
which are based upon the weight of unreacted 
cyclopentene recovered, are presented in Table
I. It is important, however, that in most in­
stances of long refluxing, although the extent of 
reaction is greater, the adduct is contaminated 
with decomposition products, so that a shorter 
period of reflux is generally desirable for prepara­
tive purposes.

T a b l e  I
T h e  E x t e n t  o f  R e a c t io n  o f  N a p h t h y l c y c l o p e n t e n e s  

w it h  M a l e ic  A n h y d r id e

Percentage of reaction after 
Period of reflux Fusion

1 2 20
N  aphthyl cyclopentene hour hours hours

1- (a-N  aphthyl) -cyclopentene-1 (V)
1- ( a-N  aphthyl) -2-methylcyclopentene-1

45 63 98

(VII) 9 16 32
1 - (/8-N aphthyl) -cyclopentene-1 (VI)
1- (j8-N aphthyl) -2-methylcyclopentene-1

55 58 92

(VIII)
1- (6 '-Methoxy-2 '-naphthyl) -cyclopentene-1

18 19 77

(HI)
1- (6 '-Methoxy-2 '-naphthyl) -2-methyl­

45 56 98

cyclopentene-1 (IX) 12 14 94

The naphthylcyclopentenes necessary for this 
investigation were all prepared in a similar man­
ner. First of all, the tertiary cyclopentanols 
were prepared by means of the Grignard reaction : 
thus, «-naphthylmagnesium bromide with cyclo- 
pentanone and 2-methylcyclopentanone gave 1- 
(«-naphthyl) -cyclopentanol-1 and 1-(«-naph­
thyl) -2-methylcyclopentanol-1, respectively; /3- 
naphthylmagnesium iodide with the same two 
ketones gave 1 - (/3-naphthyl) -cyclopentanol-1 and 
1 - (/3-naphthyl) -2-methylcyclopentanol-1, respec­
tively; and 6-methoxy-2-naphthylmagnesium 
bromide gave 1-(6'-methoxy-2'-naphthyl)-cyclo­
pentanol-1 and 1-(6'-methoxy-2'-naphthyl)-2- 
methylcyclopentanol-1, respectively. These car­
binols were then dehydrated to the corresponding 
naphthylcyclopentenes by warming for a short 
time with anhydrous formic acid.

It may be observed that the use of (VIII) and
(IX) in the reaction with maleic anhydride offers a 
convenient method of obtaining compounds con­
taining angular methyl groups; thus, (IXa) is an 
isomer of the methyl ether of deoxoequilenin- 
11,12-dicarboxylic acid anhydride. It was there­
fore of interest to attempt the decarboxylation of 
our adducts with the hope of obtaining deriva­
tives closely related to naturally occurring com­
pounds.
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When a mixture of (I) or (Va) with the theo­
retical amount of sulfur necessary to remove four 
hydrogen atoms was heated to 250-270° for a pe­
riod of thirty to forty-five minutes, phenanthrene-
1,2-dicarboxylic acid anhydride (XI) or 3,4- 
cyclopentenophenanthrene -1,2 - dicarboxylic acid 
anhydride (XII) were obtained, respectively. 
Dehydrogenation of (IV), (Via), (Vila), (Villa) 
or (IXa) with sulfur did not proceed smoothly 
under these same conditions.

XII

An attempt then was made to decarboxylate (XII) 
by refluxing in quinoline solution with basic cop­
per carbonate. This method gave erratic results, 
however, and in no case was the yield of 3,4- 
cyclopentenophenanthrene (XIII) greater than 
19%. Dry distillation of the dipotassium salt of
3,4 - cyclopentenophenanthrene -1,2 - dicarboxylic 
acid with potassium hydroxide at 430° likewise 
gave 3,4-cyclopentenophenanthrene in extremely 
poor yield. When, however, the calcium salt of
(XI) was dry distilled with a mixture of calcium 
oxide and zinc dust, a 30% yield of phenanthrene 
was obtained.

When the latter method of decarboxylation was 
applied to the adducts themselves it was found 
that dehydrogenation as well as decarboxylation 
took place, even when no zinc dust was em­
ployed in the distillation of the calcium salts. 
Dry distillation of the calcium salt of 1,2,3,10a- 
tetrahydrophenanthrene - 1,2 - dicarboxylic acid 
(from I) with calcium oxide alone gave a 67% 
yield of phenanthrene. When zinc dust was in­
cluded in the distillation mixture, the yield of 
phenanthrene was reduced to 28%, and the prod­
uct, moreover, was contaminated with impurities 
which were difficult to remove. The calcium 
salt of 3,4-cyclopenteno-l,2,3,10a-tetrahydrophe- 
nanthrene-l,2-dicarboxylic acid (from Va) was dis­

tilled with a mixture of calcium oxide and zinc 
dust, resulting in a 62% yield of 3,4-cyclopen­
tenophenanthrene (XIII). Addition of l-(a- 
naphthyl)-cyclopentene-1 to maleic anhydride, 
followed by decarboxylation of the resulting ad­
duct, therefore offers a second convenient syn­
thesis of 3,4-cyclopentenophenanthrene.5

In like manner, the addition of 1-(/3-naphthyl) - 
cyclopentene-1 to maleic anhydride, followed by 
decarboxylation of the resulting adduct, offers a 
convenient synthetic route to 1,2-cyclopenteno­
phenanthrene (XIV), for the dry distillation of 
the calcium salt of l,2-cyclopentano-2,3,4,4a-tetra- 
hydrophenanthrene-3,4-dicarboxylic acid (from 
Via) with a mixture of calcium oxide and zinc 
dust resulted in an 80% yield of 1,2-cyclopen- 
tenophenanthrene, even when crude adduct was 
employed.

XIII XIV
When this method of decarboxylation was ex­

tended to 2-methyl-l,2-cyclopentano-2,3,4,4a-tet- 
rahydrophenanthrene-3,4-dicarboxylic acid anhy­
dride (Villa), a good yield of distillate was ob­
tained. Although the product formed a picrate 
(m. p. 123-124°), its identity was not ascertained. 
Similarly, the distillation of the calcium salts of 
those adducts containing methoxyl or angular 
methyl groups produced no identifiable products.

The reaction of 1 -vinylnaphthalene with ethyl 
hydrogen maleate was investigated in the hope of 
obtaining an adduct which might be readily de­
carboxylated without simultaneous aromatiza- 
tion. When a mixture of equimolecular propor­
tions of the hydrocarbon and ester was heated on 
the steam-bath for fifteen hours, addition took 
place to the extent of 72%, and the adduct, (XV) 
or (XVI), was isolated as a colorless solid. De­
hydrogenation of this with sulfur gave phenan-

(5) Bachmann and Kloetzel, T his Journal, 59, 2207 (1937).
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threne-l,2-dicarboxylic acid anhydride (XI). At­
tempted decarboxylation by refluxing in quino­
line solution with basic copper carbonate gave, 
however, only an unidentified, crystalline product.

Experimental
The effect of concentration, time and temperature on the 

yields of adducts was determined by means of a procedure 
outlined in a previous paper.4 Xylene solutions contain­
ing equivalent quantitites of the reactants (2 cc. of xylene/ 
g. of naphthylcyclopentene) were heated to the boiling 
points of the solutions for periods of one hour and two 
hours, respectively. Forty per cent, potassium hydroxide 
solution was then added to hydrolyze the addition prod­
uct (anhydride) and the potassium salt of the dicarboxylic 
acid was dissolved in hot water. Benzene was added to 
dissolve unreacted naphthylcyclopentene and the two 
solutions were separated. Evaporation of the benzene in 
a weighed container gave the amount of unreacted naph­
thylcyclopentene ; acidification of the aqueous solution with 
dilute hydrochloric acid precipitated the dicarboxylic acid.

Experiments also were carried out in which the naphthyl­
cyclopentene and ten mole equivalents of maleic an­
hydride were fused together on a steam-bath for twenty 
hours without the addition of any solvent. These re­
action mixtures were worked up as before in order to de­
termine the extent of reaction. The results of these ex­
periments, which are accurate to a few per cent., are pre­
sented in Table I.

1-Vinylnaphthalene and Maleic Anhydride.—The ad­
duct of 1-vinylnaphthalene was prepared according to 
the method of Cohen and Warren2 with some modifica­
tions. The yellow solution obtained by heating 8.5 g. of
1-vinylnaphthalene, 5.7 g. of maleic anhydride and 17 cc. 
of anhydrous xylene on a steam-bath began to deposit 
the adduct within ten minutes. Heating was continued 
for three hours, after which the mixture was allowed to 
stand at 0° for twelve hours and the precipitate was 
filtered off; yield 13.0 g. This crude product began to 
sinter at 130° and finally melted with decomposition at 
185-190°. A portion of the product was soluble in hot 
acetic acid, and on being cooled the solution deposited 
colorless crystals of 1,2,3,10a-tetrahydrophenanthrene- 
1,2-dicarboxylic acid. The portion insoluble in acetic 
acid was presumably the corresponding dicarboxylic acid 
anhydride (I).3

Decarboxylation and Dehydrogenation of 1,2,3,10a- 
Tetrahydrophenanthrene-l,2-dicarboxylic Acid to Phe­
nanthrene.—A 2.5-g. sample of the crude adduct from
1-vinylnaphthalene and maleic anhydride was dissolved 
by warming in 80 cc. of water containing 1.0 g. of sodium 
hydroxide, 1.5 g. of calcium oxide was added, and the 
mixture was boiled for five minutes in order to form the 
calcium salt of l,2,3,10a-tetrahydrophenanthrene-l,2- 
dicarboxylic acid. The suspension was evaporated to 
dryness and the calcium salt was mixed intimately with
8.5 g. of calcium oxide and dry distilled in a hard glass 
test-tube. The yellow, crystalline product (1.2 g.) which 
condensed in the cold part of the tube was sublimed in 
vacuum (130° at 0.6 mm.) and crystallized from ethanol, 
yield 0.8 g., m. p. 97-98°, giving no depression of melting

point when mixed with an authentic sample of phenan­
threne. The picrate (m. p. 144-145°) was likewise iden­
tical with phenanthrene picrate.

In a similar experiment, when the calcium salt of the 
dicarboxylic acid was dry-distilled with a mixture of 8.5 
g. of calcium oxide and 6.3 g. of zinc dust, the phenan­
threne obtained (0.5 g.) was contaminated with other 
products.

Phenanthrene-1,2-dicarboxylic Acid Anhydride (XI).—
A mixture of 1.0 g. of the crude adduct obtained from 1- 
vinylnaphthalene and maleic anhydride was mixed with 
260 mg. of sulfur and heated to 255° for forty minutes. 
The product was sublimed in vacuum (240° at 1 mm.) 
and recrystallized from chlorobenzene; yield, 320 mg. of 
yellow needles; m. p. 310-311° (Fieser and Hershberg6 
give 311-312°).

The diethyl ester of phenanthrene-1,2-dicarboxylic acid
was prepared by refluxing for six hours a mixture of 200 
mg. of phenanthrene-1,2-dicarboxylic acid anhydride, 
10 cc. of absolute ethanol and 1 cc. of concentrated sulfuric 
acid. A clear yellow solution was obtained within one 
hour. Most of the alcohol was evaporated and the ester 
was precipitated with water. When the precipitate was 
warmed with a small quantity of ethanol the ester dis­
solved, leaving behind some unchanged dicarboxylic acid 
anhydride which was filtered off. The ester was vacuum 
sublimed (140° at 0.6 mm.) and crystallized from ethanol 
in pale yellow needles, m. p. 132°; yield, 63 mg.

Anal. Calcd. for C20H18O4: C, 74.5; H, 5.6. Found: 
C, 74.0; H, 5.8.

Decarboxylation of Phenanthrene-1,2-dicarboxylic 
Acid.—A 0.47-g. sample of phenanthrene-1,2-dicarboxylic 
acid was converted to the calcium salt in the same manner 
as described for the conversion of l,2,3,10a-tetrahydro~ 
phenanthrene-1,2-dicarboxylic acid, and was then dry 
distilled with a mixture of 1.7 g. of calcium oxide and
1.3 g. of zinc dust. The crude phenanthrene (100 mg.) 
was purified by picration, and was identical with an 
authentic sample.

1 -Vinylnaphthalene and Ethyl Hydrogen Maleate.—
A mixture of 2.6 g. of 1-vinylnaphthalene and 2.5 g. of 
ethyl hydrogen maleate7 was heated on a steam-bath for 
fifteen hours. Water, potassium carbonate and benzene 
were then added and the layers were separated. Evapora­
tion of the benzene left 0.74 g. of unreacted vinylnaphtha- 
lene, indicating 72% reaction. Acidification of the aque­
ous layer with dilute hydrochloric acid precipitated the 
adduct (XV or XVI) as a pale yellow solid (4 g.), which 
was digested with warm ether and filtered. The colorless 
powder so obtained is very soluble in ethyl acetate, 
chloroform, acetic acid or hot ethanol; insoluble in ether, 
hot benzene or hot n-butyl ether. Partial purification of 
the adduct was accomplished by solution in hot acetone 
(in which it is slightly soluble) and reprecipitation with 
ether, but the compound was not successfully crystallized.

When a sample of the aforementioned adduct (1.5 g.) 
was heated at 250-260° for thirty minutes with sulfur 
(330 mg.) and the product vacuum sublimed, there was 
obtained 100 mg. of phenanthrene-1,2-dicarboxylic acid 
anhydride (X I).

(6) Fieser and Hershberg, T h is  J o u r n a l , 57, 1508, 1853 (1935).
(7) Shields, J . Chem . Soc., 59, 740 (1891).
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A solution of the aforementioned adduct (2 g.) in quino­
line (20 cc.) was refluxed with basic copper carbonate 
(400 mg.) for thirty minutes, and after being cooled was 
diluted with ether and filtered. The ethereal solution was 
washed with dilute hydrochloric acid, dilute sodium car­
bonate and finally with water. Evaporation of the ether 
left only a yellow crystalline compound which crystallized 
from acetic acid in broad, yellow needles; m. p. 246- 
247°; yield 600 mg. The compound (C, 81.1; H, 4.3) 
gives a red-orange color with concentrated sulfuric acid, 
and is soluble in hot, aqueous potassium hydroxide with 
difficulty.

1-(«-Naphthyl )-cyclopentanol-l was prepared by adding 
42 g. of cyclopentanone dropwise to a solution of «-naph- 
thylmagnesium bromide prepared from 116 g. of «-bromo- 
naphthalene, 12.5 g. of pure magnesium ribbon and 300 
cc. of anhydrous ether. The cyclopentanone was added 
at such a rate that the mixture refluxed gently from heat 
of reaction. The crystalline addition product which 
separated after standing at 0 ° for twelve hours was filtered 
off and hydrolyzed with ice water and ammonium chloride. 
When an ethereal solution of the hydrolyzed product was 
allowed to evaporate spontaneously at room temperature 
the carbinol was obtained in colorless crystals which were 
then washed with petroleum ether (60-70°); yield, 50 g. 
(42%). From 30-40° petroleum ether 1-(«-naphthyl) - 
cyclopentanol- 1  crystallized in colorless, rectangular 
prisms, m. p. 75.5-76°. Concentrated sulfuric acid gives a 
purple-red color with this carbinol.

Anal. Calcd. for Ci5Hi60: C, 84.9; H, 7.6. Found: 
C, 84.5; H, 7.1.

1-(«-Naphthyl)-cyclopentene- 1  (V) was obtained when 
the corresponding naphthylcyclopentanol was dehydrated 
with either potassium acid sulfate or anhydrous formic acid.

A mixture of 5 g. of the carbinol and 7.5 g. of potassium 
acid sulfate was heated in a Pyrex test-tube at 165° for 
forty-five minutes. Water and benzene were then added, 
the benzene layer was separated and evaporated and the 
residual oil was distilled in vacuum (165-168° at 1 mm.); 
yield, 3.7 g. (81%) of a colorless oil which solidified when 
placed in a refrigerator at —2 °.

Dehydration with anhydrous formic acid was accom­
plished by dissolving 20 g. of finely powdered l-(« -  
naphthyl)-cyclopentanol-1 in 50 cc. of the acid at room 
temperature. Within several minutes the solution be­
came cloudy and the hydrocarbon separated as an oil. 
After warming the mixture on a steam-bath for five min­
utes to complete the reaction, 200 cc. of water was added 
and the 1 - («-naphthyl) -cyclop entene-1 was extracted with 
benzene; yield, 18 g. (98%).

The naphthylcyclopentene prepared by either method 
yielded a picrate which crystallized from methanol in 
vermilion needles, m. p. 79-80°.3

A nal Calcd. for C21H 17O7N 3: N, 9.93. Found: N, 
9;98.

i-(«-Naphthyl)-cyclopentene-l and Maleic Anhydride.—
A solution of 8;5 g. of l-(«-naphthyl)-cyclopentene-l and
4.5 g. of sublimed maleic anhydride in 17 cc. of anhydrous 
xylene was refluxed for two hours, the solvent was evapo­
rated and the residue was dissolved in 13 cc. of hot acetic 
acid. After standing for twelve hours the solution de­
posited 2.8 g. of a mixture of 3,4-cyclopentano-1,2*3*1 Ga­

te trahydrophenanthrene-1 ,2-dicarboxylic acid and the
corresponding acid anhydride (Va). The dicarboxylic 
acid crystallizes from acetic acid in colorless, diamond­
shaped plates, m. p. 211-213° dec. (in nitrogen).

Anal. Calcd. for Ci9H180 4: C, 73.5; H, 5.8. Found: 
C, 73.2; H, 5.9.

The dicarboxylic acid is soluble in acetone, dioxane or 
hot benzene, slightly soluble in cold benzene, and insoluble 
in ether. It dissolves in dilute potassium hydroxide and 
the cold alkaline solution reduces potassium permanga­
nate instantaneously. Acidification of the alkaline solu­
tion yields the dicarboxylic acid as a yellow gum. Re­
crystallization from acetic acid or from acetic anhydride 
partially converted the acid to the corresponding anhy­
dride, as was shown by analysis.

3.4- Cyclopentenophenanthrene-1 ,2-dicarboxylic Acid 
Anhydride (XII).—A mixture of 500 mg. of 3,4-cyclo- 
pentano - 1,2,3,10a - tetrahydrophenanthrene - 1,2 - dicar­
boxylic acid and 100 mg. of sulfur was heated to 230- 
240° for forty-five minutes in an atmosphere of carbon 
dioxide. The product was sublimed in vacuum (250- 
280° at 0.4 mm.) and crystallized from chlorobenzene 
(65 cc./g.) in yellow needles; m. p. 321°; yield, 270 mg. 
(54%).

Anal. Calcd. for Ci9H i20 3: C, 79.1; H, 4.2. Found: 
C, 78.9; H, 4.2.

3.4- Cyclopentenophenanthrene (XIII). (a) Decarboxyl­
ation and Dehydrogenation of 3,4- Cyclopentano-1,2,3,1 Ga­
te trahydrophenanthrene-1 ,2-dicarboxylic Acid.—A 1.2-g.
sample of 3 ,4-cyclopentano-l,2 ,3 ,10a-tetrahydrophenan- 
threne-l,2-dicarboxylic acid was converted to the calcium 
salt as in the case of 1,2,3,10a-tetrahydrophenanthrene-
1.2- dicarboxylic acid, and dry distilled with 4 g. of calcium 
oxide and 3 g. of zinc dust. The yellow distillate obtained 
(0.56 g.) was dissolved in 4 cc. of absolute ethanol and 
0.6 g. of picric acid was added to the hot solution. When 
the solution was cooled, 1.0 g. of 3,4-cyclopentenophe­
nanthrene picrate crystallized; m. p. 133-134° alone and 
when mixed with an authentic sample of the same melting 
point.

The picrate was decomposed with dilute ammonium 
hydroxide, and the 3,4-cyclopentenophenanthrene liber­
ated was crystallized from acetone-methanol, m. p. 69- 
71° alone and when mixed with an authentic sample.6

(b) Decarboxylation of 3,4-Cyclopentenophenanthrene-
1.2- dicarboxylic Acid Anhydride.—A mixture of 70 mg. of
3,4-cyclopentenophenanthrene-1,2-dicarboxylic acid an­
hydride, 14 mg. of basic copper carbonate and 2 cc. of 
quinoline was refluxed for thirty minutes, a large volume 
of ether was added and the solution was filtered from a 
dark sludge. The ethereal solution was shaken with 
dilute hydrochloric acid, dilute potassium hydroxide and 
finally with water. Evaporation of the ethereal solution 
left a residue which, when dissolved in acetone-alcohol, 
yielded 10 mg. of yellow needles of m. p. 240°. These 
were discarded and the remaining residue was sublimed 
in vacuum (up to 150° at 0.4 mm.) and crystallized from 
acetone-alcohol; yield, 10 mg. of 3,4-cyclopentenophe­
nanthrene in colorless plates, m. p. 71.5-72°alone and when 
mixed with an authentic sample. The picrate of the hy­
drocarbon obtained was likewise identical with an authem  
tie sample of 3,4-cyclopentenophenanthrene picrate.
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3,4-Cyciöpenteüöphenanthrettê4 ,2-dicarboxylic acid also 
was decarboxylated with poor yield by dry distillation of 
its dipotassium salt, A mixture of 100 mg. of 3,4-cyclo- 
peüteüóphenanthretie4,2-diearboxylic acid anhydride, 100 
mg, of potassium hydroxide and 5 cc. of water was heated 
in a test-tube until complete solution was obtained. The 
Solution was then evaporated to dryness and the resi­
due was heated for thirty minutes at 430°. The white 
sublimate obtained from the cool part of the tube was 
dissolved in ethanol and picric acid was added; yield, 
5 mg, of 3,4-cyciopefltenophenanthfene picrate, m. p. 
134-135ö.

l-(a-Naphthyl)-2-inethylcyclopentene-l (VII).—To the
cooled solution of a-naphthylmagnesium bromide prepared 
from 31 g. of a-bromonaphthalene, 3.8 g. of pure, powdered 
magnesium and 100 cc. of anhydrous ether, was added 
dropwise a solution of 15 g. of 2-methylcyclopentanone8 in 
15 cc. of anhydrous benzene. The clear green solution 
obtained was refluxed on a steam-bath for two hours, 
cooled and then hydrolyzed with cold, aqueous ammonium 
chloride. To the residual l-(a-naphthyl)-2-methylcyclo- 
pentanoM obtained when the organic layer was evapo­
rated was added 85 cc, of anhydrous formic acid, and the 
resulting blue-green solution was warmed on a steam-bath 
for ten minutes. The solution was poured into 400 cc. 
of water, ether was added and the ethereal extract was 
washed with 10% sodium carbonate. After removal of 
the ether the residue was fractionated three times in 
vacuum, and the fraction boiling at 165-168° (1 mm.) 
finally was collected as l-(a-naphthyl)-2-methylcyclo- 
pentene-1; yield, 6 g. of pale yellow oil. Concentrated 
sulfuric acid gives a red color with this hydrocarbon. 
The compound was not obtained analytically pure.

l-(a-Naphthyl)-2-methylcyclopentene-l and Maleic 
Anhydride.—A mixture of 1.0 g. of l-(a-naphthyl)-2- 
methylcydopetttene-1 and 4.7 g. of maleic anhydride was 
heated on a steam-bath for twenty hours. 3-M ethyl-3,4- 
cyclopentano- l,2,3,10a-tetrahydrophenanthrene - 1,2 - di­
carboxylic acid (0.25 g.) was obtained in the form of a 
brown gum when the reaction mixture was extracted 
with aqueous potassium hydroxide and the extract was 
acidified with dilute hydrochloric acid. .

l-(/3-Naphthyl)-cyclopentene-l (VI).—To the solution 
of Grignard reagent prepared by refluxing 25.4 g. of /3-iodo- 
naphthalene, 2.5 g. of pure magnesium powder and 75 cc. 
of anhydrous ether for three hours, was added dropwise a 
solution of 8.5 g. of cyclopentanone in 10 cc. of ether. 
The mixture was allowed to warm up from heat of reaction, 
and then allowed to stand at room temperature for two 
hours. To the crude l-(/3-naphthyl)-cyclopentanol-l 
obtained by hydrolysis of the Grignard reaction mixture 
was added 50 cc. of anhydrous formic acid, and the solu­
tion was heated on a steam-bath for ten minutes. l-(/3- 
Naphthyl)-cyclopentene-l separated in crystalline form 
when the solution was cooled. The crude hydrocarbon 
was crystallized twice from ethanol (separating from a yel­
low, insoluble by-product) and formed thin, colorless 
plates, m. p. 85-86°; yield, 5.2 g. The compound 
gives a rose-red color with concentrated sulfuric acid.

Anal. Calcd. for C16H14: C, 92.7; H, 7.3. Found: 
C, 92.6; H, 7,35,

(8) Cornubert and Borrel> B u l l .  s o c .  c h i m . ,  ( I V )  4l1 ,  310 (1930).

l-( /3-Naphthyl)-cyclopentene-1 and Maleic Anhydride.—
A mixture of 1.0 g. of 1-(/3-naphthyl)-cyclopentene-1 and 
5 g. of maleic anhydride was fused on a steam-bath for 
twenty hours. A red color was produced immediately 
when the reactants were mixed. The reaction product 
was hydrolyzed with water and potassium hydroxide, 
the aqueous solution was extracted with benzene to remove 
unreacted hydrocarbon, and was then acidified with dilute 
hydrochloric acid; yield, 1.4 g. (92%) of cream-colored 
adduct.

Decarboxylation and Dehydrogenation of 1,2-Cyclo- 
pentano -  2,3,4,4a -  tetrahydrophenanthrene - 3,4 - dicar­
boxylic Acid.—The calcium salt of 1,2-cyclopentano- 
2,3,4,4a - tetrahydrophenanthrene - 3,4 - dicarboxylic acid 
was prepared as before from a 2.0-g. sample of the crude 
adduct, and was dry distilled with 8 g. of calcium oxide 
and 6 g. of zinc dust. 1,2-Cyclopentenophenanthrene 
(1.2 g.) crystallized in the cold part of the tube, and was 
recrystallized from ethanol; yield, 0.6 g. of nearly color­
less leaflets, m. p. 135-136° alone and when mixed with 
an authentic sample of hydrocarbon melting at 134°. 
1,2-Cyclopentenophenanthrene picrate was prepared and 
crystallized from ethanol in orange-yellow needles, m. p. 
130-132°.

l-(/3-Naphthyl)-2-methylcyclopentene-l (VIII) was pre­
pared in the same manner as its a-naphthyl isomer, from 
j8-naphthylmagnesium iodide and 2-methylcyclopentanone. 
The crude hydrocarbon was fractionated four times in 
vacuum, and the fraction boiling at 180-182° (1 mm.) 
finally was collected as l-(/3-naphthyl)-2-methylcyclo- 
pentene-1; yield, 5.5 g. of yellow oil (from 38 g. of /3-iodo- 
naphthalene). Concentrated sulfuric acid produces a red 
color with this hydrocarbon. Like its a-naphthyl isomer, 
the hydrocarbon was not obtained analytically pure.

l-(/3-Naphthyl)-2-methylcyclopentene-l and Maleic An­
hydride.—The adduct was prepared by fusing the naph- 
thylmethylcyclopentene with ten mole equivalents of 
maleic anhydride on a steam-bath for twenty hours, 
as described for 1-(/3-naphthyl)-cyclopentene-1; yield, 
58% of cream-colored powder.

l-(6'-Methoxy-2'-naphthyl)-cyclopentene-l (III).—1-
(6 '-Methoxy-2'-naphthyl)-cyclopentanol-1 was prepared 
from 6-methoxy-2-naphthylmagnesium bromide and cyclo­
pentanone, and then dehydrated with anhydrous formic 
acid as described in the preparation of l-(/3-naphthyl) - 
cyclopentene-1. The crude product was fractionated in 
vacuum, and the fraction boiling at 200-240° (1 mm.) was 
crystallized from ethanol. Boiling for fifteen minutes 
with an equivalent weight of maleic anhydride in xylene 
solution removed the last traces of colored impurities, and 
the l-(6'-methoxy-2'-naphthyl)-cyclopentene-l finally 
crystallized from ethanol in colorless leaflets, m. p. 141- 
142°; yield, 10 g. from 22 g. of 6-bromo-2-methoxy- 
naphthalene. Bergmann and Bergmann,3 who prepared 
this hydrocarbon by dehydrating the carbinol with potas­
sium acid sulfate, reported a melting point of 148° for this 
compound.

l-(6'-Methoxy-2'-naphthyl)-cyclopentene-l and Maleic 
Anhydride.—When 1.0 g. of l-(6'-methoxy-2'-naphthyl)- 
cyclopentene-1 and 4.4 g. of maleic anhydride were melted 
together on a steam-bath the mixture quickly became 
brown-red. Heating was continued for twenty hours and
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the reaction mixture was hydrolyzed as previously de­
scribed. Acidification of the alkaline solution precipi­
tated 0.52 g. of 7“methoxy-l,2-cyclopentano-2,3,4,4a- 
tetrahydrophenanthrene-3,4-dicarboxylic acid in the form 
of a cream-colored solid. The adduct was not crystallized 
successfully, but was partially purified by solution in cold 
acetic acid and reprecipitation with xylene. It then 
formed a colorless powder which sintered and darkened 
at 280° and finally melted at 310°, dec. The compound is 
nearly insoluble in hot xylene or hot chlorobenzene, but is 
readily soluble in cold acetic acid. Molecular weight 
(by neutralization) was 300; calculated, 340.

l-(6'-Methoxy-2'-naphthyl) - 2 - methylcyclopentene - 1 
(IX).—This compound was prepared in the usual manner 
by dehydrating the carbinol obtained from 6-methoxy-2- 
naphthylmagnesium bromide and 2-methylcyclopentanone. 
The crude product was distilled twice in vacuum, and the 
fraction boiling at 200-205° (0.9 mm.) was crystallized 
from ethanol. Boiling for one hour with an equivalent 
weight of maleic anhydride removed the colored impurities 
and the l-(6'-methoxy-2'-naphthyl)-2-inethylcyclopen- 
tene-1 finally crystallized from methanol in clusters of 
colorless needles; m. p. 74-75°; yield 4.0 g. The com­
pound gives an orange-red color with concentrated sulfuric 
acid.

Anal. Calcd. for CnHisO: C, 85.7; H, 7.6. Found: 
C, 85.6; H, 7.7.

l-(6'-Methoxy-2'-naphthyl) - 2 - methylcyclopentene -1  
and Maleic Anhydride.—When a mixture of 0.7 g. of the 
methoxy derivative and 2.94 g. (ten mols) of maleic 
anhydride was heated on a steam-bath for twenty hours 
and the alkaline solution of the hydrolyzed product was 
acidified with dilute hydrochloric acid, 0.9 g. (92%) of

7 - methoxy -  2 - methyl -  1,2 - cyclopentano - 2,3,4,4a - 
tetrahydrophenanthrene-3,4-dicarboxylic acid was ob­
tained in the form of a colorless, granular precipitate. 
The adduct is practically insoluble in hot xylene but is 
readily soluble in cold acetic acid. It was partially puri ­
fied by solution in cold acetic acid, and reprecipitation 
with xylene: the colorless powder so obtained sintered 
and darkened at 275° and finally melted at 292°, dec.

Summary
Maleic anhydride reacts with l-(o'-naphthyl)- 

cyclopentene-1, 1 - (a-naphthyl) -2-methylcy clo -
pentene-1, 1 - (/3-naphthyl) -cyclopentene-1, l-(/3- 
naphthyl)-2-methylcyclopentene-1, 1-(6'-meth­
oxy-2' - naphthyl)-cyclopentene - 1 and l-(6' - 
methoxy - 2' - naphthyl) - 2 - methylcyclopentene -1. 
In these reactions one of the double bonds of the 
diene system is part of the aromatic naphthalene 
ring.

Dry distillation of the calcium salt of 3,4-cyclo- 
pentano -1,2,3,10a-tetrahydrophenanthrene - 1,2- 
dicarboxylic acid or l,2-cyclopentano-2,3,4,4a- 
tetrahydrophenanthrene - 3,4 - dicarboxylic acid 
with a mixture of calcium oxide and zinc dust pro­
duces excellent yields of 3,4-cyclopentenephenan- 
threne or 1,2-cyclopentenophenanthrene, respec­
tively. This reaction offers a convenient route to 
the synthesis of these two hydrocarbons.
A n n  A r b o r , M ic h ig a n  R e c e iv e d  J u l y  14, 1938

[Contribution from the Laboratory of Organic Chemistry of the University of Wisconsin]

Ketene Acetals. III. The Bromination of Bromoketene Diethylacetal. Other
Halogenated Ketene Acetals

B y  A r t h u r  M a g n a n i1 a n d  S. M . M cE l v a in

A continuation of the study of various halo­
genated ketene acetals led to an investigation of 
the bromination of bromoketene diethylacetal.2 
Although the bromination did not prove to be of 
any value from the standpoint of preparing other 
ketene acetals, it seems to be of sufficient interest 
to report at this time.

Bromoketene0 diethylacetal absorbs bromine 
rapidly at 0-5° but the absorption stops abruptly 
after approximately 0.7 of an equivalent of bro­
mine has reacted. No further absorption of bro­
mine occurs even if the temperature of the reac­
tants is allowed to rise to 25°. The products that 
were isolated from the resulting reaction mixture

(1) Du Pont Post-doctorate Research Assistant, 1937-1938.
(2) Beyerstedt and M cElvain, T h i s  J o u r n a l , 5®, 2266 (1937).

can be explained on the basis that slightly less 
than one-half of the bromoketene acetal reacts 
according to reaction (1) while somewhat more 
than one-half of the acetal follows the course 
shown in reaction (2)

f  /O C 2H5l
BrCH=C(OC2H 6)2 +  Br2 — >  Br2CH—Q~-OC2H6 — >-

Br2CHCOOC2H5 +  C2H5Br (1)
I

2 BrCH=C(OC2H5)2 +  Br2-->-
/OC2H 5l

Br2CH— C(OC2H5)2CHBrC^OC2H5 — ^  (2)

C2H5Br +  Br2CH—C(OC2H5)2CHBrCOOC2H5 — >
II
Br3C— C(OC2H 5)2CH2COOC2H5 

III
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In addition to these main reaction products, 
small and practically equivalent amounts of 
ethyl tribromoacetate (IV) and the dibromoaceto- 
acetic ester acetal (V) were found in the reaction 
mixture. These products appear to have been 
formed by the interaction of I and II, thus
Br2CHCOOC2H 5 +  Br2CHC(OC2H5)2CHBrCOOC2H5---->-

Br3CCOOC2H5 +  Br2CHC(OC2H5)2CH2COOC2H5 (3) 
IV V

It may be seen that reaction (1) requires one 
equivalent of bromine per mole of the bromo­
ketene acetal while reaction (2) requires only one- 
half of this quantity of bromine. These ratios 
of reactants explain the failure of the ketene acetal 
to absorb more than about 0.7 of an equivalent 
of bromine.

The brominated acetic esters (I and IV) were 
identified as amides; the brominated acetals of 
acetoacetic ester (III and V) were hydrolyzed to 
the corresponding brominated acetones which 
were identified.

The other halogenated ketene acetals which 
have been prepared in this work are monochloro-, 
dichloro-, and dibromoketene diethylacetal. Each 
of these ketene acetals was prepared by the proce­
dure which has been used previously in this Labo­
ratory, viz., the elimination of hydrogen halide 
from the properly halogenated acetaldehyde ace­
tal. Dichloroacetal was prepared by the direct 
chlorination of acetal. Trichloroacetal was pre­
pared by treating a, ft, ft, /3-f etrachlorodiethyl ether 
(CI3CCHCI-O-C2H5) with alcohol; the tetrachloro 
ether was obtained by the action of phosphorus 
pentachloride on chloral alcoholate.3 Tribromo- 
acetal VI could not be prepared successfully by 
the procedure which was used for the correspond­
ing chloro compound. It was finally prepared by 
the bromination of dibromoacetal. This reaction 
gave a very low yield (12-15%) of the desired tri- 
bromoacetal, partly because of the fact that the 
hydrogen attached to the carbon atom carrying 
the ethoxyl groups was replaced by bromine as 
easily as was the hydrogen on the carbon carrying 
the bromine atoms, thus

Br2CH—CH(OC2H6)2
Br2

Br3CCH(OC2H6)2 +  
VI

tate (17%). This discrepancy in yields, and the 
fact that a large amount of bromal (45%) was 
found among the reaction products, indicate that 
the main reaction that takes place is the splitting 
of the acetal linkages of tribromoacetal or some 
of the starting acetal by the hydrogen bromide to 
yield ethyl bromide and the free aldehyde which, 
in the case of dibromoacetaldehyde, is brominated 
further to bromal.

The halogenated acetaldehyde acetals are con­
verted smoothly by potassium in £-butyl alcohol 
into the corresponding halogenated ketene di- 
ethylacetals. The yields range from 55 to 85% 
of the theoretical. These ketene acetals show the 
same vigorous reaction with water and alcohol 
that was observed with ketene diethylacetal4 and 
bromoketene diethylacetal.2

In the second paper of this series2 it was pointed 
out that these ketene acetals are ethers of the 
enolic forms of esters and their boiling points, in 
general, are considerably higher than those of the 
corresponding esters.5 The table below lists the 
analyses and properties of the halogenated ketene 
acetals and compares their boiling points with 
those of the corresponding esters. The monobro- 
moketene diethylacetal is included for comparison.

Experimental
Bromination of Bromoketene Diethylacetal.—In a 1-

Hter 3-necked flask, fitted with a stirrer, a dropping funnel 
and a reflux condenser carrying a drying tube, was placed 
176 g. (0.90 mole) of bromoketene diethylacetal.2 The 
flask was cooled in an ice-salt bath until the contents 
reached a temperature of 0-5 0 and then a solution of 145 g. 
(0.90 mole) of bromine in 150 cc. of carbon tetrachloride 
was added to the stirred solution at such a rate that the 
temperature did not rise above 5 °. After about one and a 
half hours, when 0.61 mole of bromine (68% of the theo­
retical) had been added, the bromine was no longer de­
colorized.

The contents of the reaction flask were allowed to come 
to room temperature and the ethyl bromide and carbon 
tetrachloride were distilled from the slightly yellow solu­
tion at atmospheric pressure. The remaining products 
were then fractionated through a Widmer column (26 cm. 
spiral) under reduced pressure. The following com­
pounds, in the amounts indicated, were obtained: 64.3 g. 
(0.59 mole) ethyl bromide, b. p. 37-38°; 81.9 g. (0.33 mole) 

of ethyl dibromoacetate, b. p. 66-70°
HBr

The yield of ethyl bromide (90%), however, was 
very much greater than that of ethyl dibromoace-

(3) (a) Paternó and Pisati, Gazz. chim. ital., 2, 334 (1872); (b) 
Pergami, ibid., 26, II, 468 (1896).

(4) B eyerstedt and McElvain, T h i s  J o u rn al , 
58, 529 (1936).

Br2CHCOOC2H6 +  C2H5Br +  HBr (5) Due to an oversight a ketene acetal which
has been described in the recent literature was 

omitted from the table of known ketene acetals that appeared in this 
paper. This ketene acetal is dicarbomethoxylketene dimethylacetal, 
C(COOCH3)2—C(OCH3)2, which was described by Martins and Arndt 
[Ann., 4®9, 268-270  (1932)] as boiling at 142-145° (13 mm.). The 
corresponding ester, tricarbomethoxymethane (HCXGOQCHsh), boils 
at 130° (16 mm.).
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E s t e r s

Compound
Calcd.

Cl (or Br)

-------Analyses---------------------
Found

OC2H 6 Cl (or Br) OEt f t25 D

B. p., °c. 
732-740 

(mm.)

°C.
Differ­

ence
ClCH=C(OC2H6)2 23.59 59.80 23.42 59.51 1.0534 1.4375 166

2 1
c ic h 2c o o c 2h 6 145
Cl2C=C(OCaH6)2
Cl2CHCOOC2H6

38.38 48.65 38.05 48.46 1.1672 1.4350 177
154 23

BrCH=C(OC2H6)2
BrCH2COOC2H6

180-182
158 24

Br2C=C(OC2H6)2
Br2CHCOOC2H6

58.39 32.84 58.34 32.18 1.5790 1.4895 206-208
188 20

(7 mm.); 11.9 g. (0.038 mole) of ethyl tribromoacetate, 
b. p. 65-69° (2 mm.); 17.4 g. (0.048 mole) of ethyl 0,0- 
diethoxy-Y,y-dibromobutyrate (V), b. p. 114-117° (3 mm.); 
and 77.2 g. (0.175 mole) of ethyl (3, /3-diethoxy-y, y, 7 -tri- 
hromobutyrate (III), b. p. 135-139° (3 mm.).

The ethyl bromide was identified by its boiling point and 
by its conversion to propionanilide, m. p. 105-106°, 
through the formation of ethylmagnesium bromide and the 
reaction of this compound with phenyl isocyanate. Both 
ethyl dibromoacetate and ethyl tribromoacetate were con­
verted to the corresponding amides, m. p. 154-155 °6 and 
119-120°,7 respectively. These amides were compared 
with authentic specimens obtained from known esters and 
found to be identical. The tribromo ester was identified 
further by hydrolysis with dilute sodium hydroxide into 
bromoform which was characterized by conversion into 
carbon tetrabromide, m. p. 91 °.8

Ethyl jöjjS-diethoxy-YjY-dibromobutyrate, as obtained 
from the reaction, contained 45.50% of bromine (calcd. 
44.20) and showed a molecular weight of 356 (calcd. 362) 
in benzene. Hydrolysis in 40% sulfuric acid for three 
hours yielded a dibromoacetone, b. p. 90-93° (12 mm.), 
which contained 75.44% (calcd. 76.23) of bromine. Re­
duction of this dibromoacetone with zinc and hydrochloric 
acid yielded acetone, identified as the dibenzilidene deriva­
tive, m. p. 110-111°. Both bromine atoms were assumed 
to be on the same carbon atom of the dibromoacetone and 
its precursor on account of the report9 that the symmetrical 
dibromoacetone is a solid and also because of their analogy 
to ethyl j8,/3-diethoxy-Y,Y,Y-tribromobutyrate.

Ethyl /3,/3-diethoxy-Y,Y,Y“tribromobutyrate.—This prod­
uct showed a bromine content of 57.10% (calcd. 54.42) and 
a molecular weight in benzene of 482 (calcd. 441). On 
hydrolysis with 40% sulfuric acid, 13.7 g. of this ester 
yielded 3.75 g. of tribromoacetone,10 b. p. 105-108° (8 
mm.), which contained 81.07% (calcd. 81.36) of bromine. 
This tribromoacetone was reduced to acetone as described 
above and was converted by alkaline hydrolysis into bromo­
form.

Dichloroacetal.—Into a 3-liter 4-necked flask fitted with 
a condenser carrying a calcium chloride tube, a thermome­
ter, an efficient stirrer and a 7-mm. inlet tube for 
chlorine, was placed 745 g. of anhydrous acetal. Chlorine 
was passed into the acetal at such a rate that a temperature 
of 34-36 ° was maintained by the heat of the reaction for

(6) Steinkopf, Ber., 38, 2695 (1905).
(7) Broche, J . prakt. Chem., [2] 50, 100 (1894).
(8) Fuson, Farlow and Stehman, T h is  J o urn al , 53, 4102 (1931).
(9) Volker, A nn ., 192, 96 (1878).
(10) Étard, Compt. rend,., 114, 754 (1892).

about two hours. The acetal was stirred vigorously 
throughout the entire run. An exit tube from the con­
denser led to a 1 -liter flask in which the characteristic green 
chlorine color could be seen against a white background.

At the end of two hours the rate of chlorine addition was 
increased until the temperature of the acetal reached 70 0 
where it was held by the heat of the reaction for about six 
hours. After this time the temperature began to drop, 
whereupon heat was supplied from a steam-bath to main­
tain a temperature of 70° in the flask while chlorine was 
added slowly over an additional four-hour period. After 
this chlorination period the acetal was cooled to room 
temperature. The volume amounted to approximately 
1000 cc. It was washed once with water, three times with 
300 cc. of a 10% solution of sodium bicarbonate, once with 
250 cc. of a 10% solution of sodium thiosulfate, and twice 
with water. The volume of the reaction product at this 
point amounted to approximately 800 cc. After drying 
over anhydrous potassium carbonate the product was 
fractionated through a 38-cm. Widmer column.

From this fractionation 314 g., b. p. 35-66° (12 mm.), 
and 440 g., b. p. 66-71° (12 mm.), were obtained. This 
latter fraction is practically pure dichloroacetal. The 
yield amounts to 37 % of the theoretical. This acetal boils 
at 178-181 ° at atmospheric pressure. On standing dichloro­
acetal appears to decompose to a slight extent to yield 
hydrogen chloride. Chlorine analyses are generally high 
on freshly distilled material unless the latter portion of the 
distillate is taken. Three fractions collected at 69-70, 70-
70.5 and 70.5-71° (12 mm.) showed chlorine contents of 
46.75, 40.88 and 38.98%, respectively (calcd. 37.94). 
Each of these fractions, however, gave practically the same 
yields of chloroketene acetal (see below).

Several attempts to prepare dichloroacetal by the pro­
cedure of Fritsch11 were made. This method involves 
simply the chlorination of ethyl alcohol. In none of these 
attempts was an appreciable amount of the dichloroacetal 
obtained.

Trichloroacetal (Chloral Diethylacetal).—This com­
pound was prepared by the procedure of Paternó and 
Pisati,3̂  from chloral, by first preparing the alcoholate, 
converting this compound into a,/3,/3,/3-tetrachlorodiethyl 
ether by the action of phosphorus pentachloride, and fi­
nally treating the tetrachloro compound with absolute 
alcohol. The yield of the alcoholate from the chloral is 
quantitative, of the tetrachlorodiethyl ether from the alco­
holate 25-33% of the theoretical, and of the chloral acetal 
from the tetrachloro ether about 70%. The acetal so ob- 
tained boils at 84-85° (10 mm.).

(11) Fritsch, A n n ., 279, 300 (1894).
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Tribromoacetal (Bromal Diethylacetal).—In a 1-liter 3- 
necked flask carrying a reflux condenser, a stirrer and a 
dropping funnel was placed 552 g. (2 moles) of dibromo- 
acetal.2 The flask was heated on a steam-bath while 320 g. 
(2 moles) of bromine was added over a period of two hours. 
After approximately one-half of the bromine had been 
added, the evolution of hydrogen bromide started and 
ethyl bromide began to reflux in the condenser. A carbon 
dioxide snow trap was used to catch any ethyl bromide that 
was carried from the reaction by the hydrogen bromide. 
After all of the bromine had been added the reaction mix­
ture was fractionated. The following compounds, in the 
amounts indicated, were obtained from this fractionation: 
1.8 mole of ethyl bromide, b. p. 36-38°; 0.29 mole of di- 
bromoacetaldehyde, b. p. 46-54° (19 mm.); 0.90 mole of 
bromal, b. p. 69-73° (19 mm.); 0.34 mole of ethyl di- 
bromoacetate, b. p. 88-95° (19 mm.); 0.14 mole of re­
covered dibromoacetal, b. p. 105-112° (19 mm.); 0.23 
mole of tribromoacetal, b. p. 132-135° (19 mm.).

The tribromoacetal upon refractionating boiled at 85-86 ° 
(1 mm.). It contained 68.18% (calcd. 67.61) bromine and 
25.29% (calcd. 25.35) ethoxyl; n25d 1.5158; d2525 1.8721.

Halogenated Ketene Acetals.—Chloro-, dichloro- and 
dibromoketene diethyl acetals were prepared in yields of 
85, 76 and 56%, respectively, from the corresponding 
halogenated acetals by means of potassium in £-butyl 
alcohol.2 The properties of these compounds are listed in 
the table in the introductory portion of this paper.

The authors wish to acknowledge their indebt­
edness to Mr. Donald G. Kundiger for the devel­
opment of the preparation of dichloroacetal.

Summary

The bromination of bromoketene diethylacetal 
has been carried out and the course of the reac­
tion elucidated. The preparation and properties 
of chloro-, dichloro- and dibromoketene diethyl 
acetals and of the intermediate halogenated acet­
aldehyde acetals have been described.
M a d is o n , W is c o n s in  R e c e iv e d  J u n e  16, 1938

[C o n t r ib u t io n  f r o m  t h e  L a b o r a t o r y  o f  Or g a n ic  C h e m is t r y  o f  t h e  U n iv e r s it y  o f  W is c o n s i n ]

The Enol Content of Some /3-Keto Esters

B y  A r t h u r  B . N e s s  a n d  S. M . M cE l v a in

Over a period of years a number of /3-keto esters 
have accumulated in this Laboratory from studies 
of the acetoacetic ester condensation. It seemed 
worth while to determine the enol content of cer­
tain of these esters in the hope that some corre­
lation between this property and the structure of 
the keto ester might be revealed.

The esters which were studied in this work are 
of two general types, (a) alkyl acetoacetates1 and 
(b) ethyl u,7 -dialkyl acetoacetates.2 In this 
latter group are two keto-esters, ethyl a-isoval- 
erylisovalerate and ethyl a,7 -di-/-butylacetoace- 
tate, that are of special interest on account of the 
fact that they cannot be made from the condensa­
tion by means of sodium ethoxide,3 of the substi­
tuted acetic ester, RCH2COOC2H5, but are readily 
formed from these esters by the action of mesityl- 
magnesium bromide.20

The determinations of the enol content were 
made in 0.1 M  hexane solution at 25° since the 
work of Conant and Thompson4 indicates that

(1) Fischer and M cElvain, T h i s  J o u r n a l , 56, 1766 (1934).
(2) (a) M cElvain, ibid., 51, 3124 (1929); (b) Briese and McElvain,

ibid., 55, 1697 (1933); (c) Spielman and Schmidt, ibid., 59, 2009
(1937); cf. also Hauser and Renfrow, ibid., 59, 1823 (1937).

(3) Roberts and M cElvain, ibid., 59, 2007 (1937).
(4) Conant and Thompson, ibid., 54, 4039 (1932),

this particular solvent has the least solvation ef­
fect on the true thermodynamic equilibrium be­
tween the keto and enol forms. For the /3-keto 
esters carrying no a-substituent the indirect 
method5 of titration was used, while for the a- 
substituted esters the direct method5 was em­
ployed.

The results that were obtained are summarized 
in the following table. Data for ethyl acetoace­
tate, ethyl o'-butylacetoacetate, and ethyl a- 
benzylacetoacetate (nos. 2 , 8 and 9) are included 
for comparison with results obtained by previous 
workers.

It may be seen from the above table that the 
alkyl acetoacetates, with the exception of the 
ethyl ester, have practically the same enol con­
tent. The ethyl ester stands out in striking con­
trast to the other esters of this type by having a 
decidedly lower enol content.

«-Substitution, as expected, lowers consider­
ably the enol content of the /3-keto esters. Dis­
tribution of the substituent carbon atoms be­
tween the a- and 7 -carbon atoms of the keto ester 
appears to have about the same effect as having

(5) Meyer, Ber., 45, 2843 (1912).
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E n o l  C o n t e n t  of /3-K e t o  E s t e r s , RCH^COCHR'COO- 
R", i n  0 . 1  M H e x a n e  S o l u t io n  a t  2 5 °

N o R R' R"

% enol, 
range of 

values found Detns.

1 H H CHs 55.5-56.3 11
2® H H C2H5 46 .4-47 .4 12
3 H H «-C3H7 53 .8-55.3 11
4 H H j-C sH r 53 .7-54.5 11
5 H H ■^-CTIg 54.7-55 .7 11
6 H H LC4H9 57.4-59 .4 12
7 H H S-C4H9 55.7-56 .4 10
ga H n-C4H9 C2H5 7 .1 -  7.9 11
9® H C6H5CH2 C2H5 7 .1 -  7 .5 12

10 c h 3 CHS c 2h 6 9 .9 -1 0 .2 12
11 c2h 5 C2H6 C2H5 7 .7 -  8 .0 11
12 n-C3H7 n-C3H7 C2H6 5 .8 -  6 .2 10
13& 2-C3H7 i-CsH? C2H5 2 .3 -  2 .6 7
14* /-C4H9 c 2h 5 1 .8 -  2.1 11
15 W-C5H11 W-C5H1I c 2h 5 4 .1 -  4 .8 12
16c W-C7H15 W-C7H15 c 2h 6 4 .8 -  4 .9 3
17 W-C12H25 7Z-Ci2H25 c 2h 6 2 .8 -  3 .0 5

®Values for the keto esters nos. 2, 8 and 9 as reported by
Conant and Thompson4 are 48.0-50.0, 9.0-11.0 and 11.0— 
13.0%, respectively; in alcoholic solution these workers 
reported 9.0-11.0, 5.7-6.4 and 5.0-5.5% enol content, 
respectively, for the same esters. 6 In alcoholic solution 
these esters show no enol content. c The sample of this 
keto ester that was used was not pure in that it contained 
small amounts of the corresponding ketone.2

all of them (as a normal chain) on the a-carbon 
(cf. nos. 8 and 11). An increase in size of the nor­
mal a- and 7 -alkyl substituents causes a progres­
sive lowering of the enol content of the substituted 
/3-keto ester (nos. 10-12, 15-17). The work of 
Conant and Thompson shows that an increase in 
the size of a single normal ce-alkyl substituent does 
not produce the same progressive lowering of the 
enol content of the /3-keto ester.6 Branching of 
the carbon chain that substitutes the a- and 7 - 
carbons of the keto ester causes a further lowering 
of the enol content (cf. nos. 13 and 14 with 12 and 
15). Conant and Thompson found that a similar 
effect was produced by branched substituents.7

It should be noted that ethyl isovalerylisoval- 
erate (no. 13) contains almost as much of the enol 
form as does ethyl myristyl-myristate (no. 17). 
The latter ester may be prepared with sodium 
ethoxide as the condensing agent but the former 
ester (as well as no. 14) cannot be so prepared.3 
It must be concluded, therefore, that the failure 
of these esters that contain branched substituents,

(6) For example, Conant and Thompson4 reported 10.3-12.9, 14- 
15, 14.3—14.5 and 9—11% enol for «-methyl-, «-ethyl-, «-«-propyl- and 
«-«-butylacetoacetic ester, respectively, in 0.1 M  hexane solution.

(7) The a-isopropylacetoacetic ester and a-s-butylacetoacetic 
ester showed enol contents of 5.85-6.1 and 8.6-9.9% , respectively, in 
0.1 M  hexane (cf. values for the «-propyl and «-butyl compounds in 
footnote 6).

to be formed from condensations using sodium 
ethoxide cannot be attributed to their inability 
to enolize. It should be pointed out also that 
these keto esters with branched substituents seem 
to enolize very slowly as compared to those having 
n-alkyl substituents. In the direct titration of 
the latter type of keto esters the bromine colora­
tion disappears in less than one minute after the 
end-point has been reached. With the branched 
chain substituted keto esters (13 and 14), however, 
the bromine coloration persisted for several (three 
to five) minutes before it was finally discharged. 
That this slow loss of the bromine color was due 
to a slow rate of enolization rather than to bro­
mine substitution seems likely for the reason that 
neither of these keto-esters (13 and 14) showed 
any measurable absorption of bromine when ab­
solute alcohol instead of hexane was used as a sol­
vent. This observation is in line with that of pre­
vious investigators4 who found that /3-keto esters 
in general are enolized to a considerably less ex­
tent in alcohol than they are in hexane (cf. foot­
note a of the above table).

The present work has demonstrated that ferric 
chloride cannot be depended upon as an indicator 
when the enol content of a /3-keto ester is low. At 
some point between an enol content of 7-8 and 
4-5% it fails. Ethyl a-butyrylbutyrate (no. 11) 
gives a satisfactory ferric chloride test in aqueous 
suspension or alcoholic solution. The keto esters, 
nos. 12 to 16, inclusive, in the above table, give 
no coloration with ferric chloride under these con­
ditions, nor do they show any coloration at the 
interface when their solutions in hexane, which 
have stood for several days, are treated with an 
aqueous or aqueous-alcoholic solution of ferric 
chloride.

Experimental
The /3-keto esters that were used in this work were 

freshly distilled from samples that had been prepared2 
previously in this Laboratory. Two hundred and fifty cc. 
of a 0.1 M  solution of each of these esters in hexane was 
made and allowed to stand for at least seventy-two hours 
to attain equilibrium. A 20-cc. sample of this hexane 
solution was transferred to a 125-cc. Erlenmeyer flask and 
placed in a thermostat at 25 ° for several hours. For both 
the direct and indirect method of titration 50 cc. of 95% 
alcohol, cooled to —7 to —10°, was added to the hexane 
solution before titration to freeze the equilibrium.

In the direct method of titration this cold alcoholic 
solution was titrated immediately with an approximately 
0.1 N  solution of bromine in absolute, aldehyde-free alcohol 
to a faint yellow color that remained for ten seconds. 
Exactly the same amount of this bromine solution was run
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into a flask containing 50 cc. of water and 10 cc. of a 10% 
aqueous solution of potassium iodide. The liberated 
iodine then was titrated with 0.1 N  sodium thiosulfate.

For the indirect method of titration an excess of the 0.1 
N  bromine solution in alcohol, which had been cooled to 
— 7 to —10 °, was added to the cold alcohol-hexane solu­
tion of the keto ester. The excess bromine was decolorized 
immediately by titration with a 10% solution of /3-naphthol 
in absolute alcohol. To this point approximately fifteen 
seconds were required from the time the equilibrium was 
frozen by the cold alcohol. Then 15 cc. of a 10% solu­

tion of potassium iodide was added and the resulting 
solution warmed to 25-30° for five minutes, after which 
time the liberated iodine was titrated with 0.1 N  sodium 
thiosulfate.

Summary
The enol contents of a number of alkyl aceto­

acetates and of some a, 7 -dialkyl substituted ethyl 
acetoacetates are reported.
Madison, Wisconsin Received June 16, 1938

[C o n t r ib u t io n  fr o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  B r y n  M a w r  C o l l e g e ]

The Precipitation of Phenylmagnesium Bromide by Pyridine and by Dioxane

B y  A r t h u r  C . C o pe

The accuracy of the Schlenk dioxane precipita­
tion method1 for determining the position of Grig­
nard equilibria (2RMgX R2Mg +  MgX2) is 
still open to question. The method depends 
upon precipitation of insoluble dioxanates of the 
RMgX and MgX2 components, and this precipi­
tation must be rapid compared to the rate of 
equilibration in order to avoid shifting the 
equilibrium, in the direction of the less soluble di- 
oxanate during precipitation. Recent work has 
shown that the compositions of the solution and 
the precipitate change if the two remain in con­
tact,2 presumably because of the reaction: 
2RMgX • dioxane (insoluble) R2Mg (soluble) 
+  MgX2 • dioxane (insoluble). If the precipita­
tion is used as an analytical method for determin­
ing the position of the original Grignard equilib­
rium, the latter reaction must be minimized by 
rapid removal of the precipitate.

In this investigation a number of ethers, sul­
fides and tertiary amines were added to ether 
solutions of phenylmagnesium bromide in an ef­
fort to find other precipitants for the halomagne- 
sium components, thus making it possible to com­
pare analyses obtained with two or more precipi­
tants. Phenylmagnesium bromide was chosen 
because in this Laboratory arylmagnesium halides 
have given consistent analyses by dioxane pre­
cipitation.

Pyridine produces a precipitate with phenyl­
magnesium bromide which is grossly similar to 
the one obtained with dioxane. The precipitate

(1) Schlenk and Schlenk, B e r ., 62, 920 (1929); Schlenk, ibid., 64, 
734 (1931).

(2) (a) Noller and White, T h is  J o u r n a l , 59, 1354 (1937); (b)
Cope, ibid., 57, 2238 (1935).

can be separated by centrifuging, and the solution 
analyzed for basic magnesium and halogen. 
Typical data are plotted in Fig. 1 , which shows the 
percentage of basic magnesium and bromide ion 
left in solution after the addition of a definite 
number of equivalents of pyridine, together with 
similar data for dioxane. The behavior of the

0 0.5 1.0 1.5 2.0 2.5 3.0
Equivalents of precipitant added.

Fig. 1.—Precipitation of a phenylmagnesium bromide 
solution 0.2325 N  in basic magnesium and 0.2402 N  in 
bromide ion. The equivalents of precipitants are based 
on the normality in bromide ion. Curve I, % basic mag­
nesium remaining in solution after precipitation with py­
ridine; II, % basic magnesium in solution after dioxane 
precipitation; III, % bromide in solution after pyridine pre­
cipitation; IV, % bromide in solution after dioxane 
precipitation.

two precipitants is very different in several re­
spects. Dioxane precipitates the halomagnesium 
components more completely than does pyridine. 
Diphenylmagnesium is not precipitated by diox­
ane even when the latter is in large excess and 
high concentration. Pyridine precipitates only
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phenylmagnesium bromide and magnesium bro­
mide Up to a molar ratio of pyridine to bromide 
ion of 1.6, with the concentrations employed; 
with ratios higher than 1.6 diphenylmagnesium 
is also precipitated, and in large amount (note 
the point of inflection in Curve I).

A comparison of the dioxane and pyridine pre­
cipitation data (Table I) gives two independent 
evaluations of the extent of disproportionation of 
phenylmagnesium bromide. The most accurate

T a b l e  I
D is p r o p o r t io n a t io n  o f  P h e n y l m a g n e s iu m  B r o m id e

----------------- % disproportionation®------ -------
from dioxane from pyridine

Molar ratio precipitation precipitation
precipitant/Br~ A B A B

1 .0 76.2 78.9 71.7 87.3
1 .1 75.2 77.0 73.6 86.0
1 .2 73.8 74.9 78.1 87.1
1.3 72.5 73.3 77.9 86.8
1.4 77.8 85.9
1.5 78.5 85.3
1 .6 72.4 72.9 79.3 85.8
2 .0  to 20.0 70-72 70-72 ,.
a In this calculation it is necessary to make some as­

sumption concerning the bromide ion left in solution, which 
is an appreciable quantity in all cases with pyridine, and 
with dioxane if less than 1.2 equivalents is used. The 
values recorded are calculated from the data of Fig. 1. 
The values in the columns headed A are calculated assum­
ing that all the remaining bromide ion is present as phenyl­
magnesium bromide, and those headed B assuming that it 
is all magnesium bromide. The A values are more nearly 
correct, since magnesium bromide dioxanate appears to be 
less soluble than phenylmagnesium bromide dioxanate, but 
the true values are probably somewhere between the two 
extremes.

analyses should be those in which there is least 
bromide ion left in solution, or those with 1.2 to
20.0 equivalents of dioxane and 1.2 to 1.6 equiva­
lents of pyridine. These dioxane and pyridine 
values show 70-74% and 78-79% disproportiona­
tion,3 respectively. The results do not indicate a 
high degree of accuracy for the dioxane precipita­
tion method, but the approximate checks obtained 
with the two precipitants suggest that in this case 
the order of magnitude at least is correct.

Pyridine cannot be recommended as a precipi­
tant for preparing dialkylmagnesium solutions 
from Grignard reagents for synthetic purposes, be­
cause it does not remove bromide ion as com­
pletely as does dioxane, nor is it as convenient a 
reagent for use in analyses. If its behavior with 
phenylmagnesium bromide is typical of Grignard

(3) According to assumption A above. W ith assumption B the 
values are 70-75%  and 85-87% .

reagents in general, it may serve a useful purpose 
in checking analyses made by the Schlenk method.

Oddo4 has reported that the addition of two 
moles of pyridine to an ether solution of phenyl­
magnesium bromide causes precipitation of the 
definite compound, CöHsMgBr-^Hö^O^CöHöN. 
This and most of the other work on addition com­
pounds of tertiary amines and other 4 'donor’* 
molecules with Grignard reagents5 was done prior 
to Schlenk’s demonstration of the existence of the 
Grignard equilibrium, and the addition com­
pounds were usually analyzed after some purifica­
tion, with no thought of a possible separation of 
the supposedly homogeneous reagent during pre­
cipitation. I t is possible that in other cases like 
the above, where definite compounds are reported, 
analysis of the original precipitate or the residual 
solution after precipitation would disclose a differ­
ential precipitation of the components of the equi­
librium.

Experimental Part6
The phenylmagnesium bromide solutions were prepared 

in the usual manner under dry nitrogen in a flask fitted 
with a filter tube,2b and filtered with nitrogen pressure 
directly into the reservoir of a specially designed buret 
(Fig. 2). During filtration the reagent was protected by a 
counter current of nitrogen introduced through the tip of 
the buret, the top half of the ground glass seal being re­
moved and tube A stoppered temporarily. The solutions 
were standardized by acidimetric7 and Volhard titrations.

Among the substances investigated which gave no pre­
cipitate with phenylmagnesium bromide in ether solution 
were the following: dimethyldioxane,8 ^-thioxane, p-dithi- 
ane, diphenylpiperazine, dimethylaniline, diethylaniline, 
N-phenylmorpholine and nicotine. Quinoline, «-picoline, 
N-methylmorpholine and diphenyl sulfoxide gave varying 
amounts of oily or gelatinous precipitates which could not 
be handled quantitatively.

The pyridine and dioxane analyses were made in the 
following manner. Twenty cubic centimeters of the 
Grignard solution (at 20°) was measured from the buret 
into a dry, nitrogen-filled centrifuge tube of 50-cc. capacity, 
made with a constricted neck. The access of air during 
transfer was prevented by a nitrogen mantle (shown in 
Fig. 2), and the tube was tightly stoppered as soon as it 
was removed from the mantle. Solutions of pyridine or 
dioxane were made up to contain the desired number of 
equivalents of precipitant in 10 cc. of dry ether solution, 
and this volume was added to the 20-cc. samples as rapidly 
as possible from a buret with a wide orifice, the sample

(4) Oddo, A tti  accad. Lincei, [5] 13, II, 100 (1904); Gazz. chim. 
ital., 34, II, 420 (1904).

(5) Cf. the references given by Hepworth, J . Chem. Soc., 119, 1249 
(1921).

(6) The author wishes to express his indebtedness for a grant from 
the W olcott Gibbs fund of the N ational Academy of Sciences for ap­
paratus essential to  this investigation.

(7) Gilman, Zoellner and Dickey, T h i s  J o u r n a l , 51, 1576 (1929).
(8) Blindly furnished by the Carbide and Carbon Chemicals Corp.
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again being protected from the air with a nitrogen mantle. 
The tubes were stoppered immediately, shaken vigorously 
and centrifuged at 2800 r. p. m. for ten minutes. The 
clear supernatant liquid was decanted into a flask contain­
ing 75 cc. of water. A 20-cc. portion of dry ether was 
added to the solid residue remaining in the centrifuge tube, 
which was again shaken, centrifuged for five minutes and 
decanted into the flask containing water. Further wash­
ing of the precipitate with ether failed to remove significant 
quantities of basic magnesium or halogen, showing that 
there was little if any occlusion, except in analyses using 
pyridine in quantities sufficient to precipitate diphenylmag- 
nesium. In the latter case the amount of basic magnesium 
taken into solution increased with each washing of the 
precipitate, so that the analyses with more than 1.6 equiva­
lents of pyridine have no exact quantitative significance.

In the pyridine analyses, the ether was first boiled off, 
after which the aqueous mixture was boiled for thirty 
minutes to remove the pyridine, acidified with an excess of 
standard sulfuric acid, again boiled for five minutes and 
back titrated with standard alkali. Bromide analyses 
were made on the same samples, after cooling, by Volhard 
titration. The method was proved to be accurate by 
analysis of a Grignard reagent of known normality after 
the addition of pyridine. The end-points in the acidi- 
metric titration were not as sharp as in the dioxane 
analyses. Solutions precipitated with dioxane were acidi­
fied initially with an excess of standard sulfuric acid and 
boiled long enough to expel completely the ether before 
back titrating with standard alkali.

Precipitations with Isoquinoline.—Isoquinoline gives a 
bulky solid precipitate with phenylmagnesium bromide in 
ether solution. The precipitate may be separated by 
centrifuging, and the solutions analyzed as in the pyridine 
procedure if they are boiled for one hour before acidifica­
tion, although the end-points are obscure in the acidi- 
metric titration. Interpretation of the analyses is difficult, 
because a relatively large proportion of the bromide ion

remains in solution. The 
following data are repre­
sentative. A solution of 
phenylmagnesium bromide 
0.2060 N  in basic magnes­
ium and 0.2138 N  in brom­
ide ion was precipitated as 
described above with 1.0 
and 1.1 equivalents of iso­
quinoline. The solutions 
after centrifuging con­
tained: (1 equivalent of iso­
quinoline) basic magnesium 
0.1720 N  (with respect to 
the volume of the original 
sample); bromide ion 0.0522 
N; (1.1 equivalents of iso­
quinoline) basic magnesium 
0,1690 N; bromide ion 
0.0443 N.

Summary
Pyridine behaves like 

dioxane in precipitat­
ing the halomagnesium 
components of the equi­
librium, 2CeH5MgBr

(CeHö^Mg +  MgBr2. The two precipitants 
indicate 78-79% and 70-74% disproportionation 
in the above equilibrium, respectively. This rough 
check with two different precipitants indicates that 
the Schlenk dioxane precipitation method, for this 
Grignard reagent at least, gives approximately 
correct results..
Bryn Mawr, Pennsylvania Received June 18, 1938

Fig. 2.—Apparatus.

|Contribution from the Research Laboratories of The Calco Chemical Company, I nc. ]

Sulfanilamide Derivatives, I. Aminoarylsulfonamidoarylsulfonic Acids and Amino»
arylsulfonamidoarylcarboxylic Acids*

B y  M . L. C r o s s l e y , E. H . N o r t h e y  a n d  M a r t in  E. H u l t q u is t

Nomenclature of Sulfanilamide Derivatives.—
Chemical and medical literature on sulfanilamide 
derivatives suffers from a confusion of names and 
naming systems which is bewildering to the medi­
cal reader and often misleading to chemists. The 
name “sulfanilamide” has been adopted officially 
by the American Medical Association and is now 
generally used. It would seem desirable, there­
fore, to continue with this and relate the names of 
new derivatives, where possible, to the parent

(*) Presented in part before the Division of Medicinal Chemistry, 
A. C. S., April 20, 1938.

sulfanilamide. In the interest of setting up such 
a system, we have corresponded with Austin M. 
Patterson, who has given valuable suggestions on
th e  fo llo w in g :

a. Naming as substituted sulfanilamides
S ( W

5W3
N 4

In sulfanilamide the sulfonamide group, being the 
principal functional group, occupies the 1-posi-
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tion in the ring. The nitrogens are differentiated An example of the use of all three types of 
by superscripts: N1 referring to substituents on names is the following
the amide nitrogen and N* NH^ - X ^ H^ - ^ SOJ, r CHlCIMJH SO < > N H S O ,< ~ ^ > NH ,l

amino nitrogen N ^N 1-^ [2 -(N 4-Sulfanilylsukanilamido)-ethyl]-N4-sulfanilylsulfanilamide

The following examples illustrate the method
S 02NHCH3 s o 2n h 2 so 2n h 2

NHCHb
N 4-Methyl-

sulfanilamide

U  l Jcn3
n h 2 n h 2

N 1-Methylsul- 3-Methyl-
fanilamide sulfanilamide

b. Radical names.—For simple derivatives 
the above method should be used, but it becomes 
unwieldy in naming compounds with complex 
substituents. In such cases radical names are 
useful. The following radicals are suggested 

S02— S 0 2— S 02— S 02—

0  a *  o *
n h 2 n h 2

Sulfariilyl- Metanilyl- Orthanilyl- Naphthionyl- 
These names follow directly from the corre­

sponding amino acids.
An example of their usefulness is shown by the 

compound
NHa<  ̂ >̂S02NH<^ y > <  ^>NHSQ2/  ^>NH2 

SOgHSOlH

which we name N, N '-disulfanilylbenzidine-2,2 '-di- 
sulfonic acid. This seems preferable to the name, 
N, N'-bis-(4-aminobenzenesulf onyl) -4,4'-di - amino- 
biphenyl-2,2'-disulf onic acid. A simpler case is

SO2CI

NHCOCHg

an important intermediate, which we call N-acetyl- 
sulfanilyl chloride instead of ̂ -acetamidobenzene- 
sulfonyl chloride. Other useful radicals are 

s o 2n h — s o 2n h — s o 2n h — 
r / \  / \ n h 2

n h 2
Sulfanilamido- 
A11 example is

Metanilamido- Orthanilamido-

NHa-
s o 3h

>saNH<r>cH:
~NHSO' >n h 2

which we name 
sulfonic acid.

2,4-fos-sulfanilamidotoluene-5-

New Derivatives.—In spite of the fact that the 
literature on sulfanilamide and its derivatives now 
numbers over 300 references, a relatively few out­
standing publications summarize most of the 
published work on new derivatives.1-5

The published work has indicated the following 
generalities on the relationship of structure and 
antistreptococcal activity. (1) Little or no ac­
tivity was found in mononuclear compounds in 
which either the amino or sulfonamide groups of 
sulfanilamide were replaced. (The highly active 
diamino- and dinitrodiphenylsulfones, sulfoxides 
and sulfides have two rings joined through a sul­
fur linkage.) (2) Shifting the amino group to 
the meta or ortho position resulted in marked loss 
of activity. (3) A third group on the ring low­
ered the activity. (4) Substitution of the amino 
group with alkyl, aralkyl, substituted alkyl or 
aryl, acyl and alkylidene groups had less effect, 
but in general lowered the activity. (5) Substi­
tution of the amide nitrogen had a variable effect. 
Methyl and ethyl groups did not change the ac­
tivity while higher alkyl groups decreased the 
activity. p~Amino- and ^-nitrophenyl groups in­
creased the activity.

The low solubility of sulfanilamide and its 
toxicity at effective dosage levels led us to at­
tempt new derivatives of increased solubility 
which might also have a higher therapeutic index. 
Our first attempts were to combine N-acetylsul- 
fanilyl chloride with various aminobenzenesul- 
fonic acids and aminobenzenecarboxylic acids in 
aqueous solution at pH 8-10. The reaction went 
smoothly and after hydrolysis of the acetyl group 
with acid or base gave us the desired sulfanilyl 
derivative.

Orthanilyl and metanilyl derivatives were made 
by treating the corresponding nitrobenzenesul- 
fonyl chlorides with the desired amino acid, 
followed by reduction of the nitroamide with 
ammonium polysulfide or in some cases iron in 
neutral solution.

(1) Tréfoüel, N itti and Bovet, A nn. Inst. Pasteur, 58, 30 (1937).
(2) Buttle, Gray and Stephenson, Lancet, I, 1286 (1936); Biochem. 

J . ,  81, 724 (1937).
(3) Mietzsch, Ber., 71, 15 (1938).
(4) Bauer and Rosenthal, U. S. Treasury Dept., Puh. Health Repts., 

53, 40 (1938).
(5) I. G. Fr. 817,034; C. A ., 32, 1714 (1938).
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Compound Formula
peutic
effect

M elting 
range, °C.

Sodium N-sulf anilylsulf anilate® CuHiiOsNj&Na + >300 dec.
N-Sulfanilylmetanilic acid C12H12O5N 2S2 +  + >300 dec.
N-Sulfanilylorthanilic acid Cl2Hl205N2S2 >300 dec.
2-Methyl-N-sulfanilylsulfanilic acid C13H14O5N 2S2 0 >300 dec.
3-Methyl-N-sulfanilylsulfanilic acid C13H1405N2S2 + >280 dec.
Sodium 5-methyl-N-sulfanilylorthanilate 
Sodium 2,5-dimethyl-N-sulfanilyl-

C13H13O5N 2S2N a 0 >300 dec.

sulfanilate C14H15O5N 2S2N a • H2O 0 >300 dec.
6-Ethoxy-N-sulfanilylmetanilic acid 
Sodium 2,4-Hs-sulfanilamidobenzene-

C14H16O6N2S2H2O 0 >245 dec.

sulfonate
Sodium 2,4-fo's-sulfanilamidotoluene-5-

C18H17O7N4S3N a + + + >320 dec.

sulfonate O19H 19O7N4S3N a 0 >300 dec.
2, 5-foVSulf anilamidobenzenesulf onic 

acid
Sodium 3 £-bis-sulfanilamidobenzene-

C18H18O7N 4S3* H20 + + + >240 dec.

sulfonate C18H18O7N 4S3N a =fc:
2-Sulfanilamidosulfanilic acid 
Sodium-4-sulfanilamidonaphthalene-

Ci2H 130 6N3S2 V2H2O 0 >270 dec.

sulfonate
2-Sulfanilamidonaphthalene-6-sulfonic

Ci6Hi306N2S2Na-V2H20 + + >245 dec.

acid C16H14O5N2S2 — >300 dec.
Sodium 5-sulf anilamidonaphthalene-1 - 

sulfonate
N,N '-Disulf anilylbenzidine-2,2 '-

CX6H13O5N 2S2N a- 2H20 + >300 dec.

disulfonic acid
4,4'-Disulfanilamidostilbene-2,2'-

C24H22OioN 4S4 0 >300 dec.

disulfonic acid C26H240ioN4S4‘4H20 0 >330 dec.
4-Sulfanilamidobenzoic acid®’4 Ci3H1204N2S + 198-200.5
3-Sulfanilamidobenzoic acid® C13H i20 4N2S + 197.0-198.5
2-Sulfanilamidobenzoic acid® Ci3H120 4N2S + + + 225 dec.
2-Metanilamidobenzoic acid C13H 1204N2S + + 191.5-193.5
2-Orthanilamidobenzoic acid C13H120 4N2S — 176.7-178
2-Hydroxy-5-sulfanilamidobenzoic acid CxsH^OöNaS — >285 dec.

® Kolloff, This Journal, 60? 950 (1938).

t



Purity 
by ni­

trite, %
^  i ^ ^ -----Analyses----

' C H ' N s Na' ' C H N s N a
99.9 41.2 3.14 8.00 18.21 6.57 41.3 3.5 8.0 18.1 6.2

100.3 43.8 3.68 8.55 19.53 43.6 3.8 8.45 19.4
96.3 43.8 3.68 8.55 19.53 41.3 4.2 8.53 18.8
99.4 45.6 4.17 8.16 18.7 45.2 4.4 8.17 18.7

100.1 45.65 4.15 8.18 18.7 44.5 4.3 7.9 18.1
100.2 7.68 17.6 6.31 7.7 16.8 5.84

100.2 42.4 4.32 7.07 16.18 5.8 42.4 4.6 6.87 16.3
103.0 42.9 4.61 7.15 16.3 43.0 4.9 7.-2 16.2

100.0 41.5 3.26 10.7 18.4 4.4 41.6 3.9 9.9 17.9

100.4 42.7 3.6 10.5 18.0 4.3 42.1 3.9 10.7 17.7

100.2 41.9 3.91 10.86 18.6 41.9 4.03 11.5 19.1

100.4 41.5 3.29 10.77 18.3 4.42 18.4 4.3
101.0 40.9 4.0 11.9 18.2 40.8 4.3 12.5 18.1

101.1 44.9 3.79 6.55 15.05 5.38 44.5 3.72 5.72 14.4 5.4

100.5 50.8 3.74 7.42 16.95 49.7 3.7 7.5 16.5

44.1 3.92 6.43 14.7 5.27 44.0 3.79 6.77 14.9 5.24

100.0 44.05 3.4 8.58 19.57 43.5 3.4 8.7 19.4

100.5 41.5 3.75 7.54 17.05 41.2 3.81 7.53 17.06
100.0 53.4 4.14 9.58 10.98 52.6 4.1 9.7 10.9
100.0 53.4 4.14 9.58 10.98 52.8 4.2 9.31 10.8
101.9 53.4 4.14 9.58 10.98 53.7 3.7 9.3 10.8
100.0 53.4 4.14 9.58 10.98 52.6 4.5 9.7 11.0
99.8

50.6 3.93 9.08 10.42 50.5 4.4 9.0 9.7
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In the form of the neutral salts of the sulfonic 
or carboxylic acids, these derivatives had high 
water solubility, while the free acids were, in gen­
eral, only slightly soluble.

The table shows the derivatives and the results 
of preliminary tests in mice infected with ($- 
hemolytic streptococci. The signs and their 
meaning are: +  +  +  indicates compounds su­
perior to sulfanilamide, + +  equal to, +  some­
what inferior to sulfanilamide; while =*= desig­
nates compounds with very slight activity, 0 no 
activity, and — identifies compounds which killed 
the animals faster than the controls died.6,7

The compounds are named as substituted sul­
fonic or carboxylic acids. The acid function, 
therefore, occupies the 1-position in the ring.

Sodium N-sulfanilylsulfanilate is extremely 
water soluble—so much so that a solution of it 
may be evaporated to a very thick sirup. The 
addition of benzene to a moderately concentrated 
aqueous solution caused precipitation of a white 
crystalline compound containing benzene of 
crystallization. This was stable to drying at 60°, 
but was decomposed on dissolving in boiling 
water, when the benzene was evolved with 
effervescence, like a carbonate dissolving in 
acid.

While sodium N-sulfanilylsulfanilate was syn­
thesized primarily for trial in bacterial diseases, 
this unusual property gave us the idea that it 
might be effective against viruses, for if it had the 
power of coordinating with an inert substance 
such as benzene, might it not coordinate with, or 
inactivate, the infinitely more complex molecules 
of a virus?

We suggested, therefore, to Dr. Dochez that he 
try it against the common cold and influenza 
viruses. The latter being capable of investiga­
tion in experimental animals was tried first and 
the compound found ineffective. The thing 
might have died a natural death at this point but, 
fortunately, Dr. Dochez tried it against dog dis­
temper virus, with striking results.8

We have tested other of the above compounds 
in other virus diseases with promising results. 
Our most interesting compound in this respect is 
2,5-&is-sulfanilamidobenzenesulfonic acid, which 
not only appears to be more efficient than sul­
fanilamide in antistreptococcal effect, but which

(6) The pharmacological study was carried out by D. R. Climenko 
and will be reported elsewhere.

(7) Micro-analyses were made under the direction of G. L. Royer.
(8) Dochez and Slanetz, Science, 87, 142 (1938).

shows definite activity against the Francis strain 
of influenza virus in mice.

Attempts to correlate antistreptococcal activity 
with structure, based on the above series, indicate 
that in the parent aminobenzenesulfonamide the 
para position gives the greater therapeutic effect 
with the meta position next and the ortho posi­
tion least. In the second ring, however, this is 
reversed completely and the more effective com­
pounds are obtained when a carboxyl or sulfonic 
group is ortho to the amido group. These com­
pounds, in fact, seem to be more effective than 
sulfanilamide.

Addition of a methyl, chlorine, OH or OR to 
these derivatives gives less active compounds.

Addition of NH2 also gives an inactive deriva­
tive. However, a very active derivative is ob­
tained by placing an additional sulfonamido group 
on this ring as in 2,4-frw-sulfanilamidobenzene- 
sulfonic acid. Addition of a fourth group, CH3, 
to this ring again completely destroys the ac­
tivity.

Further interesting evidence on the relation of 
structure to therapeutic effect in these compounds 
is furnished by 1,3-te-sulfanilamidobenzene which 
rates only ±  while its sulfonic acid is +  +  + ;  1,4- 
foVsulfanilamidobenzene rates + + ,  while its sul­
fonic acid as stated above has a superior anti­
streptococcal effect coupled with viruscidal ac­
tivity.

In the naphthalene series position isomerism 
also has a pronounced effect on the therapeutic 
activity. The 1,4-position was much superior to 
the 1,5-, while the 2,6-derivative was toxic. An 
attempt to prepare N-sulfanilyl-2-naphthylamine-
1-sulfonic acid failed when the sulfonic group was 
lost during hydrolysis of the acetyl derivative. 
This compound would have been of interest in 
view of our results in the benzene series.

Experimental
Preparation of Sulfanilyl Derivatives.—The general 

method of preparing sulfanilyl derivatives of aminoaryl- 
sulfonic acids and aminoarylcarboxylic acids is illustrated 
below for the synthesis of sodium N-sulfanilylsulfanilate.

Sodium N - Sulf anilylsulf anilate.—One hundred seventy- 
three grams (1 mole) of sulfanilic acid, 40 g. (1 mole) 
sodium hydroxide and 20 g. sodium carbonate were dis­
solved in 800 cc. of water. The solution was cooled to 40 ° 
and 1 mole of N-acetylsulfanilyl chloride in the form of a 
freshly prepared and analyzed paste was added over one 
hour, with vigorous agitation. The temperature was held 
a t 40-45° by addition of ice, and the pH  maintained be­
tween 8 and 11 by addition of 50% sodium hydroxide 
solution as required.
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After stirring for fifteen minutes a 2-cc. sample of the 
reaction mixture was diluted to 50 cc., acidified and ti­
trated with 0.1 N  sodium nitrite at about 20°. This gave 
an estimation of unreacted amino nitrogen. If the value 
corresponded to more than 5% of the starting amount, 
more N-acetylsulfanilyl chloride was added until the 
nitrite titration reached a minimum, or until 25% excess 
had been added.

Isolation of N-acetylsulfanilylsulfanilic acid at this 
point offered no advantage in purity of the final compound. 
Hydrolysis was therefore made by adding 100 g. (2.5 
moles) of sodium hydroxide and boiling the solution for 
one and one-half hours, or until there was no further in­
crease in diazotizable amine.

N-Sulfanilylsulfanilic acid was isolated from the hy­
drolysate by acidifying to about pH  1 with hydrochloric 
acid, filtering the precipitate and washing five or six times 
with 100-cc. portions of water a t 80-90° to remove sul­
fanilic acid.

The crude N-sulfanilylsulfanilic acid was dissolved as 
the sodium salt a t pH  5-6, treated with decolorizing car­
bon and reprecipitated twice. The resulting filter cake 
was dissolved with solid sodium hydroxide to give a 2.2 N  
solution having a pH  of 6.5. An equal volume of 95% 
ethyl alcohol was added to the warm solution. On cooling, 
crystallizing, filtering, washing with alcohol and drying 
finally at 100°, 110 g. of anhydrous sodium-N-sulfanilyl- 
sulfanilate resulted. Approximately an equal amount was 
recovered from the mother liquor, giving a yield over all of 
60%.

Notes on General Procedure. 1.—This type procedure 
was followed with the other sulfanilyl derivatives listed, 
substituting an equivalent amount of the corresponding 
amino or diaminosulfonic acid. Some variation was 
necessary in concentration because of the difference in 
solubility of intermediates and final compounds. Thus, 
in the case of N-sulfanilylorthanilic acid, N-sulfanilyl- 
metanilic acid and 6-et.hoxy-N-sulfanilylmetanilic acid, the 
free acids were moderately soluble and were therefore re­
crystallized from water without passing through the sodium 
salt. Sodium salts listed, with the exception of sodiurn-N- 
sulfanilylsulfanilate, were crystallized from concentrated 
aqueous solutions without use of alcohol.

2. —Yields averaging 60-70% were obtained in most 
cr öés but were of no special significance since recoveries 
from the numerous mother liquors were not made unless 
these contained more than 10% of the yield as determined 
by nitrite titration. Yields of derivatives where a sulfonic 
acid or other large group was in the ortho position to the 
sulfanilamido group were generally poor, probably because 
of steric hindrance.

3. —In making sulfanilyl derivatives of aminonaphtha- 
lenesulfonic acids, and diaminosulfonic acids, care was 
taken to prepare or purify these immediately before use, 
since highly colored impurities were difficult to remove 
later. Use of small amounts of sodium hydrosulfite fol­
lowing treatment with decolorizing carbon was helpful in 
removing color and preventing further oxidation, both on 
intermediates and final compounds.

4. —Usage of sodium hydroxide in hydrolysis was based 
on one mole for each acetyl group, plus one mole for each 
—S 02NH— (or other acidic group not neutralized), plus

one-half mole excess. This excess was sufficient to pro­
mote complete hydrolysis of the acetyl groups in about 
one hour at 102-103 °, for the concentrations used.

5.—Hydrolysis of acetyl groups was also effected by boil­
ing in 15% hydrochloric acid, but this was generally less 
satisfactory since many of the products were only slightly 
soluble in acid. The resulting thick slurry bumped on 
boiling and was otherwise difficult to handle. Hydrolysis 
did not proceed to completion in some cases because the 
particles of intermediate were protected by a coating of the 
product.

2-Sulfanilamidosulfanilic Acid.—This was prepared by 
the type procedure starting with 1 mole of 2-amino-4- 
acetylaminobenzenesulfonic acid per mole of N-acetyl­
sulfanilyl chloride; 3.5 moles of sodium hydroxide was 
used for hydrolysis of the acetyl groups.

Orthanilyl and Metanilyl Derivatives.—These deriva­
tives were made following the general procedure outlined 
above but with substitution of o-nitrobenzenesulfonyl 
chloride or m-nitrobenzenesulfonyl chloride in equivalent 
amount for N-acetylsulfanilyl chloride. Since these acid 
chlorides were somewhat more resistant to hydrolysis, the 
reaction temperature was raised to 45-50 °. The resulting 
nitrosulfonamide was isolated by acidification of the reac­
tion mixture and reduced to the amino derivative by the 
method illustrated below.

2-Metanilamidobenzoic Acid.—The 2-(w-nitrobenzene- 
sulfonamido)-benzoic acid resulting from one mole of 
anthranilic acid was dissolved in 500 cc. of 28% ammonia. 
A stream of hydrogen sulfide was passed in with vigorous 
agitation and cooling. When the initial reaction had 
moderated, the flask contents were heated to a gentle boil 
under a reflux condenser with a continued slow stream of 
hydrogen sulfide, for an hour and a half. Boiling was then 
maintained while a rapid stream of air was passed through 
the solution until sulfides had been oxidized to sulfur and 
most of the excess ammonia removed. Sulfur was re­
moved by filtration. The filtrate was acidified slowly with 
hydrochloric acid and the crude product filtered off. This 
was twice recrystallized by dissolving as the sodium salt, 
treating with activated charcoal and reprecipitating. A 
yellow color still persisted. The material was dissolved 
as the sodium salt, made slightly acid with acetic acid and 
boiled with about 1 g. of zinc dust. This decolorized the 
solution. The product was isolated as the acid and re­
crystallized twice ffom 1 liter of alcohol using activated 
charcoal.

Attempts to reduce the nitro compound with iron failed 
because of the formation of an insoluble iron salt.

Summary
A naming system for sulfanilamide deriva­

tives is proposed which relates the names where 
possible to the parent sulfanilamide. For more 
complex derivatives, the radicals “sulfanilyl,” 
NH2<  > S02—, and “sulfanilamido
NH2<  ) s Q2NH—, are used.

Highly soluble salts of sulfanilamidobenzene- 
sulfonic acids and sulfanilamidobenzenecarboxylic 
acids are described. Preliminary tests in mice
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indicate that while in the parent ring highest anti­
streptococcal activity is found in the para deriva­
tive, this is reversed completely in the second ring, 
where compounds in which the acid function is 
ortho to the nitrogen have the highest activity.

Addition of —CH3, —OH, —OR or —Cl to the

second ring greatly lowers or destroys the activity.
Sodium 2,4-&w-sulfanilamidobenzenesulfonate 

and 2,5-6is-sulfanilamidobenzenesulfonic acid 
pear to have activity against influenza virus in mice, 
as well as to have high antistreptococcal powers. 
B o u n d  B r o o k , N. J. R e c e iv e d  A p r il  27, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r ie s  o f  T h e  C alc o  C h e m ic a l  C o m p a n y , I n c . ]

Sulfanilamide Derivatives. II. Disulfanüamides and Related Compounds1
By M. L. Crossley, E. H. N orthey and M artin E. Hultquist

The compound called by Rosenthal2 “ Disul­
fanilamide ’ ’

NIL ;o2n h < >so2n h 2

is incorrectly named. We suggest that it be called 
N4-sulfanilylsulfanilamide.

We have synthesized true disulfanilamide

(N<Z>0̂NH
and have prepared a number of derivatives having 
the disulfonamide linkage, —S02NHS02—. These 
compounds as a class behave as strong acids, 
forming neutral sodium salts of the type —S02- 
NNaS02—. The salts have high water solubility 
and are very stable to heat, decomposing at tem­
peratures above 300°. However, if the hydrogen 
of the disulfonamide is replaced by alkyl, the com­
pound becomes water and alkali insoluble and is 
broken down more readily by strong acids or 
bases.

Disulfanilamide was synthesized by treating 
more than two moles of N-acetylsulfanilyl chlo­
ride with one mole of ammonia, keeping the pH 
at 10-11 by addition of sodium hydroxide solu­
tion and holding the temperature below 45°. It 
was also made starting with N-acetylsulfanilyl 
chloride and N4-acetylsulfanilamide. The result­
ing N1-sodium-N4,N4/-diacetyldisulfanilamide was 
hydrolyzed by boiling with sodium hydroxide and 
was purified by recrystallization as the sodium 
salt.

Alkylation was accomplished by boiling the N1- 
sodium-N4,N4'-diacetyldisulfanilamide with ex­
cess dimethyl sulfate in xylene. The resulting 
N 1-methyl-N4,N4/-diacetyldisulfanilamide was hy-

(1) Presented in part before the Division of Medicinal Chemistry, 
A. C. S., April 20, 1938.

(2) Rosenthal, et al., Pub. Health Repts., U. S. Treas. Dept., 52 662 
(1937); ibid., 53, 40 (1938).

drolyzed to N ̂ methyldisulfanilamid e by adding 
the theoretical amount of 36% hydrochloric acid, 
dropwise, to a boiling alcoholic solution so that 
the acidity at no time was sufficient to give a 
green spot on methyl violet paper. Boiling 
aqueous 20% hydrochloric acid caused rapid 
breakdown at the amide linkage giving sulfanilic 
acid and N Mnethylsulfanilamide. The same 
type of decomposition occurred during hydrolysis 
with sodium hydroxide but at a much slower rate.

Dimetanilamide was made by treating an ex­
cess of w-nitrobenzenesulfonyl chloride with m- 
nitrobenzenesulfonamide at 50-60° in aqueous 
solution and at pH 10-11. The pH was main­
tained by addition of sodium hydroxide as neces­
sary. The resulting 3,3' -di - w -nit ro dib enzenesul - 
fonamide was reduced to dimetanilamide with 
ammonia and hydrogen sulfide.

The compounds synthesized and their relative 
effectiveness as indicated by preliminary studies 
on /3-hemolytic streptococcal infections in mice 
are shown in the table, where sulfanilamide = 
+  +  *3,4

The inferences drawn from the results are:
1. Acetylation of the amino groups lowered the 

therapeutic effect. This was in agreement with 
all other work on sulfanilamide derivatives.

2. Alkylation of the amide nitrogen had no 
apparent effect on the therapeutic efficiency al­
though the compound had lost its water solubility 
almost completely.

3. Metanilyl derivatives had a lower effec­
tiveness than the corresponding sulfanilyl de­
rivatives. However, dimetanilamide had about 
the same activity as sulfanilamide.

In addition to the sodium and magnesium salts
(3) A complete report on the pharmacology will be presented by 

Dr. D. R. Climenko, elsewhere.
(4) Microanalyses were made under the direction of G. L. Royer.
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T a b l e  I
Thera-  ̂ Assay ✓----------------------------- Analyses, %■
peutic Melting by ni- -̂------- Calculated— -----Fotind------

Compound Formula effect range, °C. trite, % C H N S /  C H N S ’
Disulfanilamide C12H 13O4N 3S2 260.5-261.0 99 .8 44.0 4.01 12.86 19.6 43 .6 4 .2 1 2 .8 19.1
N 1-Sodium -N4,N 4'-di- Na, N a,

acetyldisulfanilamide CioHieOsN 3S2N  a +  + 9 .68 5 .3 9 .81 5 .5
N 1-M ethyldisulfanilamide C13H 15O4N 3S2 +  +  + 180 .0-181 .0  99 .3 45.7 4 .45 12.3 18.75 46.1 4 .6 12.1 18 .6
N 1-M ethyl-N 4,N 4/-diacetyl- Cl7Hl90 6N 3S2 228 .5 -229 - 48 .0 4 .5 9 .9 15.1 47 .9 4 .5 10.1 15 .0

disulfanilamide 230
N^Ethyldisulfanilam ide C14H 17O4N 3S2 +  +  + 153 .3-154.7  100.3 47 .3 4 .84 11.85 18.03 47 .25 5 .0 4 12 .3 18 .0
N i-E th yl-N 4,N 4'-diacetyl-

disulfanilamide C18H 21O6N 3S2 229 .5-230 .5 49 .2 4 .8 9 .7 14.6 49 .38 4 .9 4 9 .7 14 .8
Di metanilamide C12H 13O4N 3S2 +  + >300 dec. 100.0 44.0 4 .0 12.86 19.6 43 .9 3 .7 1 2 .8 19.1
N 4-Magnesium disulfanil­ Mg, Mg,

amide C24H2408N 6vS4Mg-H20 +  + 98 .4 3 .40 3 .3 5
N  ̂ Sodium disulfanilamide C12H12O4N.3S2N  a* H2O +  +  + > 3 4 0  dec. 100.2 Sodium 6.28 Sodium 6 .3 5

T a b l e  II
S a l t s  o f  D is u l f a n il a m id e

W ater solubility
Salt Method of preparation Appearance H ot Cold

Lithium DSA +  LICOa Small white flat rods or plates V . S . V . s.
Sodium DSA +  NaOH White prisms ext. S. V . s.
Magnesium Sod. DSA +- MgCl2 White rectangular plates V . s. mod. s.
Calcium DSA +  Ca(OH)2 Rods or needles ext. s. v. s.
Barium Sod. DSA +  BaCl2 Needles mod. s. si. s.
Cupric Sod. DSA +- CuS04 Light green needles® mod. s. si. s.
Nickel Sod. DSA +  NiCl2 Pale green thin plates ext. s. V . s.
Silver Sod. DSA +  AgNOa White grains6 si. s. v. si. s.
Plumbous Sod. DSA +  Pb(N 03)2 White fine needles si. s. V . si. s.
Mercuric Sod. DSA +  HgCl2 White diamond shaped plates si. s. v. si. s.
Zinc DSA +  ZnO Thin white plates V . s. s.
Ammonium DSA +  NH4OH White needles V . s . V . s .

Diethylammonium DSA +  (C2H5)2NH Rectangular prisms V . s. si. s.
Monoamylammonium DSA +  C5H uNH2 Needles, tetrahedra and spherical

segments s . mod. s.
Diamylammonium Sod. DSA +  (C5H ii)2N H H C 1 Feathers si. s. v. si. s.
Triethanolammonium DSA +  (HOCH2CH2)3N Not readily crystallizable sirup ext. s. ext. s.

° In cold solution was precipitated as bronze scales which spontaneously changed to the above. 6 Apparently light
stable.

of disulfanilamide we have prepared (but have not 
analyzed) the other salts shown in Table II. The 
method of preparation for sparingly soluble salts 
was double decomposition between N ̂ sodium 
disulfanilamide (sod. DSA) and a soluble salt of 
the metal. For soluble salts disulfanilamide 
(DSA) was neutralized with the corresponding hy­
droxide or carbonate of the metal.

The cupric salt is of interest since in the cold it 
was precipitated first as bronze scales which spon­
taneously changed over to light green needles. 
There was no evidence of the deep blue copper- 
ammonium coordination complex which might 
have been expected. The silver salt was white and 
apparently light stable. The monoamylammon- 
ium salt was peculiar in that it crystallized in un­
usual forms, one of which appeared to consist of 
spherical segments like the sections of an orange. 
The monoamylamine was obtained from the Shar­
pies Solvent Corp. and was a mixture of isomers.

Of this series, N ̂ sodium disulfanilamide and 
N^methyldisulfanilamide appeared very inter­
esting and their pharmacology is being studied 
extensively. We have tested disulfanilamides of 
this type, successfully, in certain of the virus dis­
eases. N ̂ Methyl- and N^ethyldisulfanilamide 
are most outstanding, since they have shown prom­
ising results on infections caused by the Francis 
strain of influenza in mice.

Experimental
N1-Sodium-N4,N4,-diacetyldisulfanilamide.—To one

mole of ammonia dissolved in 150 cc. of water a t 10° there 
was added over one hour with vigorous agitation, 2.5 moles 
of freshly prepared and analyzed N-acetylsulfanilyl chlo­
ride. Sufficient 50% sodium hydroxide solution was 
added to maintain the pH  between 10 and 12. Ice was 
added to hold the temperature at 35-40 °. After all of the 
N-acetylsulfanilyl chloride was added, stirring was con­
tinued for about an hour. The mixture was cooled to 10 ° 
and filtered. The crude product was recrystallized twice 
from concentrated aqueous solutions with use of activated
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charcoal, after adjusting the pH  to 6-7. Under these 
conditions, N 4-acetylsulf.anilamide was very slightly solu­
ble while N 1-sodium-N4,N4'-diacetyldisulfanilamide was 
very soluble, so that a separation was obtained readily. 
N 4,N4/-Diacetyldisulfanilamide was recovered from the 
mother liquors by acidifying to pH 1-2. I t was sparingly 
soluble in cold water. Anhydrous N 1-sodium-N4,N4/- 
diacetyldisulfanilamide was obtained by drying the hy­
drated salt a t 130° in vacuo.

The same product was obtained starting with 1 mole of 
N 4-acetylsulf anilamide and 1 mole of N-acetylsulfanilyl 
chloride under similar conditions.

N 1-Sodium Disulfanilamide.—The filter cake of crude 
N 1-sodium-N4,N4'-diacetyldisulfanilamide prepared as 
above was hydrolyzed by boiling with 200 g. of sodium 
hydroxide and 200 cc. of water until there was no further 
increase in diazotizable amine (one to two hours). The 
mixture was then cooled to 10° and crude N 1-sodium di­
sulfanilamide filtered. This was purified by recrystalliza­
tion from concentrated aqueous solutions at pH 6-7 with 
use of activated charcoal. Solubility of N^sodium di­
sulfanilamide in water was 9.6 g. per 100 cc. at 10° and 20 
g. per 100 cc. at 37°. The anhydrous salt was obtained 
by drying a t 100 °.

Crude disulfanilamide was recovered from the mother 
liquors by acidification to pH  2-3 where it had a minimum 
solubility. Additional hydrochloric acid formed the more 
soluble hydrochloride or dihydrochloride. Disulfanil­
amide was only moderately soluble in boiling water. 
Disulfanilamide dihydrochloride was readily tetrazotized 
and this reaction served as a means of analyzing both di­
sulfanilamide and its salts.

Dimetanilamide.—One mole of w-nitrobenzenesulfon- 
amide was dissolved in 1600 cc. of water containing 16 g. 
of anhydrous sodium carbonate and 30 g. of sodium hy­
droxide a t 45°; 1.3 moles of m-nitrobenzenesulfonyl
chloride was then added with vigorous agitation at 45-60 ° 
over one-half hour while maintaining a pH  of 10-11 by 
addition of 50% sodium hydroxide solution as required. 
After stirring for an hour the reaction mixture was cooled 
to 10° and the crude product filtered. Sodium di-(m- 
nitrobenzenesulfon)-amide was obtained by recrystalliza­
tion from water.

The nitro compound was reduced in two and one-half 
times its weight of 28% ammonia by passing a stream of 
hydrogen sulfide through the suspension while stirring 
vigorously. Cooling was necessary at first but after the 
reaction moderated, the mixture was held at a slow boil 
under a reflux condenser with constant passage of hydrogen 
sulfide for one hour. A rapid stream of air was then passed 
through the solution at the boil, to remove excess ammonia 
and oxidize sulfides to sulfur. The mixture was made 
alkaline to phenolphthalein with sodium hydroxide, and 
sulfur removed by filtration. The solution was acidified 
with hydrochloric acid to pH  4.5 to 5 and crude dimetanil­
amide obtained. This was purified by dissolving as the 
sodium salt, treating with activated charcoal and repre­
cipitating. Dimetanilamide melts to a characteristic 
blue-green liquid above 330 °.

N 1-Methyl-N4,N4'-diacetyldisulf anilamide.—One mole 
of anhydrous N ̂ diacetyldisulf anilamide was suspended in 
2 liters of dry xylene containing two moles of dimethyl

sulfate. The mixture was heated with constant agitation 
under a reflux condenser for two hours. The solid ma­
terial was removed by filtration and the filtrate discarded. 
The solid was suspended in 3 liters of water and warmed 
with addition of sodium hydroxide solution until it re­
mained alkaline to phenolphthalein. The insoluble ma­
terial was filtered off and twice retreated with warm dilute 
sodium hydroxide. The final residue was the crude 
methylated product. I t was purified by dissolving in 
glacial acetic acid, treating with activated charcoal and 
diluting with water. The yield of N 1-methyl-N4,N4'- 
diacetyldisulfanilamide was about 50%.

NkMethyldisulf anilamide.—One-half mole of N 1- 
methyl-N4,N4/-diacetyldisulfanilamide was suspended in 
1200 cc. of 95% alcohol; 1.05 moles of 36% hydrochloric 
acid was added dropwise over one and one-half hours to the 
boiling, well agitated suspension. The liquid was spot 
tested on methyl violet paper frequently. Insufficient 
hydrochloric acid was present a t any time to give a green 
spot. This was important since excess acid would have 
caused cleavage at the sulfonamide linkage. At the end a 
complete solution was obtained, which was exactly neu­
tralized with 50% sodium hydroxide solution. After 
removal of salt the filtrate was evaporated to low volume 
and gradually diluted with water under agitation, so as to 
induce crystallization and avoid precipitation of the 
product as an amorphous mass. The crystals were sus­
pended in 700 cc. of water a t 35°, treated with excess so­
dium hydroxide and filtered, to remove any N 1-methyl- 
sulfanilamide. The crude product was then recrystallized 
several times from 80% alcohol (in which it was consider­
ably more soluble than in 95%) using activated charcoal. 
N^Methyldisulf anilamide was water insoluble but readily 
dissolved in strong hydrochloric acid, in which it could be 
tetrazotized quantitatively. Yield in the hydrolysis was 
about 60%.

N1 -Ethyldisulfanilamide.—This was made by the same 
procedure using diethyl sulfate instead of dimethyl sulfate. 
Yields were somewhat lower.

Summary
The compound NH2<( )>S02NH<( ^SOsNH.,

has been misnamed “disulfanilamide.” Synthe­
sis of true disulfanilamide, (NH2<̂  ^>S02)2NH, is
reported, and it is suggested that the first com­
pound be named N4-sulfanilylsulfanilamide to 
avoid confusion.

Disulfanilamide reacts with many bases to 
form a series of neutral salts, most of which are 
highly water soluble.

N1-Alkyl derivatives have been made which are 
water insoluble and which do not form salts with 
bases.

These compounds appear from preliminary ex­
periments in mice to have high antistreptococcal 
activity, and in the case of the N1-alkyl deriva­
tives, viruscidal activity as well.
B o u n d  B r o o k , N. J. R e c e iv e d  A p r il  27, 1938
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Sulfanilamide Derivatives. III. sfrepfo-N-Polysulfanilylsulfanilamides and Re­
lated Compounds1

B y  M . L. C r o ssley , E. H . N orthey  and  M a r tin  E. H u l t q u ist
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Fourneau and his co-workers2 describe the com­
pound which we would name N4-(N-acetylsul­
fanilyl)-sulfanilamide as having little therapeutic 
effect. Later Rosenthal3 studied N4-sulfanilyl- 
sulf anil amide and more recently4 N1-(2-hydroxy- 
ethyl)-N4-sulfanilylsulf anilamide, and strepto-N4- 
disulfanilylsulf anilamide.

In the meantime investigators at the I. G. had 
studied N4-sulfanilylsulfanilamide and its N4- 
mono- and dimethyl derivatives.5

Gray, Buttle and Stephenson6 also made N4- 
sulfanilylsulfanilamide, which they named p- 
aminobenzenesulfonyl - p' - sulfonamidophenyl- 
amide. This is an example of what one encounters 
in trying to name such derivatives by conven­
tional methods. The name is sufficiently for­
midable to make even chemists think twice, or 
reach for paper and pencil.

We have synthesized, independently of the 
others, not only the parent compound but a large 
number of derivatives using as starting materials 
many of the compounds described in the first two 
papers of this series.

The method of synthesis was to treat N-acetyl­
sulfanilyl chloride with sulfanilamide or any of its 
N ̂ derivatives at pH 8-10, followed by hydrolysis 
of the acetyl group with either acid or base de­
pending on the character of the compound.

By increasing the chain of sulfanilyl groups the 
compounds become increasingly difficult to crys­
tallize. Thus ^re^/tf7-N-trisulfanilylsulfanilic acid

forms an emulsion in water which is difficult to 
work with. However, its sodium salt is nearly 
impossible to handle, since it forms a pearly dis­
persion closely resembling a vanishing cream, 
which resists all attempts to filter.

(1) Presented in part before the Division of Medicinal Chemistry, 
A. C. S., April 20, 1938.

(2) Fourneau, et a l. ,  C o m p t. re n d ., soc. b io l., 122, 258 (1936).
(3) Rosenthal, et a l., P u b . H e a lth  R e p ts . ,  U . S . T rea s . D e p t., 52, 

662 (1937).
(4) Rosenthal, et al., ib id . ,  53, 40 (1938).
(5) M ietzsch, B e r .,  7 1 , 15 (1938); French Patent, 817,034, Aug. 24, 

1937.
(6) Gray, Buttle and Stephenson, B io ch em . J . ,  31, 724 (1937).
(7) We have used the prefix l‘s tr e p to ”  to  indicate that the sul­

fanilyl- groups are in a chain rather than separately attached. It 
has no therapeutic connotation as used.

In the synthesis of N ̂ hydroxyalkyl-s/r^fo-N- 
polysulfanilylsulfanilamides crystallization of the 
product is difficult not only because of the tend­
ency of the desired compound to form tars or 
oils, but because the crude products are often 
contaminated by sulfanilic esters. However, 
after crystals once have been obtained subsequent 
crystallizations are easy. In general, these com­
pounds were purified by dissolving in alcohol, 
treating with activated carbon, and slowly dilut­
ing with water so as to prevent immediate pre­
cipitation of the bulk of the material as an oil.

The derivatives made and their pharmacology 
are indicated in the following table, where sulfan­
ilamide = + + ,  comparison being made on (3- 
hemolytic streptococcic infections in mice.8,9

Inferences which can be drawn from a study of 
the present results and the results described in 
our first two papers are:

1. There is an apparent increase of activity by 
adding a sulfanilyl group to the amino group in 
sulfanilamide, N-sulfanilylsulfanilic acid, N 4-(2- 
hydroxyethyl)-sulfanilamide and N 1-(2-hydroxy- 
propyl) -sulfanilamide.

2. Activity is decreased by adding a sulfanilyl 
group to 2-sulfanilamidobenzoic acid, N ^N 1- ^ -
2-hydroxyethylsulfanilamide, and disulfanilamide.

3. Addition of a third sulfanilyl group de­
creases the activity in N1-2-hydroxyethyl-N4- 
sulfanilylsulfanilamide; increases it in strepto-'N- 
disulfanilylsulfanilic acid.

4. The much better activity of N 3-sul- 
fanilylmetanilamide as compared with N 4- 

metanilylsulfanilamide is significant and was pre­
dicted. The first compound is behaving as a sul­
fanilamide substituted on the amido nitrogen while 
the second is behaving as a sulfanilamide substi­
tuted on the amino nitrogen. All previous results, 
including our own, indicate that new sulfanilamide 
derivatives of greater activity will be substituted 
by groups on the amido nitrogen and probably not 
elsewhere.

5. Certain of these compounds have been 
found effective against virus diseases.

(8) The pharmacology will be reported by D. R . Climenko else­
where.

(9) Microanalyses were made under the direction of G. L. Royer.

NH,<̂  >̂SQ2NH< ~̂ >̂S02NH<^ >̂S02NH<^ ^S03H
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Thera- Assay -Analyses, %■
peutic Melting by Calcd. -----F ound------

Compound Formula effect range, °C. nitrite, %  C H N S J C H N S
N 4-Sulfanilylsulf anilamide® C12H 13O4N 3S2 +  +  + 132.5-136 99 .6 44 .0 4 .0 12.86 19.6 43 .3 4 .3 12.9 19.2
s2re£/o-N4-Disulfanilyl-

sulfanilamide®»6 C18H18O6N 4S3 +  +  + 210 .0 -211 .5 100.4 44 .8 3 .76 11.62 19.9 4 4 .8 4 .0 11.6 19.4
N 4-M etanilylsulf anilamide C12H13O4N 3S2 142-144 100.0 44.1 4.01 12.86 19.6 43 .7 4 .0 12.7 19.5
N 3-Sulfanilylmetanilamide C12H13O4N 3S2*4/ 2H 2O +  + 134-156 100.0 42 .9 4 .2 12.5 19.1 43 .4 4 .6 12.5
Sodium -s/r^o-N -disul- Na, Na,

fanilylsulfanilate Ci8Hi6C>7N3S3Na + >220 dec. 99 .5 42.72 3 .1 8 8 .3 2 4 .5 5 42 .1 3 .9 8 .22 4 .3
s/re£/o-N-Trisulfanilyl-

sulfanilic acid C24H2209N4S4-2H20 +  + >250 dec. 105 42 .6 3 .89 8 .3 2 19 .6 42 .4 4 .6 8 .2 4
2 -(N 4-Sulfanilylsulfan-

ilamido)-benzoic acid C1BH1 7 0 6 N 3S2 +  + 200-203 100.2 51 .0 3 .83 9 .40 14.32 49 .3 4 .4 9 .3 12.9
N 1- (2-Hydroxy ethyl) -N 4

sulfanilylsulfanilamide6 C14H 1 7 0 6 N 3S2 +  +  + 140-143 100.2 45.3 4.61 11.31 17.28  45 .2 4 .8 11.2 17.3
N 1- (2-Hydroxyethyl) -N 3

metanilylmetanilamide C14H1 7 0 5 N 3S2 =±: 125-127.2 100.4 45 .3 4 .61 11.31 17 .28  4 4 .7 4 .9 11.31
N 1- (2-Hydroxyethyl) -strepto-

N 4-disulfanilylsulf anilamide C20H22O7N 4S3 rfc 137-143 99 .1 45 .6 4 .21 10.65 18.27 45 .35 4 .2 7 11.1
N 1,N 1-&is-2-Hydroxyethyl-

N 4-sulfanilylsulf anilamide® C16H2 1 0 6 N 3S2 + 122.5-128 96 .4 46.25 5.16 10.1 15.41 46 .3 5 .6 10.0 14.9
N 1,N 1-6t5-2-Hydroxyethyl-s/re^/o-N4-

disulfanilylsulf anilamide C22H2 6 0 8 N 4S3 + 115 .5-120 .5 99 .5 46 .3 4 .6 9 .81 16.84 45 .5 5 .0 9 .8 16.1
N 1- (2-Hydroxypropyl) -N 4

sulfanilylsulfanilamide C16H1 9 0 5 N 3S2 + 127 .3-129 .6 100.2 4 6 .8 5 .00 10.9 16.6 45 .5 4 .82 10.95 16.8
N *- Phenyl-N x- (2-hydroxy ethyl) -N 4-

sulfanilylsulfanilamide C20H2iObN3S2 +  + 183-185 100.0 53 .0 4 .0 9 .4 7 14.38 5 2 .8 5 .0 9 .55 14.3
N 1,N 1-ftt5-2-Hydroxyethyl-N4-i>-toluene-

sulfonylsulfanilamide C17H2 2 0 6 N 2S2 =fc 187-190
N 1-Sodium -N1,N 4-dimet- N a, Na,

anilylsulfanilamide Ci8HnC)6N4S3Na + 280 dec. 100.4 42 .8 3 .39 11.1 4 .57 41 .4 3 .5 11.1 3 .9
N 1,N 4,N 4'-Trisodium-N4,N 4/- Na, Na,

disulfanilyldisulf anilamide C24H2o08N BS4Na* 0 340 dec. 100.4 9.81 9 .05
N 4-Sulfanilyldisulf anilamide C18H18O6N 4S3 + 198.5-206 99 .2 44 .7 3.72 11.6 19 .8 43 .4 3 .7 11.1 19 .8

* I. G. Fr. 817,034, Aug. 24, 1937. 
6 Bauer and Rosenthal, ref. 4.

I t should be pointed out that the therapeutic 
effectiveness of these various sulfanilamide com­
pounds is described in terms of a series of pre­
liminary pharmacological experiments carried 
out on large groups of mice experimentally in­
fected with a very virulent strain of /3-hemolytic 
streptococci, using massive infecting doses and 
single protective doses of the therapeutic agent. 
In all cases the control animals died in sixteen 
hours. Reported results are in terms of animals 
surviving at the end of seventy-two hours. Much 
further experimental evidence will be needed to 
establish the usefulness of these products in hu­
man medication, since acute toxicity studies in 
mice tell nothing of the complications of human 
administration, such as fever, cyanosis, dermatitis, 
acidosis and peripheral neuritis.

Experimental
General Method of Preparation.—The general method 

for making the present derivatives was the same as that 
described in the first paper of this series for the preparation 
of sodium N-sulfanilylsulfanilate.10 Syntheses of com­
pounds involving important variations of this method are 
given below.

N4-Metanilylsulfanilamide.—Seven-tenths mole of sul­
fanilamide was dissolved in 500 cc. of water at about 95°;

(10) Crossley, Northey a n d  Hultquist, T h i s  J o u r n a l , 60, 2220 
(1938).

0.5 mole of freshly prepared ra-nitrobenzenesulfonyl 
chloride was added rapidly with vigorous agitation. 
When the mixture had crystallized (ten to fifteen minutes) 
sufficient sodium hydroxide was added to dissolve the 
solid. The solution was clarified and poured into 400 cc. 
of concentrated hydrochloric acid. N 4-ra-Nitrobenzene- 
sulfonylsulfanilamide precipitated while excess sulfanil­
amide remained dissolved. The precipitate was filtered 
and washed with hot water. I t  was reduced with am­
monia and hydrogen sulfide by the general procedure for 
metanilyl derivatives.11

Attempts to prepare this compound by the usual pro­
cedure lead to N 1,N4-di-(m-nitrobenzenesulfonyl)-sulfanil- 
amide as the main product.

N 1 - (2 - Hydroxyethyl) - N 4 - sulfanilylsulfanilamide and 
similar derivatives were made by the general method 
while maintaining a pH  of 7-9 (when foaming occurred 
sufficient sodium hydroxide solution was added to give a 
faint pink spot test on phenolphthalein paper). I t  Was 
thought that a somewhat lower pH  led to formation of less 
of the sulfanilic esters which gave difficulty in purification 
of the final products. The crude hydrolyzed products 
were oils or sticky masses which were partially purified by 
dissolving as the sodium salts in water, treating with 
activated charcoal, and reprecipitating with acid. Initial 
crystallization was frequently very slow, extending in some 
cases to weeks. Most favorable conditions found for in­
ducing initial crystallization were established by dissolving 
the material in about twice the amount of 60-80% alcohol, 
treating with decolorizing carbon, and diluting with water

(11) Crossley, Northey and Hultquist, T h i s  J o u r n a l , 60, 2220 
(1938).
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a t room temperature until the solution remained slightly 
milky. I t  was then allowed to stand with occasional 
agitation and scratching of the walls until crystallization 
started. Once seed crystals were obtained subsequent 
recrystallizations were comparatively easy.

N4-Sulfanilyldisulfanilamide.—One-half mole of sul­
fanilamide was dissolved in 500 cc. of water with sufficient 
sodium hydroxide to give a pH  of 10-12; 1.2 moles of 
freshly prepared N-acetylsulfanilyl chloride was added 
over half an hour a t 35-40° while maintaining the above 
pH  by addition of 50% sodium hydroxide as necessary. 
Stirring was continued for one hour, then 100 g. of sodium 
hydroxide was added, and the mixture boiled for two hours. 
The hydrolysis mixture was neutralized with concen­
trated hydrochloric acid, cooled, crystals of crude N 1- 
sodium-N4-sulfanilyldisulfanilamide filtered off, and re­
crystallized several times from water, using activated 
charcoal. The free amide was made by acidification of a 
solution of the sodium salt. The initial amorphous mass 
was crystallized by rubbing in alcohol.

N1 ,N4,N4 '-Trisodium N4,N4 '-disulfanilyldisulf anilamide. 
— This was made by the general procedure starting with an 
equivalent of N 1-sodium disulfanilamide. Attempts to 
prepare a crystalline monosodium salt or crystalline free 
amide failed. The trisodium salt (actually a mixture with 
some of the disodium salt) was crystallized from a concen­
trated aqueous solution at pH  9-10, by dilution with 
alcohol.

N1-(2-Hydroxyethyl)-N3-metanilylmetanilamide.—One- 
third mole of N 1-(2-hydroxyethyl)-metanilamide was dis­
solved in 300 cc. of water containing 30 g. of boric acid; 
y 3 mole of m-nitrobenzenesulfonyl chloride was added over 
an hour at 55-65° with vigorous agitation while main­
taining a pH  of 6-8 by addition of 50% sodium hydroxide 
solution as required. The nitro compound which sepa­
rated on cooling was reduced with 150 g. of fine iron, 
500 cc. of water, and 1 cc. of glacial acetic acid at 95-100°.

After complete reduction excess sodium hydroxide was 
added to dissolve completely the product, the mixture was 
filtered, and the filtrate neutralized. A sticky mass 
separated which crystallized on standing overnight. This 
crude product was recrystallized by dissolving in hot 
alcohol, treating with activated charcoal, then diluting 
gradually with water, cooling and seeding. After several 
recrystallizations, colorless crystals were obtained.

Boric acid was used in the hope tha t by forming a com­
plex with the hydroxyl groups, it would aid in preventing 
formation of sulfonic esters. Success in obtaining a 
crystalline product through its use, where previously there 
had been failure, leads us to believe that it was of value.

Summary
A series of strepto-'N-polysulfanilyl derivatives 

of aminobenzenesulfonic acids and carboxylic 
acids, hydroxyalkylamines, sulfonamides, and di­
sulfonamides are described, together with pre­
liminary results of the pharmacological study of 
their effect in mice infected with /3-hemolytic 
streptococci.

No general conclusions can be drawn concern­
ing the effect of increasing the number of sul­
fanilyl groups.

Better activity was shown by N3-sulfanilylmet- 
anilamide than by N4-metanilylsulfanilamide 
This was predicted from previous results.

Certain of these compounds appear effective in 
virus diseases, but caution is expressed against 
assuming that the results of these preliminary 
studies in mice are translatable to human therapy. 
B o u n d  B r o o k , N. J. R e c e iv e d  A p r il  27, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n iv e r s it y  o f  W i s c o n s i n ]

Ethylenediamine and Propylenediamine Vanadates

By Eugene H. H uffman

In the course of an investigation, some diamine 
vanadates were desired. A search of the litera­
ture did not reveal the previous preparation of 
these, though some alkyl amine vanadates1 and a 
pyridinium vanadate2 have been described. This 
paper describes the preparation and some proper­
ties of hydrated hexavanadates of ethylenedi­
amine and propylenediamine and the metavana­
date of ethylenediamine.

(1) Bailey, J . Chem. Soc., 45, 690 (1884); Compt. rend., 104, 1844 
(1887).

(2) Katzoff and Roseman, T h i s  J o u r n a l , 58, 1785 (1936).

Preparation

Ethylenediamine and Propylenediamine Hexavana­
dates.—Ten grams of vanadium pentoxide (either c. p . 
grade or prepared by gently heating ammonium meta­
vanadate) is added to a solution of 5 cc. of 69.8% ethylene­
diamine and 15 cc. of water, or 8 g. of vanadium pentoxide 
to 5 cc. of 70-75% propylenediamine and 15 cc. of water. 
Then 15 cc. of 30% hydrogen peroxide is added slowly, 
with stirring, over a period of half an hour, while keeping 
the temperature below 60°. The mixture is filtered, 
washed with 25 cc. of water, to which is added 3 cc. of 
30% hydrogen peroxide, and the filtrate and washings 
diluted to 150 cc. After just neutralizing the solution to
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litmus with the corresponding diamine, crystallization 
usually begins in thirty minutes. I t can be hastened by 
the addition of a small amount of the diamine dihydro­
chloride. The bright brownish-yellow product is filtered 
off, washed with water, and air-dried at room temperature.

Ethylenediamine Metavanadate.—This compound may 
be prepared by the following three methods. (1) Solid 
ethylenediamine dihydrochloride is added slowly to a 
saturated solution of ammonium metavanadate (pre­
pared by heating to boiling, cooling, and filtering) until 
precipitation is complete. About 3 g. of the hydrochloride 
is required for every 100 cc. of saturated metavanadate 
solution. The golden-yellow product is washed on a filter 
with water until free from chloride and dried over calcium 
chloride.

(2) Three grams of vanadium pentoxide is added to a 
mixture of 5 cc. of ethylenediamine (69.8%) and 10 cc. of 
water. The mixture is heated to 90 ° for five minutes, fil­
tered, and cooled to 20 °. The brown turbid appearance is 
discharged by adding 2 drops of 30% hydrogen peroxide 
and allowing to stand for ten minutes. The vanadate 
is precipitated either by diluting to 200 cc. and passing 
carbon dioxide into the solution or by diluting to 40 cc. 
and slowly adding, with stirring, 150 cc. of 95% ethyl al­
cohol. The white product is washed first with four 10-cc. 
portions of alcohol to remove excess amine, and then with 
water to remove carbonate. If it is washed with water 
before the amine is rempved, the precipitate redissolves.

(3) Two grams of the hexa vanadate is dissolved in 6 cc. 
of ethylenediamine (69.8%) and 30 cc. of water. The 
orange color of the solution changes to colorless in forty 
minutes. The solution is diluted to 50 cc. and 100 cc. of 
95% ethyl alcohol added, with stirring, to precipitate the 
white metavanadate. The product is filtered, washed 
with four 10-cc. portions of alcohol and then with water.

Similar attempts to prepare propylenediamine meta­
vanadate gave discordant results which approached the 
hexavanadate in composition.

Analysis

The compounds were analyzed for vanadium and di­
amine. (1) Vanadium is determined readily by direct 
ignition to vanadium pentoxide in a platinum crucible. 
The fluid vanadium pentoxide should be allowed to run 
off the un-oxidized part to ensure complete oxidation.

(2) The diamine can be determined by a modified Kjel­
dahl method. A sample (0.4 to 0.6 g.) is digested with 
sulfuric acid and potassium sulfate, but without the addi­
tion of any other oxidation catalyst. The vanadium 
pentoxide brings about complete oxidation in one and a

quarter hours. The ammonia is then distilled and 
titrated in the usual manner. The results3 allow the ratio 
between vanadium and diamine to be determined quite 
accurately.

The water content was based upon the vanadium and 
diamine determinations. The results were: (1) ethylene­
diamine meta vanadate, 38.99, 38.99, 39.08, and 39.13% 
vanadium and 23.24, 23.02, 23.73, and 22.90% ethylene­
diamine; calculated for C2H4(NH2)2'2HV03, 39.19% 
vanadium and 23.11% ethylenediamine; (2) ethylene­
diamine hexavanadate, 39.46 and 39.50% vanadium 
and 15.31 and 15.25% ethylenediamine; calculated for 
2C2H4(NH2)2-H4V60i7-4H20 , 39.50% vanadium and
15.53% propylenediamine; (3) propylenediamine hexa­
vanadate, 39.75, 39.99, and 40.10% vanadium and 19.56 
and 19.20% propylenediamine; calculated for 2C3H6- 
(NH2)2H4V60i7-2H20, 39.91% vanadium and 19.35% 
propylenediamine.

Properties
Ethylenediamine meta vanadate is golden-yellow in color 

when prepared by precipitation from an ammonium meta­
vanadate solution or white when precipitated from an 
ethylenediamine solution. Both hexavanadates are 
brownish-yellow. All three compounds are insoluble in 
alcohol, ether, acetone, dioxane, and benzene, and are not 
appreciably soluble in water. All are soluble in aqueous 
solutions of ammonia, ethylenediamine, propylenediamine, 
and 30% hydrogen peroxide.

The compounds undergo no detectable change in com­
position on standing in diffused light for one month, but 
turn dark when exposed to direct sunlight. The hexa­
vanadate and yellow metavanadate of ethylenediamine 
change to the white metavanadate when allowed to re­
main in a solution of ethylenediamine until just colorless.

Summary
The preparation and some properties of ethyl­

enediamine hexavanadate, propylenediamine 
hexavanadate, and ethylenediamine metavana­
date have been described. Attempts to prepare 
propylenediamine metavanadate gave discordant 
results.
Madison, Wisconsin Received June 2, 1938

(3) The method was checked by determining the diamine content 
of ethylenediamine dihydrochloride, carefully purified by recrystal­
lization and dried over calcium chloride. For this purpose about 
0.2 g. of vanadium pentoxide was used as a catalyst in the digestion. 
The variation amounts to 0.5 to 0.8% of the diamine content.
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[Contribution from the Sterling Chemistry Laboratory of Yale University]

The Elimination of Liquid Junction Potentials. I. The Solubility Product of
Silver Chloride from 5 to 45°

By Benton Brooks Owen

There are two types of liquid junctions com­
monly encountered in electrochemical studies: 
homoionic junctions formed by juxtaposition of 
solutions differing only in ionic concentrations, 
and heterionic junctions involving differences in 
ionic species. The potentials of heterionic junc­
tions are not subject to simple thermodynamic 
definition,1 which accounts for the necessity of 
their “elimination” when such junctions occur in 
cells used for thermodynamic purposes. This 
elimination has been attempted by both mathe­
matical and physical means, but it always in­
volves some extra-thermodynamic hypothesis 
which remains to be justified on empirical grounds. 
In the method described in this communication, 
the essential hypothesis is so simple in principle, 
and direct in operation, that the possibility of its 
adequate experimental verification is unusually 
high. A variety of data may be used in this 
connection, and will be presented in this paper, 
and elsewhere.2

Outline of the Method
The method involves the study of series of 

cells containing solutions of varying concentra­
tions of the dissimilar ions giving rise to the 
junction potentials, but maintained at constant 
total ionic strength by the presence of an addi­
tional electrolyte which takes no part in the elec­
trode reactions. Extrapolation to zero concen­
tration of the dissimilar ions eliminates the junc­
tion potentials. The effect of the inert electrolyte 
can be eliminated by subsequent extrapolation to 
zero ionic strength. Somewhat similar schemes 
have been used, or implied, in the work of previous 
investigators,3 but the simplicity of linear ex­
trapolations was not obtained. This practical 
advantage of the present method is probably a 
consequence of the simple behavior of electro­
lytes in mixtures at constant ionic strength,4 and

(1) Harned, J . Phys. Chem., 29, 433 (1926); Taylor, ibid., 31, 1478 
(1927); Guggenheim, ibid., 34, 1758 (1930); 33, 842 (1929).

(2) Owen and Brinkley, T h is  J o u r n a l , 60, 2233 (1938).
(3) Linhart, T h is  J o urn al , 38, 2356 (1916); Lewis and Randall, 

'‘T herm odynam ics,M cG raw -H ill Book Co., New York, 1923, p. 
418; Harned and Robinson, T h is  J o u r n a l , 50, 3157 (1928); Popoff 
and Kunz, ibid., 51, 382 (1929).

(4) Güntelberg, Z. physik. Chem., 123, 199 (1926); Harned, This 
Jo ur n a l , 48, 326 (1926).

the attainment of maximum symmetry in the 
electrode-electrolyte systems.

The determination of the solubility product of 
silver chloride was selected to illustrate the 
method because the results may be used as an in­
dependent check on the standard potential of 
the silver electrode.2 The cells can be repre­
sented as follows
Ag, AgCl KC1 (x)m 

K N 03( l- t f )w
KNOsO) AgN03(#)ra

K N 03( 1 - x)w AgCl, Ag+

The total ionic concentration in each solution is 
m, but a fraction, x, of this is composed of chloride 
ion in the left-hand compartment, and silver ion 
in the right. The e. m. f. of such a cell is given by

E — k log a'As/aA& =*= Ej (1)

Ej is the sum of the unknown liquid junction 
potentials, k = 0.000198447", and a 'Ag and aAg 
represent the activities of the silver ion in the 
right-hand and left-hand solutions, respectively. 
The solubility product

K  = aAeaG\ (2)

can be used to eliminate aAg in the left-hand 
solution, and equation (1) becomes

E — k log a'Agaci = — k log K  =*= Ej (3) 

The introduction of the concentrations, xm, and 
the individual ionic activity coefficients leads to 

E  — 2k log xm = — k log K  +  k log tcit 'as =*= -Ej (4) 

The last two terms of this equation are not in­
dependently defined by thermodynamics alone, 
and this fact constitutes the essential limitation 
on the use of cells with heterionic liquid junctions.

Inspection of equation (4), and consideration 
of the symmetry of the electrochemical system it 
represents, shows that if m is held constant while 
x is varied, extrapolation to # = 0 must yield
[E — 2k log ( m )] I=0=

- k l 0 g K +  [k log Y C lY A g h - O  (5)

because becomes zero under this condition. 
Since it is no longer necessary to retain the prime 
on y 'Ag when # = 0, the last term is amenable to 
thermodynamic treatment, and can be expressed 
as a function of m similar to that for any uni­
univalent strong electrolyte,
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To allow compact graphical representation of 
the experimental results, the term 2k a ^ m  will be 
added to both sides of equation (5) (a = Debye- 
Hückel limiting slope). Since this term is not a 
function of x, the extrapolation function may be 
rewritten as follows
[E — 2k log (xm) +  2ka\Zm]x̂ Q = —k log K  +

\k log 7ci YAg +  2ka \/m ]x„0 (6)

The determination of [E — 2k log (xm) +  
2kay/m\x=Q by extrapolation at various values 
of m is shown in Fig. 2. The determination of 
— k log K  by subsequent extrapolation of these 
intercepts to m = 0 is given in Fig. 3. This final 
step is equivalent to the familiar Hitchcock5 ex­
trapolation.

Materials and Technique
W ater from an electrically heated Barnstead still was 

used in the purification of chemicals, and the preparation 
of stock solutions. “Jena” sintered glass mats were used 
in all filtrations. Concentrations of stock solutions were 
based upon weights of water and dry salts. Vacuum cor­
rections were applied throughout.

The silver nitrate was Merck “Reagent” grade, recrys­
tallized once, and air dried at 85 to 95° for twenty-four 
hours. Just before use, it was heated for five hours to 100 ° 
under reduced pressure ( <1 mm.). The 0.05 molal stock 
solution was shielded carefully from light, and protected 
from contact with reducing substances and laboratory 
fumes.

The potassium chloride was Baker “Analyzed” grade, 
recrystallized twice. I t  was dried for two days at 95° 
followed by three days a t 115°. The potassium nitrate 
was from the same source as the chloride, and received the 
same treatment.

The electrodes were prepared by decomposition of well- 
washed silver oxide at 450 °, followed by electrolysis (series) 
in 0.5 m hydrochloric acid solutions a t 3 m. a. for two or

(5) Hitchcock, T his J o u r n a l , 50, 2076 (1928).

three hours. They were shielded from strong light a t all 
times. An effort was made to have them very similar to 
those used by Harned and Ehlers,6 because the standard 
potentials reported by them are to be combined with the 
present results to obtain the standard potential of the 
silver electrode.

The cell construction is illustrated in Fig. 1. The inlets 
numbered 1 and 5 are connected to flasks containing the 
air-free chloride and silver solutions, and number 3 is con­
nected to the pure potassium nitrate junction solution. 
All connections which come in contact with cell solutions 
are ground glass joints, lightly greased with vaseline which 
had been boiled with silver nitrate solution, and subjected 
to numerous rinsings with hot water. The cells are 
evacuated through the lower outlets to stopcocks 6 and 7. 
Then nitrogen, freed of oxygen by copper turnings a t 700°, 
is introduced through 2 and 4. By successive evacuation 
and admission of nitrogen, the air is completely displaced 
from the cells and connections to solution flasks. After a 
final evacuation, cell solutions are admitted, under slight 
pressure, through 1 and 5 until the pressure inside exceeds 
the atmospheric. The electrodes are lifted slightly, one at 
a time, to allow the ground glass joints to be rinsed by 
overflowing cell solutions. After half an hour the cells are 
emptied through 6 and 7, and fresh solutions admitted. 
About twelve hours later, this rinsing process is twice re­
peated before e. m. f. readings are begun a t 5°. Since 
equilibrium is slowly attained a t this temperature, the 
readings usually extended over two or three hours. At 
higher temperatures one hour is quite sufficient. The 
temperature of the water-bath varied by =*= 0.02° at 5 and 
15 but was controlled within 0.010 at the higher tempera­
tures.

After each reading, the junctions (3-mm. bore of stop­
cocks) were flushed through the outlets of 6 and 7, but as an 
additional precaution against contamination by diffusion^ 
or otherwise, the cells and ground glass joints were rinsed 
several times with fresh solutions during the course of the 
measurements, usually a t 25 and 45 °.

Experimental Results and Discussion
The experimental data are collected in Table I. 

The results of all measurements are included 
except two early ones in which the product xm was
0.002, or less. Erratic results were obtained with 
silver ion concentrations of this order unless the 
electrodes were rinsed thoroughly with the solu­
tion, and extra time allowed for equilibrium at 
the lower temperatures. The recorded values of 
E  are the means of pair-wise combinations of the 
six electrodes. These were ordinarily concordant 
well within 0.1 mv. The over-all reproducibility 
of a cell was also of this order at the higher con­
centrations, but irregularities as high as 0.1 and
0.15 mv. were sometimes observed at m = 0.02 
and m = 0.01, respectively. The effects of these 
irregularities can be seen in Fig. 2, where the radii 
of the plotted circles are 0.1 mv.

(6) Harned and Ehlers, ibid., 55, 2179 (1933).
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The plots for all values of m and T  show that a 
linear extrapolation is indicated on purely em­
pirical grounds. Because of experimental difficul­
ties when xm <  0.002, a rather long extrapolation 
is required at low values of m , but when m =
0.05 the linearity of the extrapolation function 
seems definitely established down to x = 0.05. 
These observations are corroborated by analogous 
plots from a study of buffer solutions.2 This is an 
important point because the possibility of this ex­
trapolation, and its linearity (or form ultimately 
arrived at by further study) constitute the extra- 
thermodynamic hypothesis upon which this method 
of eliminating liquid junction potentials is based.

The intercepts obtained from the extrapolations 
in Fig. 2 are recorded in Table I to the nearest
0.05 mv.

Table I
Observed Electromotive Forces and Intercepts from

t h e  First Extrapolation (F ig. 2)
X t°  5°

_ 
oi 

^
 

°

II

25°
0.05

35° 45°

0.4 0.38790 0.37623 0.36503 0.35455 0.34445
.2 .35432 .34166 .32935 .31771 .30635
.1 .32105 .30720 .29370 .28086 .26836
.05 .28774 .27272 .25807 .24408 .23036

Int. .58700 .58295 
m  s*

.57930
0.03

.57635 .57375

0.5 0.37641 0.36436 0.35285 0.34185 0.33129
.3 .35153 .33868 .32632 .31455 .30318
.2 .33205 .31841 .30543 .29289 .28082
.1 .29854 .28386 .26962 .25592 .24273

Int. .58620 .58200 
m —

.57835
0.02

.57525 .57270

0.6 0.36739 0.35492 0.34302 0.33170 0.32091
.4 .34742 .33440 .32185 .30989 .29825
.3 .33345 .32000 .30695 .29436 .28238
.2 .31371 .29946 .28593 .27286 .26017

Int. .58560 .58140 
m —

.57780
0.01

.57465 .57200

0.6 0.33592 0.32239 0.30930 0.29683 0.28482
.4 .31610 .30203 .28829 .27520 .26256
.3 .30206 .28725 .27318 .25965 .24655
.2 .28249 .26708 .25226 .23806 .22431

Int. .58535 .58100 .57730 .57420 .57150

Figure 3 shows the plots of these intercepts 
against mf which according to equation (6) per­
mits the evaluation of —k log K  by extrapolation 
to m — 0. These extrapolations are also linear 
within the estimated uncertainty of =*= 0.1 mv. 
for the plotted points, which are drawn with
0.1-mv. radii. It will be noted that the straight 
lines intersect all the points except two at 5° where 
experimental difficulties were high, and the ac~

0 0.2 0.4 0.6
x.

Fig. 2.—Elimination of Ej by extrapolation; O, 
m =  0.05; 3 , m — 0.03; €), m =  0.02; ®, m — 0.01.

curacy correspondingly low. It appears from the 
plots that the purely extrapolative uncertainty in 
— k log K  might exceed 0.2 mv. at 5°, but not at 
the other temperatures.

The intercepts, —k log K, from the extrapola­
tions in Fig. 3 are recorded in the second column 
of Table II to the nearest 0.1 mv. Their varia­
tion with temperature is satisfactorily expressed 
by
k l o g K =  -0.5768 +  345 (t -  25) 10“6 -2 5  (t -  25)210"7

(7)
or

log K  = 9.2496 -  4544.4/ T  -  0.012598F (8)

Values calculated by these equations are given in 
the third and fourth columns, respectively. The 
solubility of silver chloride in pure water was 
calculated by the equation

log m 0 =  y2 log K  +  o ls/ cq (9)

which assumes the applicability of the Debye- 
Hiickel limiting law at such high dilutions. The 
solubility, ra0, is in moles per kilogram of water, 
and Co is the corresponding value in moles per 
liter of solution.

The absolute accuracy of the results depends 
mainly upon three factors. These are the ac­
curacy with which the concentrations are known,
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T a b l e  I I

I n t e r c e p t s  f r o m  S e c o n d  E x t r a p o l a t io n  (F ig . 3 )  a n d  
S o l u b il it y  o f  S il v e r  C h l o r id e

t°
— k  log K  

Int. Eq. (7)
— log K  
Eq. (8)

Solubility
mo X105 coXlO5

5 0.5848 0.5847 10.5950 0.505 0.505
15 .5805 .5805 10.1536 0.841 0.840
25 .5768 .5768 9.7508 1.338 1.334
35 .5736 .5736 9.3818 2.048 2.036
45 .5709 .5709 9.0440 3.026 2.997

the physical state (and purity) of the silver chlo­
ride, and the validity of the extension of the plots 
in Fig. 2. The uncertainties in the concentrations 
could hardly cause an error greater than 0.1 mv.

Fig. 3.—Evaluation of — k log K  by extrapolation 
to infinite dilution.

The preparation of the electrolytic silver chloride 
has been described in the foregoing section. A 
review7 of the determinations of the standard 
potential of the electrolytic silver-silver chloride 
electrodes shows that the results of the several 
independent investigators agree within 0.1 to
0.4 mv. This may be taken as indicative of high 
thermodynamic reproducibility of electrolytic sil­
ver chloride, because this agreement must also 
include uncertainties in analysis and extrapolation, 
and possible differences in the physical state and 
purity of the metallic silver. In the present solu­

(7) Prentiss and Seatchard, C h e m .  R e v . ,  13, 139 (1933).

bility product determination the thermodynamic 
properties of the metallic silver cancel in the op­
eration of the cell, so long as they are the same in 
all of the electrodes. It was to ensure this iden­
tity that all six of the electrodes used in any cell 
were electrolyzed in series, without distinction as 
to which were to be used in the silver and which 
in the chloride solutions. It is therefore probable 
that the absolute accuracy of the final results 
is of the same order as that of the two extrapola­
tions. This seems to be better than =*=0.2 mv. 
on the basis of the plots as drawn, but if linearity 
is not strictly maintained, then, in the absence of 
further data at high dilutions, the uncertainty 
might easily be twice as great.

Although comparison with values previously 
recorded in the literature constitutes a satisfac­
tory check upon the essential correctness of the 
results, it does not furnish a dependable criterion 
of their absolute accuracy, because the discord­
ance among such values appears to be much 
greater than the combined experimental errors 
of the various measurements. Variability in the 
physical condition of precipitated silver chloride 
is responsible for most of the difficulty. There 
are several papers which review8,9 the literature, 
and discuss possible explanations of the discrep­
ancies, so this matter need not be elaborated. 
Three previous investigations cover a considerable 
temperature range. Kohlrausch10 determined the 
solubility of well-aged, precipitated silver chloride 
conductometrically from 1.55 to 34.12°. His 
values are about 3% lower than the present re­
sults. The results of the electrometric titrations 
of Hahn and Klockmann11 (15 to 40°) are in good 
agreement, while the nephelometric values (0 to 
50°) of Dave and Krishnaswami9 are 3 to 4% 
higher. This is representative of the agreement 
to be expected when precipitated silver chloride 
is involved. Accordingly the score of deter­
minations at single temperatures will not be dis­
cussed further than to consider one particular 
experiment in which electrolytic silver chloride was 
employed.

Brown and Maclnnes12 found that the solu­
bility of silver chloride is 1.570 X 10~5 mole per 
liter in a 0.0286 normal solution of potassium ni­
trate at 25°. Although precipitated silver chlo-

(8) Glowczynski, Kolloidchem. Beihefte, 6, 147 (1914).
(9) Dave and Krishnaswami, J .  Ind ian  Inst. Sci., 16, 153 (1933); 

cf. also Johnson and H ulett, T h i s  J o u r n a l , 55, 2258 (1933).
(10) Kohlrausch, Z. physik. Chem., 64,129 (1908).
(11) Hahn and Klockmann, ibid., A146, 394 (1930).
(12) Brown and M aclnnes, T h i s  J o u r n a l , 57, 459 (1935).
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ride was formed during the course of their elec­
trometric titrations, the electrodes were coated 
with the electrolytic-variety. If the concentra­
tion of silver chloride in the immediate neighbor­
hood of the electrodes was successfully con­
trolled by the electrolytic variety, the results 
should be comparable with those of the present 
research. Interpolation based on Fig. 3 leads to 
1.577 X 10 ~5, in excellent agreement with the 
above, but the value for the solubility in pure 
water reported by Brown and Maclnnes is 1.314 X 
10-5, which is 1.5% lower than that given in 
Table III. The discrepancy is caused by the 
difference between the activity coefficients used by 
Brown and Maclnnes13 and those which may be 
obtained from consideration of equation (6) and 
Fig. 3. The slope of the 25° plot in Fig. 3 is
0.051, which leads to the expression

log 7 == -0.506 V m +  0.43m (10)

for the activity coefficient of silver chloride. On 
the basis of this equation, the result of Brown and 
Maclnnes would be increased to 1.332 X 10~~5.

Although this concordance leaves little to be
(13) Values obtained by Neuman [ T h i s  J o u r n a l , 54, 2195 (1932)] 

from solubility measure ments in which presence of precipitated silver 
chloride was determined by Tyndall beam.

desired, it should be borne in mind that two 
electrometric determinations of the solubility of 
identical samples would not be strictly com­
parable unless the extra-thermodynamic hy­
potheses used to eliminate liquid junction po­
tentials could be verified experimentally, or 
shown to be equivalent. It therefore seems 
necessary to reserve final judgment upon the 
absolute accuracy of the results reported in this 
paper until the reliability of the hypothesis rep­
resented by Fig. 2 has been established, or dis­
credited, by further experimental work. Some 
familiar indirect checks upon the accuracy of 
solubilities and their temperature coefficients will 
be considered in a later communication.2

Summary
A method is proposed by which heterionic liq­

uid junction potentials may be eliminated by 
extrapolation. Experimental data are presented 
which indicate that the junction extrapolation 
is linear as a first approximation.

The method is applied to the determination of 
the solubility product of electrolytic silver chlo­
ride in water at 5, 15, 25, 35, and 45°.
N e w  H a v e n , C o n n . R e c e iv e d  J u n e  11, 1938

[C o n t r ib u t io n  f r o m  t h e  S t e r l in g  C h e m is t r y  L a b o r a t o r y  o f  Y a l e  U n i v e r s i t y ]

The Elimination of Liquid Junction Potentials. II. The Standard Electrode Poten­
tial of Silver from 5 to 45°, and Related Thermodynamic Quantities

B y  B en t o n  B rooks  O w e n  and Stu a rt  R. B r in k l e y , J r .1

$In the first paper of this series,2 an extrapolation 
method for eliminating heterionic liquid junction 
potentials was described, and employed in a de­
termination of the solubility product of silver 
chloride. I t was considered desirable to test the 
validity and generality of the method by applying 
it to a comparison of the silver and hydrogen elec­
trodes in buffer solutions. The results of these 
two investigations are interrelated through the 
potential of the silver-silver chloride electrode, 
and can be used to check one another. By the 
use of identical measuring equipment and techni­
que, and consistent supplementary data, the con­
cordance of these results becomes a necessary, but

(1) This communication embodies part of the experimental ma­
terial to be presented by Stuart R. Brinkley, Jr., to  the Graduate 
School of Yale University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy.

(2) Owen, T h i s  J o u r n a l , 60, 2229 (1938).

not a sufficient, condition to the validity of the 
extra-thermodynamic extrapolation upon which 
the method is based. Complete demonstration 
of its validity is contingent upon further direct 
investigation of the extrapolation, and compari­
son of its consequences with thermodynamic 
data obtained without recourse to liquid junc­
tions. Several such comparisons can be made 
with the data at hand, and others will be avail­
able in the future.

Buffer solutions were used to depress and sta­
bilize the hydrogen ion concentration, so tha t 
transfer of electricity across the liquid junction 
would be accomplished, for the most part, by ions 
other than hydrogen. The cell may be repre­
sented as follows
H21 HAc(w). NaAclm) |HAc(w)iNaAc(w — mx), AgAc(mx) I Ag+ 
The ionic strength, ju — tn, is practically identical
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on both sides of the junction, but a small fraction, 
x , of the total salt in the right-hand solution is 
silver acetate. The electromotive force of this 
cell is given by

E  =  —Hog anA&Ag =*= -Ej U)
where k = 0.00019844T, and <$H and a'Ag denote 
the activities of the hydrogen and silver ion in the 
left and right-hand solutions, respectively. The 
ionization of acetic acid requires that

aK — X öhac/ öac (2)
and by substitution, equation (1) becomes

E  =  +  k log a igaAcAHAc -  k log K  ±  £ , (3)
With a buffer ratio unity, it is permissible to write 

= K  throughout the concentration range in­
vestigated. Accordingly equation (3) becomes 
E — k log mx(m +  K) / ( m  — K)  +  k log K  =

-E°Ag +  k log TigTAc/THAc =*= Ej (4)

by rearrangement, and introduction of concentra­
tions and the corresponding ionic activity coeffi­
cients.

I t is evident that when x = 0 the solutions are 
identical, and vanishes. At constant m, a 
plot of the left-hand member against some con­
venient function of x yields the intercept 
[E — k log mx(m +  K) / ( m  — K) +  k log K]x^  —

-£ ® g +  k log TAgTAc/7 HAc (5)

Since the two solutions are identical, it is no longer 
necessary to retain the prime on the activity co­
efficient term. At high dilutions, this term be­
comes equal to —2ka \/rm, where a is the Debye- 
Htickel limiting slope. Therefore we may add 
2ka ^/m  to the values of the bracketed term of 
equation (5), and extrapolate3 the resulting quan­
tities to zero ionic strength. The intercept is
- K s .

Materials and Technique
Baker c. P. glacial acetic acid was purified further by one 

partial freezing, and two distillations from chromic oxide 
in an all-glass still. The acid was diluted with conduc­
tivity water to form a stock solution approximately 0.2 
molal. I t  was standardized by comparison with Bureau of 
Standards potassium acid phthalate and an independently 
standardized hydrochloric acid solution. The titer was 
known to ±0.04%. The solution was stored under 
hydrogen. Eimer and Amend c. p. silver acetate was 
analyzed gravimetrically, as silver bromide, and found to 
be 99.45 ±  0.03% silver acetate. I t was used on this 
basis without further purification. Baker and Adamson 
sodium bicarbonate was recrystallized once from distilled 
water saturated with carbon dioxide, and dried in an a t­
mosphere of carbon dioxide. Commercial nitrogen and 
hydrogen were freed from oxygen by passing them over

copper turnings at 700°. Sodium carbonate was prepared 
fresh for each cell solution by heating the bicarbonate, in a 
platinum dish, in an electric furnace a t 290 ± 1 0 °  for at 
least ten hours.

The calculated amounts of sodium carbonate, silver 
acetate, acetic acid stock solution and water were weighed 
into the solution flasks to obtain solutions with the de­
sired values of x , m and a buffer ratio of unity. Con­
ductivity water was used, and vacuum corrections applied. 
The solutions for the hydrogen half-cell were swept with 
hydrogen which had passed through a saturator of large 
volume, and they were then kept under hydrogen. The 
silver half-cell solutions were swept with nitrogen, and 
stored under this gas. The silver solutions were protected 
from light.

The essential features of the cell have been described by 
Owen.2 No intermediate solution was required, and our 
cell differs from his only in the elimination of one of the 
junction stopcocks, and the necessary modifications for the 
electrodes employed. The silver electrodes were prepared 
by the thermal decomposition of silver oxide a t 450°. 
The sample of silver oxide which was used was the same as 
for the previous investigation.2 The hydrogen electrodes 
were of the usual type employed in work from this Labora­
tory. The measuring equipment was the same as that 
of the previous investigation, and the technique was 
practically identical. The cells were filled twelve hours 
before the first measurement, the usual vacuum technique 
being employed. Measurements were made from 5 to 
45° at 10° intervals, and the cells were refilled frequently 
during the course of the measurements.

Discussion of the Results
The observed electromotive forces of the cells 

were corrected to a partial pressure of hydrogen 
of one atmosphere, and to round temperatures. 
They are recorded in Table I. The reported 
values are the mean of two cells (of four cells, in a 
few cases) differing by no more than 0.03 mv. In 
one case (m =  0.05, x = 0.089), the value repre­
sents two independent runs. The first group of 
cells were taken from 5 to 45° in one day. The 
second were taken from 5 to 25°, maintained at 
25° for three days, returned to 5° and then taken 
to 45°. All values for the two runs agree within 
the deviation noted above. The cells therefore 
appear to be very stable once equilibrium is at­
tained. Reproducible results were not obtained 
for silver concentrations below 0.002 molal, and 
these results have been discarded.

The values for the dissociation constant of ace­
tic acid were taken from a paper by Harned and 
Ehlers.4 The left-hand member of equation (4) 
is plotted against x in Fig. 1 at the five tempera­
tures investigated. The results at 25° are simi­
larly plotted on a larger scale in Fig. 2 to illustrate

(4) Harned and Ehlers, ibid., 55, 652 (1933), Equation 7.(3) Hitchcock, T his J o u r n a l , 50, 2076 (1928).
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T a b l e  I

O b s e r v e d  E l e c t r o m o t iv e  F o r c e s  a n d  I n t e r c e p t s  fro m  
t h e  F ir s t  E x t r a p o l a t io n  (F ig . 1)

* t ° . ..........5° 15° 25° 35° 45°
m  = 0 .05

0 .2 2 9 9 0 .9 6 0 8 5 0 .9 5 4 7 7 0 .9 4 9 4 4 0 .94452 0 .93977
.1660 .95428 .94793 .94258 .93748 .93252
.1299 .94917 .94265 .93717 .93166 .92659
.0892 .94101 .93413 .92837 .92283 .91737
.0652 .93389 .92626 .92083 .91493 .90938
.0475 .92612 .91944 .91296 .90696 .90109

Intercept .80910 .79830 .78805 .77740 .76630

m  =  0 .03

0 .4 0 0 .9 6 5 1 2 0 .9 5 9 6 0 0 .9 5 4 6 1 0 .95021 0 .94598
.30 .95893 .95323 .94807 .94347 .93892
.2299 .95312 .94718 .94177 .93675 .93202
.1299 ' .93990 .93350 .92789 .92234 .91716
.10 .93385 .92725 .92141 .91572 .91029

Intercep t .81070 .80015 .79015 .77950 .76870

m  =  0 .02

0 .5 0 0 .9 6 3 0 2 0 .9 5 7 4 8 0 .9 5 2 4 8 0 .94801 0 .94367
.40 .95807 .95235 .94708 .94245 .93796
.3 0 .95143 .94549 .94006 .93513 .93042
.20 .94222 .93583 .93018 .92491 .91983
.15 .93544 .92887 .92295 .91750 .91222

Intercept .81195 .80155 .79145 .78105 .77040

m  — 0.01
0 .6 0 0 .9 5 2 8 5 0 .9 4 6 9 1 0 .9 4 1 6 5 0 .9 3 6 5 7 0 .93202

.40 .94370 .93739 .93175 .92642 .92146

.30 .93701 .93055 .92468 .91918 .91402

.20 .92748 .92073 .91458 .90878 .90334
Intercept .81370 .80335 .79330 .78315 .77255

Fig. 1.—Extrapolation to eliminate liquid 
junction potentials: O, m — 0.05; ©, m = 0.03;
0 , m  — 0 .0 2 ; 9 ,  m  =  0 .0 1 .

the accuracy of the extrapolation. In Fig. 2, the 
radius of the experimental points represents an 
uncertainty of 0.1 mv. With the exception of a 
single point at 5° (m =  0.05, x = 0.047), the de­
viations from linearity are in no cases greater than
0.10 mv. This result for cells with buffer solu­
tions corroborates the linearity previously ob­
served2 without buffer solutions. In tha t inves­
tigation, the slope of the extrapolation function in­
creases with increase in ionic strength; in this 
investigation, the slope has the opposite sign, and 
shows an algebraic decrease with increasing ionic

0 0.2 0.4 0.6
x.

Fig. 2.—Extrapolation to eliminate liquid junction 
potentials a t 25°. Radius of circles is 0.1 mv.: O, 
m = 0.05; € , m =  0.03; 0 , m =  0.02; m  =  0.01.

strength that is more rapid than in the former 
case. By reason of its steeper slope, the extrapo­
lation at m = 0.05 is probably of no greater ac­
curacy than that at m — 0.02, although in the 
former case it was possible to extend the measure­
ments to a lower value of x. It should be noted 
that a plot of the electromotive forces of these 
cells against x does not form a basis for the estima­
tion of the magnitude of the liquid junction poten­
tial, or of its variation with total ionic strength or 
temperature, since these plots also contain the 
variation of the unknown activity coefficient term, 
log Tig+TAc-AiiAc- The linearity of the extra­
polation function seems established within the ex­
perimental error for the concentration range 
which has been investigated with both types of 
cells.

The intercepts from the extrapolation in Fig. 1 
are recorded in Table I to the nearest 0.05 mv. 
The term 2ka s/m  is added to these intercepts as 
explained above, and the resulting quantities ex-
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Fig. 3.—Extrapolation to eliminate activity coef­
ficients.

trapolated to infinite dilution in Fig. 3. The 
values of EAg thus obtained are recorded in Table
II. Uncertainties in concentrations, temperature

T a b l e  II
S t a n d a r d  E l e c t r o d e  P o t e n t ia l  o f  S il v e r , a n d  D e ­
r i v e d  T h e r m o d y n a m ic  Q u a n t it ie s  f o r  t h e  E l e c t r o d e  

R e a c t io n

, ° c .
-■Ea*
Obsd.

0
-EAg 

Ref. 2
-E°Ag

Eq. (7) AH 0 A <V
5 0.81855 0.8187 0.81858

15 .8087 .8090 .80891 22.46 25,127 9.30
25 .7990 .7992 .79910 22.79 25,221 9.62
35 .7891 .7892 .78915 23.10 25,319 9.95
45 .7788 .77915 .77906

and the measurement of the electromotive force 
are not likely to cause an error as great as 0.1 mv. 
and hence the uncertainties in E^g may be as­
signed to that of the two extrapolations, which we 
estimate to be less than =±=0.2 mv.

In the previous paper,2 values of the logarithm 
of the solubility product of silver chloride have 
been tabulated. E°Ag can be calculated from the 
relation

Eig — k log K  +  E^gci (6)

We have employed Harned and Ehlers’ values5 of 
-̂ AgCi because their investigation led to the values 
of the dissociation constant of acetic acid4 which 
we have used above. The result of this calcula­
tion is given in column three of Table II. The 
two sets of data constitute a satisfactory check on 
the precision of the measurements. The differ­
ence between the two sets of values is well within 
the combined experimental uncertainties of the 
two determinations. Accordingly, we consider 
the best values of E°Ag to be the mean of the two 
determinations. This can be expressed satisfac­
torily by the equation
£ ig =* -0.7991 +  0.000988(* -  25) +  7 X 10~7 8(* -  25)2

(7)
Values calculated from this equation are given in 
Table II, column 4. The maximum deviation 
of observed from calculated values is 0.26 mv., 
and the average deviation is 0.11 mv. for both 
series of results. Since the temperature coeffi­
cient of EAg is of particular interest, it should be 
remarked that by a change in the constant term 
this equation will reproduce either set of values 
with a maximum deviation of 0.1 mv., and an 
average deviation of 0.05 mv. The values from 
the equation are used in all subsequent calcula­
tions.

Lewis6 and Noyes and Brann7 have compared 
the silver electrode in a 0.1 normal silver nitrate 
solution with the 0.1 normal calomel electrode. 
On the basis of various values for the reference 
electrode potential, and of various assumptions 
regarding the liquid junction potential and ionic 
activities, different authors have obtained the 
values — 0.79956 8 and -0.79789 for E°Ag at 25° 
from these dat^,. Chloupek and Danes10 have 
compared the silver electrode in a silver sulfate 
solution with the decinormal calomel electrode, 
using various bridge solutions. They obtain 
—0.7996 for E°Ag at 25°. Considering the diver­
sity of the methods used to eliminate liquid junc­
tion potentials, the agreement of these values 
with ours seems satisfactory.

Differentiation of equation (7) yields
dE^g/ d r  = 0.000988 +  1.4 X 10“6(* -  25) (8)

(5) Harned and Ehlers, T h i s  J o u r n a l , 55, 2179 (1933), Equation  
7.

(6) Lewis, i b i d . ,  28, 158 (1906).
(7) N oyes and Brann, i b i d . ,  34, 1016 (1912).
(8) Lewis and Randall, “Thermodynamics and the Free Energy 

of Chemical Substances,” McGraw-Hill Book Co., New York, N . Y., 
1923, p. 414; Gerke, Chem. Rev., 1, 377 (1925).

(9) “ International Critical Tables,” Vol. VI, p. 333.
(10) Chloupek and Danèg, Coll. Czech. Chem. Comm., 4, 124 (1932).
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Skotnicky41 has measured the temperature coeffi­
cient of various half-cells against reference elec­
trodes maintained at constant temperature. 
His method involves a thermal e. m. f. in the 
bridge solution, and a correction for the change in 
activity of the electrolyte with temperature, which 
is estimated from conductance measurements. 
He obtained the value 0.978 mv./deg. for dE \ J  
d T at 25°. Lingane and Larson11 12 have measured 
the temperature coefficient of the cell

Quinhydrone | HC104ci | HC104Ci, AgN03c2 | Ag 
They obtain the value 0.967 mv./deg. for A E \J  
dT at 25°. Their lowest concentration is 0.04 
molar, and they made no extrapolation to in­
finite dilution. Their silver ion concentrations 
are lower than those with which we could obtain 
reproducible results, and no account was taken of 
liquid junction potentials. In view of the nature 
of the calculations employed by Skotnicky, and 
by Lingane and Larson, we regard our value,
0.000988, as the most reliable figure.

Derived Thermodynamic Quantities
By application of familiar thermodynamic rela­

tions to equations (7) and (8), AS0, AH'0 and A Cl 
are computed readily for the electrode reaction 

Ag +  H + — ^  V2H2 +  Ag+
The values of these quantities are given in Table 
II for 15, 25 and 35°, the three temperatures at 
which equation (7) best reproduces the experimen­
tal results.

The solubility products of the silver halides 
may be computed from the relation

k log AAgx -  E°A g- E ° MX (6a)
By substitution of equation (7) from this paper, 
and the equations for the temperature variation 
of the standard silver halide electrode poten­
tials5,13,14 into equation (6a), the following expres­
sions for the logarithm of the solubility product 
are obtained
k log K As01 = -0.57671 +  0.00034248(* -  25) -

2.584 X 10“6(* -  25)2 +  9.948 X 10“9(* -  25)3 14
k log AAgBr =  -0.72776 +  0.000490(/ -  25) -

2.9 X 10~6(* -  25)2 (9)
k log K As1 =  -0.95129 +  0.000660(* -  25) -

2.9 X 10"6(2 -  25)2 
or
-  log K ag0i =  5905.8/ T  -  22.8538 +  0.057854L -

5.0131 X 10“5r 2
(11) Skotnicky, Coll. Czeck. Chem . Comm., 8, 498 (1936).
(12) Lingane and Larson, T h i s  J o u r n a l , 59, 2271 (1937).
(13) Owen and Foering, ibid., 58, 1575 (1936). Equation 2.
(14) Owen, ibid., 57, 1526 (1935). Equation 5.

-  log K Mbt = 5702.2/T  -  11.1822 +  0.014610P (10)
-  log fëAgi = 7084.0/L -  12.0389 +  0.014610L

Values of the logarithms of the solubility products 
and the corresponding solubilities are given in 
Table III. The solubilities have been converted

T a b l e  I II
S o l u b il it y  P r o d u c t s  a n d  S o l u b il it ie s  o f  t h e  S il v e r

H a l id e s

° c . AgCl
- lo g  K  c X 105

AgBr
- l o g  K  c X 106

Agl
- l o g  K  c X 10«

5 10.5945 0 .506 13.3860 0 .203 17.4980 0.178
15 10.1520 0.842 12.8201 .380 16.7598 .417
25 9.7492 1.337 12.3026 .704 16.0813 .908
35 9.3809 2.038 11.8280 1.213 15.4562 1.859
45 9.0425 3.002 11.3920 1.997 14.8792 3.599

into moles per liter of solution in order to facilitate 
comparison with the literature. Activity coeffi­
cients were calculated by the Debye-Hückel 
limiting law.

The discordance between the values in the lit­
erature for the solubility of silver chloride has 
been discussed in the previous paper.2 The same 
considerations apply to the bromide and iodide. 
Comparison with previously* recorded results does 
not, therefore, constitute a criterion of the abso­
lute accuracy of the results in Table III. Our 
values do constitute a self-consistent set of solu­
bilities which have been derived from e. m. f. 
methods alone. It is important to note in this 
connection that identical values of the standard 
potential of the silver-silver chloride electrode5 
were used in all of the supplementary data13,14 in­
volved in the construction of Table III. The solu­
bilities in Table III are 0.25% higher than those 
recorded by the first paper2 due to the combination 
of those data with ours in equation (7). The 
values in the literature for the solubility of silver 
bromide and silver iodide consist of determina­
tions at a single temperature. The mention of 
a few of these will be sufficient. The determina­
tion of the solubility of silver bromide at 21.1° by 
Kohlrausch and Dolezalek15 is 5% lower than our 
interpolated value. That of Bodlander and 
Fittig16 at 25° is 2% higher than ours. The dis­
cordance with other values is considerably 
greater. The disagreement with the few re­
corded values of the solubility of silver iodide is 
even greater. The value of Goodwin17 at 25° is 
5% higher than ours, and that of Thiel18 at the 
same temperature is 15% higher than ours.

(15) Kohlrausch and Dolezalek, Berl. Sitzber., 1021 (1901).
(16) Bodlander and Fittig, Z. physik. Chem., 39, 605 (1902).
(17) Goodwin, ibid., 13, 646 (1894).
(18) Thiel, Z . anorg. Chem., 24, 57 (1900).
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AgX —->■ Ag+ +  X -

t, °c. A S°
AgCl
AH 0 A C°p A So

AgBr 
A ffo A c°p AS0

Agl 
AH  0 ACp

15 9.19 16,022 - 3 4 .7  12.64 20,542 -38.5 16.56 26,865 —38.5
25 7.90 15,653 - 3 5 .5  11.30 20,150 -39.9 15.22 26,473 —39.9
35 6.77 15,313 -3 6 .3  9.96 19,749 -41.2 13.88 26,068 -4 1 .2

T a b l e  V
S u p p l e m e n t a r y  T h e r m o d y n a m ic D a t a 23

t, °c. 1 /2  h 2 Ag
c°

AgCl V AgBr Agl 1 /2  H 2 Ag AgCl AgBr Agl
15 3.43 6.09 12.05 12.38 12.87 15.50 10.00 22.59 25.16 26.66
25 3.43 6.10 12.14 12.52 13.01 15.61 10.20 23.00 25.60 27.10
35 3.44 6.12 12.23 12.66 13.15 15.73 10.40 23.40 26.03 27.53

6.62 5.65 9.37 8.81 8.81 =  a
0.81 1.50 9.29 14.1 14.1 =  b X 103

T a b l e  V I
R e l a t iv e  I o n ic  E n t r o p ie s  a n d  H e a t  C a p a c it ie s

t, °C. *sL + S ci~ S°Br~ S i ~ CpAg+
0

CpCl" CpBr “ C pi-

15 16.96 14.82 20.84 26.26 12.0 -3 4 .6 -3 8 .1 —37.6
25 17.38 13.52 19.52 24.94 12.3 -3 5 .7 -3 9 .6 -3 9 .2
35 17.87 12.30 18.12 23.54 12.6 -3 6 .7 -4 1 .2 -4 0 .7

By application of the usual thermodynamic re­
lations to equations (9) or (10), it is possible to 
compute A5°, AH0 and AC\ for the reaction, 
AgX — > Ag+ +  X~. The values óf these quan­
tities for the silver halides are given in Table IV 
for 15, 25 and 35°. Pitzer and Smith19 have cal­
culated the heat of solution at 25° of silver chlo­
ride from the heat of precipitation data of Lange 
and Fuoss.20 They obtain the value AH° —
15,74.0 cal. Latimer, Schütz and Hicks21 report 
26,710 cal. for the heat of solution of silver iodide, 
at 25° using the data of Lange and Shibata.22

The supplementary thermodynamic data nec­
essary for the computation of relative ionic en­
tropies and heat capacities are summarized in 
Table V.23 Using the convention that the en­
tropy of the hydrogen ion is zero at all tempera­
tures, the relative ionic entropies and heat ca­
pacities of the silver and halide ions have been 
calculated from the values in Tables II, IV and V. 
These quantities are summarized in Table VI at 
15, 25 and 35°.

(19) Pitzer and Smith, T h i s  J o u r n a l , 59, 2633 (1937).
(20) Lange and Fuoss, Z. physik. Chem., 125, 431 (1927).
(21) Latimer, Schütz and Hicks, J . Chem. Phys., 2, 82 (1934).
(22) Lange and Shibata, Z. physik. Chem., A149, 456 (1930).
(23) The entropy and heat capacity data at 25°, except for hydro­

gen, are from the review of Kelley, Bur. Mines, Bull., 394, 35 (1935). 
The heat capacity of hydrogen [cf. Murphey, J . Chem. Phys., 5, 637 
(1937)] and the temperature coefficients of all heat capacities are 
from the review of Kelley, ibid., Bull. 371 (1934), being described by 
the equation, C% — a +  bT. “a” was recalculated from “5” and C°p 
at 298.1°K. (given in Bull. 394). The entropy at temperatures 
other than 298.1°K. is then given by S° =  Sm-i +  a(2.303 log T /  
298.1) +  b(T  ~  298.1).

Skotnicky’s11 value of dEAg/d T  leads to 17.0 
cal./deg. mole for S°Ag+ at 25°. Lingane and 
Larson12 obtain 16.7 cal./deg. mole for the same 
quantity. A more reliable value from calori­
metric methods is from the recent heat capacity 
data for silver oxide of Pitzer and Smith.19 They 
obtained 17.46 =*= 0.2 cal./deg. mole for S°Ag+ at 
25°. They have also recalculated the value given 
by Latimer, Schütz and Hicks,21 based upon the 
heat of precipitation data of Lange and Fuoss,20 
and obtained 17.62 =*= 0.2. They proposed the 
mean of these two figures as the best value, but 
in view of the approximate heats of dilution used 
to correct the data of Lange and Fuoss, and the 
close agreement with our value, we suggest the 
adoption of 17.4 =*= 0.2 cal./deg. mole as the most 
probable value of S°Ag+ at 25°.

From a number of sources, Latimer, Schütz and 
Hicks21 have selected 13.5 =*= 0.1, 19.4 =*= 0.4 and
25.7 =*= 0.7 cal./deg. mole for the best values24 of 

^Br- and Si-, respectively, at 25°. The 
agreement with the values in Table VI is well 
within the estimated uncertainties for the chloride 
and bromide ions, and is probably also satisfac­
tory in the case of the iodide ion.

Summary
A method for the elimination of heterionic liq-

(24) While this paper was in press, Latimer, Pitzer and Sm ith ' 
[T h i s  J o u r n a l , 60, 1829 (1938)] have published another review of 
the subject. Their revised ‘'best” values are 13.5 =*= 0.1, 19.7 =*= 0.2 
and 25.3 =*= 0.5 for the entropies of the halide ions, and 17.54 =±= 0.15 
for the silver ion.
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uid junction potentials by extrapolation has been 
tested in cells with buffer solutions. Experimen­
tal data are presented which indicate that the 
junction extrapolation is linear as a first approxi­
mation.

The method is applied to the determination of 
the standard potential of the silver electrode at 
5, 15, 25, 35 and 45°. Values of AS0, AIP- and 
A Cp have been calculated for the electrode reac­
tion at 15, 25 and 35°.

By combination of the normal potentials of the

silver and silver-silver halide electrodes, the solu­
bility products and solubilities of (electrolytic) 
silver chloride, bromide and iodide have been 
computed from 5 to 45°. Values of AS0, AIP 
and A Cl for the reaction AgX = Ag+ +  X~ 
have been recorded at 15, 25 and 35°.

A self-consistent table of relative ionic entropies 
and heat capacities from electromotive force data 
has been made for the silver ion, chloride ion, 
bromide ion and iodide ion at 15, 25 and 35°.
N e w  H a v e n , C o n n . R e c e iv e d  J u n e  29, 1938

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

Infrared. Absorption Studies. V. Association in the Carboxylic Acids
B y  A. M. B u sw ell , W. H. R o d ebu sh  and  M. F. R oy

The electron conception of valence proposed 
some twenty years ago led to the prediction in 
1920 of two types of associated liquids.1 In one 
of these the molecules should be combined with 
the formation of definite polymers (dimers in the 
case of acetic acid) while in the other type poly­
mers of indefinite molecular weight and structure 
were anticipated. Radically different behavior, 
especially in the case of solvent properties, was pre­
dicted in the two cases. The liquids composed of 
polymers of indefinite molecular weight comprised 
the typically polar solvents such as water or alco­
hol, while in those having definite polymer mole­
cules non-polar properties were to be expected.

Since then a great deal of additional evidence 
has been accumulated to emphasize this differ­
ence. For example, acetic acid shows no dipole 
moment in benzene solution whereas alcohols 
show an increasing polarization with increasing 
concentration. Alcohols also form glasses at low 
temperatures, which have been shown by Zacha- 
riasen2 to involve polymerization with hydrogen 
bond formation. It is not possible, of course, to 
anticipate or predict in every case the type of poly­
mer to be expected and that problem is one which 
still holds the greatest interest. The data from 
which conclusions could be drawn have been avail­
able for a long time; witness the excellent review 
by Lassettre3 based entirely upon the ordinary 
data of physical chemistry. More recently a

(1) W. M . Latimer and W. H . Rodebush, T h i s  J o urn al , 42, 1432 
(1920).

(2) W. H. Zachariasen, J . Chem. Phys., 3, 158 (1935).
(3) E. N . Lassettre, Chem. Rev., 20, 259 (1937).

study of simple solubility by Zellhoefer, Copley 
and Marvel4 has yielded a surprising amount of 
additional confirmatory data along these lines.

The existence of these two types of association 
has perhaps contributed to the confusion which 
for many years characterized the attempts of 
physical chemists to discuss the behavior of the 
so-called “normal” and “associated” liquids. 
This confusion was all the more inevitable because 
it is now obvious that the normal or unassociated 
liquid lies intermediate in its properties between 
the two types of associated liquids.

It should be mentioned at this point that a third 
type of association through hydrogen, namely, 
intramolecular association or chelation, may oc­
cur, which has the result of producing a “normal” 
behavior in a molecule which would otherwise 
show abnormal behavior as a liquid and solvent. 
This type of association has been much studied by 
Sidgwick5 and his collaborators. The conditions 
under which it occurs are well defined, and one of 
the important ones is apparently the possibility 
of two configurations of the molecule with respect 
to the hydrogen, thus giving an opportunity for 
resonance.

All of the types of association of interest in the 
liquid state appear to involve hydrogen bonding. 
The formation of polymers depends upon poten­
tial cross linkages or additional valences between

(4) G. F. Zellhoefer, M. J. Copley and C. S. Marvel, T h is  J o u rn al , 
60, 1337 (1938); G. F. Zellhoefer and M. J. Copley, ibid., 60, 1343 
(1938).

(5) N . V. Sidgwick, “ The Electronic Theory of Valency,” Oxford 
University Press, 1929.
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molecules. In the typical organic polymers these 
cross linkages are strong and irreversible and lead 
to the formation of inert solids. Because of the 
low energies of activation and dissociation of the 
hydrogen bond, the polymers formed may be 
liquid or if the unit molecules are large, substances 
capable of colloidal dispersion as in the case of the 
proteins may be formed.

While it is possible to determine from a study 
of the physical data the type of association pres­
ent, it is not possible to explain or predict such 
association without more direct information as to 
the molecular structure. The first important 
advance in this type of study was made by Paul­
ing and Brockway6 when they confirmed the pre­
diction of Latimer and Rodebush, showing by 
means of electron diffraction that the dimer of 
formic acid has a symmetrical ring structure in­
volving both carboxyls. The methods of electron 
diffraction do not, of course, lend themselves to 
the study of solutions and a further great advance 
was made when Wulf7 and his collaborators began 
the study of the infrared absorption of organic sub­
stances in an inert solvent. They noted the ab­
sence of the second harmonic in the case where 
hydrogen bonding, particularly of the chelated 
type, was to be anticipated.

After the work of Wulf and his collaborators 
came to our attention, experiments were begun in 
this Laboratory8 upon the infrared absorption of 
certain types of compounds in which hydrogen 
bonding was present. We investigated a large 
number of compounds in the region where the 
fundamental of hydroxyl was to be expected and 
found the very important generalization that the 
formation of a hydrogen bond is accompanied by a 
very considerable increase in the absorption and 
a marked change in frequency, the shift being in 
the direction of longer wave lengths. This work 
has been amply confirmed by other investigators 
working independently,9 at least in the case of 
polymerization. So far as we know, we were the 
first to call attention to the shift in absorption ac­
companying the formation of an intramolecular 
hydrogen bond. In previous publications we have 
reported the investigation of the shifts in the fun-

(6) L. Pauïïng and L. O. Brockway, Proc. Nat. Acad. Sci. V . S ., 
SO-, 336 (1934):

(7) G. E. Hilbert, Ö. B . Wulf, S. B. Hendricks and U. Liddel, 
T h i s  J o u r n a l , 58, 248 (1936).

(8) A. M. Buswell, V. Deitz and W. H. Rodebush, j .  Chem. Phys., 
5, 84, 501 (1937).

(9) J. Errera and P. Mollet> Nature, 138, 882 (1936); J. J. Fox and 
A. E. Martin, Proc. Roy. Soc. (London), A162, 419 (1937).

damental frequency of a considerable variety of 
compounds, following more or less the lines laid 
down by Wulf and his collaborators in their in­
vestigation of the harmonic absorption. In the 
present paper we wish to report results which 
have to do mainly with association and which 
include the formation of hydrogen bonds where 
the hydrogen is linked to atoms other than oxygen 
and, in particular, the formation of hydrogen 
bonds between different types of molecules, a sub­
ject which is of the greatest interest and which 
has not been studied to any considerable extent.

Hydrogen bonds are known to be formed readily 
when hydrogen is attached to nitrogen, oxygen 
and fluorine. Certain types of compounds such 
as ether hydrochloride and chloroform-ether sug­
gest that carbon and the other halogens should 
be included in the list. It is certain that for bond 
formation the hydrogen must be active to some 
degree, which means, of course, ionizable in the 
proper solvents. Hydrogen attached to carbon 
in an ordinary hydrocarbon is incapable of forming 
a bond; likewise apparently there is little tend­
ency for the hydrogen of ammonia of the amines 
to form bonds. All the physical properties of the 
amines indicate10 the lack of association and our 
infrared studies do not indicate any bonding in 
the case of aniline for example. On the other 
hand, the hydrogen of chloroform shows a strong 
tendency toward bonding, even with the oxygen 
of ether. The question as to whether, the hydro­
gen of chloroform is more “active” than the hydro­
gen of an amine, such as aniline, is one to which it 
is difficult to make an answer. Data upon the 
ionization constants must be applied in non-polar 
solvents with a good deal of caution. Certainly 
our conclusions show that the hydrogen of chloro­
form and all the hydrogens which are more active 
will form hydrogen bonds either with another 
molecule of the same kind or with one which is 
perhaps more basic. There seems to be no evi­
dence, for example, that hydrogen chloride is as­
sociated but the ether hydrochloride complex is 
a clear case of hydrogen bonding. On the other 
hand, moderately acidic substances such as the 
amides or carboxylic acids show a very strong tend­
ency toward association.

One. important generalization that has been 
suggested by Venkateswaran11 from a study of the 
Raman and infrared spectra appears to be con-

(10) W. D. Kutnler, T h i s  J o u r n a l , 57, 600 (1935).
(11) 0 .  S. Venkateswaran, Proc. Ind ian  Acad., 7, 13 (1938).
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firmed here. When a bond is formed, the more 
acidic the hydrogen, the greater the shift in fre­
quency toward the longer wave length and the 
broader the resulting absorption band. The 
foregoing statement applies to the stretching fre­
quency. Our evidence on the bending frequency 
is limited to the case of chloroform, and since 
there is possibly some uncertainty concerning it, 
we will discuss the behavior of the bending fre­
quency in connection with the experimental work 
on chloroform compounds in a subsequent paper.

The question as to the strength of the bond 
formed between various types of molecules is one 
upon which we have only qualitative evidence. 
Qualitatively, the bond strengths appear to be all 
of the same order of magnitude. This can 
scarcely be true, but a study of the heats of mixing 
under various conditions would be very desirable.

In the foregoing discussion we have tacitly as­
sumed that such a thing as hydrogen “bond” ex­
ists and have ignored the fact that some believe 
it to be nothing more than an attraction due to 
dipole interaction. One might evade the argu­
ment by simply stating that the association takes 
place through hydrogen without further implica­
tion as to the nature of the interaction. We be­
lieve, however, that the evidence warrants a much 
more detailed picture. The characteristic effect 
of hydrogen bonding on the fundamental in infra­
red absorption is the increase in absorption co­
efficient and the shift of frequency to longer wave 
length. The increase in absorption coefficient is 
presumably due to an increase in dipole moment. 
All of these effects would be accounted for by an 
increase in the internuclear distance of the hydro­
gen from its original partner accompanied by a 
transformation toward the ionic type of bonding. 
In the case where the hydrogen is not active as in 
chloroform this transformation is small but in the 
case of the carboxylic acids the result is the forma­
tion of a symmetrical eight-membered ring which 
can hardly be considered as anything short of a 
chemical reaction. One may say therefore that 
all degrees of interaction are to be found but that 
in general the interaction is more than could be 
predicted from a simple dipole theory. It must 
be remembered that the hydrogen bond is formed 
in non-polar solvents and in the vapor state so that 
no question of ionization is involved.12

(12) Scatchard and Raymond [ T h i s  J o u r n a l , 60, 1278 (1938)] 
recently have discussed negative evidence for hydrogen bond forma­
tion  in chloroform-alcohol solutions. The evidence here is unques­
tionably that the association of the alcohol is so strong that there is

One may say, therefore, that the formation of a 
hydrogen bond involves a definite alteration in 
molecular structure which is scarcely envisaged 
in the term dipole interaction; this structure is 
sufficiently rigid to justify the use of the term 
bond. The fact that the bond is easily broken 
does not invalidate the use of the term.

The colligative and other physical properties of 
the molecule still furnish the best evidence as to 
the type of association. For example, when di­
mers are formed the dipole moments tend toward 
zero while in the case of polymers the polariza­
tion is increased. Thus alcohol has a much higher 
dielectric constant than acetic acid. One may 
hope, however, that when sufficient data have 
been obtained on the infrared absorption, vibra­
tional analysis will give a definite picture of the 
structure in all types of association.

In this paper we shall report the results ob­
tained on the carboxylic acids. Hydrogen bond­
ing between other types of molecules will be dis­
cussed in subsequent papers.

Experimental
The infrared spectrograph and other equipment 

has been described briefly in a previous paper.8 
In the spectrograph a 75-mm. rock salt prism is 
used with a Littrow mounting. The source of 
radiation is a 220-volt Nernst glower, and the de­
flections are read directly from a high sensitivity 
galvanometer. The resolving power and accu­
racy of calibration are such as to make all details 
shown in the accompanying absorption curves 
significant and reproducible.

In the region in which these results were ob­
tained thin glass proved satisfactory for all 
windows. The results reported here are mainly 
for solutions, carbon tetrachloride being the sol­
vent. For absorption in solution the molal ab­
sorption coefficient K  is calculated, as defined ar­
bitrarily by the expression

Here I  is the intensity (as measured by galvanome­
ter deflection) through the solution and 70 the in­
tensity through an equal thickness of pure sol­
vent; c is the concentration expressed as moles per 
liter of solution and d is the cell length. Because 
of insufficient resolving power and other factors
no tendency toward the formation of an intermolecular com pound  
with chloroform. This is because the hydrogen of the alcohol is more 
active than the hydrogen of the chloroform; cf. the article by  Zell­
hoefer, Copley and Marvel referred to above.
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K  is not independent of the product c X d. In 
order to make comparisons at different concentra­
tions it is necessary therefore to maintain the 
product c X d constant; this was accomplished 
by using cells of various lengths. When c X d 
is maintained constant, the value of K  for a static 
group such as C-H was found to be quite inde­
pendent of concentration.

Fig. 1.—Acetic acid vapor: air saturated with 
acetic acid a t 21° in 10.18 cm. cell.

The utmost care was exercised in the prepara­
tion and purification of materials, including the 
solvent material. Benzoic acid was purified by 
recrystallization from alcohol-water solutions. 
Acetic acid, benzoyl chloride and trichloroacetic 
acid were purified by distillation at low pressures.

The deuterobenzoic acid was prepared by heat­
ing benzoyl chloride with a fivefold excess of 
99.6% deuterium oxide in a sealed tube at 100° 
for two hours. The deuterium chloride and ex­
cess deuterium oxide were removed by distilla­
tion at low pressures. The carbon tetrachloride 
used as solvent was dried over phosphorus pent­
oxide. After the absorption curve of the deu- 
terated acid was obtained the acid was reconverted 
to ordinary benzoic acid by exposure to moist air. 
The absorption curve was identical with ordinary 
benzoic acid.

The association of acetic acid in the vapor has 
been recognized for a very long time and many 
references could be cited to the effect that a dimer 
is formed. The first direct experimental evidence

as to the structure of this dimer was obtained by 
Pauling and Brockway, as cited above. Electron 
diffraction does not, however, give information 
about the hydrogen atoms. Studies have also 
been made of the Raman spectrum but the method 
par excellence for the observation of the behavior 
of hydrogen in molecules is infrared spectroscopy.

The infrared absorption spectra of the carbox­
ylic acids have been investigated by a number of 
workers in recent years, particularly in the vapor. 
We shall refer here only to work dealing with the 
absorption due to hydrogen.

Gillette and Daniels13 observed a complicated 
spectrum in the region of 3.0 fi which they at­
tributed to C-H and to overtone and combina­
tion frequencies. Badger and Bauer14 have 
studied the infrared spectrum of acetic acid by 
photographic methods and have observed what 
they believe to be shifts in the second overtone 
frequency which they believe to be due to hydro­
gen bonding. Davies and Sutherland15 have 
studied the effect of temperature on the infrared 
absorption of solutions of the carboxylic acids. 
They find that increasing temperature increases 
the monomeric O-H frequency and report a broad 
“association” band in trichloroacetic acid at 3.3 fi. 
Herman and Hofstadter16 have published a curve 
showing the infrared absorption of deuteroacetic 
acid, CH3COOD, and have suggested that the ab­
sorption band at 4.3 fi is due to deuterium bond­
ing. Only a very weak C-H absorption was ob­
served.

In the accompanying curves are shown the in­
frared absorption in the region of the C-H and
O-H fundamental for acetic acid, trichloroacetic 
acid, benzoic acid and deuterobenzoic acid. One 
curve is shown for acetic acid vapor. Comparison 
with the curve for acetic acid in carbon tetra­
chloride solution shows that the absorption is the 
same in solution except that there is a shift of 0.0 1-
0.02 fi toward longer wave lengths in solution. 
We may therefore assume that any conclusions 
drawn from our observations in solution apply to 
the vapor of acetic acid.

An examination of the curves in Fig. 2 shows 
that acetic acid is slightly dissociated into single

(13) R . H. Gillette and F. Daniels, T h i s  J o u r n a l , 58,1139 (1396); 
R. H. Gillette, ibid., 58, 1143 (1936).

(14) R. M. Badger and S. H. Bauer, J .  Chem. Phys., 5, 369, 605, 
839, 852 (1937).

(15) M. M. Davies, G. B. and B. M. Sutherland, N ature , 141, 372 
(1938).

(16) R. C. Herman and R. Hofstadter, J . Chem. Phys., 6, 110 
(1938).
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molecules at 0.0005 M  solution; much less so in
0.008 M  solution. The unbounded hydroxyl band 
is at 2.82 the slight absorption at 2.67 y, being 
due to water. A study of Figs. 3 and 4 shows that 
the absorption due to C-H must be very slight. 
This is a point about which Daniels and Gillette 
were uncertain but it is clear that both benzoyl 
chloride and deuterobenzoic acid have very little 
absorption in this region and some of the absorp­
tion in the case of the deuterobenzoic acid is un­
doubtedly due to the presence of a small amount 
(~1% ) of ordinary benzoic acid. It will be fur­
ther noted that the absorption of trichloroacetic 
is very similar to that for acetic and benzoic acids.

Fig. 2.—Acetic acid: (1) 0.008 M  in 0.640 cm. cell;
(2) 0.0005 M  in 10.18 cm. cell.

One may therefore conclude that the strong ab­
sorption in the neighborhood of 3.3 fx is due mainly 
to the hydrogen bonding as Herman and Hofstad­
ter suggest. In deuterobenzoic acid the absorp­
tion band is narrower and apparently simpler in 
structure, although the shift in the principal peak 
is just what one would calculate for deuterium 
substitution.

It is evident that the absorption band for the 
acids contains two or more pairs of doublets. 
The exact identification of these doublets must 
await the vibrational analysis of the carboxylic

Fig. 3.—(1) Benzoic acid, 0.008 M solution in 
0.640 cm. cell; (2) deuterobenzoic acid, 0.008 M  
solution in 0.640 cm. cell; (3) benzoyl chloride, 
0.008 M  solution in 0.640 cm. cell.

dimer. This has been undertaken by Dr. F. T. 
Wall of this Laboratory. Meanwhile one may 
speculate as to the probable cause of the doublet

Fig. 4.—Trichloroacetic acid: (1) 0.008 M  in 0.640
cm. cell; (2) 0.0005 M  in 10.18 cm. cell.
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structure observed. If we assume that the hydro­
gen atoms are placed unsymmetrically in the 
eight-membered ring formed by the two carboxyl 
groups, i. e., each hydrogen being nearer to the 
oxygen to which it was originally attached, then 
there are two modes of vibration involving the 
stretching of the hydrogen bonds which are active 

. in infrared absorption. Each vibration is anti­
symmetric with respect to a center of symmetry 
but they differ in the relative motions of the 
oxygen atoms on either side of the hydrogen 
atoms. These two frequencies might be guessed 
to differ by the separation of the two pairs of 
doublets, viz., 50 cm.-1. Because of the fact 
that there are alternative positions for each hy­
drogen and consequently, a double minimum in 
the potential energy curve, the doublets them­
selves might be expected. Their separation 
varies from 10 to 20 cm.~1. This is, of course, to 
say nothing of the possibility of resonance be­
tween the O-H and C-H vibrations which have 
nearly the same frequency. Since the C-H ab­
sorption is small this effect is probably unimpor­
tant although the C-H absorption might be con­
siderably increased by the resonance itself.17

Some plausibility is lent to the foregoing ex­
planations by the much simpler structure ob­
served in the absorption peak for deuterobenzoic 
acid. Here the last effect is absent and because 
of the greater mass of the deuterium atom the

(17) In a previous note [ T h i s  J o u r n a l , 59, 176 (1937) ] the authors 
reported on the lack of evidence for the enolization of dibenzoyl- 
methane. This molecule shows absorption resembling that of the 
carboxylic acids and it is possible to write a hydrogen bonded struc­
ture for the enolic form that resembles one-half of the dimeric ring 
of the acids. The matter therefore requires further investigation.

doublet separation would be too small for resolu­
tion. There would remain only the two modes of 
vibration differing markedly in absorption co­
efficients and these appear to be present.

It has been noted by various authors that for­
mic acid in the liquid state has a dielectric con­
stant some ten times that of liquid acetic acid. 
Because of the difficulty of purification no studies 
have been made upon formic acid but there can 
be little doubt that in the liquid state the dimers 
are transformed into higher polymers perhaps 
through the hydrogen attached to the carbon. 
In a subsequent paper this possibility will be dis­
cussed again in connection with formamide. The 
high dielectric constant which results from poly­
merization such as occurs in formamide probably 
offers a clue to the explanation of the greatly re­
duced solubility of chloroform in this solvent.

The authors wish to acknowledge their indebt­
edness to the Rockefeller Foundation for funds 
which enabled them to conduct this research.

Summary
The general character of the infrared absorption 

spectra indicative of hydrogen bonding is dis­
cussed. Curves are shown for the absorption of 
the active or bonding hydrogen in acetic, benzoic 
and deuterobenzoic acids under various conditions. 
The generalization of Venkateswaran in regard 
to the shift of the hydroxyl frequency is confirmed 
and some suggestions are made to explain the com­
plex absorption characteristic of association in the 
carboxylic acids.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  30, 1938

[C o n t r ib u t io n  f r o m  t h e  F r ic k  C h e m ic a l  L a b o r a t o r y , P r in c e t o n  U n i v e r s i t y ]

The Negative Temperature Coefficient in the Rate of Propane Oxidation
B y  R o b e r t  N .  P e a s e

In the early work1 on the slow combustion of 
propane and the butanes, it was noted that under 
certain conditions the rate of oxidation decreased 
markedly with increasing temperature, although 
eventually (at a higher temperature) explosion 
occurred. Similar observations have since been 
made by Beatty and Edgar2 on heptane-air mix­
tures, by Aivazov and Neumann3 on pentane-

(1) Pease, T h i s  J o u r n a l , 51, 1839 (1929).
(2) Beatty and Edgar, ibid., 56, 102 (1934).
(3) Aivazov and Neumann, Acta Physicochimica (U. R. S. S.), 4, 

575 (1936).

oxygen mixtures, and by Newitt4 on propane- 
oxygen mixtures.

The beginnings of an explanation of this an­
omalous behavior follow from the latter investiga­
tion. I t had been found by Townend5 that mix­
tures of air with vapors of hydrocarbons, alcohols, 
or aldehydes show, in addition to a “true ignition’ ’ 
region (higher pressures and temperatures), a re­
gion of limited expansibility giving rise to so-

(4) N ew itt, et al., J . Chem. Soc., 1656, 1665, 1669 (1937).
(5) Townend, Chem. Rev., 21, 259 (1937).
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called “cool-flames.” In a pressure-temperature 
plot, the latter region appears as a tongue or pen­
insula pointed toward lower pressures over a lim­
ited temperature range in the neighborhood of 
300°.

Now it so happens that much of the work which 
has been done on the oxidation of hydrocarbons 
apparently has fallen in or near the region of cool 
flames. Hence the anomalies which have ap­
peared in such work (including the negative tem­
perature coefficient) are in effect incidental to the 
anomaly of the limited cool-flame region itself.

With the above in mind, Newitt investigated in 
some detail the characteristics of the cool-flame 
region for propane-oxygen mixtures. He found 
among other effects that at temperatures imme­
diately above the cool-flame limit (^350°), the 
rate of reaction dropped abruptly to a fairly flat 
minimum (^425°) and then rose abruptly to the 
ignition point (^450°). The negative tempera­
ture coefficient was thus identified with the cross­
ing of the cool-flame limit on the high temperature 
side.

The region of negative temperature coefficient 
is more accurately described as a region of mini­
mum rate, bounded at lower and higher tempera­
tures by explosion limits. It would thus appear 
to be a region of transition from one to another 
mechanism of oxidation. One should then expect 
a corresponding change in the kinetics of the proc­
ess, and this can in fact be observed.

The author6 has reported measurements of the 
rate of propane oxidation at a temperature (270°) 
well below the lower cool-flame limit. With an 
uncoated7 Pyrex bulb, it was found that the maxi­
mum rate was nearly independent of the oxygen 
concentration but varied with a power of the pro­
pane concentration between one and two, as 
shown in Table I.

T a b l e  I

R ate of Propane Oxidation  at 270° (5 M m . C H 3C H O
A d d e d )

Initial
CsHs

pressure, mm. 
O2 N2

Total pressure 
change, 

mm.
[dP /  d / ] ( max.) 

mm./min.
199 202 61 9 .9 3
212 197 202 61 11.03
205 384 119 10.62
300 301 92 2 3 .5
408 202 65 3 4 .8

On the other hand, Newitt found that above 
the cool-flame limit (but below the ignition point),

(6) Pease, Chem. Rev., 21, 279 (1937).
(7) That is, not treated with potassium chloride solution.

the equimolecular mixture is the most reactive 
(total pressure constant at 360 mm.; temp. 408°)
i. e., the rate is roughly proportional to the prod­
uct of propane and oxygen concentrations.

In order to make sure that this difference is real, 
the author has repeated Newitt’s experiments 
under somewhat different conditions as follows.

A reaction bulb like that used for the low tem­
perature experiments was prepared, and washed 
out with nitric acid and then with distilled water. 
This was mounted in an electric heater and con­
nected with sources of tank gases, with a manome­
ter, and with vacuum pumps. A series of runs 
was then carried out at 400° with results as shown 
in Table II.

It is clear from these results that the rate now 
depends on both propane and oxygen concentra­
tions, the powers being rather higher than the 
first. There is thus excellent evidence from the
kinetics of the reaction that there are two mecha-

T a b l e  I I

R a t e  o f  P r o p a n e  Ox i d a t io n  a t  400 0
Initial p ressu re , 

C3IÏ8 O2

T o t a l  p re ssu re  
m m . ch a n g e ,

N2 mm.
[dP /  dfjniax.
mm. /min.

105 103 59 15.9
101 103 104 60 15.6
207 101 67 42.
102 203 115 51.
102 103 59 14.2

nisms of oxidation, one predominating at low tem­
peratures (and leading to cool-flames under opti­
mum conditions), and the other predominating 
above the cool-flame region and leading to true 
ignition.

In order the better to visualize these two alter­
native reactions, a series of runs was made at 
10° intervals between 300 and 430° (Fig. 1). 
These runs were made with 100 mm. each of pro­
pane and oxygen. With such a mixture, one 
would (according to Newitt’s results) just cut the 
tip of the cool-flame peninsula at about 290-320°. 
As, however, Newitt worked with a reaction ves­
sel 5.5. cm. in diameter, whereas the one here 
used was 2.0 cm. in diameter, it is probable that 
the experiments were outside the cool-flame re­
gion entirely. Certainly there was nothing in 
the pressure records to indicate the occurrence of 
cool-flames.

The procedure was to measure rates at 20° in­
tervals from 300 to 420°, then to return to 310° 
and again proceed upward (to 430°) by 20° inter­
vals. The second set of measurements are lower
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than the first but the general form of the curve is 
evident (Fig. 1.).

260 300 340 380 420
Temperature, °C.

Fig. 1.—Variation of rate of oxidation of propane 
with temperature for 1:1 mixture a t 200 mm. The 
rates are maximum rates corresponding to the in­
flection points of the pressure-time curves.

Individual rate curves were of the familiar S- 
shaped type, with an induction period which de­
creased regularly with increasing temperature. 
The values of the rate given are the maximum 
rates as read from the curves.

This maximum rate rises to an upper level at 
about 340°, and then drops to a fairly flat mini­
mum. Subsequently, it rises again, and would 
terminate in true ignition.

Two curves have been sketched in Fig. 1 to 
emphasize the existence of two mechanisms of oxi­
dation. These curves were drawn on the basis of 
points read from a log rate-reciprocal temperature 
plot. The one for lower temperatures corre­
sponds to an activation energy of 29,000 cal.; 
that for the higher temperature range corresponds 
to an activation energy of 38,000 cal.

Between these two curves lies the transition 
region within which the rate passes through a 
minimum as the temperature increases. If we 
assume with von Elbe and Lewis8 that the low- 
temperature reaction at least is of the branched- 
chain type, the rather sharp suppression of reac­
tion as temperature rises may be attributed to 
suppression of branching. The subsequent de­
velopment of reaction at higher temperatures 
would then represent the same or a new reaction 
proceeding by an unbranched chain. In bare 
outline, one might write

* Branched chain 
Intermediate ^

* Unbranched chain

the balance between the two alternatives being 
determined by the temperature, other things being 
equal. The experimental work here reported ap­
pears to be in general accord with the speculations 
of von Elbe and Lewis.

Summary

A further study of the negative temperature 
coefficient in the rate of oxidation of propane has 
been carried out. I t is shown that the rate passes 
through a minimum at 360-380° (100 mm. of each 
gas). At low temperatures, the steady-state rate 
is independent of oxygen concentration (uncoated 
reaction bulb), whereas at higher temperatures it 
depends upon the concentrations of both gases, 
the powers being between one and two.

It is suggested that a low-temperature branched- 
chain reaction is suppressed in the transition 
region and gives place to an unbranched chain.
P r in c e t o n , N. J. R e c e iv e d  M a y  25, 1938

(8) Von Elbe and Lewis, T h is  J o u r n a l , 59, 976 (1937).
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The Structure of the Insulin Molecule
B y  D . M . W r in c h  and  Ir v in g  L a n g m u ir

The cyclol hypothesis has yielded a cage struc­
ture C2 for the insulin molecule.1’2,3 This struc­
ture has a skeleton framework lying on the sur­
face of a truncated tetrahedron (hereafter called 
the C2 polyhedron) whose faces are parallel to 
those of a regular octahedron having 6 corners S, 
as shown in Fig. la. The arrangement of the car­
bon and nitrogen atoms in the skeleton (cyclol 
fabric) which forms two of the faces of the C2 
polyhedron is shown in Fig. lb.

Fig. la .—The C2 truncated tetra­
hedron (heavy lines) and the C2 octa­
hedron (light lines), showing on the 
front half the centers of lacunae a t the 
midpoints of edges E, the centers of 
faces F and at points T midway be­
tween F and S.

The dimensions are determined by a, the only 
metrical parameter of the cyclol structure, which, 
being a mean between the C-C and the C-N bond 
lengths, was taken as a — 1.50 A. The shortest 
distance between the centers of lacunae in the 
cyclol fabric is 4 a/ 2a —  8.48 A.; the length of 
the sides of the triangular faces of the C2 poly­
hedron is 7a/ 6a = 25.7 A.; the length of the 
slits which form the 3 short sides of the hexagonal 
faces is a/ 6a = 3.68 A., and the distance between 
the parallel opposite faces of the polyhedron is 
16a. = 24.0 A.

For many calculations we shall find it conveni­
ent to replace the C2 polyhedron by an equivalent

(1) D. M. Wrinch, Nature, 137, 411 (1936); Proc. Roy. Soc. 
(London), 160A, 59 (1937).

(2) D. M. Wrinch, Nature, 139, 972 (1937); Proc. Roy. Soc. 
(London), 161A, 505 <1937).

(3) D. M. Wrinch, Science, 85, 566 (1937); Trans. Faraday Soc., 
33, 1368 (1937).

regular octahedron which we shall call the C2 
octahedron whose side length is l = 8a/ 6a = 29.4 
A. This size is so chosen that the distance be­
tween the opposite faces is the same (16a = 24.0 
A.) as the corresponding distance in the C2 
polyhedron.

Fig. lb .—The C, N skeleton of the 
cyclol fabric on two faces of the C2 
polyhedron, whose boundaries are 
given by heavy lines. The light lines 
are the projections of the boundaries 
of the faces of the C2 octahedron 
which, after folding, lie 1 A. above or 
below the faces of the C2 polyhedron.

The faces and corners of the C2 octahedron are 
shown in Figs, la  and lb. The distance SE be­
tween a corner S of a triangular face and E the 
center of an opposite side of the same triangle is 
12\/2a = 25.5 A., which is three times the short­
est distance between lacunae. Thus there are 
lacunae at E, the midpoints of edges; at F, the 
centers of faces; and at T, the midpoints between 
F and S.

The faces of the C2 polyhedron and the corre­
sponding faces of the C2 octahedron are parallel 
and are separated by the distance (2/3)a = 1.0 A.; 
four of the faces of the polyhedron lie within and 
the other four lie outside the octahedron. The 
surface area and volume of the C2 polyhedron are,
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respectively, 762 y /z a2 = 2970 A.2 and 2003 vA a3 
= 11,710 A.3, which differ very little from the 
corresponding values for the C2 octahedron 
768 y/Za2 = 2993 A.2 and 2048 \ /3 a 3 = 11,970 A.3, 
respectively.

The final test for the correctness of a structure of 
molecules which form a crystal lattice is that it 
should be in agreement with deductions properly 
made from X-ray data. It was found3 that the 
C2 molecules, each having a trigonal axis parallel 
to the trigonal axis of the insulin lattice, fit the 
rhombohedral cell of the insulin lattice given by an 
X-ray analysis.4 They can be arranged with any 
orientation b in the corresponding hexagonal cell, 
and this single parameter was necessarily left 
undetermined until further information should be 
obtained from X-ray studies.

The necessary data are now available through 
Crowfoot's recent measurements5 of insulin crys­
tals (59 terms). Her data were summarized in 
five Patterson-Harker diagrams, which are repro­
duced herewith6 in Figs. Ic to 5.

Fig. Ic.—P(ry0) projection of Pat­
terson-Harker map for insulin. Origin 
in center.

Diagrams of this kind must be sharply distin­
guished from electron density maps which have 
played so large a part in establishing the structures 
of molecules containing relatively few atoms. 
The Patterson-Harker maps represent not dis-

(4) D. Crowfoot, N ature , 135, 591 (1935).
(5) D. Crowfoot, Proc. Roy. Soc. (London), 164A, 580 (1938).
(6) The figures given by Crowfoot map the contours within a single 

rhombohedral cell. Since we wish to consider the molecular rather 
than the crystal structure, we have fitted together four photographic 
enlargements of each of Crowfoot’s figures and have so obtained maps 
of the whole neighborhood around the central molecule. The letter­
ing, the scales, and the polygons corresponding to the projections of 
the Patterson-Harker octahedron, of side 21, were drawn in on these 
composite enlargements and they were rephotographed for the figures 
of this paper.

tributions of matter in space but of vectors erected 
at a common point or origin, each vector giving in 
magnitude and direction the distance between two 
atoms in the original stucture. The Patterson- 
Harker diagrams obtained from the X-ray data are 
essentially sections or projections of a three-di­
mensional map showing the distribution of these 
vectors in space. They constitute an interme­
diate step between the X-ray photograph and 
the determination of the molecular structure. 
Whereas the electron density maps make it pos­
sible to confirm a structure directly, the Patter­
son-Harker diagrams need to be interpreted be­
fore they become of use.

In the case of the insulin lattice, Crowfoot has 
performed the transition from the X-ray pictures 
to the Patterson-Harker diagrams but has not 
accomplished their interpretation.

In a recent preliminary investigation,7 how­
ever, it has been found that all the 18 peaks per 
molecule on Crowfoot’s xy-plane projection (A, 
B, and C in Fig. Ic) lie in the positions to be ex­
pected if the insulin molecule is characterized by 
regions of high electron density at the 6 corners
(S) of the C2 octahedron shown in Fig. la.

Thus, taking in turn each of the 6 corners of the 
C2 octahedron of side /, and drawing lines to the 
other 5 corners, we obtain 30 vectors. Erecting 
these from a common origin, we find that 6 give 
points at the corners of a similarly oriented octa­
hedron of side 21 = 58.8 A, and the other 24 give 
two points at each of the midpoints of the 12 
edges of the same octahedron. These points 
thus constitute the Patterson-Harker diagram of 
the S points of the C2 octahedron.

If we project these 30 points upon a plane par­
allel to any face of the octahedron (the xy-plane), 
we find that 6 lie at the corners of a regular hexa­
gon of side length 16 -\/2 a = 33.9 A., 2 at each 
midpoint of a side (lines connecting adjacent 
corners) and 2 at each midpoint of lines connect­
ing alternate corners. A hexagon of this size has 
been drawn in Fig. Ic having its center at the 
origin with its axes turned through 6° correspond­
ing to the previously undetermined3 angle b. 
The points, designated A, B, and C by Crowfoot, 
in Fig. Ic lie in positions which correspond to the 
projections of the Patterson-Harker diagram of 
the slits S of the C2 molecule.

The Patterson-Harker diagram given by points
(7) D . M. Wrinch, T h i s  J o u r n a l , 60, 2005 (1938); Science, 88,148  

(1938).
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which lie on or within the C2 octahedron of side l 
thus consists of points on or within a similarly 
oriented octahedron (the PH octahedron) of side 
2 1. In Fig. 2 the cross section of the PH octa­
hedron, through its center and parallel to the xy- 
plane, has been drawn about the origin. This 
hexagon is obtained by joining the midpoints of 
adjacent sides of the hexagon in Fig. Ic. In 
Figs. 4 and 5 the projections of the edges of the 
PH octahedron on to the plane of the section are 
shown, neglecting the effect of the slight rotation 
of the PH octahedron through 8 = 6°.

Fig. 2.—P (xyo) section of Patterson-Harker map 
for insulin.

Crowfoot used rectangular coordinates #, y } z  

to describe the position of peaks, and we shall de­
scribe the sections cut through the Patterson- 
Harker maps in this way; but, because of the tri­
gonal symmetry of the lattice and molecule, we 
prefer for other purposes to use polar coordinates 
2, 0, p where 9 is tan"1 y/x  and p is the distance 
from the 2-axis.

We shall use M to designate molecular centers: 
M0 for that at the origin, M ' for the next one along 
the 2-axis at z  = c = 30.9 A., and Mb M2, . . . M6 
for the 6 nearest neighbors near the x, y plane in 
the positions indicated in Fig. 3. Thus Mi and 
Mö are located, respectively, at 2 = =±= 10.3 A., 9 = 
=*=30°, p = 43.2 A., while the positions of the 
others are obtained by successive rotations 
through 120°. The distance Mi to M3 is 74.8 A.

The agreement we have noted between the pro­
jection of Fig. Ic and the projection of the PH 
octahedron suggests that the A, B, and C peaks 
represent the S points of the C2 octahedron. 
However, the points on the PPI octahedron are

not all in one plane. The A and C points lie at 
z = =*=24 and the B points at 2 = 0. The calcu­
lated coordinates are given in Table II.

0 10 20 30 40  50 ' 60 70 ’ 80A

Fig. 3.—P(VyV2c) section of Patterson-Harker map.

It is thus important to examine the sections of 
Figs. 2-5 to see if the maxima whose projections 
give the A, B, and C points in Fig. Ic really lie at 
the proper values of 2.

We are handicapped in this study by the fact 
that the sections of Figs. 4 and 5 are taken at 6 = 
0 and 90°, while the maxima are to be expected 
at 6 and 96°. Figure 2 is a section which, for 
different molecules, corresponds to values of 2 = 
0, and =±=10.3. Similarly, Fig. 3 gives 2 = =±=5.2, 
and 15.5. None of these sections comes at 2 = 
24, where the A or C peaks lie. However, the 
section at 2 = 25,8 is close enough to locate the 
peaks reasonably well.

Referring to Fig. 5, we see in fact that the A 
peak for M0 lies close to the upper M2 molecule 
at 2 = +24 and at a value of p only a few per cent, 
less than p = 33.9 which corresponds to the cal­
culated PH octahedron (see Table II).

In Fig. 4 at z = +3  A., Ö =  0°, p = 10 A., 
there is a well-defined peak which we identify as 
the A peak belonging to Mi (which lies at 2 = 
— 20.6). With respect to Mi this peak lies at 
2 == +23.6. From Figs. Ic and 2 we see that its 
position with respect to Mi corresponds to 6 = 
216°, for which 2 should be +24.

The A peaks appear in their proper positions in 
Figs. Ic, 2, 3, 4 and 5, and these sections all show 
that the A peaks are comparatively isolated. 
Figure 4 shows, however, that in one direction, 
parallel to the 2-axis, the A maximum is connected 
through a point J to another maximum A', which, 
although really a separate peak, contributes to the
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A peak seen in the projection of Fig. Ic. 
shall discuss the origin of J and A' later.

We

10 20 30  40 50 60 70 SoA

Fig. 4.—P (xoz) section of Patterson-Harker map. 0 = 0C

The data prove that the A peaks lie alternately 
above and below the x , y plane at distances ±24 
A., which is the distance between opposite parallel 
faces of the C2 octahedron. We note from the sec­
tion 0 = 90° (Fig. 5) that the molecule at the ori­
gin must have one of its slits S at 0 = 96°, z =
+ 1 2  A., but there is no slit at —12  A. for this value 
of 0. Since there is only one molecule in each 
rhombohedral cell, we conclude that all the mole­
cules in the crystal lattice given by these dia­
grams are so oriented that an apex of the tri­
angle forming the upper face of the C2 octahedron 
is located at 0 = 96 tyut none at 276°.

The points in the PH octahedron which corre­
spond to the B peaks lie at z = 0 on the corners of 
the hexagon shown in Fig. 2. There is, in fact, a 
prominent extension of the contours toward this 
point B, but the presence of other maxima B' and 
B" prevents us from estimating the exact con­
tribution of B. We shall discuss the factors that 
cause these complications in this region.

The calculated coordinates for the C points in 
Table II give values of 0 which are the same as for 
A, but the values of p are half as great, and z is of 
opposite sign although it has the same magnitude 
(24 A.). Examination of Fig. 5 shows a maximum 
at z — —27, 0 = 90°, p = 20, not far from the 
calculated position of C at z = —24, 0 = 96°, p =
17. The agreement might be much better if the 
section had been taken at 0 = 96°.

Although the A, B, and C peaks in all the sec­
tions agree satisfactorily with the positions calcu­
lated from the slits of the C2 octahedron, it will be 
recognized that the 6 slits provide a very incom­
plete description of the C2 structure. It is rea­
sonable to hope that the 62 additional maxima 
and minima per molecule listed in Table II, which 
are seen only in the sections of Figs. 2-5, corre­

spond to other characteristic features of the C2 
molecule, such as the polyhedral nature of the 

skeleton. We may also expect to detect effects 
due to the 44 hexagonal lacunae in the positions 
shown in Figs, la  and lb by F, T, and E.

Density Deviations in Insulin.—Each mole­
cule in the insulin crystal contains several 
thousand atoms of an average atomic weight of 
about 7. The heaviest atoms are 3 zinc atoms 
per molecule, and there are about 36 sulfur 
atoms. With the exception of these heavy 
atoms and a few groups of atoms having slightly 
higher or lower density than the average, we 
may look upon the volume distribution of elec­

trons as being substantially uniform or at least 
as varying continuously in such a way as to show 
no fine structure. A slowly varying electron dis­
tribution would contribute to the general scattered 
X-ray radiation, but its effects would be eliminated 
automatically when the Patterson-Harker analy­
sis is made by taking only photographic lines whose 
intensity is estimated visually. The finer struc­
ture given by the lines, which is the basis of the 
Patterson-Harker diagrams, can thus be regarded 
as representing positive and negative deviations 
from this assumed smooth volume distribution of 
electrons.

Fig. 5.—P(oyz) section of Patterson-Harker map. 
e =  90°.

In the protein molecule we may roughly assume 
0.50 electron per unit of molecular weight, whereas 
in a water molecule we have 0.56 electron per 
unit. Considering that the density of the insulin 
crystal as a whole is about 1.32 and that of water 
is 1 .0, it appears that water has an electron den­
sity about 16% lower than that of the average of 
the protein molecule. Thus low density may be 
expected in regions where the water content is 
high or where there are actual voids. Similarly, 
side chains comprising aliphatic or aromatic hy­
drocarbons would also correspond to minima, 
while the groups containing many oxygen or
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T a b l e  I

D e n s i t y  D e v ia t io n s  i n  t h e  I n s u l i n  L a t t ic e

.Symbol
Description 

(L — lacunae)
No. per 
molecule

Coordinates
z, A. 0 deg. p A. Symmetry Density

Relative
magnitude
(approx).

O Center 1 0 0 — 0 - 4
s Slit (corner) 6 ±12 6 ^  30 17.0 3 + s + 5

E L in edge 12 ±12 6 ±  30 8.5 3 — e - 1
0 6 14.7 6

F L in face center 8 ±12 0 * - f - 3
±  4 6 ±  30 11.3 3

T Other L in faces 24 ±12 6 =f 30 8.5 3 - t - 1
±  8 (6 «F 6) and (6 ±  66) 12.3 3
±  4 6 =f  30 14.1 3

Z Zinc complex 6/2 ±  5 ± 3 0 21.6 3 + z + 4
U Group near Z 3 or 6 ±  5 40 =f  30 17 3 + u + 3
V Group near Z 3 or 6 ±  3 38 ±  30 22 3 — v - 5

0 Midpoints between L 144 •• + 4 + 0 . 1

especially sulfur atoms correspond to maxima, trigonal faces (Fig. la). The trigonal symmetry
In Table I we have listed the points associated 

with the C2 molecule where density deviations are 
to be expected. Thus, the center O of the mole­
cule is probably a region of negative density de­
viation —o, since the side chains within the cage 
are not long enough to reach the center, a dis­
tance of 12  A. from the surface of the C2 octahe­
dron. To the slits S we assign an intensity +s, 
since even apart from side chains the atoms form­
ing the skeleton are crowded at these points. To 
the lacunae F, T, and E, presumably regions of 
negative deviations, intensities —ƒ, —t, and — e 
are assigned. Furthermore, we note from sym­
metry considerations, and for reasons already 
given,3 that the zinc atoms are located near the 
midpoints along lines connecting the centers of 
adjacent molecules (except along the 2-axis). 
These zinc atoms and the polar oxygen or sulfur 
atoms probably associated with them we designate 
by Z (intensity + 2). We shall find later that 
there are two regions U and V having deviations 
+u  and —v, respectively, probably associated 
with side chains contributed by neighboring mole­
cules which bind the zinc.

If the lacunae are regions of low density, the 
spaces between them must be of comparatively 
higher density. We therefore may consider that 
the midpoints Q between the centers of lacunae 
are regions having a positive density deviation 
+<Z\ -

The foregoing assumptions regarding density 
distribution are designed as a description of the 
characteristic features of the C2 structure. The 
effects of individual side chains (except U and V) 
have been neglected. The C2 structure is not 
actually an octahedron and has at least 2 kinds of

characteristic of insulin could be preserved even 
if the C2 molecule had faces of four kinds,3 i. e., 
with 4 different distributions of side chains. It 
may be hoped that the effects of these features 
may also ultimately be taken into account in analy­
zing the X-ray data.

Construction of Patterson-Harker Diagrams.
—To consider the Patterson-Harker diagrams 
given by any distribution of atoms in space, we 
take first two points a and b of intensities a and fi, 
respectively. The diagram associated with these 
two points comprises the vectors of a on &, of b on 
by of a on b, and of b on a. Each has associated 
with it the product of the intensities of its two 
constituents. We therefore write 
V([aa +  06 ]2) = a2V(a2) +  fi2V(b2) +

afiV(ab) +  a(3V(ba)
The terms V(a2) and V(b2) correspond to loca­
tions at the origin. It will be noticed that the 
cross terms V(ab) and V(ba) will be positive if 
a and fi have the same sign, negative if they have 
different signs. Thus a positive cross term will re­
sult both when two points of positive intensity 
are concerned and when two points of negative 
intensity are concerned. On the other hand, the 
cross terms will be negative only when a point 
with positive intensity is associated with a point 
of negative intensity. These are located at posi­
tions ab and ba with respect to the origin.

The A, B, and C peaks that we have previously 
considered have the intensities j 2, 2 s 2 — e2, and 
2s2 — e as given in Table II. It hardly seems pos­
sible at present to compare the relative intensities 
of the A, B, and C peaks to get the actual ratio 
in the coefficients.

Let us now consider the peak A'. This point
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T a b l e  II
M a x im a  a n d  M in im a  i n  t h e  P a t t e r s o n - H a r k e r  M a p s  f o r  I n s u l i n

The coordinates give the positions with reference to the center of the molecule to which they are associated.
„ Coordinates

Symbol Character® Vector Symmetry z, A. 6, deg. p, A. Intensities
A Max. I OA 3 *24 6 =F 30 33.9 -h?2
A' Max. I V« OA 3 *  8 6 =F 30 11.3 + 4 /2
A" Min. I V2 o c 3 *12 6 ±  30 8.4 - 4  es +  4e2 +  412 +  2eo
B Max. II OB 6 0 6 29.4 +2y2 +  e2
B' Max. I l l ' 7s OB 6 0 6 19.6 + 2 /2

Max. I l l Ve OB 6 0 6 24.5 +4*2
B" Max. I 3 or 6 *  3 ca 38 =*= 30 ca 22 A-2ov
C Max. II OC 3 *24 6 ±  30 17.0 + 2 s2 +  e2
D Max. I V» OM' *12 0 +fo
D ' Min. I V* OM 3 *  5 ±30 21.6 —2 oz
G Min. I 72 OB 6 0 6 14.7 —4 es +  4tf2 +  4/2 +  2eo
J Max. II 7 .  OB 6 0 6 9.8 + 2 /2
K Min. II 3 *  5 ca 40 =f 30 ca 17. —2 ou
N Min. I 74 OB 6 0 6 7.4 -3 2  Iq
a In the second column of Table II, maxima or minima shown in the diagrams are classed as follows: I, well-defined 

isolated maxima or minima; II, maxima or minima whose effects are observable although partly masked by neighboring 
maxima or minima; and III  maxima or minima which contribute to but are individually masked by neighboring terms.

(Fig. 5) lies close to the s-plane about one-third 
of the way from the origin to A (vector l/ z OA). 
We note that in the C2 octahedron of Fig. la the 
lines connecting F points in adjacent faces lie 
parallel to the lines S-S between opposite corners 
and are of one-third the length of S-S. There are 
four such vectors, corresponding to each of the di­
agonals between opposite points, so that the in­
tensity of A' corresponds to 4/2. This is neces­
sarily positive and produces a maximum. The 
point A' in Fig. 5 at z = +8, p = 11.3 A. is, in 
fact, a maximum and happens to come almost di­
rectly above one of the A points, at z — —4, al­
though it is unrelated since A' belongs to M0, while 
A belongs to M2,

At point D' there is a well-defined and very 
symmetrical minimum, shown in Figs. 3, 4, and 5. 
Since it lies at the midpoint along the line connect­
ing adjacent molecules, it must receive equal con­
tributions from these. This appears to result 
from the interaction between O and Z, giving a 
minimum of intensity — 2oz at D'. Since the two 
molecular faces adjacent to the zinc are not of 
identical structure, it is possible that the zinc 
atom is not exactly at the midpoint between the 
two molecules. However, the contours around 
the point D ' (Fig. 5) are not elongated along the 
line connecting the atoms, so that the zinc atom 
is probably not far from this midpoint. The 
observed spheroidal nature of the D' minimum 
may be an effect of neighboring A maxima.

The maximum D seen in Figs. 3, 4, and 5 lies 
approximately halfway between centers of adja­

cent molecules along the z axis from which it 
must receive equal contributions. The interac­
tion between O and F lacunae in the upper and 
lower faces gives a maximum of intensity -\-fo at 
z = =*= 12  A. Thus we recognize that the maxi­
mum D represents the overlapping of two peaks 
at z —  =*= 12  A., the elongation in the vertical di­
rection being due to the composite nature of this 
maximum. The size of the maximum gives a 
rough estimate of the maximum dimensions of 
the low density region O. The D ' minimum is of 
about the same size as the D minimum, both being 
dependent on the dimensions of O.

The well-defined minimum at A" (Figs. 3 and 5) 
corresponds to the vector 1/ 2 OC, and appears to 
be due principally to the interaction of E and S 
points along the edges between adjacent lateral 
faces of the C2 octahedron. This gives an inten­
sity ~A.es. However, we find that there are other 
terms which contributed to the intensity at this 
point: four vectors EE, four TT, and two DE, so 
that the total intensity is —Aes +  4e2 +  At2 +  
2eo. The fact that we have here a minimum in­
dicates that the Aes term must predominate.

This, and similar observations, enable us to 
make the rough estimates of the relative intensi­
ties of the various points given in the last column 
of Table I which seem consistent with all the ob­
served maxima and minima of Table II. Accu­
rate values of these intensities must probably 
await knowledge of the distribution of the side 
chains on the surface of the C2 molecule.

The minimum G in Figs. 2 and 4 corresponds
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to the vector y 2 OB and contains exactly the same 
terms as the A" minimum and should thus have 
the same relative intensity.

Figs. Ic, 2, 3, and 4 show high vector concentra­
tions in 6 regions symmetrically arranged about 
the 2-axis. This “B complex” lies between p = 19 
and p = 31 A., covers the range of angles 6 from 
—20p to + 2 0 °, and extends over all values of 2. 
Figure 5, which corresponds to 6 = 30°, 90°, etc., 
shows that in these planes the B complex is wholly 
absent. We recognize several definite maxima 
within the B complex. The principal one, B", 
seen best in Fig. 4, appears to be due to the inter­
action of the low density regions O and V. Since 
O is at the origin, the OV term is located at V 
(see Tables I and II). The very strong maximum 
B" at z — +7, 6 = 0°, p = 29 belongs to Mi, 
which lies at z — 10.3 A. Another of the B" 
points, the one belonging to Mo, thus lies at 
z — —3 A., 6 =  8°, and p = 22 A. The point 
marked B" in approximately this position in Fig. 4 
is really 3 A. in front of the true B" maximum, and 
this fact accounts for its lower intensity as com­
pared to the B" point located at z = +7, p = 29.

This maximum corresponds to a strong nega­
tive density deviation near the zinc atom Z. 
Perhaps it is associated with the phenyl group of 
one or two tyrosine side chains which bind the 
zinc atom.

In Table II we have listed twp other maxima 
(B') which correspond to the vectors 2/ 3 OB and 
5/e OB and result from FF and TT terms. They 
contribute to the B complex at z = 0 and =*= 10.3.

The rest of the B complex, extending as it does 
over all values of z, is most readily interpreted as 
due to the interactions of T lacunae with other 
rather distant T, F, or E lacunae. With a total of 
44 E, F, and T lacunae, there would be over 1900 
vectors connecting them. We have attempted in 
Table II to consider particularly the single terms 
which are of greatest intensity because they con­
tain the more important factors S, F, O, or U or 
because they involve a large number of contribut­
ing vectors as a result of symmetry. The terms 
of most significance have been those between ex­
treme points in the molecules, such as the S 
points, for the Patterson-Harker map of these 
points has a simple structure with widely sepa­
rated points.

We have naturally not attempted to analyze in 
detail all the terms involving T, E, and F. It does 
appear, however, from numerous trials that a par­

ticularly large fraction of the vectors which in­
volve the more distant lacunae give terms that 
lie within the B complex, well distributed over 
various values of 2. The terms are individually 
of small intensity but add up to substantial values 
because of their large number.8

We have now considered in Table II 80 well- 
defined points shown in the Crowfoot diagrams. 
These include nearly all points which might be ex­
pected to have high intensities. The total num­
ber of points per molecule for which we have as­
sumed characteristic density deviations (neglect­
ing the Q points), as shown in Table I, is 60 to 66 
which corresponds to a total of about 3600 vectors. 
Many of these, however, coincide. We have not 
attempted to consider all the maxima and minima 
which would result from these vectors. We have 
considered a large number not given in Table II 
and in no case have we found that they conflict 
seriously with the Crowfoot diagrams. Some of 
the points come in positions where they are 
masked by neighboring maxima or minima, but 
many fall in positions where their effect is to 
modify the contour lines in a manner which im­
proves the agreement with the Crowfoot diagrams.

It should be noted that the sections of the Pat­
terson-Harker diagrams given by Crowfoot are 
chosen with reference to axes of the crystal la t­
tice. The x, y projection and the sections in this 
plane show that the trigonal axis of crystal and 
molecule coincide, but that the hexagonal axes of 
the molecule do not coincide with those of the 
crystal but are turned through an angle about the
2-axis of 8 = + 6°.

The Patterson-Harker sections chosen with 
reference to the crystal lattice are, of course, use­
ful in determining the symmetry of the crystal as 
a whole. For example, Crowfoot showed tha t 
the insulin crystal has symmetry corresponding 
to the R3 space group. She was not able, how­
ever, to determine the symmetry or orientation 
of the molecule itself.

These sections through the crystal lattice are 
also useful in determining the positions and the

(8) (Note added by I. Langmuir, August 14, 1938.) An alterna­
tive and perhaps preferable although nearly equivalent interpreta­
tion of the B complex is to regard it as being the result of the inter­
action of the slits S with a uniform positive density deviation over the 
faces of the C2 octahedron. This gives a PH distribution very closely 
like that of the B complex. Upon this uniform positive surface 
distribution over the faces there is then to be superposed the negative 
deviations corresponding to the lacunae which have already been 
considered. This suggests that in Table I q should be taken larger 
than 0.1 so as to give a positive value for the average density devia­
tion over the whole surface.
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structure in the neighborhood of all atoms which 
lie midway between the adjacent molecules in the 
crystal. Thus Figs. 3, 4, and 5 give various sec­
tions through the maximum at D which is due to 
the overlapping of the EO vectors contributed by 
neighboring molecules along the 2-axis. Further­
more, the maximum D' is located approximately 
midway between other pairs of adjacent molecules 
and so furnishes direct information regarding the 
location of the zinc atoms and the groups which 
bind them to adjacent molecules. In other 
words, the crystal lattice sections give the loca­
tion of the molecules and intermolecular structure.

To determine the intramolecular structure, 
however, sections should be chosen with refer­
ence to the axes of the C2 octahedra. The pro­
jection of the x, y plane, in Fig. Ic, gives directly 
the value of 8. If sections parallel to the 2-axis 
had then been taken at 6 = 6°, 2 1 °, 36°, etc., 
simply related to the axes of the C2 octahedron, 
the diagrams would have shown the intramolecu­
lar structure in far greater detail. For this pur­
pose it would also be desirable to have x, y sec­
tions at the height 2 = h = +24 A. and at halves, 
thirds, and sixths of this distance. To obtain 
these sections needed to bring out the molecular 
structure, it will not be necessary to obtain new 
X-ray data. These Patterson-Harker sections 
can be calculated directly from Crowfoot’s data 
on the intensities of the X-ray reflections.

I t has been shown3 that the distance between 
faces of adjacent C2 structures (not along the c- 
axis) varies from 7 to 13 A. as 8 varies. Since the 
zinc atoms and their attached groups lie between 
these faces, it appears that the angle 8 is deter­
mined by the zinc atom. If we should substi­
tute cadmium or if possible mercury for the zinc, 
we should expect to obtain different values of 8. 
This would change in marked degree the Patter­
son-Harker sections chosen with reference to the 
crystal lattice but would leave unchanged many 
of the intramolecular features characteristic of 
the sections which have been chosen with reference 
to the molecular orientation.

Attention should be called to the particular 
features of the Patterson-Harker diagrams near 
D ', the midpoint between neighboring molecules. 
The cross terms between the zinc atom and all the 
other points in the C2 molecules reproduce about 
D ' as a center, an image of the whole of the C2 
structure of unaltered size and of intensity pro­
portional to 2. The minimum at D ' is merely the

image of the hollow at the center of the C2 mole­
cule transposed to the point D'. If we could sub­
stitute a much heavier atom than zinc and so in­
crease the factor 2, this image should become more 
distinct and show more clearly all the features 
of the molecular structure.

We have examined the diagrams in the neigh­
borhood of D' to see if the 6 S points in this trans­
posed image of the C2 molecule are observable as 
maxima of intensity +  sz in planes given by 2 = 
=*=5 =*= 12 A. We find that points in 3 locations 
are obtained: 2 of these fall at the edges of the B 
complex at 2 = ± 7  and are masked by it. The 
third set of maxima lie with hexagonal symmetry 
at Q — 10 ° and p = 5 A. and so appear to account 
exactly for the hexagonal form of the outermost 
of the closed curves that surround the molecular 
centers in Fig. Ic.

Just as we have seen that a high density point 
half way between molecular centers gives about 
that point an undistorted image of the whole 
molecule, so we must conclude that the vectors 
between a low density point O at the center of 
each molecule and all the other points in the mole­
cule will produce another undistorted molecular 
image about O as a center but of intensity pro­
portional to —0 . The central part is, of course, 
lost because of the high central density, but the 
terms of intensity — os resulting from the inter­
action of O and S should be present as minima in 
the diagrams. These 6 points occur at +2 OA 
and in Fig. 5 all lie in the deep trough connecting 
the A" points. The OE interactions we have al­
ready taken into account in points A" and G.

The molecular inlage produced by the zinc 
around D' could be greatly enhanced if a very 
heavy atom such as mercury could replace the 
zinc. It is conceivable that in this way simple 
structural analyses may be made of very compli­
cated molecules.

The foregoing analysis shows that all the promi­
nent features of the Crowfoot diagram are de- 
ducible from the C2 structure whose octahedron 
has a side 29.4 A. if a — 1.50 A. During the de­
velopment of this analysis we repeatedly found 
that as we introduced one by one the more deli­
cate features of the C2 molecule the more perfect 
became the concordance between the Patterson- 
Harker diagrams and the Crowfoot pictures. 
We feel therefore that these X-ray data, in giving 
so perfect a picture of the C2 structure, provide 
the experimental basis for the cyclol theory.
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Summary
Crowfoot’s data on X-ray reflections from in­

sulin crystals, as summarized in a set of Patterson- 
Harker vector maps, are found to correspond in 
great detail to the C2 polyhedral structure pre­
dicted for the insulin molecule on the basis of the 
cyclol theory. The features of the insulin mole­
cule confirmed by the X-ray data include: (1) 
six high density points at the comers of an octa­
hedron of side 29.4 A., which is the size given by 
the cyclol theory; (2) low density regions near

the centers of the 44 lacunae in the cyclol fabric 
that are located in definite positions in the edges 
and faces of the polyhedron; (3) a comparative 
hollow at the molecular center, i. e, a cage struc­
ture; (4) three zinc atoms per molecule on lines 
connecting molecular centers (except along the
2-axis) and low and high density groups attached 
to these zinc atoms outside the C2 stmcture.
Oxford University, England 
Research Laboratory 
General Electric Co.
Schenectady, N ew Y ork Received July 30, 1938

[Contribution from the Chemical Laboratory of Harvard University]

The Synthesis of 2- and 6-Substituted Derivatives of 20-Methylcholanthrene1
B y L o u is  F . F ie s e r  and  V ic to r  D e s r e u x 2

Derivatives of carcinogenic hydrocarbons hav­
ing active functional groups are of interest to the 
general problem of attempting to correlate struc­
ture and biological activity, and if, among such 
compounds, derivatives can be found which pos­
sess marked carcinogenic activity they may be of 
value in providing a route to the preparation of 
interesting glycosides or conjugated proteins.

The only functional derivatives of methylchol- 
anthrene previously known are 3-hydroxy-20- 
methylcholanthrene,3,4 and its ether and acetate,
3-chloro- , 4 and 3-cyano-20-methylcholanthrene.4 
These were all made available by application of 
the Fieser-Seligman methylcholanthrene syn­
thesis5 to suitable methoxy- and chloro-substi- 
tuted ketones, and the successful outcome of the 
syntheses shows that these substituent groups are 
capable of withstanding the pyrolytic conditions 
of the Elbs reaction when located in a position 
corresponding to the 3-position of methylcholan­
threne. This is a ^-position and is located in the 
terminal angular nucleus at a point rather remote 
from the site of ring closure, and it seemed likely 
that the other /3-position 2 in this ring also would 
offer an environment favorable for the retention 
of an active functional group. Consequently, as 
a next step in the search for compounds of the type 
desired we synthesized the ketone III and in-

(1) This investigation was conducted as part of a program of re­
search receiving support from the National Cancer Institute.

(2) Fellow of the Belgian American Foundation; Aspirant du 
Fonds National de la Recherche Scientifique Belgique.

(3) Cook and de Worms, J. Chem. Soc., 1825 (1937).
(4) Fieser and Riegel, T h i s  J o u r n a l , 59, 2561 (1937).
(5) (a) Fieser and Seligman. ibid., 57, 942 (1935); (b) 58, 2482 

(1936).

vestigated its behavior on pyrolysis. For the 
preparation of the ketone the lithium derivative

CH2-CH2 i i
I

CH2-CH2
IV

I from 4-methyl-7-chlorohydrindene5,6 was con­
densed with the chloride of 7-methoxy-l-naph-

(6) If the condensation of such a lithium derivative with a suitable 
nitrile constitutes a “modification of the original method of Fieser 
and Seligman,” as stated by Cook and de Worms,3 it may be noted 
that the modification was introduced not by these workers but by 
Fieser and Hershberg, ibid., 59, 394 (1937).
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thoic acid, prepared by the synthesis described 
by Fieser and Holmes.7 The 7-methoxy-l-naph- 
thoyl chloride was prepared satisfactorily with the 
use of phosphorus pentachloride, but an unex­
pected difficulty was encountered on employing 
a commercial lot of thionyl chloride which, being 
colorless, had not been further purified. The 
acid chloride in this case was contaminated with a 
persistent yellow impurity, and when this was 
isolated it was found to contain sulfur and to have 
the properties of a lactone (insoluble in cold alkali, 
slowly dissolved by alcoholic alkali). From the 
analyses and properties it is probable that the 
yellow substance has the structure V and that it

CH3H
COOH

k
+  SC12

\ / \ /

S— CO

V

arises from the condensation of sulfur dichloride, 
present in the commercial thionyl chloride, into 
the activated 8(ce)-position of the acid or acid 
chloride, with subsequent ring closure.

The pyrolysis of the ketone III proceeded satis­
factorily and pure 2-methoxy-02-methylcholan- 
threne (IV) was obtained in 40% yield, which is 
practically the same as that obtained in this Labo­
ratory4 in the preparation of the isomeric 3- 
methoxy compound. The hydrolysis, however, 
presented special difficulties, for the 2-ether is un­
usually resistant to acid cleavage and the free hy­
droxy compound is very sensitive and decomposes 
extensively under the influence of acids or bases, 
or when heated in the presence of oxygen. The 
hydrolysis consequently could not be carried to 
completion without destruction of all of the prod­
uct formed and it was necessary to work with mix­
tures. It was found, however, that after acetyla­
tion of the crude mixture the more stable acetate 
can be separated from the ether and purified satis­
factorily, and careful saponification of the pure 
acetate afforded the hydroxy compound in such 
a condition that it could be purified.

The synthesis of the 2- and 3-methoxy com­
pounds having been accomplished successfully 
by the Elbs reaction, we investigated the possi­
bility of preparing 6-methoxy-20-methylcholan- 
threne by the pyrolysis of the ketone VI. As in­
dicated in the formulas, this was synthesized by 
two different methods, the first of which fully es-

(7) Fieser and Holmes, T h i s  J o u r n a l , 58, 2319 (1936),

/ \

/CN BrMg

+

HsC/V^CH!!

V (a)

'OCHs

c h 2- c h 2

HsC. /V CH,

f fe)

OCHs

CH2-CH 2
VI

COC1 fx
+

H sC /V ^C H , OCHs

CHa-CHü

tablishes the structure of the ketone. The 4- 
bromo- 1 -naphthol required for this synthesis (a) 
was prepared by the bromination of a-naphthol 
with iodine bromide according to Militzer,8 but 
the purification was very tedious and the yield of 
satisfactory material was only 23%. The Friedel 
and Crafts synthesis (b) was therefore investi­
gated and found to give the identical ketone in ex­
cellent yield. The 4-methylhydrindene-7-car- 
boxylic acid required was prepared conveniently 
by heating the corresponding 7-chloro compound 
with cuprous cyanide, pyridine, and water at 2 10 °; 
this gave some acid and some amide, and the latter 
was easily converted into acid by alkaline hydroly­
sis.

Since the methoxy] group of the ketone VI is in 
an ^-position of a ring involved in the cyclization, 
there is more opportunity here than with the pre­
viously investigated compounds for disturbance 
of the substituent in the course of the Elbs reac­
tion conducted at a temperature above 400°. 
Such disturbance evidently occurred, for in sev­
eral experiments the only product that could be 
isolated was methylcholanthrene, and when the 
total crude product was submitted to acid hy­
drolysis no trace of a phenolic substance was ob­
tained. We are not prepared to say that condi­
tions cannot be found permitting retention of the 
methoxyl group, but record merely that under the 
conditions found most satisfactory for the pyroly-

(8) Militzer, ibid., 60, 256 (1938).
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sis of related ketones the methoxy group in this 
position is easily eliminated.

It was of interest to learn whether a chlorine 
atom in the same position would suffer a similar 
fate, and for this purpose we required 5-methyl-7- 
(4'-chloro-1'-naphthoyl)-hydrindene (VII). The 
synthesis was accomplished by the Grignard reac­
tion indicated in the chart, the l-bromo-4-chloro- 
naphthalene being prepared conveniently in a 
very pure form from the known9 acetyl-4-bromo-l- 
naphthylamine.

f Y
/C N BrM gx / U

1 II
xCH2 U n

c h 2- c h 2

/ \ / co\ / : .

HSC c h 2
I I

CHa-CH*
VII

CH,-CHa
VIII

The direct bromination of a-chloronaphthalene 
was also tried but gave a mixture from which the 
desired isomer was isolated in only very poor 
yield. When the chloro ketone VII is heated no 
change occurs until a critical temperature of 
about 410° is reached and at that point a vigorous 
reaction sets in with loss of water and evolution of 
hydrogen chloride. The reaction is exothermic, 
and if the external temperature is not decreased 
the product is largely destroyed. By quickly 
lowering the bath temperature as soon as the re­
action had started, it was possible to conduct the 
pyrolysis with sufficient success to permit the iso­
lation of 6-chloro-20-mefhylcholanthrene (VIII) 
in a pure condition, if in only 1.2% yield. The 
reaction mixture contained in addition a consid­
erable quantity of methylcholanthrene, but the 
sparing solubility of the chloro compound made 
possible its isolation in a condition believed to be

(9) Meldola, Ber., 11, 1904 (1878).

free from contamination with the carcinogenic 
hydrocarbon. The chloro compound is rather 
sensitive and decomposes when heated at the 
melting point in the presence of air, but it is 
nevertheless transformed very smoothly into the 
nitrile when heated with cuprous cyanide in py­
ridine. The nitrile is very resistant to hydroly­
sis, and in a few trial experiments we did not suc­
ceed in preparing the corresponding acid. 6- 
Chloro- and 6-eyano-lO-methylcholanthrene are 
of particular interest because the position of sub­
stitution corresponds to that of 3-substituted 1,2- 
benzanthracenes, some of which have been found 
to possess carcinogenic activity.10

An interesting observation was made in the 
course of a preliminary attempt to prepare the 
chloro ketone VII by the Friedel and Crafts reac­
tion between 4-methylhydrindene-7-carboxylic 
acid chloride and oechloronaphthalene. Little re­
action took place at —10 °, but at room tempera­
ture in tetrachlorqethane solution there was pro­
duced a yellow substance having two hydrogen 
atoms less than the expected ketone VII. After 
the latter compound had been made available by 
the Grignard synthesis it was found that the same 
yellow condensation product can be obtained by 
the action of aluminum chloride on the ketone in 
tetrachloroethane solution at 25 °. From the com­
position of the condensation product and the 
structure of the intermediate from which it can be 
obtained, it would seem that the substance is 
probably either a benzanthrone derivative IX or 
the cholanthrone X.

IX  X

While conclusive evidence of the structure cannot
(10) Fieser, Hershberg, Long, Jr., and Newman, T h i s  J o u r n a l , 

59, 475 (1937).



2258 Louis F. F ieser and Victor Desreux Vol. 60

be given, the following observations appear to be 
significant. If the substance were a cholanthrone, 
it would be expected to yield a cholanthranol ace­
tate on treatment with acetic anhydride in pyri­
dine, but the yellow compound failed to react un­
der these conditions and was recovered unchanged. 
The alternate structure IX, on the other hand, is 
consistent with the behavior of the substance in a 
qualitative test with zinc dust, sodium acetate 
and acetic anhydride. It has been observed re­
cently in this Laboratory that benzanthrones can 
be converted by this method of reductive acetyla­
tion into easily hydrolyzed dihydrobenzanthrone- 
enol acetates,11 and the compound in question 
gave evidence of reacting in this manner, although 
the product proved to be quite unstable and was 
not isolated in a pure condition. The structure 
therefore is probably that of formula IX, and the 
observations suggest that the a-benzoylnaphthal- 
ene derivative VII undergoes the Scholl peri- 
condensation under the influence of aluminum 
chloride in tetrachloroethane solution at a tem­
perature lower than is required to produce ben­
zanthrones by the usual process using aluminum 
chloride alone or sodium aluminum chloride.

In connection with the attempt to synthesize 
the ketone VII by the Friedel and Crafts reaction, 
we investigated the action of aluminum chloride 
on cv-chloronaphthalene in tetrachloroethane at 
room temperature and found that a part of the 
material was isomerized to /3-chloronaphthalene. 
This isomerization was observed some time ago by 
Roux,12 but at a considerably higher temperature. 
There was also a higher boiling fraction probably 
similar to that obtained by Weitzenböck and 
Seer13 at a higher temperature and found to con­
tain perylene and dinaphthyl derivatives.

Experimental Part14 15

2-Hydroxymethylcholanthrene
Preparation of Starting Materials.—In the preparation 

of /3-(4-methoxybenzoyl)-propionic acid by the procedure 
of Fieser and Hershberg16 it was found unnecessary to 
keep the mixture a t 0-5° after adding the aluminum 
chloride; we allowed the mixture to stand at room tem­
perature for three days and obtained purified acid, m. p.
146.5-147°, in 90% yield. Reduction (Martin16) gave 7- 
(4-methoxyphenyl)-butyric acid, m. p. 60.5°, in 90% yield,

(11) Fieser and Hershberg, unpublished observation.
(12) Roux, A nn . chim., [6], 12, 349 (1887).
(13) Weitzenböck and Seer, Ber., 46, 1994 (1913).
(14) All melting points are corrected. Analyses by Mrs. Verna 

R. Keevil, Dr. C. Fitz and the Arlington Laboratories.
(15) Fieser and Hershberg, T h i s  J o u r n a l , 58, 2314 (1936).
(16) Martin, ibid., 58, 1438 (1936).

and the ethyl ester (96% yield) boiled a t 176.5-177° 
(15 mm.). a-Keto-d-(4-methoxyphenyl)-valeric acid was
prepared by condensing the ester and ethyl oxalate with 
the use of sodium ethylate following the procedure of 
Fieser and Holmes,7 but our observations indicated that 
the time specified for the condensation is insufficient for 
complete conversion. Probably a longer period should be 
allowed also for effecting decarboxylation. The following 
method of purification gave a better product than that 
previously described and made possible the recovery of 
starting material. After decarboxylation, the crude keto 
acid was treated with dimethyl sulfate in warm alkali 
and after clarifying the solution with Norite the sodium 
salt of the keto acid was allowed to crystallize. After 
this purification through the crystalline salt, the liberated 
acid was obtained directly in a very pure condition and 
melted sharply a t 76-77°. The material failing to crys­
tallize as the sodium salt was refluxed again with 15% 
sulfuric acid (five hours) and put through the above 
process, but as the product seemed to be a mixture it was 
esterified and distilled. The main fraction (b. p. about 
160° a t 2 mm.) after saponification was found to consist 
chiefly of 7-(4-methoxyphenyl)-butyric acid, while the 
fraction boiling at 190-200° (2 mm.) was a mixture of the 
ester of this acid and the keto ester. A separation was 
accomplished easily by taking advantage of the greater 
ease of saponification of the keto ester, and by purifying 
the keto acid as sodium salt. In all 444 g. of ethyl 7-(4- 
methoxyphenyl)-butyrate gave 223 g. (50%) of very 
pure keto acid and 110 g. (25%) of recovered starting 
material.

7-M ethoxy-A '-dihydro-1 -naphthoic acid was prepared 
as described7 except that the acid was used for cycliza­
tion rather than the ester. The crude material was 
remethylated in alkali and the solution was clarified and 
acidified. Acetone proved unsatisfactory as a solvent for 
crystallization and this was done from water, giving pure 
acid, m. p. 117.5°, in 65% yield. 7-M ethoxy-1 -naphthoic 
acid was prepared as described7 and purified by remethyla- 
tion of the sodium salt; m. p. 169-170°, yield 87%.

In preparing 4-methyl-7-chlorohydrindene5b it was 
found convenient, after cyclizing the /3-chloropropionyl 
derivatives, to take up the ketone mixture in benzene and 
wash the solution with saturated sodium chloride solution 
at 50-60°. Decantation was then easily accomplished 
and after removing the solvent the product was distilled 
quickly; yield 60%. No other changes were made in the 
procedure and the yields agreed closely with those re­
ported.

Action of Thionyl Chloride on 7-Methoxy-l-naphthoic 
Acid.—The acid was treated with 3-4 equivalents of com­
mercial thionyl chloride (Fraenkel and Landau, colorless), 
and after it had dissolved the solution was warmed for 
about one-half hour longer. The excess reagent was re­
moved in vacuum and the product was distilled a t 2 mm. 
(liberation of hydrogen chloride noted). The distillate 
was a yellow, unhomogeneous solid, m. p. 75-85°, and as 
trial crystallizations were not promising the material was 
saponified with a hot sodium hydroxide-acetone mixture. 
Distillation of the acidic material gave a yellow solid, 
m. p. 158-168°, and on crystallization from dilute acetone 
this yielded a product melting a t 167° and giving no de­
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pression when mixed with methoxynaphthoic acid. The 
material was still yellow, however, and it was noted that 
it dissolved with difficulty in alkali, and only on warming, 
and that it contained sulfur. Six crystallizations from 
benzene served to remove the impurity and gave pure 
white methoxynaphthoic acid, m. p. 170° (neut. equiv. 
200; calcd. 202). The yellow benzene mother liquors 
were extracted three times with 10% alkali to remove the 
remaining acid, and on concentrating the benzene solution 
the by-product was obtained in a nicely crystalline condi­
tion. Purified further for analysis, the sulfur compound 
(V?) formed bright yellow needles melting constantly at
143.5-144°. The substance is attacked only very slowly by 
boiling aqueous alkali; it dissolves in hot alcoholic alkali 
with almost complete loss of color and precipitates in the 
original condition on acidification of the diluted solution.

Anal. Calcd. for Ci2Hs02S: C, 66.63; H, 3.73; S, 
14.83; mol. wt., 216. Found: C, 66.87; H, 3.82; S, 
14.76; mol. wt. (micro Rast), 221, 231.

7-Methoxy-l-naphthoyl Chloride.—A mixture of 10 g. 
of the acid and 12 g. of phosphorus pentachloride was 
warmed at 50° until solution was complete and the phos­
phorus oxychloride was removed in vacuum at 50°. As 
the clear mixture was found to darken rapidly even at 
this temperature it seemed inadvisable to attempt to 
distil the acid chloride, and the mixture therefore was 
cooled and extracted with 150 cc. of dry petroleum ether 
(b. p. 30-60°). Evaporation gave 8 g. (73%) of pale 
yellow crystalline product, m. p. 65-75°, and titration 
with alkali indicated the presence of 90% of the desired 
acid chloride. When prepared immediately before use, 
this material was satisfactory for the Grignard reaction, 
but it is subject to ready hydrolysis and does not keep well. 
I t  dissolves readily in warm alkali, but not in the cold. 
A recrystallized sample melted at 78.5°.

4-Methyl-7-( 7 '-methoxy-1 '-naphthoyl)-hydrindene (III). 
—A three-necked flask provided with a stirrer, condenser 
and funnel was charged under nitrogen with 1 g. of lithium 
(cut under dry ether into small pieces), 10 cc. of ether 
and 1 g. of 4-methyl-7-ehlorohydrindene. The reaction 
started after warming and stirring for about ten minutes, 
and in the course of three hours 7 g. more of the chloro 
compound in 90 cc. of ether was introduced, adding ben­
zene as required to keep the lithium compound in solution. 
After twenty hours the reaction was complete; the solu­
tion was then forced under nitrogen pressure into a stirred 
benzene solution of 9 g. of 7-methoxy-l-naphthoyl chloride, 
while cooling to 0°. The mixture was eventually brought 
to boiling, the ether was allowed to distil and refluxing 
was continued for two hours. After the careful addition of 
dilute acid, the mixture was neutralized and steam dis­
tilled in the presence of soda. The solid residue, after 
being dried in ether, distilled a t 260-270° (3 mm.), but 
in order to remove traces of acid or acid chloride the dis­
tillate was taken into an acetone-alkali mixture and boiled 
for two hours. A second distillation, followed by crys­
tallization from ether-petroleum ether, gave colorless 
prisms melting a t 91.4-91.6°; yield 7 g. (48%).

Anal. Calcd. for C22H20O2: C, 83.51; H, 6.37. Found: 
C, 83.60; H, 6.27.

2-Methoxy-20-methylcholanthrene (IV).—One gram of 
the above ketone was heated in a bath kept at 405° for

fifteen minutes and the temperature was then rapidly 
raised to 420°. Once this temperature had been reached 
the mixture was cooled and distilled a t 3 mm. The dis­
tillate was taken into benzene and the solution filtered 
through a tower of activated alumina and concentrated. 
Satisfactory crystalline material was in this way obtained 
without difficulty in total yield of 40%. When the ke­
tone (2 g.) was heated in the presence of zinc dust (0.5 g.) 
loss of water occurred at exactly the same temperature 
as above and the total yield was 36 %.

The methoxy compound on recrystallization from ben­
zene-ether formed yellow prisms melting constantly at 
163-163.4°. Like the 3-methoxy isomer,4 the substance 
exists in two crystalline forms, for on standing in contact 
with the mother liquor the prisms are slowly transformed 
into needles; both forms have the same melting point.

Anal. Calcd. for C22H 18O: C, 88.56; H, 6.08. Found: 
C, 88.43; H, 5.95.

The picrate crystallizes from alcohol as brown-black 
needles, m. p. 185.5-186°.

Anal. Calcd. for C22H180  C6H407N3: N, 7.97. Found: 
N, 7.72.

2-Acetoxy-20-methylcholanthrene.—Because of the
great resistance of the methoxy derivative to hydrolysis 
and the sensitivity of the hydroxy compound to acid, al­
kali, and oxidation, the isolation of the hydrolysis prod­
uct could only be accomplished by way of the acetate. 
In the first successful method found the conditions were 
similar to those employed by Cook and de Worms3 for the
3-isomer, but somewhat more drastic. A suspension of 
95 mg. of the ether in 3 cc. of glacial acetic acid and 0.5 
cc. of constant boiling hydrobromic acid was sealed 
in a tube in an atmosphere of nitrogen and heated at 140° 
for three hours. The product was precipitated with water, 
collected and dried, and treated directly with acetic an­
hydride and sodium acetate under nitrogen. Dried in 
ether and fractionally crystallized from ethyl acetate, the 
product yielded in all 26 mg. (25%) of pure acetate. 
Some unchanged methoxy compound was still present but 
the acetate can be separated from this without difficulty 
by fractional crystallization. The pure acetate forms 
yellow micro prisms melting, when sealed into an evacu­
ated capillary tube and introduced at a bath tempera­
ture of 210°, at 218-219°. When heated in the presence 
of air the sample turns black at about 210°.

Anal. Calcd. for C23H180 2: C, 84.63; H, 5.56. Found: 
C, 84.59; H, 5.72.

In  an attempt to increase the yield the methoxy com­
pound (500 mg.) was warmed in a sealed tube on the 
steam-bath with 13 cc. of glacial acetic acid and 5 cc. of 
hydrobromic acid solution under nitrogen for fifteen hours. 
The solution became highly colored, but unchanged ether 
was still present. After acetylating the crude product, 
purification by fractional crystallization and sublimation 
in high vacuum at 210° gave 130 mg. (23.5%) of pure 
acetate.

In  other trials it was found that demethylation does not 
occur at either 25 or 40° on shaking for several days. At 
higher temperatures decomposition to dark products 
invariably occurred and some ether always escaped hy­
drolysis. Attempts to isolate the hydroxy compound by
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chromatographic adsorption on alumina and elution of a 
pale blue fluorescent zone with benzene-alcohol gave no 
crystalline product, and separation with alkali led to 
extensive oxidation. Demethylation with aluminum 
chloride was tried without success.

2-Hydroxy-2Q-methylcholanthrene.—For hydrolysis a 
mixture of 200 mg. of the acetate, 35 cc. of alcohol and 
2 cc. of 50% aqueous sodium hydroxide solution was 
sealed in a tube under nitrogen and heated at 40°. In 
about five minutes the acetate dissolved, and the deep 
orange-red solution was then diluted and acidified. The 
crude precipitated material was dried and sublimed in high 
vacuum, giving 120 mg. of crystalline yellow material, but 
this was still impure. A product of constant melting 
point was obtained by fractional crystallization from ben­
zene, in which the hydroxy compound is sparingly soluble, 
but the yield of pure product was only 49 mg. (28%). 
The substance forms fine yellow needles which, when 
heated in an evacuated capillary in a bath preheated to 
220°, melt a t 225.5-226°. In concentrated sulfuric acid 
the substance gives an orange color turning blue on 
heating.

Anal. Calcd. for C2iH i60 : C, 88.70; H, 5.67. Found: 
C, 88.63; H, 5.55.

The picrate forms brown needles from benzene and 
melts, under the above conditions, a t 204°.

Anal. Calcd. for C2iHi60 -C6H407N3: N, 8.19. Found: 
N, 8.04.

Synthesis and Pyrolysis of 4-Methyl-7-(4'-methoxy-l'- 
naphthoyl)-hydrindene

Preparation of Starting Materials.—For the preparation 
of 4-bromo-1 -naphthol the procedure of Militzer8 was modi­
fied in the following respects. The solution of bromine 
and iodine in acetic acid was added dropwise to a vigorously 
stirred solution of a-naphthol in an atmosphere of nitro­
gen at 10°, and at the end of the reaction the solution was 
added by drops to the sulfite solution under mechanical 
stirring, which avoids occlusion of iodine by the precipi­
tate. After complete precipitation with sodium bicar­
bonate the washed and dried product was crystallized 
once from chloroform and several times from aqueous 
alcohol. The purification is very tedious and the yield 
of pure material, m. p. 120° (constant), was only 23%. 
4-Bromo-l-methoxynaphthalene, prepared with the use of 
excess dimethyl sulfate, was obtained in 60% yield as an 
oil, b. p. 182° (15 mm.).

4-Methyl-7-cyanohydrindene was prepared as described 
by Fieser and Seligman5b (E. B. H. procedure) except that 
a few cc. of acetonitrile was added to take up traces of 
water and the heating was conducted a t 240-245°. I t  was 
found advisable to use very pure chloro compound. 
The yield in several experiments was close to 90%. 4- 
Methylhydrindene-7-carboxylic acid5b was most conve­
niently prepared directly from the chloro compound. 
A mixture of 12.5 g. of 4-methyl-7-chlorohydrindene, 7 
g. of anhydrous cuprous cyanide, 10 cc. of pyridine and 2 
cc. of water was heated in a sealed tube a t 200-210° for 
twenty hours (probably a longer period would be better). 
The mixture was treated with aqueous ammonia, the 
solid material was collected and extracted with benzene 
and the ammoniacal filtrate was extracted with the same

solvent. The ammonia solution was evaporated until 
copper oxide precipitated, and on acidifying the filtered 
solution methylhydrindene-carboxylic acid precipitated 
(1.6 g.). The combined benzene extracts, after being 
washed with bicarbonate solution and dried, afforded 8 g. 
of the corresponding amide on concentration, and the 
amide was transformed into acid by refluxing with 20% 
sodium hydroxide solution, the total over-all yield of acid 
being 75%. The Rosenmund reaction17 was tried without 
success, no acid being found on acidification. 4-Methyl- 
hydrindene-7-carboxylic acid chloride was obtained with­
out difficulty from the acid (4.5 g.) and phosphorus penta­
chloride (5.2 g.) a t  40-50° (ten minutes), distilling the 
product (low melting solid) in vacuum; yield 4 g. (80%).

Grignard Synthesis.—The reaction between 4-bromo-l- 
methoxynaphthalene (12.5 g. in 60 cc. of ether) and 
magnesium (1.5 g.) started very easily and was complete 
in three hours, some benzene being added to keep the com­
plex in solution. The Grignard solution was cooled in ice 
and 8.5 g. of 4-methyl-7-cyanohydrindene was added in 
benzene; after distilling the ether the mixture was re­
fluxed for three hours and allowed to stand overnight. 
After adding water and acid the benzene was removed by 
distillation, and hydrolysis of the ketimine was accom­
plished by adding toluene, acetic acid and concentrated 
hydrochloric acid and refluxing for four hours. The 
toluene solution was dried and distilled, the ketone boiling 
at about 262° (2 mm.). Crystallized from ether, 4-methyl-
7-(4'-methoxy-l '-naphthoyl)-hydrindene formed colorless 
prisms, m. p. 121.5-122° ; yield, 11 g. (66%).

Anal. Calcd. for C22H20O2: C, 83.51; H, 6.37. Found: 
C, 83.26; H, 6.30.

Friedel and Crafts Synthesis.—A mixture of 4 g. of the
chloride of 4-methylhydrindene-7-carboxylic acid, 30 cc. 
of purified tetrachloroethane and 4 g. of 1-methoxy- 
naphthalene was stirred a t 0° and 6.5 g. of aluminum chlo­
ride was added in portions over six hours. After standing 
overnight a t room temperature, the mixture was decom­
posed with acid, steam distilled, and the product distilled 
in vacuum. To remove traces of acid, the distillate was 
heated with acetone-alkali and the recovered material 
melted a t 118.5°; yield, 5.2 g. (82%). Crystallized 
from ether, the substance melted at 121.5° and did not de­
press the melting point of the above sample.

Pyrolysis.—In  a typical experiment 2 g. of the ketone 
was heated a t 405° for fifteen minutes and the product 
then was distilled in vacuum. A solution of the dis­
tillate in benzene was filtered through a tower of alumina, 
and after many crystallizations there was obtained a 
crystalline yellow substance melting at 174.5° and giving 
no depression when mixed with a sample of methyl- 
cholanthrene, m. p. 175.5°. No other substance was 
encountered, and the following observation indicates that 
the desired methoxy compound was not present. The 
material (150 mg.) obtained from a pyrolysis similar to 
that described and purified by passage through an ad­
sorption tower was boiled with 10 cc. of glacial acetic 
acid and 1 cc. of hydrobromic acid for two hours, the solu­
tion was diluted and extracted with benzene. On ex­
traction with dilute alkali there was no coloration in the 
alkali layer and no precipitate on acidification.

(17) Rosenmund and Struck, Ber., 52, 1749 (1919).
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Pyrolysis in the presence of zinc dust gave the same re­
sults.

6-€hlbro-2ö-methylcholanthrene
l-Bromo-4-chloronaphthalene. (a) By Direct Bromina­

tion.—As no mention of this possible method was found in 
the literature, a trial was made in which 50 cc. of bromine 
was added in twenty-four hours to a stirred solution of 
162 g. of carefully fractionated (1-meter column) a- 
chloronaphthalene in 1 liter of carbon tetrachloride at 
50-60°. After refluxing overnight the solvent was re­
moved with steam and the residue was treated with steam 
in the presence of alkali, fractionated at 3 mm. and crys­
tallized from acetic acid. After six crystallizations the 
l-bromo-4-chloro compound was obtained in a pure con­
dition, m. p. 67° (compare 66.5-67°18), but the yield was 
only 6.5 g.

(b) From Acetyl-a-naphthylamine.—The acetyl com­
pound (200 g.) was brominated in glacial acetic acid 
solution with vigorous stirring at about 10° according to 
Meldola,9 and the crystallized product was hydrolyzed19 
by refluxing with 3 liters of alcohol and 300 cc. of concen­
trated hydrochloric acid for three hours. Most of the 
resulting amine hydrochloride crystallized on cooling in a 
very pure form, and a further crop was obtained on con­
centrating the solution. The total yield was 215 g. (over­
all yield, 77%). The amine liberated from the salt melted 
at 102.5° (compare19 102°).

For diazotization 35 g. of 4-bromo-l-naphthylamine 
hydrochloride in 650 cc. of water and 65 cc. of concen­
trated hydrochloric acid was stirred at 0° and treated 
with a cold aqueous solution of 20 g. of sodium nitrite. 
After one hour a cold aqueous solution of 10 g. of urea 
was added and after forty-five minutes the solution was 
added slowly to a stirred solution of 33 g. of cuprous chlo­
ride in 350 cc. of concentrated hydrochloric acid at 5-10°. 
The mixture was allowed to come to room temperature, 
with continued stirring, and a t 15-20° there was a color 
change and decomposition of the complex occurred. After 
heating on the steam-bath until the reaction product 
melted, the mixture was cooled and extracted with ben­
zene. On distillation the product boiled at 159-160° 
(3 mm.) and melted a t 65-66°. One crystallization gave 
very pure l-bromo-4-chloronaphthaIene, m. p. 67.5°, 
and the yield was 82-84% in several experiments.

When copper powder was used as catalyst in the Sand- 
meyer reaction the yield was the same and the only dif­
ference noted was that there was a shorter induction 
period before evolution of nitrogen commenced, although 
the decomposition occurred at the same temperature.

4-Methyl-7-(4'-chloro-1 '-naphthoyl)-hydrindene (VII). 
-—The reaction of 1 -bromo-4-chloronaphthalene (6.5 g.) in 
ether (60 cc.) and magnesium (0.7 g.) started very easily 
and was complete in two hours, some benzene being added 
to keep the complex dissolved. The solution was cooled 
in ice and 4.2 g. of 4-methyl-7-cyanohydrindene in ben­
zene solution was added with stirring. After removing 
the ether and refluxing for three hours, the product was 
decomposed with dilute acid and the ketimine hydrolyzed 
by refluxing with toluene, acetic and hydrochloric acids, 
as above. The hydrolysis proceeded very slowly and

(18) Beattie and Whitmore, J . Chem. Soc., 50 (1934).
(19) Gomberg and Blicke, T h is  J o urn al , 45, 1765 (1923).

sometimes refluxing had to be continued for fifteen hours. 
The toluene layer was washed with water and with bicar­
bonate solution and the aqueous layer was extracted with 
ether. The material from the toluene-ether solutions 
was distilled a t 3 mm. and the product crystallized from 
benzene-ether. The yield of very satisfactory ketone 
was 6.2 g. (72%), and the purest sample formed prisms, m. 
p. 144.5-145°.

Anal, Calcd. for C2iH17OCl: C, 78.62; H, 5.34.
Found: C, 78.62; H, 5.47.

In one experiment the ketimine hydrochloride was col­
lected before hydrolysis, and in this case the distilled 
ketone was directly pure (m. p. 144.5-145°) and required 
no crystallization; the yield, however, was slightly lower 
(65%).

6-Chloro-20-methylcholanthrene (VIII).—The Elbs re­
action with the above ketone proceeds very poorly, and 
in order to obtain any of the desired chloro-hydrocarbon 
it is necessary to control the temperature very carefully. 
Otherwise the sole product that can be isolated is methyl- 
cholanthrene. A critical temperature must be reached 
before loss of water begins and a t this temperature con­
siderable hydrogen chloride is evolved and the reaction 
proceeds exothermally with extensive decomposition.

In the most successful experiment 80 g. of ketone was 
pyrolyzed in two lots as follows. The bath was heated to 
410 ° and as soon as the reaction started the temperature was 
decreased to 360-370°. Evolution of water continued to 
occur at this temperature for about ten minutes, after 
which the bath was again heated to 410°. The very dark,, 
tarry mixture was then distilled a t 3 mm. pressure and a 
solution of the distillate was passed through an adsorp­
tion tower of alumina. Concentration of the solution 
afforded a clean, crystalline product, but this proved to 
be a mixture which was separated only by a tedious process 
of fractional crystallization. Chloromethylcholanthrene is 
but sparingly soluble in benzene and was obtained as the 
top fraction, the yield of thoroughly purified material, 
m. p. 233.5-233.8° (see below), being 940 mg. (1.2%). 
There was a second fraction of nearly pure material (140 
mg.), m. p. 230°, and 450 mg. of a mixture of the chloro 
compound and the hydrocarbon. From the residue there 
were isolated 1.7 g. of nearly pure methylcholanthrene 
and 8 g. of very impure hydrocarbon picrate.

After very careful purification to remove traces of the 
hydrocarbon, 6-chloro-20-methylcholanthrene formed glis­
tening, pale yellow needles, m. p. 233.5-233.8° (evacuated 
capillary, preheated bath).

Anal. Calcd. for C21H i5C1: C, 83.29; H, 4.99; Cl, 
11.71. Found: C, 83.28; H, 5.18; Cl, 11.77.

A pure picrate could not be obtained from the chloro 
compound, possibly because of the low solubility of the 
substance in the usual solvents The separation of the 
pyrolysis mixture through the picrate was tried but found 
unsatisfactory.

We tried carrying out the Elbs reaction by distilling the 
ketone through a glass coil heated at 520° in a nitrate 
bath but little pyrolysis occurred under these conditions.

6-Chano-10-methylcholanthrene.—A mixture of 120 mg. 
of the pure chloro compound, 50 mg. of cuprous cyanide, 
0.2 cc. of pyridine and a trace of acetonitrile was heated 
in a sealed tube a t 230-240° for twenty hours, The
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cooled mixture, which was very clean and partly crys­
talline, was washed out with water and ammonia and the 
precipitated cyano compound was collected, washed with 
ammonia water and dried. I t  was crystallized from 
glacial acetic acid (sparingly soluble) and from pyridine- 
benzene and obtained in the form of long yellow needles 
m. p. 268-268.5° (evacuated capillary, preheated bath). 
The yield was 75 mg. (66%).

Anal. Calcd. for C22H15N: C, 90.07; H, 5.15. Found: 
C, 89.87; H, 5.29.

The nitrile is very resistant to hydrolysis and was re­
covered unchanged after being heated with concentrated 
hydrochloric acid in a tube at 118° for one day. On 
attempting to convert the chloro compound (140 mg.) 
directly into the acid with cuprous cyanide, pyridine and 
water at 230° (twenty hours), the chief product appeared 
to be the amide (insoluble in dilute ammonia, decomposes 
when heated above 300°) and only 10 mg. of an acidic 
product was obtained.

Condensation Product, Probably 2-Chloro-7-methyl-5,6- 
cyclopenteno-l,9-benzanthrone-10 (IX). (a) By the Frie­
del and Crafts Reaction.—In a first attempt to condense 
the chloride of 4-methylhydrindene-4-carboxylic acid with 
«-chloronaphthalene in the presence of aluminum chloride, 
the chloro compound was taken in excess and no other 
solvent was employed. No condensation was observed. 
In another experiment a mixture of 3.5 g. of the acid chlo­
ride, 30 cc. of a-chloronaphthalene and 10 cc. of tetra­
chloroethane was stirred in ice and 6 g. of aluminum chlo­
ride was added during six hours. After standing for sev­
eral hours at room temperature the mixture was decom­
posed and the product distilled at 3 mm. By careful 
distillation it was possible to obtain a certain amount of a 
crystalline yellow product (b. p. 260°, m. p. 210°, dec.), 
although the substance is very sensitive to heat and much 
of the material present was destroyed. Crystallization 
from benzene (moderate solubility) gave 150 mg. of the 
pure substance. This forms yellow needles melting 
a t 215° (evacuated capillary, preheated bath). I t 
is insoluble in hot alkali and gives a positive test for chlo­
rine. Decomposition occurred in an attempted molecu­
lar weight determination in camphor.

Anal. Calcd. for C2iH15OC1: C, 79.11; H, 4.74. 
Found: C, 79.02; H, 4.84.

I t may be noted that the Friedel and Crafts reaction 
is complicated by the sensitivity of a-chloronaphthalene 
to aluminum chloride. A solution of the substance (5 
g.) in tetrachloroethane (40 cc.) was treated at 0° with 
aluminum chloride (7 g.), and after standing overnight at 
room temperature the product was recovered and distilled. 
From the first fraction there was isolated a solid product 
melting, after crystallization, at 56.5° and identified by 
mixed melting point determinations as /3-chloronaphtha- 
lene. There was also considerable high boiling material

present, but this appeared to be a mixture and pure com­
ponents were not isolated.

(b) From the Ketone VII.—The action of aluminum 
chloride (4 g.) on the ketone (5 g.) in tetrachloroethane 
(40 cc.) was tried a t —10°, but most of the ketone was 
recovered unchanged. In a second experiment (3.5 g. of 
ketone) the aluminum chloride was added at 5° and the 
solution was then allowed to stand overnight at room tem­
perature. On working up the mixture and distilling the 
product as above, there was obtained 150 mg. of the yel­
low condensation product melting a t 213° (as above, 215° 
when further purified) and giving no depression when 
mixed with the first sample. Another fraction (500 mg.) 
proved to be a mixture of the yellow substance and the 
original ketone.

On attempted acetylation by boiling the yellow product 
in pyridine with acetic anhydride for five minutes, the 
starting material was recovered quantitatively in an un­
changed condition. On treatment of the yellow compound 
(80 mg.) with acetic anhydride, sodium acetate and zinc 
dust a reaction occurred even on moderate heating and 
a practically colorless solution was obtained. The addi­
tion of water precipitated an amorphous product which 
became more and more yellow as attempts were made to 
purify it by crystallization, and no satisfactory product 
could be obtained.

Summary
The general cholanthrene synthesis developed 

in this Laboratory has been extended to the prepa­
ration of 2-methoxy-20-methylcholanthrene. The 
Elbs reaction proceeded satisfactorily and the 
corresponding hydroxy compound was obtained, 
if with some difficulty, on hydrolysis. In an at­
tempt to synthesize 6-methoxy-20-methylcholan- 
threne by the same method the methoxyl group 
was completely eliminated. A similar lability of 
the substituent was noted with the corresponding 
chloro ketone, but 6-chloro-20-methylcholanthrene 
was isolated in a pure condition if in poor yield. 
This was transformed in good yield into the 6- 
nitrile by reaction with cuprous cyanide in pyri­
dine.

It was noted that 4-methyl-7-(4'-chloro-l'- 
naphthoyl)-hydrindene suffers dehydrogenation 
in the presence of aluminum chloride in solution 
at room temperature and is converted into a yel­
low substance which probably is a benzanthrone 
derivative.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , Mass. R e c e iv e d  J u l y  7, 1938
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Synthesis, Isolation and Identification of Cocarboxylase

B y  J o h n  W e i j l a r d  a n d  H e n r y  T a u b e r
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From the reaction mixture recently described1 
cocarboxylase may be isolated in pure state by a 
procedure to be described in the present communi­
cation. A series of experiments will be presented 
which show that the synthetic cocarboxylase as 
obtained from synthetic thiamin chloride is in 
every respect identical with the natural cocarboxy­
lase isolated by Lohmann and Schuster2 from 
bottom yeast.

Experimental
Synthesis.—One gram of sodium pyrophosphate was 

placed in a Pyrex test-tube and heated until all of the water 
of crystallization was removed. Two cc. of orthophos- 
phoric acid (c. p . 85%) was placed in another large Pyrex 
tube and heated until a slight amount of solid deposit 
formed on the side of the tube. Then the pyrophosphate 
was added and the mixture gently heated until solution 
took place. After cooling 1 g. of thiamin was added. 
The tube was placed in an oil-bath of 155°, kept there 
for fifteen minutes and constantly stirred. Then the tube 
was removed and after cooling the solid mass was dissolved 
in 15 cc. of cold water. Cold saturated barium hydroxide 
solution was added until no more precipitate formed and 
the solution just commenced to turn yellow. The precipi­
tate was centrifuged out and the supernatant fluid was de­
canted. The precipitate was extracted four times with 80 
cc. of cold water. The supernatant fluids (five) were united 
and 3% sulfuric acid was added to slight blue reaction of 
congo red paper. The barium sulfate was centrifuged off 
and discarded. The barium-free solution was concentrated 
to 30 cc. in vacuum at 25°. I t  was cooled in ice water and 
15 volumes of a mixture of one part of absolute alcohol and 
two parts of ether were added which precipitated the co­
carboxylase in the form of microscopic needles. Sometimes 
a gummy mass formed which turned into long macroscopic 
needles on short standing in the cold. The yield was about 
1 g. of crude cocarboxylase.

Isolation.—One and one-half grams of crude cocarboxy­
lase was dissolved in 150 cc. of water, neutralized to congo 
red with ammonium hydroxide and treated with 3 cc. of 
N  silver nitrate. This first precipitate was mainly silver 
chloride and, accordingly was discarded. The clear solu­
tion was made neutral to litmus with ammonium hydrox­
ide and 15 cc. of N  silver nitrate was added. A copious 
yellow precipitate appeared. I t  contained most of the 
active cocarboxylase in the form of the silver salt. This 
was centrifuged and washed with water, suspended in 150 
cc. of water and decomposed with hydrogen sulfide. The 
precipitate was centrifuged and washed with 20 cc. of 
water. The liquids were united and the hydrogen sulfide 
removed by aeration. To the neutral, hydrogen sulfide-

(1) H. Tauber, T h is  J o u r n a l , 60, 730 (1938).
(2) K. Lohmann and P. Schuster, Biochem. Z .y 294, 188 (1937).

free solution 96 cc. of 2.5 N  hydrochloric acid was added 
and the mixture was diluted to 300 cc. with water. A 
moderate excess of a 25% phosphotungstic acid solution 
was added and the mixture centrifuged. The supernatant 
liquid was discarded. The precipitate was treated with 
150 cc. of acetone which dissolved the phosphotungstic 
acid whereas the cocarboxylase separated as an oil which 
tended to crystallize on scratching. The cocarboxylase 
was centrifuged off and the acetone fraction was discarded. 
The precipitate was extracted twice more with 50 cc. of 
acetone. The residue was then extracted with 20 cc. of 
0.1 N  hydrochloric acid and filtered. The insoluble part 
was treated with 75 cc. of acetone and the acetone dis­
carded. The residue was extracted with 15 cc. of 0.1 N  
hydrochloric acid. To the total (35 cc.) 0.1 N  hydrochloric 
acid solution, 350 cc. of acetone was added and the mixture 
placed in the refrigerator overnight. The supernatant 
fluid was discarded and the residue dissolved in 15 cc. of 
0.1 N hydrochloric acid; 150 cc. of acetone was added and 
the mixture allowed to crystallize in the refrigerator for 
twenty-four hours. The crystalline precipitate was dis­
solved in 15 cc. of 0.1 N  hydrochloric acid and 30 cc. of 
absolute alcohol and 120 cc. of acetone added. The mix­
ture was allowed to crystallize in the refrigerator for 
twenty-four hours; yield 180 mg.

Analysis.—The synthetic, practically pure cocarboxylase 
dried in a vacuum over sulfuric acid had a slightly yellow­
ish color similar to the natural product and melted at 240°. 
Its elementary composition agrees well with that found for 
the natural cocarboxylase by Lohmann and Schuster. 
Calcd.: C, 30.08; H, 4.42; N, 11.71; P, 12.96; Cl, 7.40. 
Found: C, 30.62; H,4.20; N, 11.82; P, 12.37; Cl, 7.95.

One more crystallization (50 mg. in 1 cc. of 0.1 N  hydro­
chloric acid with 3 cc. of alcohol) gave a cocarboxylase 
which may be considered to be 100% pure. Found: C,
30.36; H, 4.24; N, 11.30; P, 12.83.

Acid Hydrolysis.—3.206 mg. of synthetic cocarboxylase 
with 2 cc. of A hydrochloric acid was placed in a bath of 
boiling water for forty minutes. The solution was then 
evaporated to dryness in vacuum at room temperature, 
and the ionized phosphate determined: found, 12.978 mg. 
of ammonium phosphomolybdate (5.89% P) or 47.6% of 
the total phosphorus. The second phosphate radical is 
more firmly bound, as also found by Lohmann and 
Schuster for natural cocarboxylase. Twenty-five micro- 
grams of cocarboxylase in 1 cc. of 0.1 N  hydrochloric acid 
boiled for sixty minutes at 100° lost 50% of its coenzyme 
activity.

Enzymic Hydrolysis.—To 4 g. of minced kidney tissue, 
50 micrograms of cocarboxylase in 4 cc. of water was added 
and incubated a t 37°. In thirty minutes 58% of the co­
carboxylase was hydrolyzed by the kidney phosphatase, 
as determined enzymatically, using alkaline washed, co­
carboxylase-free dry brewers’ yeast.

Thiamin Content and Thiochrome Formation.—It is 
well known that thiamin may be oxidized to thiochrome
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by an alkaline potassium ferricyanide solution. Tauber3 
found that the ferrocyanide formed during the reaction 
may be converted quantitatively to Prussian blue and the 
color measured colorimetrically. The same is true for 
cocarboxylase. Its thiamin portion may be converted 
quantitatively to thiochrome. Cocarboxylase also forms 
thiochrome on the addition of alkali alone. The thio­
chrome compound, however, is inactive. I t  becomes 
enzymatically active again on acidification.

Formaldehyde-Azo Test.—The formaldeliyde-azo test4 
gave an intense yellow color with cocarboxylase. Thi­
amin gave a red color.

Coenzyme Activity.—Synthetic cocarboxylase is as active 
as natural cocarboxylase (very kindly furnished by Profes­
sor Lohmann). Exact comparisons can only be made, 
however, if the same yeast preparation is employed as the 
source of carboxylase. The carboxylase content of vari­
ous yeasts differs considerably.

Sulfite Cleavage.—The synthetic cocarboxylase should 
split in the same manner as the natural cocarboxylase, e. g., 
into a phosphorus-free pyrimidine and a thiazolpyrophos- 
phate:
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I
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Cocarboxylase (Pyrophosphoric acid ester of thiamin) 

O

nitric acid (5 drops). A slight excess of coned, barium 
nitrate solution and a slight excess of 10% silver nitrate 
solution were added. The sulfate and chloride precipitate 
was discarded and the filtrate was made neutral to congo 
red with dilute ammonium hydroxide. I t  was then con­
centrated to 3 cc. in vacuum at room temperature. An 
excess of 60% silver nitrate solution was added until no 
further precipitation occurred. The precipitate was 
filtered off, washed with 50%, then 90%, then 100% alco­
hol and finally with ether, and then dried in vacuum; yield 
150 mg. silver salt, calcd. 184 mg.

The silver salt was dissolved in 3 cc. of 5% nitric acid, 
neutralized with ammonium hydroxide and excess 60% 
silver nitrate was added. The precipitate was filtered, 
washed with alcohol and ether as above. Analyses indi­
cate the approximate formula: C6H807NSP2Ag3(Ag0 H'
AgNO3)6/10 3H20  (m. w. 854.75).

Calcd.: C, 8.42; H, 1.72; total N, 2.62; N as nitrate, 
0.98; Ag, 54.8; P, 7.26. Pound: C,8.21; H, 1.45; total 
N, 2.61; nitrate N, 0.87; Ag, 53.0; P, 7.64.

Mild Hydrolysis in N  Nitric Acid.—3.395 mg. of the 
cleavage product was heated a t 100° for twenty minutes

with 1 cc. of N  nitric acid: 
found 9.717 mg. of ammon­
ium phosphomolybdate = 

+  NaHSOs — >- 4.10% P, hence 53.6% of the
total P was hydrolyzed. This 
indicates that only one of the 
phosphate radicals is removed 
readily from the phosphoryl- 
ated thiazole.

OH
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One hundred and twenty-three mg. of cocarboxylase 
was dissolved in 2 cc. of water and adjusted to pH  5 by 
the addition of 0.27 cc. of N  sodium hydroxide; 200 mg. 
of solid sodium bisulfite was added and the mixture allowed 
to stand for three days at room temperature. In less than 
one hour crystallization began and after concentration in 
vacuum at room temperature to 0.5 cc., the crystals were 
filtered off, washed with 3 drops of water and dried in 
vacuum to constant weight; yield 44.6-mg., calcd. 52 mg. 
I t  was recrystallized by dissolving in hot water, cooling, 
filtering, washing with several portions of water, and dry­
ing.

Lohmann and Schuster evi­
dently obtained their cleav- 

-OH a g e  product in a more acid 
solution since their analysis 
indicates the formula CeHsCh- 
NSP2Ag3(HNO3)6/10 • 3H20, 

whereas we obtained a basic double salt.
The nitrate was reduced with Devarda’s metal and deter­

mined colorimetrically. Nitrogen was determined accord­
ing to Hayman and Adler.5

The analytical work was carried out by D. F. 
Hayman, W. Reiss and H. Levy, to whom we 
are indebted. We wish also to express our ap­
preciation to Dr. R. T. Major, for his advice and 
interest throughout this investigation.

Summary
Anal. Calcd. for the P-free pyrimidine CeHgOsNsS 

(m. w. 203.2): C, 35.44; H, 4.46; N, 20.68. Found:
C, 35.37; H, 4.45; N, 20.51.

The filtrate from the pyrimidine portion was made 
slightly alkaline to litmus with ammonium hydroxide; 3 
drops of hydrogen peroxide was added and the solution 
warmed in order to oxidize the sulfite ions to sulfate ions. 
The solution was then made acid to congo red with 10%

(3) H. Tauber, M ikrochim. Acta, 3, 108 (1938).
(4) H. W. Kinnersley and R. A. Peters, Biochem. J .,  28, 667 (1934).

Synthetic cocarboxylase has been prepared in 
pure form and identified. Its behavior toward 
mild acid hydrolysis and its cleavage products as 
well as its co enzyme activity are identical with 
those of the natural cocarboxylase, the pyro­
phosphoric acid ester of thiamin.
R a h w a y , N. J .
F l o r e n c e , S. C. R e c e iv e d  J u l y  12, 1938

(5) Hayman and Adler, Ind . Eng. Chem., A nal. Ed., 9, 197 (1937).
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The Preparation of Chlorides from Certain Aliphatic Branched Chain Secondary
Carbinols12

Sept., 1938 Chlorides prom Branched Chain Secondary Carbinols 2265

B y F r a n k  C. W h itm o re

It has long been known that carbinols contain­
ing a grouping R3C-CHOH- fail to give the corre­
sponding halide when the hydroxyl is replaced. 
Instead, a rearrangement occurs. Thus pinacolyl 
alcohol gives a tertiary chloride in at least 90% 
yield,3 MegCCHOHMe — >  Me2CXCHMe2. 
In spite of nearly seventy years2 (note 2) of 
study of the replacement of the hydroxyl in 
methylisopropylcarbinol, the course of the reac­
tion and its products are still not clear. This con­
dition induced the present study of two types of 
aliphatic secondary carbinols (1 ) with a fork next 
to the carbinol group and (2) with the fork far­
ther removed. Even under the mildest condi­
tions the first gave almost entirely the tertiary 
chloride formed by shift of the tertiary hydrogen 
atom adjacent to the carbinol group; thus (CH3)2- 
CHCHOHCH3 — > (CH3)2CXCH2CH3. The 
stability recently proven for the secondary chlo­
ride2 indicates that the tertiary chloride is formed 
during the replacement of hydroxyl and not 
through the secondary chloride as an intermediate 
either by direct shift of chlorine or by loss and 
addition of hydrogen chloride as have been sug­
gested by the earlier workers.2 At room tempera­
ture, without a catalyst, the second type of car­
binol gave no detectable rearrangement with hy­
drogen chloride. Thus a secondary hydrogen 
does not shift appreciably under these mild condi­
tions.

The chlorides were distilled under reduced 
pressure below 30° to avoid any thermal change 
in the products. Thus any rearrangement which 
took place occurred during the replacement of hy­
droxyl and not by a shift of the chlorine after the re­
placement. The rearrangements observed with 
the halides themselves take place at much higher 
temperatures (above 20 0 °).4

In the present study, methylisopropylcarbinol 
has been treated with (1 ) zinc chloride and hydro­
chloric acid (Lucas) at 0° , (2) thionyl chloride and 
pyridine at 20°, (3) phosphorus pentachloride at 
20°, (4) phosphorus trichloride at 0°, and (5) hy-

(1) Original manuscript received April 3, 1934.
(2) Cf. Whitmore and Johnston, T h is  J o urn al , 55, 5020 (1933).
(3) Whitmore and Rothrock, ibid., 55, 1106 (1933).
(4) Faworsky, A n n ., 354, 325-89 (1907); Michael and Zeidler, 

ibid., 385, 227-92 (1911).

and  F r a n k l in  J o h n sto n

drogen chloride below 20° for ten weeks. The 
phosphorus trichloride gave only a phosphite. 
The other methods gave t-amyl chloride with only 
traces of material which might contain the second­
ary chloride. The low temperature treatment 
with hydrogen chloride repeatedly gave yields of 
over 90% of /-amyl chloride. This method was 
adopted as standard procedure with the other al­
cohols studied. In this way ethylisopropylcar- 
binol, ft-propylisopropylcarbinol and diisopropyl­
carbinol gave the tertiary chlorides, dimethyl-^- 
propyl-, dimethyl-^-butyl- and dimethylisobutyl- 
carbinyl chlorides, respectively. In each case the 
crude chloride was distilled below 30° to avoid 
the suspicion of temperature effects. Similarly 
methylisobutylcarbinol, methylisoamylcarbinol 
and methylneopentylcarbinol (2 ,2-dimethylpen- 
tanol-4) were converted to chlorides. In each case 
the product was the secondary chloride formed by 
simple replacement of hydroxyl by chlorine. No 
trace of tertiary chloride was detected in any of 
the compounds having the fork not adjacent to 
the carbinol group.

Experimental
Conversion of Methylisopropylcarbinol to /-Amyl Chlo­

ride.—Isopropyl alcohol (Petrohol supplied by Stanco, 
Inc.) was converted to the chloride by ZnCLHCl treat­
ment in 75% yield; b. p. 33-36° (737 mm.), n20d 1.377. 
Nine moles of the chloride was converted to the Grignard 
reagent using 1.7 liters of ether; yield 90%. Treatment 
with acetaldehyde and fractionation of the product through 
a packed column, 2.2 X 85 cm.,5 gave the desired carbinol; 
yield 56%, b. p. 110-111° (727 mm.), n20d 1.4090, d2\  
0.818.

1. By Zinc Chloride-Hydrochloric Acid Mixture.—To a
cooled solution of 546 g. of fused zinc chloride and 335 cc. of 
coned, hydrochloric acid, saturated with hydrogen chloride 
gas, and cooled to —10° by dry ice, was added 176 g. 
(2 moles) of methylisopropylcarbinol with mechanical 
stirring. After two hours, hydrogen chloride gas was 
introduced in a slow stream. Soon the mixture solidified. 
After standing overnight, the mixture was allowed to melt 
and was saturated with hydrogen chloride gas below 0°. 
After a total time of twenty-four hours, the chloride layer 
was separated and dried with 50 g. of anhydrous sodium 
sulfate and freed from excess hydrogen chloride by dry 
nitrogen; yield, 172 g. (80%).

The chloride was distilled under reduced pressure 
through a column with a partial condenser. Between

(5) W hitm ore and Lux, T h is Jo u r n a l , 54, 3448 (1932).
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the column and pump were placed a manometer, a spiral 
trap cooled with dry ice, a 12-liter bottle to minimize 
changes in pressure and an adjustable leak for controlling 
the pressure. During a typical distillation the partial 
condenser was kept a t about 3° with mechanically circu­
lated ice water, the temperature in the flask was 25-26° 
and in the room 28-30 °. Reflux from the partial conden­
ser was kept a t about 200 drops per minute. Fractions 
were taken every thirty minutes. The fractions, pressures 
(mm.), wts., g. and n2Qd were as follows: 1, (35), 3.5,
I. 4049 ; 2, (32), 8.8, 1.4051; 3-10, (31), 127.0, 1.4052;
II, (29), 6.0, 1.4053; 12, (24), 13.4, 1.4060; residue, 2.0, 
1.4340. The main fractions boiled a t 84-84.5° (734 mm.). 
A sample hydrolyzed with distilled water6 for thirty min­
utes, and titrated by the Volhard method showed 95% 
hydrolysis. A known sample of 2-amyl chloride, b. p. 51 ° 
(238 mm.), w20d 1.4055 showed the following percentages of 
hydrolysis a t fifteen, thirty and sixty minutes, 88.6, 94.9 
and 95.4. Thus the product of the action of zinc chloride 
and hydrochloric acid with methylisopropylcarbinol was t- 
amyl chloride. No product having the properties of 
secondary isoamyl chloride, b. p. 91.9° (736 mm.), n20d 
1.4095, was obtained.

2. By Thionyl Chloride.—A mixture of 103 g. of dry
pyridine (b. p. 112-120°) and 88 g. (1 mole) of the car­
binol cooled to 0° was treated during four hours with vig­
orous stirring with 143 g. (1.2 moles) of thionyl chloride. 
The mixture was stirred for three hours at room tempera­
ture. The top layer was decanted. The bottom layer 
consisted of a crystalline solid and a viscous oil. The 
top layer was diluted with low boiling hydrocarbon (b. p. 
0-30 °)7 and washed with sodium bicarbonate solution and 
water until neutral. After drying over 10 g. of calcium 
chloride the solvent was removed a t 300 mm. pressure 
and the residue was fractionated through a 1.4 X 50 cm. 
column of the type used in this Laboratory.5 The tem­
perature was 27-23° and the pressure 90-55 mm. Most 
of the fractions had w20d 1.4050-1.4060. The yield was 
73%. A sample treated with water6 showed 92% hy­
drolysis.

3. With Phosphorus Pentachloride.—To 214 g. (1.05 
mole) of phosphorus pentachloride and 200 cc. of 0-30° 
hydrocarbon7 cooled to 0° was added with stirring during 
two hours 88 g. (1 mole) of the carbinol. After stirring 
for three and one-half hours the evolution of hydrogen 
chloride had ceased. Two 50-g. portions of cracked ice 
were added. The chloride layer was washed and dried as 
usual and distilled to a 76% yield of crude chloride. This 
was distilled a t 27-24° and 95-60 mm. to give mainly a 
product with n20d 1.4069 which was 83% hydrolyzed 
by cold water.6 A Michael determination for secondary 
and tertiary halides gave 84%. Attempts to prove the 
presence of secondary isoamyl chloride failed.

5. With Hydrogen Chloride.—The pure carbinol was 
saturated with dry hydrogen chloride gas at 0 ° and sealed 
in pressure bottles. After four weeks a t about 20° the 
bottles were opened and again saturated a t 0°. After 
six weeks more, the chloride layer showed no further 
increase. I t  was separated, dried and distilled as usual 
at low pressure. Four runs with a total of 580 g. of car-

(6) Michael and Leupold, Ann., 379, 294 (1911).
(7) Fi om the Viking Corporation, Charleston, W. Va.

binol absorbed 264 g. of hydrogen chloride and gave 676 
g. of crude chloride, yield 97%. Distillation of 305 g. of 
the chloride a t 25-26° and 33-28 mm. gave fractions with 
wts. (g.) and n20d as follows: 3-6, 83, 1.4051; 7-12, 111, 
1.4053; 16-19, 42, 1.4058; 20, 14, 1.4069; residue, 13, 
1.4410. Analyses for tertiary chloride and for tertiary 
and secondary chloride6 on the fractions gave the values, 
7, 95.6% tertiary; 18, 82% tertiary, 86.5% tertiary and 
secondary; 100.2% total amyl chloride (Carius); 20, 
33.4% tertiary; 44.9% tertiary and secondary. The 
possible presence of traces of secondary and primary 
chlorides in the later fractions is being further investigated.

Conversion of Ethylisopropylcarbinol to Dimethyl-rc- 
propylcarbinyl Chloride.8—The carbinol was prepared 
from isopropylmagnesium chloride and propionaldehyde 
in 52% yield, b. p. 125-126° (742 mm.), n 20d 1.4170, d2\  
0.824.9 From 404 g. of the carbinol and hydrogen chlo­
ride was obtained 430 g. of crude chloride, 89% yield. 
This was distilled a t reduced pressure with the water in 
the partial condenser a t 12-13° and the heating bath at 
39-42°. Fractionation of 410 g. of the chloride gave a 
68% yield of material, b. p. (Cottrell) 110-111° dec. (734 
mm.), n 20D 1.4125-1.4130, d20̂ 0.863. These properties 
correspond to those of dimethyl-w-propylcarbinyl chlo­
ride.10

The structure of the chloride was proved further by con­
version to the Grignard compound, treatment with oxygen5 
and conversion in 48% yield11 to dimethyl-w-propyl- 
carbinol, b. p. 93.5° (265 mm.); (Cottrell), 119.5-120.5° 
(738 mm.), n20d 1.4103, d2\  0.808. These properties 
correspond to the values in the literature.

When saturated with hydrogen chloride gas for fifteen 
minutes the carbinol was converted back to the chloride, 
thus confirming its tertiary nature.

Conversion of w-Propylisopropylcarbinol to Dimethyl-n- 
butylcarbinyl Chloride.—The carbinol was prepared from 
w-butyraldehyde, b. p. 72-74°, n 20D 1.379 (from Butalyde 
supplied by Commercial Solvents Corp.), and isopropyl­
magnesium chloride in 62% yield, b. p. 144-145° (734 
mm.), n 20D 1.4213, d2\  0.822.8 A total of 435 g. of the 
carbinol was saturated with dry hydrogen chloride at 0 ° as 
usual. The crude chloride was dried and distilled at 3 
mm. pressure. Fractionation of 476 g. gave an 80% 
yield of chloride, b. p. (Cottrell) 133° dec. (734 mm.), w20d 
1.4200-1.4210, d204 0.863. These agree with the proper­
ties of dimethyl-w-butylcarbinyl chloride.12

The structure of the chloride was confirmed by conver­
sion to dimethyl-w-butylcarbinol through the Grignard 
reagent.5 A "half-mole run gave a 42% yield of carbinol, 
b. p. 110° (250 mm.) 139.5-140.5° (741 mm.) (Cottrell), 
n 2Qd 1.4173, d 2\  0.813.12 The residue of n 20D 1.4400 
amounted to only 3 g. The carbinol was changed to the 
chloride by hydrogen chloride gas a t 0 °.

(8) Grigorowitch and Pawlow, J .  Chem. Soc., 64, I, 124 (1893), 
claim to have obtained the secondary chloride by means of phos­
phorus pentachloride. Van Risseghem, Bull. soc. chim. Belg., 32, 
144-150 (1923), has reported the secondary chloride as a by-product 
of the action of chlorine with 2-methylpentene-2.

(9) Cf. Pickard and Kenyon, J . Chem. Soc., 101, 628 (1912).
(10) Cf. Schreiner, J . prakt. Chem., [2], 82, 294 (1910).
(11) The low yields of carbinols from the tertiary chlorides are 

due to olefin formation as indicated in the lower fractions. Cf. 
Whitmore and Badertscher, T h is  J o u r n a l , 55, 1559 (1933).

(12) Whitmore and Woodburn, ibid., 55, 363 (1933).
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Conversion of Diisopropylcarbinol to Dimethylisobutyl- 
carbinyl Chloride.—The carbinol was kindly supplied by 
the du Pont Ammonia Department. I t  was fractionated 
through a 2.2 X 90 cm. column; b. p. 137-8° (738 mm.), 
n2Qd 1.4246, d20é 0.831.12 The carbinol (464 g.) absorbed 
hydrogen chloride gas more slowly than the other carbinols 
studied. At first a pale purple color was formed. This 
gradually changed to brownish yellow. Reaction was 
complete in ten weeks a t 20 ° and the yield of chloride was 
quantitative. I t  was distilled a t 3 mm. to give 272 g. of 
chloride, b. p. (Cottrell) 127-128° dec. (733 mm.), n20d
I. 4180, d204 0.861. These properties correspond to di- 
methylisobutylcarbinyl chloride.11 The identity was 
confirmed by conversion of the chloride, in 32% yield,13 
to dimethylisobutylcarbinol, b. p. (Cottrell) 130-131° 
(738 mm.), n20d 1.4166, d204 0.811.14 15 Treatment of frac­
tion 7 with hydrogen chloride a t 0° gave the tertiary 
chloride. No color appeared.

Conversion of Methylisobutylcarbinol to its Chloride.16— 
The carbinol was made in 42% yield from isobutylmag- 
nesium bromide and acetaldehyde: b. p. 129.5° (734 
mm.), n20D 1.4111, d204 0.807.16 Treatment of 408 g. of the 
carbinol with dry hydrogen chloride in the usual way for 
eighteen weeks gave 398 g. of crude chloride, 82% yield. 
Fractionation and refractionation gave methylisobutyl- 
carbinyl chloride, b. p. (Cottrell) 111- 112° (733 mm.) 
n20d 1.4113, d204 0.861. The identity was substantiated 
further by conversion to the carbinol in 62% yield through 
the Grignard reagent.5 The methylisobutylcarbinol was 
identified by b. p. 68° (64 mm.), n20d 1.4112 and conversion 
to the a-naphthylurethan, m. p. and mixed m. p. 96-97°.

Conversion of Methylisoamylcarbinol to its Chloride.— 
The carbinol was prepared in 65% yield from acetaldehyde

(13) The yield of olefins was 30%, the higher boiling material only 
2.5 g.

(14) Cf. deGraef, Bull. soc. chim. Belg., Ad, 315 (1931).
(15) This chloride has been obtained by Levene and Mikeska,

J . Biol. Chem., 65, 509 (1925), and by M aass and Sivertz, T h i s  
J o u r n a l , 47, 2883 (1925). The iodide has been made b y  Umnova, 
J . Russ. Phys.-Chem. Soc., 42, 1530-1543.

(16) Vavon, Compt. rend., 155, 287 (1912).

and isoamylmagnesium chloride; b. p. 150.5-151° (742 
mm.), w20d 1.4180, d204 0.814. In the usual way hydrogen 
chloride gas was passed into 464 g. of the carbinol. After 
six weeks the chloride was separated and treated as usual. 
The partial condenser was kept at 14-15° and the heating 
bath at 50-52°. Fractionation gave a 90% yield of chlo­
ride, b. p. 138° dec. (735 mm.), d204 0.863. Conversion of 
the chloride through the Grignard reagent and oxygen gave 
methylisoamylcarbinol in 60% yield, b. p. 151-152° (736 
mm.), w20d 1.4180, a-naphthylurethan, m. p. and mixed 
m. p. 84-85°.

Conversion of Methylneopentylcarbinol to its Chlo­
ride.—The carbinol was prepared in 64% yield by reduction 
of methyl neopentyl ketone,17 b. p. 136.5° (738 mm.), 
n20T> 1.4180. The carbinol (36 g.) saturated with hydrogen 
chloride and allowed to stand for eight weeks gave a 90% 
yield of chloride which was distilled through a 1.1 X 70 
cm. column5 to give mainly methylneopentylcarbinyl 
chloride, b. p. 93° (250 mm.), n™d 1.4180; d2h  0.855. 
Only 2 g. of low boiling material was obtained. The 
chloride was converted to the carbinol in the usual way 
and the latter was converted to the a-naphthylurethan, 
m. p. 83°, mixed m. p. 84°.

Summary
1. It has not been possible to convert methyl­

isopropylcarbinol to the corresponding secondary 
chloride.

2. Four secondary carbinols having tertiary 
hydrogen atoms alpha to the carbinol group gave 
tertiary chlorides on treatment with hydrogen 
chloride at room temperature.

3. Three secondary carbinols having no branch 
in the alpha position reacted normally without 
rearrangement to give the secondary chlorides.

(17) Whitmore and Homeyer, T h is  J o ur n a l , 55, 4194 (1933).
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Tertiary Butyl Chloride from Tertiary Amyl Chloride and Hydrogen Fluoride

B y J .  H. S im o n s , G. H. F lem in g , F r a n k  C. W h it m o r e  and  W . E . B is s in g e r

Bockemtiller1 states that alkyl chlorides, bro­
mides and iodides are only slightly soluble in an­
hydrous hydrogen fluoride and that no reaction 
takes place when the alkyl halides are mixed with 
hydrogen fluoride. In the gaseous state at higher 
temperatures, and in the presence of a metallic 
fluoride catalyst, the alkyl halide will undergo 
double decomposition with hydrogen fluoride, 
yielding an alkyl fluoride. No investigations of

(1) Bockemüller, Sammlung chemischer und chemisch-technis- 
cher Vortrage, 1936.

the action of hydrogen fluoride on tertiary chlo­
rides, bromides, or iodides, were found in the 
literature. The present study was started to fill 
this gap.

There have been obtained 10-17% yields of /- 
butyl chloride by treating /-amyl chloride with an 
equimolal quantity of anhydrous hydrogen fluo­
ride at 0°. Besides the /-butyl chloride, there 
was also obtained a mixture probably containing 
hexyl, heptyl, decyl or undecyl (possibly both), 
and pentadecyl chlorides.
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It is interesting to note the apparent ease of 
formation of the tertiary butyl group under the 
influence of certain catalysts. Gilman2 found 
that n -amyl chloride, 77-hexyl bromide, and n- 
octadecyl bromide, with the ethyl ester of 5-bromo- 
furoic acid in the presence of aluminum chloride, 
form in each case the same product, ethyl 4.4- 
butyl-5-bromofuroate.

Experimental
The /-amyl chloride was prepared by stirring 20 moles 

(2120 g.) of commercial t-amyl alcohol with 6600 cc. of con­
centrated hydrochloric acid. The crude /-amyl chloride 
was washed with water, dried with anhydrous potassium 
carbonate, and distilled from potassium carbonate through 
a 123 X 2.5 cm. column (15 theoretical plates) packed with 
single turn glass helices,3 boiling point 37-38° (150 mm.), 
n™D 1.4053.

In order to check the purity of this /-amyl chloride, 100 
g. of it was redistilled through a 1.1 X 45 cm. column (8 
theoretical plates). The first portion of distillate boiled 
a t 84.5° (730 mm.), thus proving the absence of /-butyl 
chloride, boiling point 51 °. The literature gives the boiling 
point of /-amyl chloride as 86° (760 mm.) and n 20D 1.4054.

The anhydrous hydrogen fluoride was a commercial 
product received in steel cylinders.

The procedure in a typical run was as follows: 6 moles 
(120 g.) of hydrogen fluoride was distilled into a dry 1- 
liter copper flask which was packed in a salt-ice mixture; 
a copper tube served as the inner tube of the Liebig con­
denser used in this distillation. When the required amount 
of hydrogen fluoride had been introduced into the flask, 
6 moles (636 g.) of /-amyl chloride was poured into the 
hydrogen fluoride. The copper flask was connected im­
mediately to a 2-hole rubber stopper which was fitted with 
a mercury-seal copper stirrer and a reflux condenser of cop­
per tubing. Stirring at 0° was continued for three days. 
A constant evolution of hydrogen chloride occurred. 
When this evolution ceased the reaction was considered 
complete. The mixture was poured on 200 g. of ice in a
2-liter separatory funnel and washed with cold 5% sodium

Fractions °c.
B. p.

Mm. Index
1 40-60 735 1.3760-1.3865
2 37-41 146 1.4060
3-5 32-49 92 1.4062-1.4140
6-9 49-53 92 1.4152-1.4175

11-13 19-30 5.5 1.4222-1.4257
14-16 30-32 5.0 1.4275-1.4282
19-22 49-54 5.0 1.4328-1.4372
23-25 54-57 5.0 1.4382-1.4400
26-28 57-63 5.0 1.4409-1.4420
30-31 67-71 4.0 1.4440-1.4445
33-35 78-91 4.0 1.4471-1.4479

bicarbonate solution until the lower water layer was basic
to litmus. The oil was separated, washed with ice water 
and dried with three 15-g. portions of potassium carbonate. 
Finally it was distilled from 12 g. of carbonate through

(2) Gilman, Burtner and Turck, T h is  J o u r n a l , 57, 909 (1935).
(3) Wilson, Parker and Laughlin, ibid, 55, 2795 (1933).

a 1.1 X 45 cm. column packed with glass helices, giving 70 
g. of material boiling between 40 to 60°. Redistillation 
of this low boiling material yielded 60 g. of /-butyl chloride, 
boiling point 49-50° (735 mm.), n20n 1.3855. This was 
further identified by conversion to trimethylacetanilide and 
trimethylacetic acid and its anilide.

Identification of /-Butyl Chloride
A. Preparation of Trimethylacetanilide.—A sample (1.5 

cc.) of the material of b. p. 49-50°, n 20D 1.3855, was dis­
solved in 6 cc. of ethyl ether and converted to the Grignard 
compound in the usual manner; an ether solution of phenyl 
isocyanate was added until no further reaction was ob­
served and the complex was then decomposed on ice and 
hydrochloric acid. The ether layer was separated, the 
ether removed on the steam-bath, and the solid anilide 
recrystallized once from petroleum ether; melting point 
131°. After a second recrystallization from petroleum 
ether it melted a t 132.5-133°; melting point of known 
trimethylacetanilide 132.5-133°; mixed melting point 
132°.

B. Preparation of Trimethylacetic Acid and its Anilide.
—In a similar manner 23 g. of the material boiling at 
49-50°, n 2QD 1.3855, was dissolved in ether and converted 
to the Grignard compound; dry carbon dioxide gas was 
then bubbled into the cold mixture. The complex was 
decomposed on ice and hydrochloric acid and after separa­
tion of the ether layer and evaporation of the ether, the 
residual oil was distilled from a 25-cc. distilling flask. 
There was obtained 10.8 g. of trimethylacetic acid, boiling 
point 162-163 °; melting point 28-33 °.

A portion (1.5 g.) of this acid was converted to the acid 
chloride by refluxing with thionyl chloride. A benzene- 
aniline solution was added and the mixture heated on the 
steam-bath. Finally the benzene solution was washed 
with dilute acid, dilute alkali, and water, filtered, and 
evaporated to dryness. Recrystallized once from pe­
troleum ether, the anilide melted a t 132.5°; mixed melting 
point with known trimethylacetanilide 133-133.5°.

After the material boiling below 60° had been removed 
the pressure was reduced and the residue fractionated. 
The following table presents the summarized results of the 
distillation.

Exptl. % Cl
Gm. mol. wt. Found Remarks
70 /-Butyl chloride
55 Unreacted Z-amyl chloride
23
42 123 28.1
20 Hexyl and heptyl chlorides
25
26
18 D e c y l  or undecyl chlorides
25 188 17.7
12
16 236 11.2 Pentadecyl chloride

There was no fluorine in the fractions corresponding to 
the hexyl and heptyl chlorides. No tests for fluorine 
were made on the higher fractions.

Some preliminary investigation of this reaction had been 
carried out by D. E. Badertscher in 1933 in this Labora­
tory. A further study of this type of reaction is in progress.
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Summary In addition to the /-butyl chloride, there was
/-Butyl chloride in 10-17% yields has been ob- obtained a mixture probably containing hexyl, hep- 

tained by treating /-amyl chloride with anhydrous tyl, decyl or undecyl, and pentadecyl chlorides, 
hydrogen fluoride at 0°. S t a t e  C o l l e g e , P e n n s y l v a n i a  R e c e iv e d  J u l y  1, 1938

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

The Action of Methylmagnesium Halides on 2,4,6-Trisubstituted Benzoyl Chlorides
By Reynold C. F uson, J. H. Van Campen and D. E. Wolf

The reaction of 2,4,6-trisubstituted benzoyl 
chlorides with methylmagnesium halides has been 
shown to give rise to three different types of prod­
ucts, depending on the nature of the substituents. 
In order to determine the influence of the sub­
stituents on the course of the reaction we have 
studied the action of methylmagnesium halides on 
certain benzoyl chlorides carrying alkyl groups or 
halogen atoms in the ortho positions.

In all cases the initial reaction is evidently either 
(1 ) coupling of the acid chloride to yield a benzil 
or (2) methylation to give the corresponding 
methyl ketone. For example, with 2,4,6-tri­
methylbenzoyl chloride and 2,4,6-triethylbenzoyl 
chloride both types of reactions are observed. 
The corresponding-hexaalkylbenzils (I) and 2,4,6- 
trialkylacetophenones (II) are formed in nearly 
equal amounts.1

R R R

R< — COCO—<
\
R

R

R

iodide, and the chief product was the 1,3-diketone, 
di-(2,4,6-tribromobenzoyl)-methane. The methyl 
ketone also was isolated in small amounts. Bro­
mination of the diketone gave a heptabroino de­
rivative, which could be reduced to the parent 
diketone by treatment with hydrogen iodide. The 
heptabromo compound, like the original diketone, 
gave a red color with an alcoholic ferric chloride 
solution. These facts serve to confirm the struc­
tures of the compounds in question.

Some evidence also is available to indicate that 
the 1 ,3-diketone is the result of a secondary reac­
tion involving the methyl ketone. When the 
iodomagnesium enolate of the latter was treated 
with 2,4,6-tribromobenzoyl chloride the 1,3-dike­
tone (III, x .== Br) was formed.

One condensation was carried out with 2,6- 
dibromo-4-methylbenzoyl chloride (IV) and meth-

Br

CH3— COCH,

However, halogen atoms in the ortho positions 
suppress the coupling reaction entirely. 2,4,6- 
Trichlorobenzoyl chloride gives none of the ben­
zil. The methyl ketone appears to be the pri­
mary product. It is of interest that this ketone is 
acylated readily, and under the conditions used is 
isolated chiefly as the corresponding 1,3-diketone 
(III, x = Cl) .2

Br
IV

2,4,6-Tribromobenzoyl chloride reacted very 
sluggishly with methylmagnesium bromide or

(1) Fuson and Corse, T h is  J o u rn al , 60, 2063 (1938).
(2) Ross and Fuson, ibid., 59, 1508 (1937),

The chloride was added slowly to a concentrated 
solution containing a great excess of the Grignard 
reagent. In this ease also the reaction was exclu­
sively of the second type; however, it stopped at 
the first stage giving only the methyl ketone (V). 
The identity of the latter was confirmed by con­
verting it into the benzal derivative.

Experimental
A. Preparation of the Acid Chlorides 

2,é,6-Trichlorobenzoyi Chloride.—This compound was 
prepared from 2,4,6-trichloroaniline by way of the nitrile 
and acid. For the synthesis pf the nitrile a modification of 
Montagne’s method3 was employed. The nitrile was iso­
lated by extraction and used without further purification.

(3) Montagne, Rec. trav. chim., 21, 376 (1902).
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I t was converted into the acid chloride by the method of 
Fuson, Bertetti and Ross.4

2.4.6- Tribromobenzoyl Chloride.—Attempts were made 
to prepare 2,4,6-tribromobenzonitrile using the diazotization 
methods of Montagne3 and de Milt and Van Zandt.5 How­
ever, a modification of the method of Schoutissen6 proved 
to be more satisfactory. The following is an illustrative 
procedure for the diazotization and subsequent replacement.

One hundred grams of 2,4,6-tribromoaniline was dis­
solved in 300 cc. of concentrated sulfuric acid and the solu­
tion cooled to 0°. To this mixture was added an ice-cold 
solution of nitrosyl sulfuric acid, prepared by adding 28 g. 
of sodium nitrite to 300 cc. of ice-cold concentrated sul­
furic acid, warming and stirring until clear. The tempera­
ture was kept below 10° while 600 cc. of 85% phosphoric 
acid was added dropwise, with vigorous stirring. The 
stirring was continued for an hour after the addition was 
complete. The solution was poured, with stirring, into a 
warm (60°) solution of 280 g. of potassium cyanide and 275 
g. of copper sulfate in 600 cc. of water. After about ten 
hours the mixture was filtered and the nitrile was removed 
from the mixture of solids by extraction with ether. The 
nitrile was used without purification. The yield of crude 
product was 90-100 g.

The hydrolysis of the nitrile was carried out according 
to the method of Fuson, Bertetti and Ross.4 The reaction 
mixture was stirred and refluxed for seven to eight hours 
instead of three.

Dry, crystalline 2,4,6-tribromobenzoic acid was mixed 
with slightly less than the molar equivalent of phosphorus 
pentachloride. The reaction commenced spontaneously 
and the mixture soon liquefied. The mixture was then 
heated on the steam cone for two hours. The phosphorus 
oxychloride was distilled under slightly reduced pressure 
and the acid chloride collected at 140-141° (2 mm.); 
152-154° (4 mm.). The colorless distillate solidified in the 
receiver; m. p. 47-49°.7 The yield was 88-92% of the 
theoretical.

2.6- Dibromo-4-methylbenzoyl Chloride.—2,6-Dibromo-
4-methylbenzonitrile, prepared from the corresponding 
amine by the method of Montagne,3 was dissolved in a 
mixture of sulfuric acid, acetic acid and water in the ratio 
2:1:1 by volume. After being refluxed, with stirring, for 
eight or nine hours the reaction mixture was cooled to 0° 
and an excess of sodium nitrite was added in concentrated 
aqueous solution. The resulting acid was converted to the 
acid chloride by the action of phosphorus pentachloride. 
The melting point of the acid chloride corresponded to that 
reported by Buning.8

B. Reaction of the Acid Chlorides with 
Methylmagnesium Halides

2.4.6- Trichlorobenzoyl Chloride.—A number of runs 
according to the procedure of Ross and Fuson2 gave yields 
of 32-40% of the theoretical amount of di-(2,4,6-tri- 
chlorobenzoyl)-methane. The use of a two-fold excess of 
0.5 molar solution of methylmagnesium bromide solution 
seems to give the best results.

(4) Fuson, Bertetti and Ross, T h is J o urn al , 54, 4380 (1932).
(5) De M ilt and Van Zandt, ibid., 58, 2044 (1936).
(6) Schoutissen, ibid., 55, 4531 (1933).
(7) Sudborough, J . Chem. Soc., 67, 587 (1895).
(8) Buning, Rec. trav. chim., 40, 327 (1921),

The structure of the diketone was confirmed by trans­
forming it into the dibromide and reducing the latter to 
regain the original diketone. The reduction of the di­
bromide was carried out as follows.

One gram of powdered potassium iodide and 0.8 cc. of 
water were added to 100 cc. of a saturated solution of 
potassium iodide in acetone. A solution of 1 g. of di- 
(2,4,6-trichlorobenzoyl)-dibromomethane and 1 cc. of 
concentrated hydrochloric acid in 25 cc. of acetone was 
added dropwise, with stirring, to the iodide solution over 
a period of about thirty minutes. The solution was 
stirred for twelve hours, condensed with a stream of air to 
about 35 cc. and then poured into 150 cc. of water. The 
iodine was removed with sodium bisulfite, the solution 
extracted with ether, and the ethereal extract dried over 
anhydrous magnesium sulfate. Distillation of the ether 
left a solid residue which was recrystallized from methyl 
alcohol, giving 0.7 g. of di-(2,4,6-trichlorobenzoyl)- 
methane, m. p. 158-160°. The yield was 96% of the 
theoretical amount.

Di-(2,4,6-trichlorobenzoyl)-bromomethane.—One and
five-tenths grams of di-(2,4,6-trichlorobenzoyl)-methane 
was dissolved in 150 cc. of glacial acetic acid, 5 cc. of bro­
mine was added all at once, and the mixture was allowed 
to stand at room temperature for three to five days. 
The solution was poured, with stirring, into 1500 cc. of 
water and sodium bisulfite added to discharge the bromine 
color; an excess of bisulfite was carefully avoided. After 
standing for several hours the product was collected on a 
filter and dried. The crude di- (2,4,6-trichlorobenzoyl)- 
bromomethane weighed 1.7 g. After repeated recrys­
tallization from low-boiling petroleum ether this material 
melted at 163-164°. I t was very soluble in ether, chloro­
form, carbon tetrachloride, benzene and dioxane, and was 
slightly soluble in ethyl alcohol, methyl alcohol, ethyl 
acetate and petroleum ether. I t  was insoluble in dilute 
alkali, gave a red color immediately with alcoholic ferric 
chloride solution and imparted a yellow color to concen­
trated sulfuric acid.

One gram of this material was recovered unchanged 
after refluxing for three days in a solution of 5 cc. of bro­
mine in 100 cc. of chloroform.

Anal. Calcd. for Ci5H502Cl6Br: C, 35.33; H, 0.99; 
mol. wt., 510. Found: C, 35.46; H, 1.09; mol. wt., 
489.

2,4,6-Tribromobenzoyl Chloride.—2,4,6-Tribromoben- 
zoyl chloride was refluxed for ninety hours at 50 ° with two 
equivalents of 0.5 molar methylmagnesium bromide or 
iodide and the resulting mixture decomposed with dilute 
hydrochloric acid. The ether was evaporated by a stream 
of air and the solid separated by decantation through a 
Büchner funnel. The solid was twice washed with ether by 
decantation and the aqueous solution extracted with three 
portions of ether. The combined ethereal extract was 
dried over anhydrous sodium sulfate.

The yield of this crude solid, di-(2,4,6-tribromobenzoyl)- 
methane, was 38% of the theoretical. After four recrys­
tallizations from a mixture of benzene and alcohol, this 
compound melted at 244-245 °, with decomposition.

Anal. Calcd. for C, 25.78; H, 0.86; Br,
68.77; mol. wt., 698. Found: C, 25.84; H, 0.89; Br, 
68.79; mol. wt., 669.
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The di-(2,4,6-tribromobenzoyl)-methane was soluble in 
chloroform, carbon tetrachloride and benzene, slightly solu­
ble in w-butyl alcohol and petroleum ether, but quite 
insoluble in ether, alcohol, acetic acid, ethyl acetate 
and methyl alcohol. I t  was not affected by boiling for 
three days with a 50% solution of sodium hydroxide in 20% 
alcohol. The compound gave a red color in alcoholic 
ferric chloride solution and a yellow color with concen­
trated sulfuric acid. A blue-gray copper derivative was 
formed when a benzene solution of the compound was 
shaken for thirty minutes with a saturated aqueous solu­
tion of copper acetate. The copper derivative could be 
purified by dissolving in chloroform and reprecipitating 
with a small amount of alcohol.

Distillation of the ether from the ethereal extract ob­
tained above left a dark, oily residue. By steam distilla­
tion and subsequent recrystallization from high-boiling 
petroleum ether 2,4,6-tribromoacetophenone was obtained, 
m. p. 86-90°. After recrystallization this material melted 
at 93°. No depression in the melting point was noted 
when this material was mixed with an authentic sample of
2.4.6- tribromoacetophenone prepared by diazotization of 
3 - amino - 2,4,6 - tribromoacetophenone. The yield of 
methyl ketone was about 16% of the theoretical.

No advantage was apparent in using chlorobenzene 
along with ether as a solvent and at the same time carry­
ing out the reaction at 80-90°.9

2,4,6-Tribromoacetophenone.—Seventy-five cubic centi­
meters of 2.2 molar methylmagnesium iodide was heated 
on a water-bath until no more ether would distil. At this 
point 45 cc. of ether had been collected. The condenser 
was then set for refluxing and stirring begun. A solution 
of 5 g. of 2,4,6-tribromobenzoyl chloride in 15 cc. of an­
hydrous benzene was added dropwise, the rate of addition 
being adjusted so that forty-five minutes was required for 
the entire operation. Throughout the reaction the tem­
perature was maintained at 95° by means of a water-bath. 
The stirring was continued for eighty minutes, the mix­
ture cooled, and 50 cc. of anhydrous ether added. The 
resulting solution was poured into ice and hydrochloric 
acid, the ether layer separated and the aqueous layer 
extracted with ether. The combined ethereal extract 
was washed with dilute bicarbonate solution, with water 
and then dried over anhydrous magnesium sulfate. Dis­
tillation of the ether left a brown oil. After steam dis­
tillation of this oil and recrystallization of the distillate 
from high-boiling petroleum ether, 2.2 g. of a solid ma­
terial was obtained; m. p. 80-86°. After recrystalliza­
tion this material melted at 92°. I t  was shown by mixed 
melting point to be 2,4,6-tribromoacetophenone. The 
yield was 46% of the theoretical.

Di-(2,4,6-tribromobenzoyl)-methane from 2,4,6 - Tri­
bromoacetophenone and 2,4,6-Tribromobenzoyl Chloride. 
—Two grams of 2,4,6-tribromoacetophenone was dissolved 
in 25 cc. of anhydrous benzene and to this was added 3.1 
cc. of 2.2 molar methylmagnesium iodide. The solution 
was refluxed for two hours. Two and one-tenth grams of
2.4.6- tribromobenzoyl chloride was added and the result­
ing mixture was refluxed for thirty hours. The mixture 
was poured into dilute hydrochloric acid, stirred well 
and the benzene layer separated and dried. Distillation

(9) Gilman and St. John, Rec. trav. chim., 49, 222 (1930).

of the benzene left a residue of liquid and solid. Alcohol 
was added and the solid collected on a filter. The di- 
(2,4,6-tribromobenzoyl)-methane thus obtained weighed
2.1 g. and melted at 239-241°, with decomposition. 
After recrystallization from benzene and alcohol the com­
pound melted at 244-245°, with decomposition. The 
yield of diketone was 54% of thè theoretical.

Di-(2,4,6-tribromobenzoyl)-bromomethane

1. With Bromine in Chloroform.—Eighty-five hun­
dredths of a gram of di-(2,4,6-tribromobenzoyl)-methane 
was dissolved in 100 cc. of chloroform. Six cubic centi­
meters of bromine was added all a t once and the mixture 
allowed to stand for three days at room temperature un­
der the light of a 300-watt lamp. The resulting solution 
was washed with dilute sodium bisulfite solution, with 
water and then dried over anhydrous magnesium sulfate. 
Evaporation of the solvent and recrystallization from chlo­
roform gave 0.7 g. of di-(2,4,6-tribromobenzoyl)-bromo- 
methane which softened at 264° and melted, with decom­
position, at 270-272°. The yield was 74% of the theo­
retical. After four recrystallizations from chloroform the 
compound softened at 264° and decomposed a t 272-273°. 
If the tube containing the material was inserted in the 
bath at 260°, the compound softened at 266° and decom­
posed at 274-276°. The decomposition point as deter­
mined on the Maquenne block was 282°.

Anal. Calcd. for Ci5H60 2Br7: C, 23.20; H, 0.65.
Found: C, 23.45; H, 1.01.

The solubility of this compound is very similar to that 
of di-(2,4,6-tribromobenzoyl)-methane. The substance 
gives a red color with alcoholic ferric chloride solution, the 
color deepening with warming, and imparts a yellow color 
to concentrated sulfuric acid.

2. With Sodium Hypobromite.—One gram of di- 
(2,4,6-tribromobenzoyl)-methane was dissolved in 20 cc. of 
pyridine and this solution added to 100 cc. of 10% sodium 
hypobromite solution. The mixture was shaken for seven 
days at room temperature and then extracted with two 
75-cc. portions of benzene. This extract was dried over 
calcium chloride and the solvent distilled under reduced 
pressure. Recrystallization of the solid residue from chlo­
roform gave 1 g. of di-(2,4,6-tribromobenzoyl)-bromo- 
methane which softened at 264° and decomposed at 270- 
272°. The yield was 90% of the theoretical.

Reduction of Di-(2,4,6-tribromobenzoyl)-bromometh- 
ane.—One gram of this compound was reduced by the 
method described above for di-(2,4,6-trichlorobenzoyl)- 
bromomethane. Eight-tenths of a gram of di-(2,4,6- 
tribromobenzoyl)-methane was obtained, m. p. 233-238°.

Reaction of 2,6-Dibromo-4-methylbenzoyl Chloride 
with Methylmagnesium Iodide.—Thirty-two grams of the 
acid chloride in twice its volume of dry ether was added 
over a period of one hour to a boiling 5 molar solution of 
methylmagnesium iodide which contained a nine-fold 
excess of the reagent. The addition was accompanied by 
vigorous stirring. The reaction mixture was diluted with 
800 cc. of ether and poured slowly into ice and dilute 
hydrochloric acid. By extraction with ether the methyl 
ketone was obtained as a red oil which crystallized when 
cooled. After five recrystallizations from 95% ethanol.



R ey n o ld  C. F uso n , R. T. A rnold  and  H. G. C o o k e , J r . Vol. 60227:2

the solution being treated each time with Darco, the white 
crystalline product melted at 53-54°.

Anal. Calcd. for C9H8OBr2: C, 37.03; H, 2.74; Br, 
54.75; mol. wt., 292. Found: C, 37.41; H, 3.08; Br, 
54.69; mol. wt., 286.

The Benzal Derivative of 2,6-Dibromo-4-methylaceto- 
phenone.-—The identity of the methyl ketone was con­
firmed by condensing it with benzaldehyde. About 6 g. of 
the crude ketone was mixed with 20 cc. of 1,0% sodium 
hydroxide solution, 10 cc. of 95% ethyl alcohol and 10 cc. 
of benzaldehyde. The mixture was shaken for twenty 
hours at room temperature. At the end of this period 
there was a yellow mixture of crystals and oil at the bottom 
of the flask. The entire mixture was shaken with ether 
which was then washed with bisulfite solution. The ether 
solution was washed with water, dried and evaporated 
giving a crystalline residue. After the crystals were 
washed with petroleum ether and recrystallized three times 
from ethyl alcohol they melted at 96-97°.

Anal. Calcd. for C16Hi2OBr2: C, 50.57; H, 3.16; Br,

42.06; mol. wt., 380 Found: C, 51.06; H, 3.21; Br, 
42.43; mol. wt., 379.

Summary
2.4.6- Trihalobenzoyl chlorides react with meth­

ylmagnesium halides to give the corresponding 
di-(2,4,6-trichlorobenzoyl)-methanes. Under suit­
able conditions the methyl ketone, undoubtedly 
an intermediate in the reaction, can be isolated.

The structure of the 1,3-diketones was proved 
by converting them to the corresponding mono- or 
dibromides and then regaining the original dike­
tone by debromination.

2.6- Dibromo-4-methylacetophenone was ob­
tained by the interaction of 2,6-dibromo-4-methyl- 
benzoyl chloride and an excess of methylmagne­
sium iodide.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  17, 1938

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

Reformatsky Condensations Involving Vinylogs of Haloacetic Esters
B y R ey n o ld  C. F u so n , R. T. Arnold  a n d  H. G. C o o k e , J r .

The extension of the Reformatsky method to 
vinylogs of haloacetic esters was attempted with 
the hope of obtaining a method of synthesizing 
carotenoid chains. The general reaction sought 
was the following

RCHO
XCH2(CH=CH)nCOOR----— ^ R(CH=CH)n + iCOOR

Zn

Results obtained with ethyl y-bromo- and y-iodo­
crotonate show that the desired reaction takes 
place. The value of the method in synthetic 
work would appear to be conditioned by the avail­
ability of the y-halocrotonates.

Ethyl y-bromo- and y-iodocrotonate react with 
benzaldehyde in the presence of zinc to give an 
oil which can be hydrolyzed to cinnamylidene- 
acetic acid

CeHsCHO
XCH2CH=CHCOOC2H5---------— >■

C6H5(CH==CH)2COOH

Cyclohexanone reacts similarly, giving the ex­
pected unsaturated ester, C6Hii(CH=CH)2CO- 
OC2H5.

Ethyl iodocrotonate also was condensed with 
^>-chlorobenzaldehyde to give ^-chiorocinnamyli- 
deneacetic acid. This acid was synthesized for 
comparison from ^-chlorocinnamaldehyde and 
malonic acid.

It was of particular interest to compare the 
behavior of ethyl y-iodocrotonate with that of the 
corresponding saturated ester, ethyl y-iodobuty- 
rate, to see what influence the vinylene linkage 
really had. The condensation reaction depends 
chiefly on the reactivity of the halogen atom 
which in turn is due presumably to the activating 
influence of the carbethoxy group. The transfer 
of this effect should be much more efficient in the 
vinylogs of haloacetic esters than in the corre­
sponding saturated esters. This was found to be 
the case. Ethyl y-iodobutyrate condenses with 
benzaldehyde in the presence of zinc to give the 
normal Reformatsky condensation but the re­
action proceeds very slowly and the yields are 
almost negligible.

Experimental
The Condensation of Ethyl y-Bromo- and y-Iodo- 

crotonate with Bërizaldehyde.—Nineteen grams of ethyl 
y-iodocrotonate1 in 20 cc. of dry, peroxide-free butyl ether 
was added dropwise to a mixture of 16 g. of benzaldehyde, 
30 cc. of butyl ether and 5.5 g. of zinc dust. The zinc dust 
was cleaned by treatment for a few seconds with dilute 
hydrochloric acid and subsequent washing with water, 
acetone and dry benzene. I t  was not allowed to stand in 
contact with the air. The mixture was refluxed, with 
stirring, for thirty-six hours, then decomposed with very

(1) T h is  J o u r n a l , 52, 3174 (1930),
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dilute cold hydrochloric acid. Careful fractionation of the 
ether solution gave 2.3 g. of a viscous yellow oil; b. p. 162- 
165° (4 mm.).

The use of an equivalent amount of ethyl 7-bromo- 
crotonate in the above process gave approximately 1 g. of 
the same high-boiling oil. Treatment of this oil with 
phenyl isocyanate in a closed, evacuated tube gave sym- 
diphenylurea. Oxidation with a sodium dichromate- 
sulfuric acid mixture converted the oil to benzoic acid.

The facts indicated that the oil was the expected hy­
droxy ester. Analysis showed, however, that it was im­
pure, and it was subjected to hydrolysis. One cubic centi­
meter of the oil was added to a saturated solution of 
potassium hydroxide in ethyl alcohol and the mixture was 
allowed to stand overnight. Dilution with water followed 
by careful acidification with dilute sulfuric acid gave a 
solid which after recrystallization from benzene weighed 
0.6 g. and melted a t 165°. Admixture of a known sample 
of cinnamylideneacetic acid2 did not depress the melting 
point.

The Condensation of Ethyl 7 -Iodocrotonate with p- 
Chlorobenzaldehyde.—Fourteen grams of pure ^-chloro- 
benzaldehyde and 6 g. of clean zinc dust were placed in a 
500-cc., round-bottomed, three-necked flask containing 
50 cc. of dry benzene and equipped with two efficient reflux 
condensers. The solution was heated to boiling and a 
solution of 20 g. of ethyl Y-iodocrotonate in 20 cc. of dry 
benzene was added dropwise. The reaction was highly 
exothermic, and an ice-bath was used to keep the ebullition 
from becoming too vigorous. After the addition was com­
plete the mixture was refluxed for ten hours and decom­
posed with dilute hydrochloric acid and ice. The benzene 
layer gave 8.7 g. of a yellow oil; b. p. 180-185° (4 mm.). 
As in the case of benzaldehyde, analysis of this ester indi­
cated that it was partially dehydrated.

^-Chlorocinnamylideneacetic Acid.—One gram of the 
yellow oil was dissolved in 30 cc. of saturated alcoholic 
potassium hydroxide solution and allowed to stand over­
night a t room temperature. The mixture was diluted with 
water and acidified with dilute sulfuric acid. The pre­
cipitated ^-chlorocinnamylideneacetic acid was recrystal­
lized from ethanol, m. p. 251° (corr.), with decomposition.

Anal. Calcd. for CnH90 2Cl: C, 63.30; H, 4.30. 
Found: C, 63.24; H, 4.45.

For comparison this acid was synthesized from ^-chloro- 
cinnamaldehyde and malonic acid by a method similar to 
that used by D utt2 for the synthesis of cinnamylidene­
acetic acid. To a solution of 7 g. of the aldehyde and 6 g. 
of the acid in 30 cc. of pyridine was added 3 cc. of piperi­
dine, and the mixture refluxed for twenty hours. I t was 
then poured into 250 cc. of dilute sulfuric acid and the dark 
gray precipitate was recrystallized first from glacial acetic 
acid and then repeatedly from 95% ethyl alcohol. The p- 
chlorocinnamylideneacetic acid formed in white flakes 
melting a t 251° (corr.), with decomposition. No depres­
sion of melting point was noted when this acid was mixed 
with tha t prepared by the Reformatsky method. The 
methyl ester (from methyl alcohol) melted a t 132° (corr.).

Anal. Calcd. for C12H11O2CI: C, 63.60; H, 4.90- 
Found: C, 64.32; H, 4.91.

The Condensation of Ethyl Y-Iodocrotonate with Cyclo­
hexanone.—Fifteen grams of ethyl Y-iodocrotonate in 10 
cc. of dry benzene was added dropwise to 50 cc. of benzene 
containing 12 g. of cyclohexanone and 4 g. of clean zinc 
dust. The mixture was refluxed for eight hours after the 
initial vigorous reaction had subsided and then decom­
posed with dilute sulfuric acid. Fractionation of the 
dried benzene solution produced 6.2 g. of the ethyl ester; 
it is a colorless oil boiling at 143-148° (8 mm.). Bromine 
and permanganate tests for unsaturation were positive.

Anal. Calcd. for Ci2H i80 2: C, 74.23; H, 9.48. Found: 
C, 74.28; H, 9.28.

Ethyl Y-Iodobutyrate.—Ethyl 7-chlorobutyrate p r e ­
pared according to the method of Henry3 was converted 
into the iodo ester by treatment with sodium iodide. A 
mixture of 127 g. of the chloro ester, 450 cc. of acetone and 
127 g. of sodium iodide was shaken for three hours at 27°. 
Only 30 g. of sodium chloride separated. The mixture was 
then refluxed for two hours, filtered and the filtrate poured 
into 1 liter of ether. The ether solution was washed with 
water containing about 1% of sodium thiosulfate. Frac­
tionation of the ether layer gave 130.6 g. or 63.5% of the 
theoretical amount of the iodo ester. The ester boiled at 
84-85° (4 mm.).

Anal. Calcd. for C6H n02I: C, 29.75; H, 4.55. Found: 
C, 29.61; H, 4.61.

The Condensation of Ethyl y-Iodobutyrate with p- 
Chlorobenzaldehyde.—To a boiling mixture of 75 cc. of 
benzene, 17.5 g. of ^-chlorobenzaldehyde, and 8 g. of clean 
zinc was added dropwise a solution of 30 g. of ethyl Y-iodo- 
butyrate in 30 cc. of benzene. The mixture was refluxed 
for twenty-four hours, cooled, decomposed with water and 
filtered through bone charcoal. The benzene layer yielded
10.3 g. of ^-chlorobenzaldehyde, 4.3 g. of ethyl 7 -iodo- 
butyrate, 0.7 g. of a liquid boiling at 195-200° (3 mm.) (m. 
p. 122-123°) and some tarry products. The compound 
melting at 122-123° (from ethanol) had the composition 
of the expected unsaturated ester.

Anal. Calcd. for C13H i50 2C1: C, 65.41; H, 6.29. 
Found: C, 65.26; H, 6.37.

Summary
The Reformatsky condensation has been ex­

tended to vinylogs of haloacetic esters. Ethyl 
Y-bromo- and Y-iodocrotonate have been con­
densed with benzaldehyde to give cinnamylidene­
acetic acid. ^-Chlorocinnamylideneacetic acid 
has been made from £>-chlorobenzaldehyde in a 
similar manner. Ethyl y-iodobutyrate undergoes 
this type of condensation only with difficulty and 
in very low yield.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  18, 1938

(2) D utt, J . Ind . Chem. Soc., 1, 297 (1924-25). (3) Henry, Bull, soc. chim., 45, 341 (1886),
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NOTES

Structure of Lignin
B y  A . B . C r a m e r , M . J . H u n t e r  a n d  H ar o ld  H ib b e r t

The authors have been able to isolate recently, 
from spruce wood, by organic solvent extraction, 
an aromatic ketone in high yield (about 1- 2% 
calculated on the weight of wood taken). This 
ketone is an oil, distilling at a bath tempera­
ture of 140-150° (0.004 mm.). On methylation 
it yields a well-defined white crystalline compound, 
formula Ci3Hi804, m. p. 81-82°. The ketone 
structure of the latter product was proved by its 
additive power for the Grignard reagent and ready 
formation of a hydrazone. It also contains the 
veratryl radical since it gives veratric acid on oxi­
dation.

Analysis of the methylated ketone.—Calcd. for 
Ci3H180 4: C, 65.5; H, 7.6. Found: C, 65.5; 
H, 7.7. Total alkoxyl found (calculated as 
methoxyl): 38.7%. Grignard machine analysis: 
Addition, 0.85 mole per mole weight. Active 
hydrogen, 0.13 mole per mole weight.

The substance from which this crystalline prod­
uct apparently is derived may be one of several 
isomers, each consisting of a guaiacyl group with 
a side chain of three carbon atoms containing a 
carbonyl and a hydroxyl group. The syntheses 
of the possible methylated compounds are now in 
progress. The extraordinary chemical reactivity 
of this type of parent substance would explain 
the previous difficulties associated with its isola­
tion and characterization. Such a structure pro­
vides a satisfactory basis for interpreting the re­
sults obtained in the hydrogenation of methanol 
lignin at high temperatures and pressures [Th is  
J ou r n a l , 60, 1467 (1938)].

The isolated ketone is accompanied by consid­
erable quantities of what appears to be a poly­
merized product, an aldehyde, an acid, a neutral 
substance, and a carbohydrate-containing frac­
tion. The combined yield of all of these products 
calculated on the weight of the wood taken 
amounts to a total of 5% in the case of spruce, 
and roughly 10% in the case of maple.

Work now in progress on oils from hard woods 
indicates the additional presence of derivatives 
containing the syringyl group and it is possible

that this may be the fundamental chemical differ­
ence between soft and hard woods.
D iv is io n  o f  I n d u s t r ia l  a n d  C e l l u l o s e  C h e m is t r y  
M cG il l  U n iv e r s it y  R e c e iv e d  J u l y  6, 1938
M o n t r e a l , C a n a d a

The Preparation of Amyl Salicylates
B y  A n d r e w  F . F r e e m a n  a n d  H . L. H a l l e r

A search of the literature discloses that, of the 
eight theoretically possible amyl salicylates, only 
the normal amyl1 and the isoamyl ester1,2 have 
their properties recorded. The procedure for the 
preparation of the latter has been given,2 Tut no 
reference is made to the mode of formation of 
the former.

In the present communication methods of pre­
paring primary normal amyl salicylate, secondary 
normal amyl salicylate, and tertiary amyl sali­
cylate are described. Isoamyl salicylate from 
carefully purified isoamyl alcohol and salicylic 
acid also has been prepared, and its physical prop­
erties have been found to be identical with those 
recorded by Drion.2

The salicylates derived from the primary amyl 
alcohols were prepared with sulfuric acid as the 
esterifying agent, but when this procedure was 
applied to the secondary and tertiary amyl alco­
hols, dehydration of the alcohol occurred, and the 
yield of ester was negligible. It was found, how­
ever, that the secondary and tertiary esters could 
be obtained on condensation of salicylic acid 
chloride and the carbinol in the presence of a 
small quantity of anhydrous aluminum chloride. 
With the secondary carbinol this procedure gave 
satisfactory yields of ester, but with the tertiary 
carbinol the yield of ester was small.

Primary Normal Amyl Salicylate.—A commercial grade 
of primary amyl alcohol was purified by fractional distilla­
tion in a column of the type described by Dupont3 and 
modified by Palkin.4 The fraction employed in the esteri­
fication had the properties: b. p. 82-83.6° a t 85 mm., 
n 20D 1.4109, n 2«D 1.4090, d 20 0.8179, [ M ] d  found 26.66, 
calcd. 26.815.

(1) “ International Critical Tables,” Vol. I, McGraw-Hill Book 
Co., Inc., New York, 1926, p. 246.

(2) C. Drion, Compt. rend., 39, 122 (1854).
(3) G. Dupont, “Les Essences de Térébenthine,” Paris, 1926, p. 57.
(4) S. Palkin, U. S. Dept. Agr., Tech. B ull., 276 (1932); Ind . Eng. 

Chem., A nal. Ed., 3 ,377  (1931); 7 ,436  (1935).
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A mixture of salicylic acid (50 g.), primary normal amyl 
alcohol (200 g.), and concentrated sulfuric acid (2 cc.) was 
heated under a reflux condenser for about four hours. The 
apparatus was provided with a trap to remove the water 
that was formed. After the unreacted alcohol had been 
removed by distillation a t atmospheric pressure, the residue 
was washed with 10% potassium carbonate and dissolved 
in ether, and the ether solution was dried over anhydrous 
sodium sulfate. The high-boiling material remaining after 
the removal of the ether was fractionated under reduced 
pressure by means of a Widmer column. The fraction that 
boiled at 116-121° and 1.4 mm. pressure was collected. 
The yield was 64 g.: # 27d  1.5042, d27 1.0552, [M]t> found
58.40, calcd. 58.30.

Anal.5 Calcd. for Ci2H i60 3: C, 69.23; H, 7.87. Found: 
C, 69.15; H, 7.82.

In all these experiments some ether was formed, the 
amount increasing with the time of refluxing the reaction 
mixtures.

Secondary Normal Amyl Salicylate.—The methyl-#- 
propylcarbinol employed in this experiment was obtained 
by fractional distillation of a commercial grade of the 
carbinol in a Dupont-Palkin4 type of still. The purified 
carbinol had the properties: b. p. 61.8-64.7° at 85 mm., 
#25d 1.4065, d25 0.8041, [M]v found 26.91, calcd. 26.815.

A mixture of 40 g. of salicylic acid, 50 cc. of thionyl 
chloride, and 0.08 g. of anhydrous aluminum chloride was 
heated under reflux in a water-bath maintained at 40-50 ° 
until the acid was entirely dissolved. The solution was 
then concentrated a t reduced pressure to remove hydrogen 
chloride and excess thionyl chloride. One-half of the 
residue, a clear, greenish-yellow liquid, was transferred to a 
125-cc. Erlenmeyer flask, and 30 cc. of methyl-#-propyl- 
carbinol was added in small portions. The mixture was 
cooled in an ice-bath for several hours, and then, with the 
flask stoppered with a calcium chloride tube, allowed to 
stand for twenty-four hours. The solution was washed 
several times with ice water, then with a small quantity of 
dilute sodium bicarbonate, and again several times with ice 
water. The material was dried in ether over anhydrous 
sodium sulfate and, after removal of the ether, was purified 
by repeated distillation under reduced pressure. The 
yield was 9.8 g. The ester boiled at 107-110° and 4-5 
mm.: # 25d  1.5020, g?25 1.0470, [M]t> found 58.60, calcd. 
58.30.

Anal. Calcd. for Ci2H i60 3: C, 69.23; H, 7.87. Found: 
C, 69.16; H, 7.81.

Tertiary Amyl Salicylate.—The tertiary amyl alcohol 
was a commercial grade which boiled at 100-102 °. To the 
remaining half of the salicyl chloride prepared from 40 g. of 
salicylic acid by the procedure described above, 125 cc. of 
tertiary amyl alcohol was added slowly with vigorous shak­
ing, the flask being kept cold in an ice-bath. Considerable 
hydrogen chloride was given off and some heat was evolved 
during the process. After standing in the ice-bath for 
several hours, the solution deposited a small quantity of 
crystalline material. This was removed by filtration, and 
the filtrate was distilled under reduced pressure. The pure 
ester was obtained by fractional distillation under reduced 
pressure. The yield was 6.5 g. I t  boiled at 84-86 ° and 3

(5) We are indebted to  Dr. W. G. Rose for the microcombustions.

mm. pressure: # 25d  1.5064, d2b 1.0533, [M]n found 58.74, 
calcd., 58.30.

Anal. Calcd. for Ci2H i60 3: C, 69.23; H, 7.87. Found: 
C, 69.12; H, 7.88.
B u r e a u  o f  E n to m o l o g y  R e c e iv e d  J u n e  20, 1938
a n d  P l a n t  Q u a r a n t in e
U. S . D e p a r t m e n t  o f  A g r ic u l t u r e
W a s h in g t o n , D. C.

Reactions of Fluorinated Derivatives with 
Sodium, Potassium and Magnesium

B y  A l b e r t  L . H e n n e

Stable fluorinated compounds have been sub­
jected to the action of magnesium in the hope of 
obtaining a Grignard reaction, and of sodium in 
the hope of obtaining a Wurtz reaction. In both 
cases the action was immediate and complete but 
the results were entirely different from those 
hoped for. The vigorous character and complete­
ness of the reactions showed the futility of further 
work in the same direction and, therefore, the un­
expected results are presented for publication. 
Some of these results (representative of what 
happens in other cases) were as follows.

(1) CHF2CH2I was dissolved in ether and al­
lowed to drip onto clean magnesium. A reaction 
took place instantly. A small portion gave a 
faint test with Michler’s ketone, indicating the 
formation of a Grignard compound; however, 
after a short period, the Grignard test was no 
longer positive. As the addition of CHF2CH2I 
to the magnesium was continued, a gas was 
evolved which was caught in bromine. It was 
observed that the reaction of this gas with bro­
mine took place in the vapor phase, not the 
liquid, and the absorption was therefore incom­
plete. The gas was vinyl fluoride, as shown by 
the facts that the dibromide CHFBrCH2Br was 
the only compound found and that it was quite 
pure. Due to faulty experimental conditions 
only 50% of the vinyl fluoride was recovered as 
dibromide. The resulting magnesium salt was an 
equimolecular mixture of magnesium iodide and 
magnesium fluoride. Both salts are soluble in 
ether and in water, the fluoride as a colloid, and 
on account of this, a test for fluorine fails to give 
positive results before the magnesium fluoride has 
been brought from the colloidal to the crystalline 
stage.

(2) Attempts to cause CHF2CH2Br to act upon 
magnesium were unsuccessful.

(3) A piece of sodium or potassium reacted
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energetically with CHF2CH2Br or CHF2CH2I. 
The reaction was run in ethyl ether, where it still 
was very vigorous and complete. Instead of act­
ing upon the iodine atom only, the alkali metal 
removed one atom of fluorine and one atom of 
iodine, and gave a quantitative yield of sodium 
fluoride and sodium iodide or bromide. In doing 
so it behaved like magnesium or zinc.

(4) In contrast with the preceding result, 
fluorinated derivatives of methane (namely, 
CCI2F2, CHC1F2 and CHBrF2) remained unaf­
fected when passed through molten sodium.
T h e  M id g l e y  F o u n d a t io n  
D e p a r t m e n t  o f  C h e m is t r y  
T h e  O h io  S t a t e  U n iv e r s it y
Columbus, Ohio Received M a y  7, 1938

Preparation of Methylaluminum Chlorides
By V in c e n t  F. H n iz d a  a n d  C h a r l e s  A. K r a u s

The methyl- and ethylaluminum chlorides have 
not been reported in the literature until recently. 
Walker and Willson1 showed that methyl chloride 
reacts with aluminum metal when catalyzed by 
iodine or aluminum chloride, forming an uniden­
tified product which “may be expressed’ ’ as Me2- 
A1C1 plus MeAlCl2. Hall and Nash2 isolated the 
ethylaluminum chlorides from the products of 
polymerization of ethylene with a mixture of alu­
minum and aluminum chloride, and identified the 
double salt EtAlCl2*NaCl. Later, Grosse3 re­
ported the melting and boiling points of the four 
methyl- and ethylahiminum chlorides.

Since none of these articles gives a satisfactory 
method of preparation of the compounds in ques­
tion, it seems desirable to describe briefly the 
simple method which has been used successfully in 
these Laboratories since some time prior to the 
appearance of the articles cited. This descrip­
tion pertains primarily to the methyl chlorides; 
the ethyl chlorides and the methyl and ethyl bro­
mides have been prepared similarly.

The desired amount of aluminum metal, preferably in an 
alloy such as Aluminum Company of America Alloy 12 
(8% copper), is cut in clean, dry shavings or chips. These 
are placed in a glass or steel reaction vessel equipped with : 
halide inlet and product discharge lines, temperature and 
pressure gages, provision for heating and cooling, and a 
safety blow-out. The catalyst, about 0.1% of anhydrous

(1) W. O. Walker and K. S. Willson, Re frig . Eng., 34, 89, 126 
(1937).

(2) F. C. Hall and A. W. Nash., J . Inst. Petroleum Tech., 23, 679 
(1937).

(3) Abstracts, American Chemical Society, Dallas Meeting, 
1938.

aluminum chloride (or iodine, or the product of a previous 
preparation) is placed in one spot on top of the aluminum, 
and the reaction vessel closed. Air is pumped or flushed 
out, and methyl chloride gas introduced to a pressure of 
one atmosphere (or more, depending on the equipment 
used). If the reaction fails to start in one‘hour at room 
temperature, the charge is heated to 100 °. Once started, 
the reaction is autocatalytic and highly exothermic. 
More methyl chloride is added, and cooling is applied, at 
such rates as to maintain a suitable rate of reaction and to 
keep the temperature of the charge below 75 °. At higher 
temperatures, side reactions may occur with the formation 
of gas.

When no more methyl chloride is absorbed, the reaction 
is completed. The reaction of the aluminum is quantita­
tive, while any iron or copper in the alloy remains unat­
tacked. Side reactions are negligible. In a typical prepa­
ration, about 60 millimoles of aluminum in the form of al­
loy took up 88.9 millimoles of methyl chloride with the 
formation of only 0.9 millimole of methane; the non­
volatile residue contained no aluminum and 0.4 milli- 
atom of chlorine; no iron or copper was detected in the dis­
tilled product.

The water-white, oily liquid is decanted or vacuum dis­
tilled, from the remaining metallic sludge, into a suitable 
closed container. If desired, this product can be diluted 
with methyl chloride to lower its viscosity and to facilitate 
the removal of samples from the container. Such methyl 
chloride solutions apparently are stable in glass or steel con­
tainers, and react slowly with copper or lead. The stability 
of solutions of the bromides and of the corresponding ethyl 
compounds is less assured, and is under investigation. In 
any case, a safety blow-out for the container is recom­
mended. These aluminum compounds are, of course, highly 
reactive toward air, moisture, and other oxygen compounds; 
however, their oxidation or inflammation in air is not vio­
lent.

The product of the methyl chloride reaction is almost 
exactly an equimolecular mixture of dimethylaluminum 
chloride and methylaluminum dichloride. No evidence 
of either trimethylaluminum or of aluminum chloride is ob­
tained on fractional distillation. Analysis is effected by 
hydrolysis of a sample with wet ether followed by dilute 
nitric acid, and determination of the amount of methane 
evolved, and of the aluminum and chloride content ■ >f the 
solution. In a typical preparation, this analysis gave 13.58 
milliatoms of aluminum, 19.60 of chlorine, and 20.46 milli­
moles of methane, or a ratio of Me:Al:Cl of 1.507:1:1.443.

When the individual compounds are desired, they may be 
separated from their mixture by fractional vacuum distilla­
tion, or the dimethylaluminum chloride may be obtained in 
pure form by heating the mixture with excess sodium chlo­
ride and distilling the dimethyl compound from the mono­
methyl addition compound. Analysis of a typical dis­
tillate from the latter procedure gave 23.4 milliatoms of 
aluminum, 23.6 of chlorine, and 47.1 millimoles of methane, 
or a ratio of Me:Al:Cl of 2.01:1:1.01.
R e s e a r c h  L a b o r a t o r ie s  
E t h y l  G a s o l in e  C o r p o r a t io n  
D e t r o it , M ic h ig a n  
N e w p o r t  R o g e r s  L a b o r a t o r y  
B r o w n  U n iv e r s it y
P r o v id e n c e , R . I. R e c e iv e d  A u g u s t  1, 1938
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COMMUNICATIONS TO T H E  EDITOR

FORMATION OF AN ACID ANHYDRIDE BY THE
ACTION OF WATER ON ORGANOMETALLIC 

COMPLEXES
Sir:

The formation of an acid anhydride by the ad­
dition of water to an organometallic complex has 
been observed in two different instances. A Grig­
nard reagent, prepared from 4-bromo-7-isopropyl- 
hydrindene, when added to pure a-naphthoyl 
chloride in ether, yielded 50% of the expected ke­
tone, 4-a-naphthoyl-7-isopropylhydrindene, to­
gether with 28% of the hydrocarbon, 4-isopropyl- 
hydrindene, and 22% of a-naphthoic anhydride. 
Another instance was found in the reaction be­
tween a-naphthoyl chloride and the lithium de­
rivative from 2,7-dimethyl-4-bromohydrindene.1 
In this reaction the yield of ketone was small, but 
that of hydrocarbon and anhydride large. Par­
ticularly in this case, the formation of colored 
solutions showed the formation of complexes. 
A fleeting bright red color2 gave place to a pale 
orange which disappeared on addition of water 
to give rise to the granular yellow anhydride.

The experimental procedure in both cases in­
volved addition of the organometallic solution to 
a-naphthoyl chloride dissolved in absolute ether, 
ensuring an excess of acid chloride. To a solution 
of 15 g. of a-naphthoyl chloride (m. p. 21°) in ab­
solute ether at —5° was added dropwise with stir­
ring a Grignard reagent made from 10 g. of 4- 
bromo-7-isopropylhydrindene, 2 g. of magnesium 
and 60 cc. of ether. The solution was then re­
fluxed for four hours. An equal volume of 
saturated sodium bicarbonate solution was added 
in order to remove the unchanged acid chloride. 
Upon distilling most of the ether and cooling, a 
yellow granular solid appeared. This proved to 
be a-naphthoic anhydride melting at 145°, and 
giving the same value upon admixture with an 
authentic sample. Upon distillation of the re­
maining material, 2 g. of 4-isopropylhydrindene, 
b. p. 88-90° at 1 mm., and 7.3 g. of 4-a-naphthoyl- 
7-isopropylhydrindene, b. p. 225-235° at 1.2 mm., 
were secured.

In the second instance, 0,70 g. of lithium wire
(1) Bruce w ith Fieser, T h i s  J o u r n a l , 59, 480 (1937).
(2) Professor E. P. Kohler suggested at the time that this color 

may have been caused by iron in the lithium ; however, no ferric 
hydroxide is found upon solution pf the lithium in water,

was dissolved in a solution of 7 g. of 2,7-dimethyl- 
4-bromohydrindene1 in 100 cc. of ether. This 
orange-colored solution was added over a period 
of three hours to 15 g. of a-naphthoyl chloride in 
200 cc. of ether. The residue of lithium salt was 
washed with 50 cc. of ether and 100 cc. of benzene. 
Addition of 300 cc. of saturated sodium bicar­
bonate solution with stirring until the evolution of 
carbon dioxide had practically stopped (four 
hours) left a clear light red solution which was 
concentrated to about 50 cc. Upon standing, 
7 g. of a-naphthoic anhydride, m. p. 145-146°, 
separated. The substance was identified by its 
analysis and melting point, and by hydrolysis 
with alcoholic sodium hydroxide to give a-naph- 
thoic acid melting at 160-161°. From the bi­
carbonate solution was recovered 9 g. of a- 
naphthoic acid (air-dried overnight). Distilla­
tion of the filtrate from the anhydride gave 3.5 g. 
of 2,4-dimethylhydrindene, b. p. 100-105° at 
23 mm., and 1 g. of an oil, contaminated with a- 
naphthoic acid, b. p. 200-235° at 2 mm., pre­
sumably 4-a-naphthoyl-2,7-dimethylhydrindene.

Further study is iti progress to determine the 
mechanism and limits of this curious reaction.
T h e  B a k e r  L a b o r a t o r y  o f  C h e m is t r y
C o r n e l l  U n iv e r s it y  W il l ia m  F. B r u c e
I t h a c a , N. Y.

R e c e iv e d  A u g u s t  8, 1938

CRYSTALLINE DIMETHYL ACETAL OF ^-FRUCTOSE
Sir:

Application of the method developed in this 
Laboratory for the preparation of glycofuranosides 
[Pacsu and Green, T h is  J o u r n a l , 58,1823 (1936); 
Green and Pacsu, ibid., 59, 1205, 2569 (1937); 
60, 2056 (1938)] to fructosediethylmercaptal re­
sulted in the unexpected formation of crystalline 
dimethyl acetal of ^-fructose. The substance 
was obtained in practically quantitative yield on 
the treatment of fructosediethylmercaptal with 
mercuric chloride in absolute methyl alcohol at 
—80°, in the presence of an excess of yellow mer­
curic oxide; m. p. 107-108° and [a]20D —45.6° 
in water solution. On acetylation, it readily gave 
a crystalline pentaacetate, with m. p. 109° and 
[a]20D 0° in chloroform solution. The free 
acetal crystallized from ^-propyl alcohol in
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beautifully developed large prisms, which were not 
hygroscopic and were devoid of action toward 
Fehling’s solution. The compound was found to 
be stable in neutral and alkaline solutions, but it 
suffered rapid decomposition at room tempera­
ture in acidic media. Experiments carried out in 
fermentation saccharimeters showed that while 
yeast was capable of fermenting fructosedimethyl- 
acetal in distilled water to give carbon dioxide, 
methyl and ethyl alcohols in almost quantitative 
yield, it was without any effect on the acetal in a 
citric acid-disodium phosphate buffer solution of 
pH 7. The action of different invertase samples 
on the acetal at pH 4.5 and pH 7 was found to be

completely negative, although the same samples 
were very active on sucrose under identical con­
ditions.

In view of the extreme sensitiveness of the acetal 
toward acid, the action of yeast in an unbuffered 
solution might be due to the fermentation of fruc­
tose liberated from the acetal by a trace of the 
acid of the yeast, rather than to a genuine enzy­
matic effect. This problem is now being investi­
gated. A detailed account of the work will be 
published shortly.
F r ic k  C h e m ic a l  L a b o r a t o r y  E u g e n e  P a c s u
P r in c e t o n  U n iv e r s it y  
P r in c e t o n , N e w  J e r s e y

R e c e iv e d  A u g u s t  11, 1938

NEW BOOKS

Modem Theories of Organic Chemistry. By H. B. W a t ­
s o n , D.Sc. (Wales), F.I.C., Head of the Department of 
Chemistry at the City of Cardiff Technical College. 
Oxford University Press, 114 Fifth Avenue, New York, 
N. Y., 1937. vii +  218 pp. 21 figs. 16.5 X 25 cm. 
Price, $4.50.
‘'Professor G. N. Lewis’s conception of the sharing of 

one or more electron pairs by two atoms gave a new and 
illuminating picture of the bonds which link carbon atoms 
into chains and rings, and set organic chemists the task of 
interpreting the reactions of carbon compounds of various 
types in terms of the electronic structures of the molecules. .

“In this volume an attempt is made to present the 
modern viewpoint ih a .concise and simple form, and to 
show how the new conceptions have followed logically from 
the earlier views.” As is evident from its size, the book 
does not undertake to be complete in detail, nor to provide 
an exhaustive bibliography. The chapters deal with: 
Theories of Chemical Combination; The New Physical 
Methods of Investigation; Applications of the Electronic 
Theory in Organic Chemistry, Strengths of Acids and 
Bases, The Inductive Effect; Substitution Reactions; 
General Discussion of the Application of the Electronic 
Theory in Organic Chemistry; Free Radicals; Compounds 
of Divalent Carbon and Allied Problems; Addition to Un­
saturated Compounds; Tautomeric Change; Migrations 
from Side-Chain to Nucleus and Other Rearrangements; 
The Factors Determining Reaction Velocity; A Review of 
Some Stereochemical Problems.

The author has an exceptionally clear and logical style. 
This is at its best in the introductory chapters, which can 
be recommended not only to students, but to every or­
ganic chemist who wishes to consider what modern physics 
has done for the understanding of his science. Briefly 
Professor Watson has put the last fifteen years into their

place in chemical history, and in this placing has built a 
vigorous viewpoint for the present.

In the electronic interpretation of organic reactions, cer­
tain English chemists have been pioneers. Their views 
might originally have been more cordially received in this 
country if presented inductively and in terms whose mean­
ings are well known. Professor Watson has accomplished 
this. He has placed the horse consistently before the 
cart and has shown the necessity of each concept intro­
duced. Proceeding on this basis, he uses fewer ultimate 
variables than have appeared in some discussions in this 
field.

Chapters 6 to 10 and 12 make a less unique contribution, 
for in their brevity they contain little material not usually 
included in courses in advanced organic chemistry. Even 
the consideration of evidence on specific problems is far 
from complete. Nevertheless, the clear and discriminat­
ing presentations of some of the problems are likely to be a 
better introduction for students than a more exhaustive 
descriptive treatment.

The printing of the book is up to the usual good standard 
of the Oxford University Press. The publishers have done 
well to put the price within the reach of most students and 
teachers.

P a u l  D . B a r t l e t t

The Chemistry o f the Sterids. By H a r r y  S o b o t k a , 
Chemist to the Mount Sinai Hospital, New York. 
The Williams and Wilkins Company, M t. Royal and 
Guilford Avenues, Baltimore, Maryland, 1938. xiii 4- 
634 pp. 15 X 23.5 cm. Price, $8.50.
The word “Sterids” is a newcomer to the terminology of 

the organic chemist. According to the author it “is 
meant to comprise sterols and steroids, i. e., sterol-like
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substances.” The introduction of this new term seems 
rather unfortunate. I t  might lead to some confusion, 
since the term “steroid,” introduced only a few years ago, 
refers already to the derivatives of cyclopentenophenan- 
threne in general.

“The Chemistry of the Sterids” is not a textbook, but a 
handbook; it is a combination of a “Houben-Weyl,” 
“Landolt-Börnstein” and “Beilstein” of steroid chemistry. 
The author has undertaken the laborious task of selecting 
from almost countless papers all the facts concerning the 
chemistry of steroids, and presenting them in a logical and 
readable form.

After an introductory chapter on the history of the 
chemistry of “sterids,” the author deals with the various 
methods of structural research, steric considerations, the 
chemical properties of naturally occurring steroids and of 
carcinogens, and molecular compounds. Over 400 struc­
tural formulas, which have been brought together on 46 
separate pages, serve to illustrate the text.

Then follows a compilation of the physical properties of 
steroids. This includes much invaluable and interesting 
information, such as, for instance, a complete list of the 
known absorption spectra of steroids and references to 
steroid crystallography.

The bulk of the book, 336 pages, is taken up by the 
“Beilstein” section, “a classified catalog of sterids and their 
derivatives recorded before January 1, 1937.” Here over 
3000 substances have been arranged according to a very 
ingenious system which should appeal to all investigators 
in this field. A very fine bibliography, covering over 60 
pages, has been added.

Because it is essentially a handbook, this work cannot be 
recommended to serve as an introductory text to a stu­
dent possessing only a scant knowledge of the complexities 
of steroid chemistry. However, it will be welcomed as an 
invaluable source of information by those investigators 
who have more than a passing interest for this field of re­
search. The author deserves their gratitude for this com­
pilation, which will save them many hours of search 
through an endless literature.

W e r n e r  B e r g m a n n

Perspectives in Biochemistry. Thirty-one Essays Pre­
sented to Sir Frederick Gowland Hopkins by Past and 
Present Members of his Laboratory. Edited by 
J o s e p h  N e e d h a m  and D a v id  E. G r e e n . Cambridge 
University Press: The Macmillan Company, 60 Fifth 
Avenue, New York, N. Y., 1937. ix +  361 pp. Illus­
trated. 14.5 X 22.5 cm. Price, $4.75.
Scientific writing for the most part finds its way into 

journals whose reputations depend increasingly upon the 
size of their circulation and speed of publication. The exi­
gencies of price curtail space and individual literary style 
is perforce sacrificed to a crisp staccato manner, highly 
satisfactory to enable large numbers of people rapidly to 
digest the contents of an article. Excellent from this 
point of view, there is little room for historical perspective, 
for philosophical rumination, or for guarded speculation. 
Although journals given over to reviews take care of the 
first need, rumination often becomes a private feast, and 
speculation is left for those who, having eschewed science

for journalism, can assure the eager and expectant public 
precisely what kind of a world this will be fifty years hence.

Among the amenities left to men of science is the pleasant 
habit of dedicating volumes to those they revere, especially 
their old teachers. But the Festschrift, or jubilee volume, 
has tended, with the rest of scientific writing, to be a col­
lection of papers written by colleagues or students in the 
same style, and often in the same journals to which they 
normally contribute. The book which we are reviewing is 
not in this tradition. I t  is not a collection of reprints from 
scientific journals. I t  is a series of essays in which each 
author has taken time “to speculate a little on the likely 
paths of future thought and discovery.”

The value of this volume depends upon the backgrounds 
and scientific insight of the contributors. All have a t one 
time or other been students of, or associated with, Sir 
Frederick Gowland Hopkins. Of the thirty-one essayists 
many have international reputations gained from impor­
tant experimental studies. Writing in this book to honor 
Sir Frederick they are in festive mood. Instead of dedi­
cating to their great teacher their last paper they have sent 
him their most far reaching thoughts regarding the signifi­
cance of their work. The result is arresting. I t  is good to 
know what R. A. Peters thinks of “Proteins and Cell- 
Organization.” J. D. Bernal contributes “A Speculation 
on Muscle.” Szent-Györgyi writes on “Oxidation and 
Fermentation,” and N. K. Adam on “Molecular Forces, 
Orientation and Surface Films.” Sir Edward Mellanby 
writes on “Toxamins in Food,” and A. J. Clark on “Drugs 
and Mankind.” The remainder of the thirty-one essays 
are no less varied in subject m atter or treatment. Al­
though this would be a break with the practice of exempt­
ing those honored from contributions, one cannot help 
wishing that this very catholic volume also contained an 
essay by Sir Frederick Gowland Hopkins on “Perspectives 
in Biochemistry.”

E d w in  J . C o h n

The Chemistry and Technology of Rubber Latex. By C.
F a l c o n e r  F l in t , Ph.D., D.I.C., A.I.C., A.R.C.S., B. Sc., 
Imperial Chemical Industries, Ltd. Foreword by 
Lt. Colonel B. J. E a t o n . D. Van Nostrand Co., Inc., 
250 Fourth Ave., New York, N. Y., 1938. xx +  715 
pp. Illustrated. 16 X 24 cm. Price, $14.00.
There are few people who by actual training are so well 

equipped to write a book on the chemistry and technology 
of rubber latex as is Dr. C. Falconer Flint. For many 
years a staff member of the Rubber Research Institute, 
of Malaya and now in charge of latex research and develop­
ment with the Imperial Chemical Industries, Ltd., he com­
bines personal experience of the raw material and its tech­
nical application. Although in the preface the author states 
that he used G. Génin’s book “Chimie et Technologie du 
Latex de Caoutchouc” as a framework, he has not only 
brought this compilation up to date but has added freely 
to it, which justifies the reviewer to consider Flint’s book 
as the outstanding contribution to the science and tech­
nology of rubber latex which has been written in English.

The first parts of the book present a short historical 
survey of the development of rubber plantations and earlier 
work on latex research. Then follows a discussion of the
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rubber trees, the physiology and formation of latex and its 
production. These chapters clearly show the earmarks 
of the present author. The composition and properties 
of latex are carefully worked out contributions followed 
by detailed discussions of latex coagulation, preservation, 
and concentration. In the latter chapter the latest proc­
ess of concentration by electrodecantation has not yet 
been included.

The chapter on compounding of latex discusses in great 
detail dispersing agents for latex compounds and offers a 
series of such materials as examples. I t  is interesting to 
note that sulfonic acid derivatives of organic compounds 
are not mentioned, although today their extreme efficiency 
is an established fact.

In the discussion on the use of sulfur we find the state­
ment that colloidal sulfur generally consists of an aqueous 
suspension containing from 50-60% dry matter, the par­
ticle size being several microns. Although this is a fre­
quent misnomer, the reviewer feels that it should not be 
found in a scientific treatise. Disperse sulfur is the 
correct term.

The section treating accelerators can safely be considered 
as an entirely new contribution and should prove very 
helpful to every latex compounder. From the point of 
view of an impartial reviewer, it would have been com­
mendable had somewhat more attention been given to ac­
celerators and other special compounding ingredients 
placed on the market by other manufacturers than I. C. I.

Referring to the vulcanization of latex and specifically 
to the Vultex process, Dr. Flint makes it clear that in his 
opinion, also, the addition of ultra-accelerators to latex 
which results in a certain degree of vulcanization upon 
storage cannot be considered as a patent infringement. 
This is in accord with a recent decision by Judge Brewster 
in the District Court of Massachusetts, U. S. A.

Other chapters are devoted to the technical application 
of latex, such as dipping, impregnation of fibers and fabrics, 
latex thread,1 sponge rubber, microporous rubber, moulded 
rubber goods, latex bonded hair, the use of latex in the 
paint and varnish industry. There are also chapters on 
adhesives, its use as an anti-corrosive coating, as a binder 
in the manufacture of brake-linings and abrasives, its ap­
plication in can sealing, the production of artificial leather, 
its use in the insulation of cables, as an ingredient for road 
or floor coverings, and other constructional applications.

The last chapter is concerned with the physical testing 
of latex rubber and the production of artificial rubber dis­
persions and synthetic latices.

Dr. Flint’s new book deserves high praise from all those 
interested in latex who wish to keep currently informed on 
the rapid development in this field. The author has taken 
pains to have literature and patent references as com­
plete as possible in such a type of book. I t  may be de­
plored that the book followed the American custom of add­
ing the references a t the end of every chapter, instead of 
in the form of pagewise footnotes, as this is a disadvantage 
to the majority of readers.

The print of the book is easy to read and well set. 
From a detailed survey of the numerous figures and plates,

(1) Here the reviewer misses a reference to the manufacture of 
“constrolastic” thread, which in his opinion certainly constitutes one 
of the most interesting developments of the last years.

among which the reviewer could not help noticing those 
copied from certain publications of his own, the repro­
ductions of this book must be considered excellent. 
There are practically no typographical errors. The sub­
ject index needs amendment if the book is to be of value for 
quick reference. However, these minor objections are by 
way of constructive criticism only. The book as a whole is 
highly recommendable.

E r n s t  A. H a u s e r

Die Korrosion von Nichteisenmetallen und deren Legier- 
ungen. (The Corrosion of Non-Ferrous Metals and 
their Alloys.) Edited by Prof. Dr. Phil. Otto  
K r ö h n k e , Berlin-Schlachtensee, and Prof. Dr. PhiL 
G e o r g  M a s in g , Gottingen. Verlag von S. Hirzel, 
Königstrasse 2, Leipzig C 1, Germany, 1938. xxx -f 901 
pp. 409 figs. 17.5 X 25 cm. Price, RM. 66.50; 
bound, RM. 69.
This, the second volume of a series of four [see, T h i s  

J o u r n a l , 58, 1508 (1936)], covers the corrosion of non- 
ferrous metals and their alloys. The space devoted to each 
of the several metals is roughly proportional to its technical 
importance as judged by the present requirements of sci­
ence and technology (in Germany). Metals having no 
essential “technical importance,” such as building ma­
terials, are not discussed a t all.

A summary of the principal contents of the several sec­
tions follows. The methods óf corrosion testing and re­
search, pp. 1-59, are discussed by P. Brenner under the 
headings, general testing procedure, necessary data, under 
natural conditions, laboratory tests, measurements of the 
amount of corrosion, criticisms of testing methods, review 
of selected tests. Copper and copper alloys pp. 60-287, by 
O. Dahl and W. Wunder, copper pp. 60-149, brass pp. 149- 
227, tin bronzes pp. 227-248, aluminum bronzes pp. 248- 
263, copper-nickel alloys pp. 263-275, and ternary Copper 
alloys containing nickel pp. 275-280, copper-silicon alloys, 
pp. 281-283, are separately discussed in detail under the 
headings, corrosion in general, in liquids, and in gases. 
There are also brief treatments of copper-beryllium alloys, 
pp. 283-286, alloys of copper with magnesium, cadmium, 
manganese, phosphorus, and silver, pp. 286-287.

The corrosion of pure aluminum by R. Sterner-Rainer, 
pp. 288-318, takes up the influence of impurities, of physi­
cal state, and of different corrosion agents. A section 
which deals in considerable length with the corrosion of 
aluminum cast alloys by R. Sterner-Rainer, pp. 319-384, 
includes the influence of the added alloy constituent on the 
chemical stability, resistance toward natural corrosion 
agents, corrosion by chemicals, influence of corrosion in­
cluding surface coatings on aluminum cast alloys on spe­
cific properties. A long section on malleable aluminum 
alloys by P. Brenner, pp. 385-444, discusses alloy com­
position, review of malleable aluminum alloys, heat treat­
ment and cold working, corrosion and simultaneous me­
chanical movement, testing procedure, corrosion stability 
of malleable aluminum alloys, metal clad industrial ma­
terials. Magnesium and magnesium alloys by W. Schmidt 
and W. Schultze, pp. 445-477, discusses the influence of 
alloying metals, atmospheric attack, various corrosion 
protective measures. A lengthy discussion of lead and 
lead alloys by M. Werner, pp. 478-595, includes the physi­
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cal and mechanical properties of lead, general theory of 
corrosion stability, pure lead, lead alloys, technical lead and 
impurities, applicability of lead as corrosion resistant indus­
trial material, a few special questions on the behavior of 
lead. A lengthy section on zinc pp. 596-670 by 
W. Wiederholt, discusses the electrochemical and chemical 
behavior of zinc in water, salt solutions and acids, in alka­
lies, in inorganic and organic compounds, in gases, in 
technical applications, and behavior of zinc alloys. Cad­
mium, pp. 671-685, and tin, pp. 686-721, by W. Wiederholt 
includes electrochemical and chemical behavior. Tung­
sten, molybdenum, and chromium, pp. 722-723, nickel and 
its alloys, and cobalt, pp. 724-764, are discussed by 
W. Rohn and C. Francke. They include general theory, 
testing procedures, nickel and its alloys in daily use and in 
the chemical industry, nickel and cobalt alloys with metals 
of the chromium group, nickel and its alloys a t high 
temperatures, sulfur stable alloys, corrosion and aging of 
thermoelements. Corrosion of noble metals by L. Nowack 
and J. Spanner, pp. 765-827, is a long section covering intro­
duction, physical properties, and uses of gold, gold alloys, 
gold as a metal coating, silver, silver alloys, silver as metal 
coating, platinum metals, alloys of mixed platinum metals, 
other alloys, platinum metals as coatings. There is a 
general discussion of noble metals and their alloys in the 
presence of various corrosive substances.

An author index of 12 pp. and a subject index of 60 pp. 
complete the volume. The present compilation is a valu­
able contribution to the literature.

M e r l e  R a n d a l l

The Chemical Analysis of Foods and Food Products. By
M o r r is  B. J a c o b s , Ph.D., Chemist, Bureau of Food and
Drugs, Department of Health, City of New York. D.
Van Nostrand Company, 250 Fourth Avenue, New
York, N. Y., 1938. xxii +  537 pp. 56 figs. 16 X
23.5 cm. Price, $6.00.
The general impression left after a perusal of this book is 

tha t in it the methods of food analysis have been brought 
thoroughly up to date, material being found which is in­
cluded in no other text. Numerous methods, largely 
American, are described which first appeared in print as 
late as 1937, naturally with some danger that not all may 
have been sufficiently tested to be sure of their true worth. 
The standard methods of the A.O.A.C. have been drawn 
upon to a large extent.

The chapter on physical chemical methods covers an 
unusually wide range, considerable space being given to 
photoelectric colorimeters, spectrographs, electrometric 
determinations, surface tension apparatus, and other 
modern instruments, which are usually discussed only in 
special treatises. In  the section on polarimetry it is re­
grettable, however, tha t the author did not include a dis­
cussion of the quartz wedge saccharimeter, which is much 
more widely used in commercial polarizations than the 
rotary polariscope. As a matter of fact, the “polarimeter” 
shown (Fig. 23), although stated to be for monochromatic 
light and to have a rotating analyzer, is actually a com­
pensation saccharimeter using white light. By a curious 
slip the instrument is said to be capable of using a 40 dom. 
tube.

Other points of marked excellence are the discussion of

pasteurized milk, the chapter on jams and jellies, one of the 
best in the book, a chapter on chemical methods for esti­
mating vitamins and numerous tables of the composition of 
foods. Especially noteworthy among the latter are useful 
data on the detection of adulteration in butter and olive oil 
and the alcohol table in the appendix, which combines in 
one table the data obtainable by both densimetric and re- 
fractometrie methods. In  the Munson and Walker 
method for reducing sugars the more desirable Given table 
is used rather than the one commonly found.

A few criticisms might be made, although they are largely 
matters of personal opinion and do not detract from the 
general excellence of the work. The discussion of the inter­
pretation of milk analyses, if anything more than simple 
failure to comply with legal standards is to be shown, is 
practically negligible. I t  is rather strange, although per­
haps to be expected, to see so much stress laid on the New 
York Board of Health lactometer instead of the more 
generally used Quevenne form. An anomaly certainly ex­
ists between the Ventzke normal weight of 26 grams (p.
259) and the Ventzke normal weight of 26.026 grams (p.
260) , a discrepancy which, although based on the authority 
of the A.O.A.C., would be confusing to those not ac­
quainted with the controversy which has raged over the 
Ventzke scale. Where starch is so commonly determined 
in various foods it would seem advisable to give some more 
general method than the special one for flours on page 291. 
Likewise, the only method given for pentosans is the very 
recent one of precipitation with thiobarbituric acid. The 
colorimetric tartaric acid method described under fruits is 
recommended only for use in a tartrate baking powder 
although no reference to the latter material is found in the 
index. The colorimetric method for vanillin is described 
in detail but no caution is given that it has been found 
notably unreliable with fortified vanilla extracts. The 
determination of glycerol in vinegar is described a t great 
length although it has little practical value at the present 
time. No discussion of the range of glycerol in a normal 
vinegar, other than two figures in a table, is found. One 
wonders why a method is specified (p. 480) as for ‘'Nitrates 
in Flesh Foods” when the preceding general method for 
nitrates is actually the A.O.A.C. method for nitrates in 
meats.

Other instances might be mentioned, but these are, in 
general, matters of relatively minor importance. The 
book is a distinct contribution to the literature of food 
analysis, the author has done a real service in assembling 
so much scattered recent material, and the reviewer, for 
one, is very glad to have the book on his shelf and within 
easy reach.

A. G. W o o d m a n

Handbuch der Lebënsmittelchemie. A. B o m e r , A. 
J u c k e n a c k  and J. T il l m a n s . Siebenter Band. Alko- 
holische Genussmittel. (Handbook of Food Chemistry. 
Vol. VII. Alcoholic Beverages.) B. B l e y e r , Editor- 
in-Chief. Verlag von Julius Springer, Linkstrasse 
22-24, Berlin W 9, Germany, 1938. xv +  828 pp. 
115 figs. 17.5 X 24 cm. Price, RM. 99; bound, RM. 
103.50.
Sponsored by a board of editors whose personnel includes 

the surviving member of the original group, A. Juckenack,
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and three others, J. Grossfeld, E. Bames and B. Bleyer, 
there has now appeared another volume, the fifth in order 
of completion, of the “Handbuch der Lebensmittel- 
chemie.”

Quite appropriately the subject matter of this volume is 
introduced by a chapter on alcoholic fermentation (31 pp.). 
The authors, B. Bleyer and W. Diemair, treat this topic 
first in its historical aspects, then from the standpoint of 
the morphology and the chemical composition of yeast 
and finally the course and products of fermentation. Fol­
lowing this, the book divides itself into three main parts, 
devoted, respectively, to beer (139 pp.), wine and other 
grape products (367 pp.), and distilled beverages (222 pp.). 
A digest of the pertinent German laws, compiled by H. 
Holthöfer, supplements each major chapter; those of the 
principal European countries and the United States in re­
spect to alcoholic beverages have been briefly collated 
by E. Bames (38 pp.). A well-organized index (31 pp.) 
completes the book.

The whole volume appears to have been written with 
that suggestion of authority which can come only from the 
pens of those who write with the advantage of experience 
in their own fields. Bleyer and Diemair contribute also 
the chapter on beer. The subject matter begins with a dis­
cussion of the raw materials of the industry, continues 
with an exhaustive description of the manufacture of beer 
from malting to fermentation, and closes with a résumé of 
the properties and composition of beers. The chapter 
on wine represents the independent efforts of two scientists 
who are active in official capacities. To E. Vogt was as­
signed the task of discussing and describing this beverage, 
its various types and products, from vineyard to finished 
product. O. Reichard treats the subject from the two­
fold standpoint of analysis and official control of traffic 
therein. The chapter on distilled beverages also is note­
worthy. I t is the work of G. Büttner. The subject is 
presented under the following headings: technical recov­
ery of spirits, potable spirits of all types, composition and 
analysis.

This volume rightfully deserves a place among its prede­
cessors in the series, for by condensing within one set of 
covers a vast amount of authoritative technical and legal 
matter it simplifies the work of the food chemist in need 
either of a reference book or a ready source of information 
on the subject matter in question.

H. A. S c h u e t t e
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The Action of Aluminum Chloride on the Diphenyl Ester of Xsophthalic, Terephthalic
and Naphthalic Acids

By F. F. Blicke and R. A. Patelski1

Diphenyl phthalate and aluminum chloride do 
not yield 2-(4"-hydroxybenzoyl)-4'-hydroxyben- 
zophenone as might be expected; phenolphtha­
lein2 and 1-hydroxyanthraquinone3 are produced 
in this reaction.

We found that diphenyl isophthalate, heated 
with aluminum chloride, is transformed into 
3 - (4 " -hy droxybenzoyl) - 4' - hydroxybenzophenone. 
The latter compound was obtained also by inter­
action of isophthalyl chloride, anisole and alumi­
num chloride; the 3-(4"-methoxybenzoyl)-4'- 
methoxybenzophenone, produced in this reaction, 
was demethylated during the preparative process.

Weiss and Chledowski4 stated that isophthalyl 
chloride and anisole react to form not only 3-(4"- 
methoxybenzoyl) - 4' - methoxybenzophenone but 
also 4- (4 " -methoxybenzoyl) -4 "-methoxybenzophe­
none. They attribute the formation of the latter 
substance to a rearrangement produced by the 
aluminum chloride. Although these investiga­
tors claim that they used pure m-xylene from 
which to prepare the isophthalyl chloride, their 
m-xylene may have contained some of the para 
isomer.

Diphenyl terephthalate was converted by 
aluminum chloride into 4-(4"-hydroxybenzoyl)- 
4'-hydroxybenzophenone. The same benzo- 
phenone was obtained by demethylation of 
the reaction product, 4-(4"-methoxybenzoyl)-4'-

methoxybenzophenone, produced from tere- 
phthalyl chloride and anisole.

In view of the general behavior of 1,8-disub­
stitution products of naphthalene it would be 
expected that diphenyl naphthalate would react 
with aluminum chloride similarly to diphenyl 
phthalate and that phenolnaphthalein would be 
produced instead of 1,8-di- (£-hy droxybenzoyl) - 
naphthalene. It was found that the phthalein 
was formed in this reaction in place of the dike­
tone. Jaubert5 had obtained this phthalein pre­
viously, in an impure state, by condensation of 
naphthalic anhydride and phenol. We prepared 
it by a modification of Jaubert’s method and 
also by condensation of 8-(4'-hy droxybenzoyl) -
1-naphthoic acid with phenol.

Experimental Part
3-(4"-Hydroxybenzoyl)-4'-hydroxybenzophenone. (a) 

From Diphenyl Isophthalate and Aluminum Chloride.—
Five grams of diphenyl isophthalate,6 6 g. of aluminum 
chloride and 25 cc. of carbon disulfide were heated on a 
steam-bath until the carbon disulfide had been removed; 
the residue was then heated in an oil-bath (185-195°) for 
twenty-five minutes. The aluminum salt was removed 
with dilute hydrochloric acid and the mixture extracted 
with 10% sodium hydroxide solution. The product, ob­
tained by acidification of the alkaline extract, was digested 
with sodium bicarbonate solution to remove carboxylic 
acids and the crude hydroxy ketone refluxed w ith 14 cc. of 
acetic anhydride for one hour in order to acetylate it. The 
diacetyl derivative of 3-(4"-hydroxybenzoyl)-4'-hydroxy-

( 1 ) M on san to -P fizer  R esearch A ssociate.
(2) C san yi, B e r .,  52, 1792 (1919). (5) Jaubert, B e r ., 28, 992 (1895).
(3) B licke and  W einkauff, T h i s  J o u r n a l , 54, 330 (1932). (6) Schreder [ ib id ., 7, 707 (1874)] reported 120° as th e  m elting
(4) W eiss and  C hledow ski, M o n a tsh ., 65, 358 (1935). point; we found i t  to  be 137—138°.
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benzophenone was recrystallized from benzene; m. p. 
189-190°.

Anal. Calcd. for C24H i80 6: C, 71.62; H,4.51. Found: 
C, 71.72; H, 4.59.

Upon hydrolysis of the acetyl derivative with 10% 
sodium hydroxide solution and recrystallization of the 3- 
(4" - hydroxybenzoyl) - 4 ' - hydroxybenzophenone several 
times from dilute alcohol, the latter melted at 207-209°.7

The dimethyl ether, obtained by methylation with di­
methyl sulfate, melted a t 144-146°8 after recrystalliza­
tion from alcohol.

The di-m-bromobenzoyl derivative was produced when 
2 g. of the dihydroxybenzophenone was heated for three 
hours with 3.3 g. of ra-bromobenzoyl chloride at 150-160°. 
After recrystallization from tetrachloroethane it melted 
a t 234-235°.

Anal. Calcd. for C34H2o06Br2: Br, 23.36. Found: Br,
23.01.

(b) From Isophthalyl Chloride, Anisole and Aluminum 
Chloride.—Weiss and Chledowski8 stirred a mixture of iso­
phthalyl chloride, anisole, aluminum chloride and carbon 
disulfide, heated it for one hour and isolated 3-(4"-methoxy- 
benzoyl)-4'-methoxybenzophenone. We followed their di­
rections but heated the mixture for three hours on a steam- 
bath. After removal of the solvent and aluminum salt 
20 g. of product, soluble in 10% sodium hydroxide solu­
tion, was obtained from 17 g. of isophthalyl chloride. The 
crude 3-(4"-hydroxybenzoyl)-4'-hydroxybenzophenone was 
refluxed for one hour with 60 g. of acetic anhydride, the 
crystalline diacetyl derivative (m. p. 189-190°) hydrolyzed 
and the benzophenone recrystallized from dilute alcohol; 
m. p. 207-209°.

4-(4 "-Hydroxybenzoyl)-4'-hydroxybenzophenone. (a)
From Diphenyl Terephthalate and Aluminum Chloride.— 
Diphenyl terephthalate9 was treated with aluminum 
chloride in the same manner as diphenyl isophthalate. 
The crude hydroxy ketone obtained, after removal of car­
boxylic acids, was recrystallized from dilute alcohol; m. p. 
297-299°. The compound contains solvent of crystalliza­
tion ; for analysis it was dried to constant weight a t 115°.

Anal. Calcd. for C2oHi40 4: C, 75.47; H, 4.40. Found: 
C, 75.20; H, 4.51.

The diacetyl derivative was prepared and recrystallized 
from acetic acid; m. p. 249-250°.

Anal. Calcd. for C24H i80 6: C, 71.62; H, 4.51. Found: 
C, 71.50; H, 4.54.

The di-(3-bromobenzoyl) derivative was obtained when 
4 - (4" - hydroxybenzoyl) - 4 ' - hydroxybenzophenone was 
heated with 3-bromobenzoyl chloride. I t  melted a t 289- 
291° after recrystallization from tetrachloroethane.

Anal. Calcd. for C34H2o06Br2: Br, 23.36. Found: 
Br, 23.01.

In  order to prepare the dioxime 3.7 g. of the hydroxy­
benzophenone, 200 cc. of methyl alcohol, 5 g. of hydroxyl­
amine hydrochloride and 10 g. of sodium hydroxide were 
refluxed for eight hours. The oxime was recrystallized 
from alcohol; m. p. 261-263°.

(7) W eiss and C hledow ski [M o n a tsh ., 65, 363 (1935)] reported  
2 1 5 ° .

(8) W eiss and  C hledow ski [ ib id ., 65, 362 (1935)] reported 146— 
149°.

(9) Schreder, Ber., 7 , 707 (1874).

Anal. Calcd. for C20H16O4N 2 : N, 8.04. Found: N, 
7.93.

Upon methylation with dimethyl sulfate 4-(4"-methoxy- 
benzoyl)-4'-methoxybenzophenone was obtained; m. p. 
225-227°10 after recrystallization from toluene. De­
methylation with constant boiling hydrobromic acid in 
acetic acid yielded the original hydroxybenzophenone.

(b) From Terephthalyl Chloride, Anisole and Aluminum 
Chloride.—Terephthalyl chloride11 was allowed to react 
with anisole and aluminum chloride under the same condi­
tions described above in the case of isophthalyl chloride. 
The hydroxybenzophenone obtained melted at 298-299°.

Phenolnaphthalein. (a) From Naphthalic Anhydride 
and Phenol.—A mixture of 40 g. of naphthalic anhydride, 
160 g. of phenol and 1 0 0  g. of aluminum chloride was 
heated for seventy-two hours on a steam-bath, the product 
decomposed with dilute hydrochloric acid and then steam 
distilled to remove excess phenol. The material was 
digested with 1 0 %  sodium hydroxide solution, filtered and 
the filtrate acidified. The red precipitate was dried and 
dissolved in hot butyl alcohol. When the solution was 
cooled 5 g. of 8 -(4'-hydroxybenzoyl)-1-naphthoic acid was 
obtained; m. p. 219-220° after several recrystallizations 
from alcohol.

Anal. Calcd. for Ci8Hi20 4: C ,73.95; H, 4.14. Found: 
C, 73.83; H, 4.14.

The butyl alcoholic mother liquor was steam distilled 
and the dried, red, amorphous residue refluxed with 1 0 0  g. 
of acetic anhydride for four hours. The solution was con­
centrated, poured into water and the brown, gummy pre­
cipitate covered with alcohol. After twelve hours the 
mass became crystalline. The product was recrystallized 
several times from alcohol whereupon the colorless, crystal­
line diacetyl derivative of phenolnaphthalein was obtained; 
m. p. 198-199°.12

Anal. Calcd. for C28H2o06: C, 74.31; H, 4.46. Found: 
C, 73.98; H, 4.49.

The diacetyl derivative was refluxed for several hours 
with dilute aqueous sodium hydroxide and the phthalein 
obtained recrystallized from dilute alcohol; m. p. 265- 
266°13 with decomposition.

Anal. Calcd. for C^H^Or. C, 78.23; H, 4.38. Found: 
C, 78.22; H, 4.43.

The color of an alkaline solution of phenolnaphthalein is 
very similar to that of an alkaline solution of phenolphtha­
lein.

Dr. H. H. Willard found the Useful pH  range to be 8 .8 -  
10.8 and the pK  to be 9.78.

(b) From 8-(4'-Hydroxybenzoyl)-1-naphthoic Acid.—A
mixture of 5 . 8  g. of 8 -(4'-hydroxybenzoyl)-1 -naphthoic 
acid, 15  g. of phenol and 13.5 g. of aluminum chloride was 
heated at 150-160° for six hours and then treated with di­
lute hydrochloric acid. The phthalein was isolated in the 
manner described above; mixed m. p. 265-266°.

(c) From Diphenyl Naphthalate and Aluminum Chlo­
ride.—In order to obtain diphenyl naphthalate 39.6 g. of

(10) W eiss and C hledow ski [Monatsh., 65, 358 (1935)] reported  
23 6 -2 3 9 ° .

( 1 1 ) Locher, Bull. soc. chim., [3] 11, 927 (1894).
(12) K aufm ann [Z. angew. Chem., 40 , 863 (1927)] reported  1 9 8 -  

199°.
(13) Jaub ert [Ber., 2 8 ,991 (1895) ] s ta ted  th a t  th e  p h th a le in  m elted  

ab ove 200° w ith  charring and  th e  evo lu tion  of phenol.
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naphthalic anhydride, 80 g. of phosphorus pentachloride 
and 75 cc. of phosphorus oxychloride were refluxed for 
twenty hours in an oil-bath, the oxychloride and excess 
pentachloride removed under diminished pressure and 
the sirupy, light brown acid chloride14 mixed, immediately, 
with 40 g. of phenol. After the vigorous reaction had sub­
sided the mixture was heated for two hours a t 140-150°. 
The product was washed with dilute alkali, with water and 
then recrystallized from alcohol; m. p. 150-151°.

Anal. Calcd. for C24H16O4: C. 78.23; H, 4.38. Found: 
C, 78.39; H, 4.41.

A mixture of 4 g. of diphenyl naphthalate, 5 g. of alumi­
num chloride and 20 cc. of carbon disulfide was heated on 
a steam-bath until the carbon disulfide had been removed 
and the solid residue heated for twenty-five minutes in an 
oil-bath a t 155-160°. The mixture was treated with di­
lute hydrochloric acid and the product then digested with

(14) M ason  [J . C h em . S o c ., 125, 2117 (1924)] obtained th is acid  
chloride in  crysta lline form  and D a v ie s  an d  Leeper [ibid., 1125 (1927) ] 
were able to  d istil th e  m aterial.

10% sodium hydroxide solution. The solid precipitate, 
obtained upon acidification of the alkaline solution, was 
digested with sodium bicarbonate solution and the insol­
uble portion recrystallized from dilute alcohol; yield of 
phthalein 1.6 g.; m. p. 264-266°.

Summary
It has been shown that the diphenyl ester of 

isophthalic acid is converted by aluminum chlo­
ride into 3-(4"-hydroxybenzoyl)-4'-hydroxybenzo­
phenone; from diphenyl terephthalate and alumi­
num chloride there was obtained 4-^"-hydroxy- 
benzoyl)-4'-hydroxybenzophenone.

Phenolnaphthalein was prepared from di­
phenyl naphthalate and aluminum chloride and 
from the hitherto unknown 8-(4'-hydroxyben- 
zoyl)-l-naphthoic acid and phenol.
A n n  A r b o r , M i c h i g a n  R e c e i v e d  J u n e  18, 1938

[C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  O r g a n i c  C h e m i s t r y  o f  t h e  U n i v e r s i t y  o f  W i s c o n s i n ]

The Separation and Identification of Amines with 3-Nitrophthalic Anhydride
By John W. Alexander and S. M. M cElvain

While numerous reagents are available for the 
preparation of derivatives of the three classes 
of amines, only two, nitrous acid and aryl sul- 
fonyl chlorides, have been used to any consider­
able extent as a means of separating the different 
types of amines from each other when they occur 
in a mixture. Nitrous acid has the disadvantage 
of destroying completely the identity of the pri­
mary amine, often with the formation of a re­
arranged product. Aryl sulfonyl chlorides have 
proved to be quite useful on account of the fact 
that the sulfonamides of the primary amines are 
generally soluble in aqueous alkali and, con­
sequently, can be separated from the alkali-in- 
soluble sulfonamide of the secondary amine. 
However, this reagent fails when primary amines 
of the type C6H5(CH2)WNH2 are involved be­
cause the sulfonamides of these amines are al­
kali-insoluble.1 Also, certain ortho-substituted 
amines, such as 0-nitroaniline,2 can be made to 
react with aryl sulfonyl chlorides only with con­
siderable difficulty. Finally, recovery of the 
amines from the sulfonamides is inconvenient, if 
not difficult, in that hydrolysis of the latter types 
requires that the reaction be carried out in a 
sealed tube.

(1) C arothers, B ickford and  H u rw itz , T h is  J o urn al , 49, 2908  
(1927).

(2 ) Cf. A m undsen , 59, 1466 (1937).

In his textbook of qualitative organic analysis, 
Kamm3 mentions the use of phthalic anhydride 
as a means of separating the three types of amines. 
So far as we are aware, there is no other reference 
in the literature to the general use of this reagent 
for the separation and identification of amines.4 
In a private communication to one of us Dr. 
Kamm stated that he had worked on the phthalic 
anhydride procedure several years ago while at 
the University of Illinois but had had little time to 
use it in practical laboratory work. The use of 
this reagent depends upon the fact that it does 
not react with tertiary amines but forms phthal- 
amic acids with both primary and secondary 
amines. These derivatives are separated by 
heat which converts the phthalamic acid of the 
primary amine (I) into an alkali-insoluble N-sub- 
stituted phthalimide (III) but leaves the phthal­
amic acid derived from the secondary amine (II) 
unchanged, and, therefore, alkali soluble.

Attempts to utilize phthalic anhydride for the 
separation and identification of amines in this 
Laboratory revealed the following facts: (a)

(3) K am m , “ Q ualita tive  Organic A n a lysis ,” John W iley  and Sons, 
Inc., N ew  Y ork, N . Y ., 1932, p. 69.

(4) A  few  p a ten ts  [C . A . ,  22, 3417 (1928); 23, 846, 1137 (1929); 
28, 3418 (1934)] coverin g th e  sep aration  of certain am in es w ith  
phthalic anhydride h ave been issued . Porai-K osh itz in  a paper 
[C . A . ,  29, 131 (1935)] describes a rather large scale separation  of 
aniline, m eth ylan ilin e and  d im ethylan iline  w ith  th is  reagent.
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the phthalamic acids derived from the secondary 
amines that were studied were non-crystalline 
resins, (b) the temperature that was found neces­
sary to convert the phthalamic acid of the pri­
mary amine to the N-substituted phthalimide 
caused some of the secondary amine derivatives 
to be changed into a diamide (IV) which separated 
as an alkali-insoluble product along with the 
phthalimide.5 Succinic anhydride was found to 
give the desired crystalline amidic acids with the 
secondary amines, but these acids were converted 
more readily into the diamides by heat than were 
the corresponding derivatives from phthalic an- 
hydride.6b

This paper reports the results which have been 
obtained with 3-nitrophthalic anhydride as a 
reagent for the separation and identification of 
amines. This anhydride has proved to be quite 
satisfactory as it gives crystalline derivatives 
with secondary amines and produces primary 
amine derivatives that may be converted into 
the phthalimides at a temperature (145°) that 
leaves the phthalamic acids derived from the 
secondary amines unchanged. With such ter­
tiary amines afc dimethylaniline, however, 3- 
nitrophthalic anhydride causes a violent reaction 
at the temperature necessary to form the phthal­
imide. Oxides of nitrogen are evolved and a 
charred mass remains as a residue. For this rea­
son it is necessary to carry out the reaction of an 
amine mixture that contains such a tertiary type 
with 3-nitrophthalic anhydride in a solvent such 
as carbon tetrachloride and to separate the phthal­
amic acids from any tertiary amine before these 
acids are further heated. 3-Nitrophthalic an­
hydride under these conditions reacts readily and 
completely with ^-substituted anilines such as
0 -nitraniline and the resulting phthalamic acids 
are smoothly converted by heating into the phthal­
imides.

0CONHR 

COOH 

I

0CONR2 

c o n r 2

IV

It is evident that there is the possibility of form­
es) (a) R. S. P ad , University of Wisconsin M.S. Thesis, 1933; 

(b) J. W. Alexander, University of Wisconsin B.S. Thesis, 1935.

ing two different nitrophthalamic acids (V and 
VI) by the action of 3-nitrophthalic anhydride on 
a secondary amine. However, in no case was 
more than one acid obtained from this reaction. 
The structure V is assigned to these derivatives 
on the assumption that a secondary amine would 
react in the same way with the anhydride as does 
ammonia. Chapman and Stephens6 showed that 
the phthalamic acid formed from ammonia and
3-nitrophthalic anhydride could be degraded 
through the Hofmann reaction to 3-nitroanthra- 
nilic acid. We have confirmed this observation 
and have carried the characterization one step 
further by converting the nitroanthranilic acid 
to m-nitrobenzoic acid by the diazo reaction.

The imides that are derived from the primary 
amines are hydrolyzed readily by 5% sodium 
hydroxide solution, even at room temperature. 
In this alkaline solution the hydrolysis goes only 
as far as the phthalamic acids. These acids as 
well as those derived from the secondary amines, 
on account of their stability to alkali, may be 
titrated, and thereby be made to reveal the mo­
lecular weight of the amine from which they were 
made. The phthalamic acids, however, are 
quite susceptible to acid hydrolysis and readily 
yield the amines when warmed with 10% hy­
drochloric acid for a few minutes. For this rea­
son care is necessary in precipitating the phthal­
amic acid from alkaline solution to avoid high local 
concentrations of acid.

The melting points and analyses of a number of 
the imides derived from primary amines and of a 
few phthalamic acids from secondary amines 
are listed in the table.

Experimental
The Separation of a Mixture of Amines with 3-Nitro- 

phthalic Anhydride.—A 3-4 g. portion of the mixture of 
amines together with 8-10 g. of 3-nitrophthalic anhydride7 
is added to 25 cc. of carbon tetrachloride. This mixture 
is refluxed gently for fifteen minutes; i t  is not necessary 
that all of the solids go into solution in the carbon tetra­
chloride. After this time 30 cc. of 10% sodium hydroxide 
solution is added, followed by shaking and gentle heating 
until no solids remain. The carbon tetrachloride layer is 
separated, and the alkaline solution extracted with a 20-cc. 
portion of ether. The carbon tetrachloride and ether ex­
tract are mixed and the solvents removed by careful dis­
tillation. If no oily residue remains, no tertiary amine is 
present. If a residue remains, it may be purified by steam 
distillation.

(6) Chapman and Stephens, J . Chem. Soc., 127, 1791 (1925).
(7) “ Organic Syntheses,” John W iley and Sons, Inc., N ew  York, 

1931, Coll. Vol. I, p. 402.

0CONR2 
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0COOH
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Various N-Substituted 3-N itrophthalimides D erived 
from Primary A m in e s

N-Substituent Formula
M . p., °C. 

(uncorr.)
Analyses,
Found

% N  
Calcd.

Isoamyl C13H 14N 2O4 89-90 10.40 10.69
Phenyl® C14H 8N 2O4 137-138 10.44 10.45
Benzyl® C15H 10N 2O4 142-143 9 .6 8 9.93
m-Bromophenyl Ci4H7BrN204 186-187 8.26 8.09
^-Bromophenyl Ci4H7BrN204 201-202 8.09 8.09
o-Chlorophenyl Ci4H 7C1N204 135-136 9.53 9.27
m-Chlorophenyl Ci4H7C1N204 171-173 9.11 9.27
i?-Chlorophenyl Ci4H 7C1N204 198-199 9 .3 0 9 .27
o-Ethoxyphenyl Ci6Hi2N 20 5 163-164 8.96 8.97
^-Ethoxyphenyl Ci6Hi2N 2Oó 172-173 8.83 8.97
o-Methoxyphenyl C15H 10N 2D 5 184-186 9 .18 9.39
ra-Methoxyphenyl Ci5H ioN 2Ob 157-158 9.26 9.39
^-Methoxyphenyl Ci5H ioN 20 6 196-197 9 .35 9.29
o-Nitrophenyl® CuH 7N 306 170-171 13.27 13.42
m-Nitrophenyl® Cl4H7Ns06 218-219 13.26 13.42
^-Nitrophenyl® CwHiNsOe 254-255 13.28 13.42
o-Tolyl® C15H 10N D 4 149-151 9.62 9.93
w-Tolyl® C15H 10N 2O4 129-130 9.75 9.93
£-Tolyl® CifiHioN204 155-156 9.87 9.93
a-Naphthyl Ci8H i0N 2O4 222-223 9 .08 8 .80
/3-Naphthyl Ci8H ioN 204 211-212 9.00 8.80

® These compounds have been reported by Bogert and 
Boroschek, T h i s  J o u r n a l , 23, 748 (1901).

Various N, N - D isub stituted N itrophthalamic Acids, 
C6H3(C 00H )(C 0N R 1R2)(N02) (1,2,3) Derived from

S e c o n d a r y  A m in e s
Ri is R2 is

Benzyl Phenyl C2iHi6N2Ob 211-212 7.37 7.44
Butyl Phenyl Cl8Hl8N205 204-206 8.11 8.19
Ethyl Phenyl Ci6HhN 205 203-204 8.63 8.92
M ethyl Phenyl CibH i2N2Ob 192-194 9 .28 9.33
Propyl Phenyl CKH16N 2 0 5 222-225 8.21 8.54

To the alkaline solution of the salts of the phthalamic 
acids, contained in a beaker, sufficient of a 10% solution of 
hydrochloric acid to form the free acids is added slowly 
and with constant stirring. Since these acids have a tend­
ency to form supersaturated solutions, the acid solution 
should be stirred vigorously until the precipitation of the 
phthalamic acids is complete. The precipitated solid, 
which may be gummy a t this point, is filtered off, trans­
ferred to a small Erlenmeyer flask, and heated for thirty 
minutes in an oil-bath a t 145 °. After the first five minutes 
of heating, about 0.5 g. of the 3-nitrophthalic anhydride 
is added to the material being heated and mixed-in with a 
stirring rod. After heating for another twenty-five minutes, 
the molten reaction mixture is poured into a small mortar

and allowed to solidify. Generally it is advantageous to 
grind the resulting hard resinous mass to a fine powder 
before treating it with 50 cc. of a saturated sodium bi­
carbonate solution to dissolve out the phthalamic acid de­
rived from the secondary amine and any excess of 3-nitro- 
phthalic anhydride. The reaction product which re­
mains in the reaction flask is treated with 5 cc. of acetone 
and gently warmed. This amount of acetone may not dis­
solve all of the product remaining in the reaction flask but 
it loosens it sufficiently to allow it to be transferred to the 
sodium bicarbonate solution. The imide of the primary 
amine is filtered off from the bicarbonate solution and re­
crystallized from alcohol or an alcohol-acetone mixture. 
The phthalamic acid is precipitated with 10% hydrochlo­
ric acid with constant stirring as described above. This 
derivative may be crystallized from an alcohol-water mix­
ture, and after drying may be titrated with standard alkali.

The primary amine may be recovered from the imide by 
refluxing it in 10% aqueous sodium hydroxide until all of 
the solid has gone into solution. This hydrolysis produces 
the salt of the phthalamic acid which is then hydrolyzed 
to the primary amine by making the alkaline solution dis­
tinctly acid with hydrochloric acid and refluxing for an 
additional fifteen minutes. The secondary amine may be 
recovered by the hydrolysis of the phthalamic acid in a 
similar manner with dilute hydrochloric acid.

If it is desired to prepare the N-substituted phthalimide 
from an individual primary amine, this readily may be ac­
complished by heating the amine with 3-nitrophthalic 
anhydride a t 170° for five to ten minutes. If the prepara­
tion of a phthalamic acid derivative of an individual 
secondary amine is desired, it may be carried out simply by 
heating the secondary amine with 3-nitrophthalic anhyd­
ride a t 145° for a few minutes. Higher reaction tempera­
tures cause oxidation of the secondary amine.

Summary
A procedure for the separation of a mixture of 

amines with 3-nitrophthalic anhydride is de­
scribed. The melting points and analyses of a 
number of N-substituted 3-nitrophthalimides and 
N,N-disubstituted nitrophthalamic acids are 
listed.
M a d is o n , W is c o n s in R e c e iv e d  J u n e  16, 1938
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Glycofuranosides and Thioglycofuranosides. IV. Direct Formation of Dimethyl 
Acetal and Preparation of a-Ethylfuranoside from /-Rhamnose Ethylmercaptal

B y  J o h n  W . G r e e n 1 and  E u g e n e  P acsu
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In the previous articles of this series2 the prepa­
ration of glycofuranosides from the mercaptals of 
glucose, galactose and /-arabinose was described. 
In each case the thioethyl groups were eliminated 
from the sugar with the formation of a <  1-4 >  
ring linked by oxygen.

/-Rhamnose ethylmercaptal has been treated 
similarly with mercuric chloride in neutral al­
coholic solutions. In ethyl alcohol the reaction 
runs in the expected manner and the product is a 
negatively rotating sirup. From this sirup a 
small yield of pure crystalline a-ethyl Z-rhamno- 
furanoside was obtained. These crystals have a 
specific rotation of —95.5° in water solution, 
similar in magnitude (but necessarily opposite 
in sign) to the value for a-methyl-d-mannofurano- 
side.3 The crystals melt at 54-56° and are 
very hygroscopic.

Similarly, from the reaction carried out in 
methyl alcohol solution, a negatively rotating 
sirup is obtained. From this sirup a small amount 
of crystalline material is isolated very easily, and 
this product is not a furanoside. The specific ro­
tation in water solution is 10.2° and the melting 
point is 123-124°. The crystals are not hygro­
scopic. The carbon-hydrogen analysis agrees 
perfectly with the empirical formula of a di­
methyl acetal. The small rotation is also typical 
of an open-chain derivative.

This is the first observed case where an acetal 
of a sugar has been formed without blocking 
some4 or all5 of the hydroxyl groups. It has been 
believed that the mechanism of the mercaptal- 
mercuric chloride reaction was always an initial 
ring closure to a thiofuranoside,2a then subsequent 
secondary changes to a glycofuranoside, a glyco- 
pyranoside or the free sugar, depending on the 
experimental conditions. Here is a definite case 
where the expected ring closure does not occur.

(1) Research Assistant on Special Funds from the Rockefeller 
Foundation.

(2) (a) Green and Pacsu, T h i s  J o u r n a l , 59, 1205 (1937); (b)
Green and Pacsu, ibid., 59, 2569 (1937); (c) Green and Pacsu, ibid., 
60, 2056 (1938).

(3) Haworth and Porter, J . Chem. Soc., 649 (1930).
(4) Wolfrom, Tanghe, George and Waisbrot, T his J o u r n a l , 60, 

132 (1938).
(5) (a) Wolfrom and Waisbrot, ibid., 60, 854 (1938); (b) M ont­

gomery, Hann and Hudson, ibid., 59, 1124 (1937); Campbell and 
Link, J .  Biol. Chem., 122, 635 (1938).

The greater amount of the ethyl rhamnofurano- 
side sirup has not been obtained crystalline so 
it cannot be said that there is no ethyl acetal 
present. However, the isolation of some ethyl 
rhamnofuranoside shows that ring closure does 
occur, at least in part, when rhamnose ethyl­
mercaptal reacts with mercuric chloride in neutral 
ethyl alcohol solution.

On the other hand, the greater part of the 
mother liquor from the dimethyl acetal has not 
been crystallized and so it cannot be said defi­
nitely that the acetal is the only product. The 
similarity in rotation of the two reaction sirups 
would lead to the assumption that in both cases 
the rhamnofuranoside is formed and in one case at 
least the acetal also.

The conception of the acetal as an intermediate 
in the glycofuranoside formation seems unlikely 
and the acetal is probably formed as a by-product. 
An intermediate product in the acetal reaction 
would necessarily have to be the mixed acetal, 
with one methoxyl and one thioethyl group. 
This brings up the possibility of glycofuranoside 
formation from the mixed acetal, which might 
explain why none of the sugars (except glucose) 
form the thiofuranosides.

The mother liquors of these two new com­
pounds will be investigated further.

Experimental
Preparation of «-Ethyl /-Rhamnofuranoside.—A mix­

ture of 10.8 g. of /-rhamnose ethyl mercaptal, 22 g. of 
mercuric chloride (2 moles), 12 g. of yellow mercuric 
oxide and 6 g. of drierite was shaken with 80 cc. of absolute 
ethyl alcohol a t 25° for four hours. The mixture was 
filtered, the filtrate treated with 5 cc. of pyridine and kept 
a t 0° for two hours. The pyridine-mercuric chloride was 
filtered and the solution evaporated to a sirup in vacuo a t 
40°. The substance was dissolved in a little cold water, 
the solution filtered and neutralized to phenolphthalein, 
with a few drops of sodium hydroxide solution, then 
evaporated in  vacuo a t 40°. The resulting sirup was 
evaporated successively from methyl alcohol and ethyl 
acetate solutions. The sirupy residue rotated —53° in 
water solution and after two months in the ice box changed 
to a semi-solid mass which melted at room temperature.

From 20 cc. of dry ethyl acetate solution, diluted with 
dry ether to a  slight turbidity at 0°, 200 mg. of crystals 
rotating —71° in water solution was deposited. After 
three recrystallizations from 5 cc. of dry ether diluted
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with petroleum ether (b. p. 30-60°), a pure product was 
obtained in the form of long stout needles: yield 50 mg., 
m. p. 54-56°, [ck]20d  95.5° (0.0330 g. of substance, 3 cc. 
of water solution, 2-dm. semi-micro tube, 2.10° rotation 
to the left). The crystals were very hygroscopic and did 
not reduce Fehling’s solution. Before analysis the sub­
stance was kept over phosphorus pentoxide in a desiccator 
for three days.

Anal. Calcd. for C8Hi60 6: C. 50.0; H, 8.33. Found: 
C, 49.4; H, 8.6.

Preparation of /-Rhamnose Dimethyl Acetal.—A mixture 
of 5.4 g. of /-rhamnose ethylmercaptal, 10.8 g. of mercuric 
chloride (2 moles), 5 g. of yellow mercuric oxide and 3 g. 
of drierite was shaken in 60 cc. of absolute methyl alcohol 
at 25° for four hours, and worked up as in the above 
experiment. The sirup, rotating —35° in water solution, 
on evaporation from ethyl acetate solution became partly 
crystalline.

From a solution of 15 cc. of dry ethyl acetate in the ice 
box 300 mg. of crystals was deposited, and after one 
recrystallization from 15 cc. of dry ethyl acetate at 0°, 
200 mg. of pure crystals was obtained: yield 5%; m. p. 
123-124°; [a]20n 10.2° (0.1070 g. substance, 3 cc. of solu­
tion, 2-dm. semi-micro tube, rotation 0.73° to the right). 
The crystals are long fine needles, are not hygroscopic and

do not reduce Fehling’s solution. They are easily hydro­
lyzed by 0.01 N  hydrochloric acid at 100° in a few minutes.

Anal. Calcd. for C8H180 6: C, 45.7; H, 8.57. Found: 
C, 45.8; H, 8.5.

Summary
a-Ethyl /-rhamnofuranoside has been isolated 

in crystalline form from the reaction of ethyl 
mercaptal with mercuric chloride in neutral 
ethyl alcoholic solution. The pure crystals have 
a specific rotation of —95.5° in water solution 
and melt at 54-56°. They are hygroscopic and 
do not reduce Fehling’s solution.

/-Rhamnose dimethyl acetal has been isolated 
in crystalline form by a similar reaction of the 
ethyl mercaptal in methyl alcohol. The pure 
crystals have a specific rotation of 10.2° in water 
solution and melt at 123-124°. This is the first 
observed case of direct formation of an acetal 
from a sugar without blocking the hydroxyl 
groups to prevent glycoside formation.
P r i n c e t o n , N e w  J e r s e y  R e c e i v e d  J u l y  13, 1938

[C o n t r i b u t i o n  f r o m  t h e  P h y s i c o -C h e m i c a l  L a b o r a t o r y  o f  t h e  N e w  Y o r k  S t a t e  E x p e r i m e n t  S t a t i o n ]

The Influence of Substances on the Optical Rotation of Gelatin. VII. Rotatory
Dispersion of Gelatin in Urea Solutions1

By D. C. C a r p e n t e r  and  F. É. L ovelace

The rotatory dispersion of gelatin-sodium ha­
lide systems follows a single-term Drude equa­
tion [a]x =  k / (X2 — X2) in which Xo is the position 
of an absorption band at 2200 A. The effect of 
the halides of sodium on the rotatory dispersion 
constant of gelatin has been shown2 to follow a 
linear equation with reference to salt concen­
tration at 40°, and at 0.5° to be the result of two 
effects, one linear with respect to salt concen­
tration and the other related to salt concen­
tration by the equation

a / ( l  -  a) =  e*c/K*
In connection with the foregoing studies of the 

optical behavior of protein ions in the presence 
of highly ionized inorganic salts, it appeared that 
similar‘studies with an optically inactive organic 
dipole ion would be desirable. From measure­
ments of the dielectric constant of urea solutions3

(1) Approved by the Director of the N ew  York State Experiment 
Station for publication as Journal Paper No. 275.

(2) Carpenter and Lovelace, T h i s  J o u r n a l , 57, 2342 (1935); 
58, 2438 (1936); 59, 2213 (1937); Carpenter, Cold Spring Harbor 
Sym posia, 6, in press (1938).

(3) Devoto, A tti soc. ital. progresso. sci., 19, 2, 167 (1931).

it has been inferred that urea exists in solution as 
the dipole ion . . +NH3C (= N H )0 -  The dielec­
tric constant data, however, may be accounted 
for by the resonance formula

NH2 n h 2 n h 2+ n h 2

Y
i-

n h 2 n h 2+ 
\ /

c
Io-

as well as the zwitter ion formula. It is common 
knowledge that the presence of urea brings about 
the “denaturation” of many proteins. Only re­
cently have the effects of urea on proteins been fol­
lowed in the ultracentrifuge. Watson, Arrhenius 
and Williams4 reported that the molecular weight 
of zein was not affected by urea. Williams and 
Watson5 believe that the action of urea on egg 
albumin is that of dissociation, the molecular 
weight of the pieces being of the order of one- 
half that of the original protein molecule. On 
dialyzing out the urea from their solutions about

(4) Watson, Arrhenius and Wiliams, Nature, 137, 322 (1936).
(5) Williams and Watson, ibid., 139, 506 (1937).
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Fig. 1.—Graph of reciprocal of specific rotation versus 
wave length squared at 0.5 and 40°: O, 40°; O, 0.5°.

three-fourths of the egg albumin coagulated and 
separated out. The protein remaining in solu­
tion after dialysis had for the most part the nor­
mal molecular weight of unchanged egg albumin, 
although it was not entirely homogeneous. If 
these authors calculated the sedimentation con­
stant of the urea-treated protein from their 
Fig. 2, their reported sedimentation value is too 
low; however, inasmuch as assumptions of greater 
consequence also enter into their calculations, we 
will not comment further on their results.

Steinhardt6 has shown a clear-cut case of the 
dissociation of isoelectric horse hemoglobin into 
half-molecules by urea. On dialysis, part of the 
urea treated material re-formed molecules of the 
original molecular weight but a large portion 
aggregated into still larger particles. Steinhardt 
concluded that pepsin was not changed materially 
by urea. His data actually indicate approxi­
mately a 10% increase in the sedimèntation con­
stant (much greater than the usual experimental 
error) indicating partial association of pepsin 
rather than any dissociation. The diffusion was 
not measured, however, in the experiments with 
pepsin and the molecular weight cannot be cal­
culated without making assumptions that are 
often misleading.

Dissociation and denaturation of proteins by 
urea are clearly different processes and take

(6) Stein hardt, J .  B io l .  C h em ., 123, 543 (1938).

place at different rates. It appears that the 
former occurs rapidly and the latter more slowly. 
Many different environmental conditions cause 
changes in proteins and different observers noting 
such changes have spoken of them rather loosely 
under the term “denaturation,” not necessarily 
meaning, for instance, that the actual change pro­
duced by heat was like that effected by light, etc. 
It appears that in the presence of urea some pro­
teins are dissociated and others are not. It is 
chiefly when one starts to remove the urea that 
denaturation takes place or at least makes itself 
obvious. The denaturation by urea seems to re­
side in the reuniting of the dissociated pieces in 
other ways than that in which they existed in the 
original protein. In spite of the information about 
protein structure obtained from X-ray work, it is 
not clear what holds the parallel peptide chains 
together in the layer level nor what forces hold 
together the layer-layer levels of the molecule.

Molal concentration.
Fig. 2,—Rotatory dispersion constant of gelatin in 

urea solutions a t 0.5 and 40°.

It is somewhat doubtful if dissociation can occur 
in the dimension at right angles to the main di­
rection of the peptide chains, as dissociation of 
the molecule into two pieces would involve the 
simultaneous breakage of the peptide linkage in 
some forty places. Division of the molecule 
along the dimension parallel to the main direc­
tion of the peptide chains would cut through at 
least forty force fields between adjacent NH and 
CO groups in adjacent peptide chains. On the 
whole it seems more likely that cleavage of the 
molecule along a plane parallel to the layer 
levels would be accomplished by the minimum 
expenditure of energy. The layer-layer levels 
have been postulated as held together by (a)
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compound formation between side-chain amino 
groups of the diamino acids and side-chain car­
boxyl groups of the dicarboxy acids7 under which 
view the union necessarily would be between 
arginine and glutamic acid and would give a 
calculated layer-layer distance of 10.42 A. or 
by (b) hydrogen-bond unions8 which would give 
a calculated layer-layer distance of 9.94 A. 
According to Astbury9 the layer-layer distance 
of most proteins is about 10 A. Egg albumin 
with equilateral dimensions of about 44 A. may 
be expected to have four layer levels. Why urea 
dissociates egg albumin into half molecules in­
stead of quarter molecules, if the cleavage is 
parallel to the layer level, is not apparent.

In the present paper we have studied the effect 
of urea on the rotatory dispersion of gelatin at
0.5 and 40° and have found that the same general 
formulas hold for its behavior as we have found 
for inorganic salts: After dialyzing out the urea 
from our most concentrated solutions we have 
found that the gelatin regained its original op­
tical activity. This seems to be clear-cut evi­
dence that in spite of the fact that many other 
proteins may suffer permanent “denaturation” in 
urea solutions, gelatin is not affected permanently 
by such treatment.

Experimental
The procedure for preparing the solutions and 

for the measurement of rotations, density, pR f 
etc., was the same as has been described before. 
The urea was recrystallized three times from hot 
water and melted at 132.6° (corr). It was dried 
by suction and stored over phosphorus pentoxide 
at room temperature. In preparing solutions, 
due to the tremendous negative heat of solution of 
urea, the urea was added in small quantities to 
the flask of gelatin solution, warming after each 
addition by immersing in a water-bath at 40° and 
shaking gently until solution took place.

The specific rotation of gelatin in various con­
centrations of urea solution was measured at
0.5 and 40° for five different wave lengths of 
light in the visible spectrum, viz.: red lithium 
lineX = 6707.86A.; sodiumDlineX = 5892.62A. 
(optical mean); yellow mercury, X = 5780.13 A.

(7) Lloyd, Marriott and Pleass, Trans. Faraday Soc., 29, 554 
(1933).

(8) Mirsky and Pauling, Proc. Nat. Acad. Sci., 22, 439 (1936).
(9) Astbury and Street, Phil. Trans. Roy. Soc., A230, 75 (1931); 

Astbury and Woods, ibid., A232, 333 (1933); Astbury and Sisson, 
Proc. Roy. Soc. (London), A150, 533 (1935); Astbury and Lomas, 
J . Ghent. Soc., 846 (1935); Astbury, Dickinson and Bailey, Biochem. 
J .,  29, 2351 (1935); Astbury and Atkin, Nature , 132, 348 (1933).

(optical mean); green mercury, X =  5460.73 A .; 
and the deep blue merdury line, X = 4358.34 A. 
The light filters employed have been described. 
The gelatin concentration of the various solutions 
was 0.7641 g. per 100 g. of solution.

Discussion and Conclusions
In Tables I and II are recorded our data taken 

at 0.5 and 40°, respectively, for the five wave 
lengths employed. In Fig. 1, these data are 
graphed, plotting the reciprocal of the specific 
rotation against the square of the wave length at 
which the respective rotations were measured. 
The relationship is linear, the same as we have 
recorded for the effect of the various halides of 
sodium, which means that a single-term Drude 
equation expresses the results.

The straight lines in the graph for urea cut the 
x-axis at Xo = 2200 A. the same as for the halides. 
This means that the absorption band controlling 
the dispersion of gelatin is located at 2200 A. 
The same value for Xo was obtained by mathe­
matical solution of our data as has been done be­
fore. The values of ky numerator in the Drude 
equation, were calculated for each urea concen­
tration and appear in Table III and are graphed 
in Fig. 2. At 40° the k values bear an essen­
tially linear relation to concentration of urea as 
given by the equation

K m  »  44.517 +  0.6138 Curea (1)

There is a tendency for the factor preceding the 
concentration term to increase slightly with in­
creasing urea concentration, but for the purposes 
of this paper an average of these factors may just 
as well be used. For the first time in our ex­
perience with the effect of added substances on 
the rotation of gelatin, the added substance in­
creases the dispersion constant at 40° as its con­
centration is increased. For all of the substances 
we have examined previously the dispersion con­
stant has decreased at all temperatures with 
increasing concentration of the optically inactive 
substance. At 0.5° the curve for the k values is 
made up of two simultaneously occurring effects, 
as has been noted previously with the sodium 
halides, the one a linear relationship to urea 
concentration for Form A

&0.5O = 99.530 -  1.70 Curea (2)
and for Form B

■fco.50 -  64,00 -  1.70 Cure» (2a)
(Forms A and B are the respective forms of



2292 D. C. Carpenter and F. E. Lovelace Vol. 60

T a b l e  I
S p e c if ic  R o t a t io n  o f  G e l a t i n  S o l u t io n s  C o n t a in in g  U r e a  a t  0.5° f o r  D i f f e r e n t  W a v e  L e n g t h s  o f  L ig h t

of urea, Density  
at 25°

X 6707.86 A. X 5892.62 A. xT780.13>A T X 5460.73 A. X 4358.34 A.
Soln. molal. pH (a) [«] (a) M (a) [«] (a) (a) [«]

1 0.00 1.0026 6.04 3.83 248.04 5.14 332.87 5.38 348.41 6.15 398.28 10.86 703.30
2 .50 1.0107 6.22 3.82 245.96 5.13 330.31 5.36 345.13 6.13 394.71 10.83 697.35
3 1.00 1.0189 6.20 3.83 244.11 5.13 326.98 5.37 342.27 6.14 391.35 10.85 691.56
4 1.50 1.0269 6.21 3.79 239.64 5.09 321.84 5.33 337.02 6.09 385.08 10.75 679.73
5 2.00 1.0354 6.21 3.74 234.53 5.02 314.80 5.25 329.22 6.01 376.87 10.60 664.71
6 2.50 1.0437 6.17 3.61 224.58 4.85 301.71 5.07 315.41 5.80 360.82 10.24 637.03
7 3.00 1.0519 6.28 3.36 207.38 4.51 278.37 4.72 291.34 5.39 332.68 9.51 586.97
8 3.50 1.0604 6.38 2.99 183.08 4.02 246.15 4.20 257.12 4.81 294.53 8.48 519.25
9 4.00 1.0691 6.52 2.66 161.54 3.57 216.81 3.74 227.13 4.27 259.32 7.54 457.91

10 4.50 1.0776 6.45 2.46 148.22 3.31 199.43 3.46 208.47 3.96 238.60 6.98 420.56
11 5.00 1.0866 6.59 2.36 141.02 3.18 190.02 3.33 198.98 3.80 227.06 6.70 400.35
12 6.00 1.1037 6.62 2.28 134.12 3.06 180.01 3.20 188.25 3.66 215.31 6.46 380.02
13 7.00 1.1216 6.64 2.24 129.67 3.02 174.83 3.15 182.35 3.60 208.40 6.36 368.18

T a b l e  II
S p e c if ic  R o t a t io n  o f  G e l a t in  S o l u t io n s  C o n t a in in g  U r e a  a t  40° f o r  D if f e r e n t  W a v e  L e n g t h s  o f  L ig h t

Concn. 
of urea, Density X 6707.86 A. X 5892.62 A.

----- Levo degrees-----
X 5780.13 A. X 5460.73 A. X 4358.34 A.

Soln, molal. at 25° pH (a) [a] (a) M (a) [«) (a) [«3 (a) [«]
1 0.00 1.0026 6.04 1.71 110.74 2.30 148.95 2.41 156.07 2.75 178.09 4.86 314.74
2 .50 1.0107 6.22 1.73 111.39 2.33 150.03 2.44 157.11 2.78 179.00 4.92 316.80
3 1.00 1.0189 6.20 1.76 112.18 2.37 151.06 2.48 158.07 2.83 180.38 5.00 318.69
4 1.50 1.0269 6.21 1.79 113.18 2.40 151.75 2.51 159.34 2.88 182.10 5.07 320.58
5 2.00 1.0354 6.21 1.82 114.13 2.44 153.01 2.55 159.91 2.92 183.11 5.15 322.95
6 2.50 1.0437 6.17 1.84 114.46 2.47. 153.66 2.59 161.12 2.96 184.14 5.22 324.73
7 3.00 1.0519 6.28 1.87 115.42 2.52 155.54 2.63 162.33 3.01 185.78 5.31 327.74
8 3.50 1.0604 6.38 1.90 116.34 2.55 156.14 2.67 163.49 3.05 186.76 5.39 330.04
9 4.00 1.0691 6.52 1.93 117.21 2.59 157.29 2.71 164.58 3.10 188.26 5.47 332.20

10 4.50 1.0776 6.45 1.96 118.09 2.63 158.46 2.75 165.69 3.14 189.19 5.54 333.79
11 5.00 1.0866 6.59 1.98 118.32 2.67 159.54 2.79 166.71 3.19 190.62 5.62 335.82
12 6.00 1.1037 6.62 2.05 120.59 2.76 162.36 2.88 169.42 3.29 193.54 5.81 341.79
13 7.00 1.1216 6.64 2.11 122.17 2.84 164.41 2.96 171.35 3.39 196.24 5.98 346.18

gelatin in low urea and high urea 
and a second relationship

concentrations) stants for urea (0,89 X 3.37 = 3 .00) does not 
have the same value as for the sodium halides.

c -  -  m  [ log ( r ^ ) ]  - los il/K) (3)

where a represents the fraction of the gelatin 
undergoing change as shown by the change in 
magnitude of the dispersion constants &0.5. In 
Table III are given the a values for the fraction 
undergoing change and the calculated values ob­
tained for log (1 / K ) .  The latter agree well with 
one another and give a mean value of 3 .373. 
The factor 1/0.89 preceding the a,/(l—a) term 
regulates how rapidly the change takes place 
from one optically active form to the other.

In its influence on the rotatory dispersion of 
gelatin at 0.5° urea stands about midway between 
sodium chloride and bromide. With all of the 
sodium halides, the product of the constants pre­
ceding the logarithmic a/{ 1 — a) term multiplied 
by the log (1 / K )  term, [k log (1 / K ) ] ,  gave a con­
stant (2 .66); however, the product of these con-

T a b l e  III
R o t a t o r y  D is p e r s i o n  C o n s t a n t s  a t  0 .5  a n d  4 0 °

Concn.
urea

S o ln . molal. &0.6O a Log (1 /2 0 &40O

1 0.00 99.530 44.521
2 .50 98.681 44.801
3 1.00 97.832 45.103
4 1.50 96.220 0.0214 3.3762 45.401
5 2.00 94.107 .0570 3.3711 45.739
6 2.50 90.151 . 1415 3.3796 45.975
7 3.00 83.156 .3173 3.3739 46.401
8 3.50 73.519 .5646 3.3733 46.688
9 4.00 64.826 .7853 3.3672 47.025

10 4.50 59.561 .9096 3.3734 47.323
11 5.00 56.727 .9654 3.3735 47.593
12 6.00 53.801 1.000 48.394
13 7.00 52.094 1.000 49.010

&40° —  44.521 - j -  X !  Curea where % i =  0.6138
k o .5° -  99.530 ~  #2 Curea where X2 =  1.700 (Form A)
&0.5° =  64.00 ■ X 2  Curea where x2 ==  1.700 (Form B)
mean log (1 /K )  =  3.3735 
k — 0.80 (const, preceding (a /(l — «) term)
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This indicates that general equation (3) cannot be 
simplified further to fit all cases although simplifi­
cation of the equation for similar salts such as the 
alkali halides appears justified, as we have already 
shown.

In Table IV are given the various constants 
obtained at the various wave lengths for the 
various combinations employed, calculated from 
the Lucas equation10 for a system containing two 
optically active molecular species having unequal 
dispersion constants. The constancy obtained 
for a given combination for the five wave lengths 
used shows that two and only two optically active 
species of molecule are present, one the original 
gelatin molecule (probably gelatinate ion of the 

/COO-
type RHCY ) and the other the molecule 

XNH3
after it has undergone the change recorded by the 
logarithmic equation.

Table IV
Calculation of the Lucas Constant for Gelatin-  
Urea Systems Containing Two Optically Active 

Components (0.5°)
Combination® X 6708 A. X 5892 A. X 5780 A. X 5461 A. X 4358 A.

1-2/1-13 0.0176 0.0162 0.0198 0.0188 0.0197
1-3/1-13 .0332 .0373 .0370 .0365 .0350
1-4/1-13 .0710 .0698 .0686 .0695 .0703
1-5/1-13 .114 .114 .116 .113 .115
1-6/1-13 .198 .197 .199 .197 .198
1-7/1-13 .344 .345 .344 .346 .347
1-8/1-13 .549 .549 .550 .546 .549
1-9/1-13 .731 .734 .730 .732 .732

1-10/1-13 .843 .844 .843 .841 .844
1-11/1-13 .904 .904 .900 .902 .904
1-12/1-13 .962 .967 .966 .964 .965
* The numbers in this column refer to corresponding 

soln. no. in Table 1.

In Table V we have recorded the rotation and 
dispersion constant at 0.5° for five different wave 
lengths, of gelatin which had been treated with 7.0 
molal urea solution for a week at 0.5°, after which 
the solution was placed in collodion tubes and the 
urea dialyzed out. The dialyzed gelatin solution 
was then concentrated by freezing out part of the 
water as ice, was brought to the desired pH with 
dilute sodium hydroxide solution, the gelatin 
concentration determined, the polarizing tubes 
filled and the gelatin allowed to come to equilib­
rium during a week at 0.5°, at which temperature 
they were finally read in the polariscope. The 
average rotatory dispersion constant of the gelatin

(10) Lucas, A n n . phys., [10] 9, 381 (1928); Trans. Faraday Soc., 
26, 418 (1930).

going through this cycle of treatment with urea 
was found to be 99.477 as compared with 99.530 
for the original gelatin before treatment. The 
identity of these constants to one part in 2000 
led us to conclude that gelatin suffers no perma­
nent change due to treatment with urea such as 
is often referred to under the term “denaturation.” 
In the case of gelatin the change is clearly rever­
sible on removing the urea, the same as we have 
found repeatedly to be the case with neutral salts.

T a b l e  V

Specific Rotation of Gelatin Solution at 0.5° after 
D ialysis of Urea

Gelatin concn. 0.7858 g. per 100 g. soln.; pH  =  6.30; d — 
1.0027

X (a) [«] &0.5°
6708 3.91 247.56 99.409
5893 5.26 333.04 99.522
5780 5.50 348.23 99.489
5461 6.29 398.25 99.481
4358
Mean

11.10 702.80 99.482
99.477

Although the same general equations express 
the influence of the dipole ion +NH3C (=NH) O “ 
on gelatin as was found for the simple halide 
salts, the gelatin ion changed by urea has a dis­
persion constant of 64.00 at 0.5° when extra­
polated to zero urea concentration as contrasted 
with a similar value of 46.33 for the gelatin ion 
when changed by the sodium halides. This total 
change by urea amounts to exactly two-thirds of 
the change produced by the sodium halides.

Summary
The rotatory dispersion of gelatin in urea solu­

tions has been examined at 0.5 and 40° and was 
found to follow a single-term Drude equation.

At 40° the dispersion constants bear a linear 
relation to urea concentration, &40° = 44.517 +
0.6138 Curea.

The dispersion at 0.5° is the result of two 
effects, one a linear relation to urea concen­
tration for Form A of &0>5° = 99.530 — 1.70 
CUrea> and for Form B of K 0̂ ° =  64.00 
— 1.70 Curea and the other a logarithmic function,
Curea= Q^g^°g “ k>g ( l / K )  HI which log

(1/K) equals 3.373. Urea is intermediate in ef­
fect on the rotation of gelatin at 0.5°, lying be­
tween sodium chloride and bromide. The maxi­
mum lowering of the dispersion constant of gela­
tin by urea is only about two-thirds that produced 
by the halides of sodium.
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After dialyzing out the urea from several of 
the most concentrated solutions, the rotatory dis­
persion constant returned to its original value at

0.5°, showing that gelatin had undergone no de­
naturation by urea.
Geneva, N ew Y ork Received June 16, 1938

[Contribution from the Physics Laboratories, The City College of the College of the City of N ew Y ork ]

Magneto-Optic Rotations of Paramagnetic Ions

By Samuel Steingiser and Herbert Hyman

The purpose of this investigation was to observe 
the magneto-optic rotations of dilute solutions of 
complex iron salts, and to determine the partial 
Verdet constants. The three salts investigated 
were potassium ferricyanide, potassium ferrocy- 
anide, and ferric ammonium sulfate. Ferrous 
ammonium sulfate was also tried, but since it ab­
sorbed most of the light in the range of the sodium 
lamp, accurate measurements could not be made.

Experimental
Materials and Apparatus.—All chemicals were of c. p . 

grade. Since, in the very dilute solutions used, a relatively 
large impurity would be necessary to affect the results, no 
further purification was attempted. The concentrations 
of the solutions were determined by density measurements. 
These were made on a chainomatic specific gravity balance, 
and the concentrations found from tables in the “Inter­
nat ional Critical Tables. ”

The source of light, for the values reported, was a Gen­
eral Electric Sodium Lab-Arc, XD =  5893 A. (Earlier pre­
liminary investigations were made using a mercury vapor 
quartz arc, but this was abandoned in favor of the more 
universal sodium arc.) Nicol prisms were used as polar­
izer and analyzer. The angle setting on the scale could be 
read to 0.1 ° and estimated to within 0.01 ° with the aid of a 
telescope and cross-hair. The Pyrex glass cell, containing 
the liquid under investigation, was a 21.6-cm. long tube 
with the ends of optically flat glass fused into the body of 
the cell. No cement was used on any part of the tube. 
I t  was mounted on wooden supports inside the hollow core 
of a large coil. The coil was 25 cm. in length, formed by 
winding 2-mm. diameter insulated copper wire in 17 layers 
of 125 turns each on a copper cylinder. The coil extended 
sufficiently beyond the tube to eliminate any distortion of 
the magnetic field due to edge effects.

S ilt Volt}

Fig. 1.—Schematic diagram of apparatus.

The apparatus was calibrated using carbon disulfide and 
distilled water over a range of currents as can be seen from 
the data. The Verdet constants for these two liquids were

obtained from the “International Critical Tables.” In 
order to facilitate calculations of the Verdet constants of 
the solutions under investigation, a conversion factor was 
found, as shown, equal to 0.0399 Verdet unit/deg./am p.

Measurements.—The values reported are the 
average of nine independent measurements with 
the field off, recorded in the tables below as N°, 
nine with the field causing rotation clockwise, R°, 
and finally nine with the field causing rotation 
counterclockwise, L°. Altogether twenty-seven 
readings were taken for each solution and the 
average with its mean deviation calculated.

Although the partial Verdet rotations of some 
of the salts are in opposite directions to that of 
water, the actual rotations, in all cases measured, 
were in the same direction, due to the rather dilute 
solutions used. The partial Verdet constant is 
defined so that

NxVx +  N2V2 =  V

where N2 and Ni are the mole fractions of the sol­
ute and solvent, respectively, V is the observed 
Verdet constant for the solution, and V2 and V% 
are the partial Verdet constants of the solute and 
solvent. This equation is by definition exact, 
but in using it to determine V2, it is necessary to 
make the assumption that VL equals the Verdet 
constant of pure water. While this undoubtedly 
is not true in concentrated solutions, it is prob­
ably true within the limit of experimental error 
in the solutions used in these measurements. V2 
is not necessarily the Verdet constant of the pure 
salt and should not be regarded as such, but is the 
Verdet constant of the salt in the solution of 
definite molality. There is considerable evidence 
to show that it may be regarded as constant over 
a considerable range of concentrations.

The agreement between the two standardizing 
substances is thus seen to be very good.

The factor for converting the rotation deg./ 
amp. into Verdet units is 0.0399 Verdet unit/deg./ 
amp.
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C a l i b r a t i o n  D a t a

N o.

D istilled  w ater  
Current 
I ,  amp. No

V  “  0.01306 m in ./cm . oersted at 30°C .
R eading in  deg. R otation  in  deg.

Ro Lo No -  Ro No -  L° 1 / 2  (^° -  L°)
R o ta tio n /u n it current No -  Ro/I N° -  LP /I Ro -  L0/2I

1 14.7 49.78 45.05 54.70 4.73 4.92 4.84 0.322 0.335 0.329
2 14.6 49.52 45.05 54.45 4.47 4.93 4.70 .311 .338 .322
3 14.5 49.82 44.64 54.60 5.18 4.58 4.88 .358 .317 .337
4 14.3 49.65 44.95 54.29 4.70 4.64 4.67 .328 .323 .326
5 14.4 49.80 44.95 . 54.50 4.85 4.70 4.78 .336 .326 .332
0 14.3 49.45 45.00 54.10 4.45 4.55 4.50 .311 .318 .315
7 14.3 49.65 44.76 54.45 4.89 4.80 4.84 .343 .337 .328
8 14.4 49.63 45.30 54.42 4.33 4.79 4.56 .301 .333 .317
9 14.3 49.68 45.05 54.44 4.63 4.81 4.72 .324 .336 .329

Mean .326 .329 .327
=*=.004 ±.002 ± .002

Rotation, degrees/amp. = 0.327 ±  0.002.
0.01306/0.327 =  '0.0399 Verdet unit/deg./amp.

N o.

Carbon disulfide 
Current 
I ,  amp. No

V  = 0.04151 a t 30° 
R eading in  deg.RO Lo

R otation  in  deg.
NO -  Ro No -  Lo i/ 2(Ro _  L o)

R o ta tio n /u n it current 
N° -  R o/I No -  L ° /I  Ro -  L 0 /2I

1 14.7 82.55 67.40 98.20 15.15 15.65 15.40 1.031 1.065 1.048
2 14.5 82.85 67.70 98.40 15.15 15.55 15.35 1.044 1.071 1.059
3 14.4 82.72 67.21 98.15 15.<,1 15.43 15.47 1.078 1.071‘ 1.074
4 14.1 82.87 67.80 98.17 15.07 15.30 15.18 1.068 1.082 1.076
5 10.8 83.19 71.80 93.60 11.39 10.41 10.90 1.051 0.964 1.008
6 10.8 82.89 71.60 93.80 11.29 10.91 11.10 1.041 • 1.009 1.027
7 10.6 82.70 71.80 93.50 10.90 10.80 10.85 1.028 1.019 1.022
8 10.6 83.21 72.06 93.56 11.15 10.35 10.75 1.051 0.976 , 1.014
9 8.4 82.82 74.01 92.00 8.81 9.18 8.99 1.050 1.091 1.071

10 8.5 82.76 73.62 91.96 9.14 9.20 9.17 1.075 1.085 1.080
11 7.2 82.39 74.65 89.78 7.74 7.39 7.56 1.074 0.998 1.021
12 7.2 82.71 74.80 89.80 7.91 7.09 7.50 1.098 .984 1.042
13 5.9 82.90 76.64 89.00 6.26 6.10 6.18 1.061 1.032 1.044
14 5.9 82.41 76.25 88.38 6.16 5.97 6.07 1.042 1.012 1.028
15 5.9 82.90 76.40 88.81 6.50 5.91 6.21 1.099 1.002 1.050
16 6.0 83.05 76.18 88.75 6.87 5.70 6.28 1.160 0.950 1.045

Mean 1.063 1.026 1.044
±.004

Rotation, degrees/amp. = 1.044 ±  0.004. 
0.04151/1.044 — 0.0398 Verdet unit/deg./am p.

F e r r i c  A m m o n i u m  S u l f a t e , d2h  1.0105

Current R eading in  deg. R ota tion  in  deg. R o ta tio n /u n it current
N o. I, amp. No Ro Lo !g 1 & !§ 1 h ‘A  (R« -  L ») No -  Ro/I N ° -  Lo/I Ro -  L .o/21

1 13.3 52.28 48.37 56.81 3.91 4.53 4.22 0.294 0.341 0.317
2 13.3 52.15 48.12 56.42 4.03 4.27 4.15 .305 .322 .313
3 13.3 52.28 48.00 56.36 4.28 4.08 4.18 .321 .307 .314
4 13.3 52.24 48.22 56.38 4.02 4.14 4.08 .304 .312 .308
5 13.3 52.40 48.23 56.41 4.17 3.99 4.09 .315 .301 .309
6 13.3 52.10 47.98 56.58 4.12 4.48 4.30 .310 .336 .323
7 13.3 52.15 48.05 56.41 4.10 4.26 4.18 .309 .322 .316
8 13.2 52.18 48.48 56.39 3.70 4.21 3.96 .281 .318 .300
9 13.3 52.41 47.95 56.66 4.46 4.25 4.35 .337 .321 .328

Mean .308 .320 .314
±.003 ±.003 ±.002

Molality =  0.0282!, mole fraction N 2 =  0.000508, V =  0.314 X 0.0399 — 0.01253 Verdet unit,, V2 (calcd.) =  -1.024
Verdet units.

P o t a s s i u m  F e r r i c y a n i d e , d 2h  1.0339
1 14.8 81.87 79.66 84.04 2.21 2.17 2.19 0.149 0.147 0.148
2 14.7 81.90 79.30 83.80 2.60 1.90 2.25 .177 .129 .153
3 14.5 81.75 80.10 83.81 1.65 2.06 1.91 .114 .123 .132
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P o t a s s i u m  F e r r i c y a n i d e  d2\  1.0339 (Concluded)

N o .
C urrent 
I , am p. No

Reading^ in  deg.
lo

R otation  in  deg.
No — Ro m -  LO iM Ro -  Z,o)

R o ta tio n /u n it  current 
N° -  Ro/I No -  L o /l RP -  Lo/2I

4 14.6 81.90 79.84 83.90 2.06 2.00 2.03 0.141 0.140 0.139
5 14.4 81.78 80.24 84.20 1.54 2.42 1.98 .107 .169 .138
6 14.5 81.65 79.10 83.54 2.75 1.69 2.22 .189 .113 .153
7 14.4 82.00 80.20 84.40 1.80 2.40 2.10 .125 .167 .146
8 14.4 81.80 79.70 84.02 2.10 2.22 2.16 .146 .154 .150
9 14.2 81.64 79.80 83.45 1.84 1.81 1.83 .130 .128 .129

Mean .142 .144 .143
± .007  ± .005  ± .003

Molality = 0.173, mole fraction N» = 0.00312, V = 0.143 X 0.0399 =  0.00571 Verdet unit, V2 (calcd.) = -2 .354  
Verdet units.

P o t a s s i u m  F e r r o c y a n i d e , d%  1.1124
1 14.8 52.39 47.20 57.35 5.19 4.96 5.08 0.350 0.336 0.344
2 14.9 52.46 47.18 57.60 5.28 5.14 5.21 .354 .345 .351
3 14.8 52.44 47.50 57.60 4.94 5.16 5.05 .334 .349 .341
4 14.5 52.80 47.25 57.80 5.55 5.00 5.27 .383 .345 .363
5 14.5 52.55 47.25 58.05 5.30 5.50 5.40 .365 .379 .372
6 14.4 82.38 77.10 87.38 5.28 5.00 5.14 .367 .347 .357
7 14.4 82.35 77.16 87.57 5.19 5.22 5.20 .360 .362 .361
8 14.4 82.42 77.18 87.22 5.24 4.80 5.02 .363 .334 .351
9 14.3 83.70 78.50 88.25 5.20 4.55 4.87 .363 .320 .341

Mean .360 .347 .353
±.003 ± .004 ± .003

Molality' =  0.415, mole fraction N 2 = 0.00748, V  =  0.353 X 0.0399 -  0.01409 Verdet unit, V2 (calcd.) =  0.148
Verdet unit.

Discussion
Welo and Baudisch1 have shown that, with com­

plex ions having a central atom of a transition ele­
ment, the paramagnetism can be determined from 
the effective atomic number. When this has the 
same value as an inert gas, the complex is dia­
magnetic, while if it differs from this by n units, 
the complex has a magnetic moment of n Bohr 
magnetons. Thus the six-covalent ferricyanides, 
as K3[Fe(CN)6] with an e. a. n. 26 +  6 +  3 =  
35, give p (Weiss) =± 10, and b (Bohr) =  ca. 1, 
while the ferrocyanides as K4[Fe(CN)e] (e. a. n. 26 
+  6 +  4 =  36, the atomic number of krypton) 
are diamagnetic. Ferric ammonium sulfate prob­
ably exists in solution as hydrated Fe+++ ion, 
which is found to be paramagnetic also.

Thus we see that potassium ferricyanide and 
ferric ammonium sulfate are paramagnetic and 
also have large negative partial Verdet constants, 
while potassium ferrocyanide, being diamagnetic, 
has a relatively low positive partial Verdet con­
stant. There seems to be some correlation be­
tween these facts. Scherer and Cordonnier2’3 
have shown that paramagnetic cobalt ions ex-

(1) W elo and Baudisch , N a tu r e , 116, 606 (1925).
(2) Scherer and Cordonnier, C o m p t. r e n d .,  196, 1724 (1933).
(3) Cordonnier, ib id . ,  205, 313 (1937).

hibit similar negative Verdet constants over a 
range of temperatures and wave lengths. Since 
an error of even 1% in the actual rotation intro­
duces an error of more than 20% in the determina­
tion of partial Verdet constants, a quantitative 
correlation is not possible as yet, but this work 
has shown a definite connection which may be of 
use in the future.

Acknowledgment and particular thanks are due 
to Professors Marcus and Sonkin, of the Physics 
Department of The City College, for their invalu­
able aid in this research.

Summary
The partial Verdet constants of ferric ammo­

nium sulfate, potassium ferricyanide and potas­
sium ferrocyanide were determined and found to 
be equal to —1.024, —2.354 and +0.148, at mo­
lalities 0.0282, 0.173 and 0.415, respectively. 
The total Verdet constant for each of these molali­
ties was found to be 0.01253, 0.00571 and 0.01409, 
respectively. The diamagnetic salt, potassium 
ferrocyanide, shows a normal rotation, while the 
other salts show a large negative rotation, due to 
paramagnetism.
N ew York, N. Y. R e c e i v e d  J u n e  16, 1938
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In the preparation of triborine triamine (B3N3- 
H6) from ammonia and diborane, we2 obtained 
small quantities of a new volatile compound hav­
ing the molecular formula B2H7N. The forma­
tion of this compound, for which the structural 

H H H
formula B : N : B : H seems most appropriate, is an 

H H H
important part of the evidence in favor of the 
hypothesis that many of the reactions of diborane
are caused by its dissociation into unsaturated 

/  H  \
borine \ H : B : H / molecules.3 It is, therefore, of 
interest to describe the preparation and properties 
of the new compound, as well as to present fur­
ther evidence concerning its structure.

Preparation.—The observation that B 2H7N was ob­
tained only when diborane was used in excess of that re­
quired by the formula B2H6-2NH3, suggested that it is 
formed by the action of diborane upon the “ diammoni- 
ate, ” 4 rather than by the direct reaction of diborane with 
ammonia. It therefore seemed likely that the yield of 
B2H7N would be improved considerably if diborane were 
passed over the “ diammoniate,” under conditions subject 
to close control.

The apparatus used for this flow method was the one 
which had been employed before» in the preparation of 
B4H10 and B 5H11.5 Ammonia was condensed as a thin 
layer upon the walls of the first U-tube (U4A in the article 
referred to above) and converted to the “ diammoniate” 
by exposing it to an excess of diborane while the tube was 
warmed slowly from —130° to room temperature.6 Then 
a large sample of diborane was condensed in the graduated 
tube M, and allowed to evaporate at —80°; the gas passed 
through the U-tube containing the ammoniate, at a rate 
limited by the capillary tube C. All condensable gases and 
vapors were trapped in the second U-tube (at —195°), 
while the hydrogen passed through and registered its pres­
sure upon a manometer in the main vacuum apparatus 
beyond. The proper temperature for the first U-tube was 
determined by warming that U-tube until the movement

(1) M uch of the material of this paper was taken from the disserta­
tion presented by D avid M. R itter to the Faculty of the Division of 
Physical Sciences of the University of Chicago, in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy.

(2) Schlesinger, R itter and Burg, T h i s  J o u r n a l , 60, 1297 (1938).
(3) Other evidence on this subject appears in two earlier papers: 

Burg and Schlesinger, ibid., 59, 780 (1937); Schlesinger and Burg, 
ibid., 60, 290 (1938).

(4) For the structure of this compound, see Schlesinger and Burg, 
ibid,, 60, 290 (1938).

(5) Burg and Schlesinger, ibid., 55, 4012 (1933).
(6) The preparation of the diammoniate by the slightly more

tedious process of carrying on the reaction at —120° and removing
the residual ammonia at —80°, led to no change of yield.

of the mercury in the manometer indicated a satisfactory 
rate of reaction.7 After the evaporation of the last of the 
diborane, the major part was recovered from the material 
trapped in the second U-tube; in most cases it was passed 
through the system again, until no important quantities 
of hydrogen were evolved in the process. The conditions 
and results of four such experiments are given in Table I.

T a b l e  I
F l o w  M e t h o d  o f  P r e p a r i n g  B2H7N

No. Flow
Am­

monia,
cc.a

Total
B2H«,

cc.

of
pass­
ages

rate,
c c ./  Tem p., 
min. °C.

Diborane
destroyed,

cc.

B2H 7N  % yield 
formed, (based on 

cc. diborane)
105 4 2 2 1 10 1 0 0 7 5 1 4 .7 19
120 7 3 0 1 5 8 5 83 2 5 . 0 3 0
173 61 3 2 12 8 5 100 2 9 . 0 2 9
142 8 7 7 2 3 0 8 8 1 0 8 3 6 . 0 3 3

* All gas volumes in this paper refer to standard condi-
tions.

The product was purified by fractional condensation: it 
passed through a U-tube at —55°, and condensed com­
pletely at —80°.

Analysis and Molecular Weight.—Measured samples of 
the vapor were treated with known volumes of standard 
hydrochloric acid in sealed tubes. The resulting hydroly­
ses were completed in ten minutes at room tempera­
ture.8 The hydrogen was collected for measurement over 
mercury by means of a Töpler pump with a trap at —196°; 
the contents of the trap and of the hydrolysis tube were 
then washed into a flask. The excess acid was titrated to 
the methyl red end-point; the difference between the 
quantity of acid originally used and that found by this 
titration represents ammonia nitrogen. Subsequent titra-

T a b l e  I I

A n a l y t i c a l  D a t a  f o r  B 2H 7N
Hydrogen Boric acid  ̂ Ammonia

Sample Quantity Ratio Quantity Ratio Quantity Ratio
0.0846 0.418 4.94® 0.167 1.9 7

.0589 ....................................... 0.0587 1.00

.428 ................................................406 0.95

.196 .985 5.02 ........................................

.166 .848 5 .10  ........................................

.303 .. .. .594 1.96
* In this case, the sample was heated for five hours at 

1 0 0 ° with water containing no acid.

(7) It is important to employ the lowest feasible temperature, be­
cause higher temperatures lead to frothing, with the danger of clog­
ging the capillary, and also facilitate the formation of traces of such 
impurities as B4H 10, BsHu, and B 3N 3H 6.

(8) When pure water was used, the hydrolysis was far more diffi­
cult, probably because the free ammonia first liberated acted as a 
base to hinder the hydrolysis of the B-H links. Thus a sample which 
was left in contact with water in a sealed tube for two months at 
room temperature produced only 3.8 of the expected 5 volumes of 
hydrogen.
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T a b l e  III
C o r r e c t e d  V a p o r  P r e s s u r e s  o f  B2H7N

-1 3 .4  - 9 .6  - 3 .6  0.00 3 .8t0 - 2 7 .2 -2 3 .0 -1 6 .2
pmm.t obsd. 5.3 7.65 12.0
pmm.f calcd. 5.7 7.64 12.1
t° 7.9 11.0 15.4
Pmm.f Obsd. 49.6 57.8 72.5
Pmm.f calcd. 49.6 58.4 72.6

tion of the solution to the phenolphthalein end-point in 
the presence of an adequate quantity of mannite gave the 
amount of boric acid present. The results are given (in 
millimoles) in Table II.

These results agree with the formula B2H7N, as 
shown by the equation B2H7N +  4H20  +  H + — >- 
2HB02 +  NH4+ +  5H2.

The molecular weight calculated from the 
observed vapor density also agreed with the 
formula B2H7N (obsd. 42.9 and 42.2; calcd. 42.6).

The melting point was determined by observa­
tions on two separately purified samples. The 
values, taken by means of an ammonia vapor pres­
sure thermometer, were —66.5 and —66.4°.

The vapor pressure at various temperatures 
determined the equation
logio pmm. «  -(2097 /T )  +  1.75 logioT -  0.00642T +

6.677
From this equation, the molar heat of vaporization 
is estimated as 7300 cal., and the Trouton constant 
as 21.0 cal./degree mole. The normal boiling point 
is calculated to be 76.2°.

Decomposition and Thermal Stability.—The 
substance B2H7N can be kept for several days 
at room temperature without appreciable decom­
position, but a sample which had been held for six 
hours at 45° showed an increase of vapor pressure, 
corresponding to about 0.2 cc. of diborane (from a 
5-cc. sample). A sample left for sixteen months 
in a sealed bulb at room temperature, decomposed 
almost completely, evidently according to the 
equation 2B2H7N — > B2H6 +  (BH4N)*; the 
actual results were complicated by secondary 
production of hydrogen, and by the probable 
presence of B3N3H6 in the original sample.9

The 5.6-cc. sample yielded 2.4 cc. of diborane, 0.6 cc. of 
hydrogen, and 0.4 cc. of material having approximately 
the volatility of B3N3H6. The diborane was fully identi­
fied by its vapor pressure (226 mm. at —112°) and by hy­
drolysis, which yielded 14.4 cc. (6.1 volumes) of hydrogen 
and 0.214 millimole of boric acid (2.00 equivalents per mole). 
The non-volatile solid was not investigated further.

The Behavior of B2H7N toward Trimethyl- 
amine.—A stable addition product (CH3)3-

(9) This particular sample had been obtained as a by-product in 
the preparation of BsNsHe.

14.6 18.9 26.1 32.3 39.3
14.4 18.3 26.3 32.3 39.8
20.0 22.6 25.4 27.3 28.9
90.3 102.0 117.0 126.8 135.9
90.8 102.5 116.7 126.8 136.2

N*B2H7N, is produced by the action of trimethyl- 
amine upon B2H7N at —80°. Heating this prod­
uct with excess trimethylamine results in the re­
moval of a BH3 group to produce one molecule of 
borine trimethylammine per mole of B2H7N 
originally used.

Thus 2.7 cc. of B2H7N, treated with 12.2 cc. of trimethyl­
amine a t —80°, absorbed 2.8 cc. of the latter, to give a 
white solid which failed to react further during two hours 
a t room temperature. During three hours a t 100°, how­
ever, there resulted 2.80 cc. of material whose vapor pres­
sures were measured as 18.6 mm. a t 69.5° and 10.6 mm. a t 
59.8°, in good agreement with the data recorded earlier for 
borine trimethylammine.10 There resulted also 2.9 cc. of 
hydrogen, and a further 0.9 cc. of trimethylamine was used 
up. A trace (0.3 cc.) of material which seemed to be B3N3H6, 
also was found among the products. The residual solid 
thus seemed to have the composition BNH2*1/2N(CH3)3.

The Behavior of B2H7N toward Ammonia.—
Like trimethylamine, ammonia adds to B2H7N to 
give a stable solid mono-ammoniate, B2H7N*NH3. 
By the sudden heating of this substance to 200°, a 
45% yield of B3N3H6 is obtained; this yield is 
somewhat higher than that obtained directly from 
the “diammoniate of diborane.”

In a typical experiment, 5.2 cc. of B2H7N and 17.7 cc. 
of ammonia were left together for one hour a t —80°. 
Then the excess ammonia was distilled to another part of 
the vacuum apparatus, while the reaction tube was being 
warmed to room temperature. The removed ammonia 
was measured as 12.6 cc., indicating tha t the white solid 
residue contained 5.1 cc. of combined ammonia. Five 
minutes of héating of the product a t 50° caused the evolu­
tion of only 0.25 cc. of volatile material.

Another sample of the solid, composed of 9.65 cc. of 
B2H7N and 9.65 cc. of ammonia, was allowed to stand for 
two months a t room temperature (25-30°): it produced 
0.3 cc. of hydrogen and an even smaller trace of material 
which was trapped a t —196°.

A sample composed of 4.8 cc. of B2H7N and 4.9 cc. of 
ammonia was heated for five minutes in a sealed tube at 
200°. The products were 15.1 cc. of hydrogen, 1.4 cc. of 
B3N6H6, 0.26 cc. of an unidentified substance slightly more 
volatile than B3N3H6, and non-volatile solids. The yield 
of B3N3H6 thus was slightly less than 45%.

The Behavior of B2H7N N H 3 toward Sodium 
in Liquid Ammonia.—When the compound 
B2H7N-NH3 is dissolved in liquid ammonia and

(10) Burg and Schlesinger, T h is  J o u r n a l , 59, 785 (1937).
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treated with sodium, one gram equivalent of 
hydrogen is liberated, per mole of B2H7N origi­
nally used. After completion of the reaction and 
removal of excess ammonia, the residue corre­
sponds to the empirical formula B2H7N*NH2Na. 
The significance of these facts is discussed later.

A 5.65-cc. sample of B2H 7N was dissolved in liquid am­
monia a t —77°; the solution was treated with 30 mg. of 
pure sodium, in the manner described in an earlier paper.11 
The resulting evolution of hydrogen was not very rapid, but 
it finally amounted to one gram equivalent per mole of 
B2H 7N, as shown in Table IV.

T a b l e  IV
R e a c t io n  o f  B 2H 7 N -N H 3 w it h  S o d iu m  i n  L iq u id  

A m m o n ia
Total
time,
min.

Temp, during 
tim e before 
meas., °C.

Total H 
evolved, 

cc.

Ratio  
of H to 
B 2H 7N

16 - 6 7 1 .5 5 0 .5 5
32 - 5 5 2 . 4 5 .8 7
5 7 - 6 0 2 .9 0 1 .0 3

130 - 6 6 3 .0 3 1 .0 7

Reaction beyond that point was exceedingly slow. The 
major part of the ammonia was removed by distillation at 
— 5 0 ° ; a further 0 .4  cc. (gas) was lost by the residue during 
seventy-six hours in vacuo at room temperature, conditions 
so severe that 4 .0  cc. of hydrogen also was liberated. The 
residue was hydrolyzed completely by 3 normal hydro­
chloric acid; then the excess acid was distilled off and re­
placed by sodium hydroxide. The ammonia was deter­
mined, partly by measurement of the purified gas (9.05 cc.) 
and partly by titration (1.75 cc.). The total, 10.8 cc., 
amounts to 1.9 moles of ammonia per mole of B2H7N.

The slow production of somewhat more than one equiva­
lent of hydrogen by reaction with sodium in liquid am­
monia might well be due to a secondary reaction analogous 
to that of the “diammoniate of diborane.” 1

Discussion
Only two of the conceivable structures for the 

compound B2H7N seem worthy of serious dis­
cussion: (1) an amine of diborane, B2H5NH2, 
and (2) a structure involving a B-N-B skeleton.12 
All derivatives of diborane, not immediately am- 
monolyzed, take up two molecules of ammonia 
per molecule of diborane derivative, to form stable 
compounds. The substance B2H7N, however, 
takes up only one molecule of ammonia; further 
addition, if it occurs at all, leads to very unstable 
addition products. This fact is sufficient to 
exclude further discussion of the first formula­
tion.

The assumption of a B-N-B skeleton leads to
(11) Schlesinger and Burg, T h is  J o u r n a l , 60, 293 (1938).
(12) Other ideas are represented by the formulas NH4B2H3, 

N H 3-B2H4, N H s-BH BH s, and H  +B2H6N  ". Each of these is difficult 
to reconcile with some of the physical and chemical properties de­
scribed in this paper.

two possible structures: (I) B H 3N H B H 313 and
(II) B H 2N H 2B H 3. Formula I not only re­
quires assumptions with regard to electronic dis­
tribution, unjustified by any of the chemical 
properties thus far known for the compound, but 
fails to explain why one and only one molecule of 
ammonia can be added to it. When structure II

H H H
is represented electronically, B : N : B : H, the ad-

H H H
dition of one molecule of ammonia (to the one 
‘ ‘unsatisfied” boron atom) is understood readily. 
Compounds in which boron atoms are associated 
with only six bonding electrons are, of course, very 
common (e. g.> BF3, BCI3, BR3, and their substi­
tution products) and, if not ammonolyzed, take 
up one molecule of ammonia for each such boron 
atom present. They are also capable of adding 
trimethylamine in the same ratio, as does the 
compound B 2H 7N . On the other hand, com­
pounds containing the BH3 group tend to give 
borine trimethylammine, BH3*N(CH3)3, a product 
which actually is obtained when the addition com­
pound B 2H 7N -N (C H 3)3 is heated with an excess 
of the amine.

According to structure II, the addition of one 
mole of ammonia to B2H7N results in the com- 

H H H
pound H3N : B : N : B : H. This structure is analo- 

h  h  i i
gous to that of borine ammine (H3NBH3) for in 
each an ammonia molecule is coördinatively bound 
to a boron atom. Although borine ammine has 
not been isolated, it has been shown by indirect 
methods4 to react in liquid ammonia solutions 
with sodium to liberate one gram equivalent of 
hydrogen for every mole of ammonia bound in that 
manner. The compound H3NB2H7N reacts to 
give the same proportion of hydrogen. This can­
not mean that the original ammonia addition 
product was an ammonium salt, for sodium would 
have reacted with such a salt to remove one ni­
trogen atom as ammonia, leaving a residue of the 
composition NaB2H6N, instead of the salt Na- 
NH2*B2H7N actually obtained as a final product.

Other details of the behavior of the compound 
are in full agreement with formula II. Its sta­
bility is characteristic of compounds containing

(13) According to  the usual electronic formulations, two possibili 
H H  H  H H H

ties exist for structure I: H : B : N  : B : H  and H : B : N  : B : H.
H '* H H " H

Neither of these avoids the difficulties pointed out for the less specific 
formula I.
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a B-N-B pattern of linking, rather than of those 
containing B-B bonds; the B-N-B skeleton ex­
plains why the compound, when heated, gives 
good yields of B3N3H6, a substance containing

/ N~ B\
the B N ring; its rapid hydrolysis in acid

Nn—b/
solution to give five volumes of hydrogen sug­
gests the existence of five B-H bonds.

Finally, attention is called to a recent paper 
by S. H. Bauer, 14 who, at our suggestion, in­
vestigated the electron diffraction of the vapor of 
this compound, and concluded that the data ob­
tained can be explained only by the existence of 
a B-N-B skeleton for the molecule.

Acknowledgment.—We wish to express our 
thanks to the Research Corporation, for providing 
the liquid nitrogen used in a large part of this 
work.

Summary
The new volatile compound B2H7N (b. p. 76.2°; 

m. p. —66.5°) was prepared by the action of di­
borane upon its “diammoniate.” The new sub-

(14) S. H. Bauer, T h i s  J o u r n a l , 60, 524 (1938).

stance is hydrolyzed easily in acid solution, to give 
five volumes of hydrogen, two equivalents of 
boric acid, and one equivalent of ammonium ion. 
Its thermal decomposition (slow at room tempera­
ture) produces diborane and a solid of undeter­
mined character. I t reacts with an equal gas 
volume of trimethylamine, to form a stable white 
solid; on heating with an excess of that amine, 
this product yields borine trimethylammine. 
With ammonia, B2H7N forms the stable solid 
B2H7N-NH3, which, on heating to 200°, gives a 
good yield of triborine triamine (B3N3H6). The 
ammonia addition product reacts with sodium in 
liquid ammonia to liberate one equivalent of hy­
drogen; the residue after thorough removal of the 
solvent corresponds to the formula NaNH2- 
B2H7N.

H H H
The structure B : N : B : H is proposed for the

H H H
compound, and although this specific picture is not 
considered definitely proved, it is shown to inter­
pret satisfactorily all of the physical and chemical 
properties of the substance.
C h ic a g o , III. R e c e iv e d  A p r il  11, 1938

[C o n t r ib u t io n  f r o m  t h e  B u r e a u  o f  C h e m is t r y  a n d  S o il s ]

The Compressibilities of Hydrogen and of Four Mixtures of Hydrogen and Nitrogen 
at 0, 25, 50, 100, 200 and 300° and to 1000 Atmospheres

By R. Wiebe a n d  V, L. Gaddy

This is a continuation of work in this Labora­
tory on the compressibilities of hydrogen, nitrogen 
and their mixtures.1 A summary of work pre­
vious to 1930 was given by Bartlett. Townend 
and Bhatt measured the isotherms of hydrogen 
at 0 and 25° to 600 atm .2 Isothermal measure-

(1) (a) Bartlett, T h i s  J o u r n a l , 49, 687; 1955 (1927); (b) Bart­
lett, et al., ibid., 50, 1275 (1928); (c) 52, 1363 (1930). Dr. Bartlett 
has kindly informed me that in Ref. lb  the column of figures for the 
compressibility of a 3:1 mixture of hydrogen and nitrogen at 99-85° 
was wrongly transcribed and should be as follows:

Press., Old
atm. figures Correct

1 1.3656 1.3656 Also in the same table, for 300
50 1.3992 1.4027 atmospheres and 0°, the figures

100 1.4298 1.4364 have been transposed.
200 1.5068 1.5170
300 1.5870 1.5975 Old Correct
400 1.6700 1.6799 figure figure
600 1.8412 1.8472 1.0264 1.2064
800 2.0130 2 .0168

1000 2.1865 2.1865
(2) Townend and Bhatt, Proc. Roy. Soc. (London), A134, 502 

(1931).

ments on hydrogen between 0 and 100° and up to 
1000 atm. were made by Michels, et al} Michels 
and Gerver recalculated the compressibility data 
of Kohnstamm and Walstra on hydrogen at
15.5 and 20° between 1000 and 2000 atm .4 
Isotherms of nitrogen between 0 and 150° and at 
pressures from 20 to 80 atm. were determined by 
Michels, et al} This latter work was continued 
up to 400 atm. by Otto, Michels and Wouters.6 
A further extension to 3000 atm. including a cal­
culation of the thermodynamic properties was 
made by Michels, et al? W. Edwards Deming 
and Lola S. Deming have calculated the thermo­
dynamic properties of hydrogen and nitrogen.8

(3) Michels, Nijhoff and Gerver, A n n . Phys., 12, 562 (1932).
(4) Michels and Gerver, ibid., [5] 16, 745 (1933).
(5) Michels, Wouters and De Boer, Physica, 1, 587 (1934).
(6) Otto, Michels and Wouters, Physik. Z ., 35, 97 (1934).
(7) Michels, Wouters and De Boer, Physica, 3, 585 597 (1936).
(8) Deming and Shupe, Phys. Rev., 37, 638 (1931), ibid., 40, 848 

(1932); Deming and Deming, ibid., 45, 109 (1934).
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Since in the previous investigations on hydrogen 
some disagreement exists among the different 
observers, we have repeated most of their meas­
urements.

Apparatus and Procedure.—Figure 1 shows the low pres­
sure part of the apparatus and the high pressure pipet. 
Before each run the connecting tube between pipet outlet 
valve M and stopcock G is open to the atmosphere through 
J. The 4-bulb buret A of 3000-cc. capacity is filled with 
mercury, stopcocks H, K  and J  are closed, and gas at some 
definite temperature and pressure is expanded from D 
through valve M. The whole volume is brought to atmos­
pheric pressure by means of the oil-manometer F. Stop­
cock G is now closed and the gas is confined to the 4-bulb 
buret A. The mercury levels are now adjusted to calibra­
tion marks between the bulbs. Since usually two combina­
tions of bulbs are possible, the one giving a pressure near­
est to that of the atmosphere is selected.
After opening H, manometer E is ad­
justed so that the mercury surface in the 
right arm just touches the tip of pin L.
This assures a constant volume between 
H and L. The first two or three samples 
have to be discarded; after that the ma­
nometer will show the actual experi­
mental variation, since the manometer 
volume is small compared with the gas 
volume in A. Any slight change in 
atmospheric pressure between closing of 
stopcock J and adjusting of oil-ma­
nometer F introduces only a negligible 
error since here again the volume of the 
connecting tube is small. Even a smaller 
volume is exposed to possible changes in 
room temperature. B is a coil to bring 
the incoming gas rapidly to the tempera­
ture of C. The large thermostat C was 
kept at 25 =*= 0.01° while the temperature 
of the thermostat containing D was 
varied from 0 to 300°. Toluene and 
mercury filled regulators were used to 
cover the range between 0 and 200° 
while a t 300° a thyratron control was 
used.9 We used the control only for an auxiliary immer­
sion heater; the voltage across the heating coils was that 
of the unregulated 110 a. c. voltage mains. I t  was possible 
to maintain the temperature within a few one-hundredths 
of a degree with little trouble. The true temperatures 
were measured with platinum resistance thermometers 
built according to specifications by Myers.10 The ther­
mometers were calibrated both a t this Laboratory and at 
the Bureau of Standards with identical results. At 100 
and 200° Crisco, or its equivalent, was used for bath 
liquid; while a t 300° a lead-tin mixture was found satis­
factory.

Our 200 and 1500 atmosphere piston gages were com­
pared a t 100 atm. with the National Bureau of Standards 
gage,11 and it was found th a t only one of the pistons had

developed a change of one part in 10,000 since August, 
1935. The acceleration of gravity a t the laboratory is 
taken to be 980.091 cm./sec.2 The pressures are given in 
international atmospheres. The thermal conductivity 
and an accurate combustion method12 were used to analyze 
the gas mixtures. The latter method was the more satis­
factory in our case.

The high pressure volume was measured a t 25 and 
100° and a t 100 atm. in a slightly modified steel pipet by 
displacing mercury by gas. The mercury was withdrawn, 
weighed and the volume calculated. The pressure coef­
ficient was obtained from the work of Smith and Keyes.13 
From several determinations the compressibility of hydro­
gen was determined a t 25 and 100°, and 100 atmospheres. 
These values were used as reference points throughout this 
work. The average coefficients of linear expansion of our 
steel (C 0.49%, Cr 2.48%, V 0.25%, Mn 0.68%) were de­
termined by Dr. Peter Hidnert of the National Bureau

Fig. 1.

of Standards, to whom our thanks are due. 
the results obtained.

Table I gives

T a b l e  I
Temp.
ran^e,

Average coefficients of linear expansion per °C. 
Sample heated Sample treated with 

to  300° hydrogen at 300°
20-100 12.4 X 10 ~6 11.4 X 10“6
20-200 12.9 X lo -8 12.2 X 10“6
20-300 13.6 X 10"» 12.9 X 10~6

(9) Zabel and Hancox, Rev. Sci. Instrum ents, 5, 28 (1934).
(10) Myers, Bur. Standards J .  Research, 9, 807 (1932).
(11) Meyers and Jessup, ib id ., 8,1061 (1931).

The results of Table I show a decided influence 
of hydrogen on steel. The sample used in de­
termining the linear coefficient of expansion had 
been exposed to extreme conditions. In actual 
practice the thickness of the pipet walls (2.5 cm.) 
and the short time exposure at 300° and 1000

(12) Shepherd, ibid., 6, 121 (1931).
(13) Smith and Keyes, Proc. A m . Acad. Arts Sci., 69, 313 (1934).
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P ,  atm. Hydrogen
87.44 : 12.56 

H2 :N2 mixture
75.56 : 24.44 

H2:N2 mixture
0 °

51.74 : 48.26 
H2 :N2 mixture

26.12 : 73.88 
Ha:N2 mixture Nitrogen

2 5 1 .0 1 5 2 1 .0 1 3 6 1 .0 0 6 2 0 .9 9 9 9 0 .9 9 1 0 *
50 1 .0 3 1 1 1 .0 2 9 3 1 .0 2 6 5 1 .0 1 6 5 1 .0 0 3 8 .9853*

100 1 .0 6 4 1 1 .0 6 1 3 1 .0 5 7 2 1 .0 4 1 6 1 .0 1 9 1 .9 8 5 7 “
2 0 0 1 .1 3 2 7 1 .1 3 1 1 1 .1 2 7 3 1 .1 0 8 1 1 .0 7 8 9 1 .0 3 6 3 “
4 0 0 1 .2 7 6 1 “ 1 .2 8 2 9 1 .2 8 6 3 1 .2 8 3 7 1 .2 7 2 8 1 .2 5 6 6 “
60 0 # 1 .4 2 2 1 “ 1 .4 4 1 1 1 .4 5 5 8  . 1 .4 8 0 2 1 .5 0 2 3 1 .5 2 5 1 “
8 0 0 ’ 1 .5 6 6 8 “ 1 .5 9 9 4 1 .6 2 8 2 1 .6 8 2 0 1 .7 3 8 2 1 .7 9 8 4 “

10 0 0 1 . 7086a 1 .7563 1 .7 9 8 9 1 .8 8 2 4 1 .9 7 2 7 2.0676a

2 5 °
2 5 1 .1 0 7 2 1 .1 0 6 3 1 .1 0 1 5 1 .0 9 4 5
50 1 .1 2 3 5 1 .1 2 2 4 1 .1 2 0 2 1 .1 1 3 0 1 .1 0 2 0 1 .0 8 7 7 “

100 1 .1 5 7 2 1 .1 5 6 3 1 .1 5 2 9 1 .1 4 2 5 1 .1 2 3 6 1 .0 9 6 9 “
2 0 0 1 .2 2 7 1 1 .2 2 7 3 1 .2 2 4 9 1 .2 1 2 7 1 .1 8 9 4 1 .1 5 4 6 “
4 0 0 1 .3 7 0 5 1 .3 7 9 4 1 .3 8 4 9 1 .3 8 7 8 1 .3 8 1 7 1 .3 6 9 9 “
600 1 .5 1 5 8 1 .5 3 7 2 1 .5 5 4 2 1 .5 8 1 6 1 .6 0 7 6 1 .6 3 2 6 “
80 0 1 .6 5 9 5 1 .6 9 4 8 1 .7 2 4 5 1 .7 8 2 2 1 .8 4 1 4 1 .9 0 3 0 “

1000 1 .8 0 1 3 1 .8 5 0 8 1 .8 9 4 5 1 .9 8 1 7 2 .0 7 4 3 2 .1 7 1 0 “

5 0 °
2 5 1 .1 9 9 3 * 1 .1 9 4 9 1 .1 8 4 8 *
50 1 .2 1 6 2 * 1 .2 1 4 5 1 .2 1 3 4 1 .2 0 7 9 1 .1 9 9 7 1 .1 8 8 2 “

100 1 .2 4 9 6 1 .2 4 9 0 1 .2 4 6 7 1 .2 3 9 4 1 .2 2 5 3 1 .2 0 4 6 “
2 0 0 1 .3 2 0 3 1 .3 2 1 5 1 .3 2 0 9 1 .3 1 3 3 1 .2 9 5 9 1 .2 6 9 2 “
4 0 0 1 .4 6 4 0 1 .4 7 4 5 1 .4 8 2 2 1 .4 8 9 8 1 .4 8 8 7 1 .4 8 2 5 “
600 1 .6 0 9 0 1 .6 3 1 5 1 .6 5 0 5 1 .6 8 3 6 1 .7 1 2 8 1 .7 4 0 8 “
8 0 0 1 .7 5 2 5 1 .7 8 8 7 1 .8 2 0 2 1 .8 8 2 9 1 .9 4 4 4 2 .0 0 8 6 “

1000 1 .8 9 3 3 1 .9 4 3 8 1 .9 8 9 4 2 .0 8 1 8 2 .1 7 5 8 2 .2 7 5 6 “

100°
2 5 1 .3 8 2 7 * 1 .3 8 1 2 1 .3 7 4 8 *
50 1 .4 0 0 3 1 .3 9 9 6 1 .4 0 0 9 1 .3 9 7 6 1 .3 9 2 8 1 .3 8 5 3 “
75 1 .4 1 8 2

100 1 .4 3 5 8 1 .4 3 6 1 1 .4 3 7 7 1 .4 3 4 3 1 .4 2 6 2 1 .4 1 2 3 “
2 0 0 1 .5 0 6 9 1 .5 1 1 1 1 .5 1 4 8 1 ,5 1 4 2 1 .5 0 5 4 1 .4 8 8 9 “
4 0 0 1 .6 5 1 3 1 .6 6 6 1 1 .6 7 7 7 1 .6 9 3 8 1 ,7 0 2 1 1 .7 0 3 9 “
60 0 1 .7 9 5 5 1 8231 1 .8 4 6 2 1 .8 8 6 8 1 .9 2 3 4 1 .9 5 6 9 “
8 00 1 .9 3 8 6 1.9795' 2 ,0 1 5 9 2 .0 8 4 9 2 .1 5 3 2 2 .2 2 0 9 “

1000 2 .0 7 8 0 2 .1 3 3 8 2 .1 8 4 4 2 .2 8 1 3 2 .3 8 3 4 2 .4 8 5 7 “

2 0 0 °

50 I .7 6 5 9 1 .7 6 5 8 1 .7 7 0 3 1 ,7 7 0 2 1 .7 7 1 1 1 ,7 7 2 5 °
to o 1 .8 0 1 8 1 .8 0 4 9 1 .8 0 9 7 1 .8 0 7 8 1 .8 1 3 4 1 ,8 1 1 5 °
2 0 0 1 .8 7 5 6 1 .8 8 2 2 1 .8 9 0 9 1 .9 0 0 1 1 .9 0 5 7 1 .9 1 1 9 °
4 00 2 .0 2 0 6 2 .0 3 7 9 2 .0 5 9 3 2 .0 8 5 8 2 .1 1 1 0 2 .1 4 5 5 °
600 2 .1 6 2 8 2 .1 9 4 0 2 .2 2 6 4 2 .2 7 9 3 2 .3 3 2 0 2 .3 9 6 1 °
80 0 2 .3 0 4 3 2 .3 4 9 6 2 .3 9 4 2 2 .4 7 4 9 2 .5 5 9 0 2 .6 5 5 7 °

1000 2 . 4 5 6 8 c 2 .5 0 2 7 2 .5 6 2 7 2.6705 2 .7 8 7 6 2 .9 2 1 2 °

CO o o o

50 2 .1 2 9 3 2 .1 3 2 2 2 .1 3 2 3 2 .1 3 6 3 2 .1 4 3 2 2 .1 4 6 9 °
100 2 .1 7 0 0 ° 2 .1 7 0 3 2 .1 7 5 7 2 .1 8 2 1 2 .1 9 8 6 °
2 0 0 2 .2 3 9 3 2 .2 4 9 9 2 .2 5 9 6 2 .2 7 5 5 2 .2 9 1 4 2 .3 1 2 7 °
4 0 0 2 .3 8 2 6 2 .4 0 7 9 2 .4 2 9 4 2 .4 6 6 4 2 .5 0 5 0 2 .5 5 0 6 °
6 0 0 2 .5 2 4 6 2 .5 6 4 8 2 .5 9 7 8 2 .6 6 1 8 2 .7 3 1 5 2 .8 0 4 3 °
8 0 0 2 .6 6 5 3 2 .7 1 9 5 2 .7 6 6 2 2 .8 5 8 1 2 .9 5 6 0 3 .0 6 2 3 °

1000 2 .8 0 2 6 2 .8 7 0 2 2 .9 3 2 3 3 .0 5 5 4 3 .1 8 4 2 3 .3 2 0 3 °

“ Data from Michels, Nijhoff and Gerver, Ann. Phys., 12, 562 (1932) (Hydrogen); Michels, Wouters and De Boer, 
Physica, 3, 585 (1936) (Nitrogen). * Data from Holborn and Otto, Z. Physik, 33, 1 (1925), c Data from Bartlett, 
et al,, T h is  J o u r n a l , 50, 1275 (1928).
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atm. make it probable that an effect as great as 
that shown in the table would not occur. I t was 
finally decided to use the equation given by Keyes14
Vf* =  F0(l -f  3.25 X 10-H +  2.85

X 10-8**-1.65 X 10- 11/3)

where Vo is the volume at 0° and Vt the volume 
at temperature L This formula gives linear 
coefficients for the ranges 0-200 and 0-300° 
which are about the averages of the two sets given 
in Table I. The possible error in the determina­
tion of volume incurred at 0 and 50° is probably 
not more than one or two parts in 10,000, since the 
absolute values were known at 25 and 100°. 
At 200 and 300° the error introduced in Vfe using 
the above equation is estimated between 0.05-
0. 10%. This does not influence the relative 
precision of any one isotherm. A change in the 
value of the reference point will affect all the 
other values by the same fractional amount.

Our experimental data are shown in Table II, 
and also data from Bartlett, Michels, and Hol-

(14) Keyes, Joubert and Smith, J . M ath . Phys. Mass. Inst. Tech.,
1, 191 (1922).

born and Otto, where we have no values of our 
own. Since the data of Michels for nitrogen 
were given at odd pressures, we have used his 
equations to calculate the values given in this 
table. Dr. Deming expects to calculate the 
thermodynamic properties of hydrogen-nitrogen 
mixtures from these data.

We want to thank Dr. E. J. Jones for assistance 
in setting up our thyratron temperature control 
and Lola S. Deming (Mrs. W. E. D.) for helping 
us in our calculations. We also acknowledge the 
help of Mr. J. R. Dilley, who assisted in the de­
sign of the high pressure equipment.

Summary
Previous work since 1930 on the compressibili­

ties of hydrogen, nitrogen and their mixtures has 
been summarized. A modified Bartlett com­
pressibility apparatus is described. The com­
pressibilities of hydrogen and four hydrogen- 
nitrogen mixtures have been measured at 0, 25, 
50, 100, 200 and 300° and to 1000 atmospheres. 
W a s h in g t o n , D . C . R e c e iv e d  J u n e  6 , 19 3 8

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r ie s  o f  M e r c k  a n d  C o ., I n c .]

The Hydration of Vitamin Bx
B y  W . A. B a stedo , J r ., N . R . T r e n n e r  and  T . J .  W e b b

Introduction
The marked deliquescence of vitamin Bp has 

been recognized by many investigators. The 
water of crystallization, however, has been given 
variously in the literature as one-half, one, or ap­
proximately one molecule of water (per molecule 
of vitamin) without regard for the conditions of 
humidity. The problem of preparing the one or 
more supposed hydrates in pure form and the 
measurement of their dissociation pressures was 
undertaken in these Laboratories. In the be­
ginning the problem proved to be baffling on ac­
count of lack of reproducibility. This initial lack 
of reproducibility in the degree of hydration was 
attributed finally to variable minor details in the 
later stages of preparation of the vitamin, such,

(1) Formula of vitam in Bi
N = C — N H 2-HC1 CHs
I I I

CHsC C— CH2— N — C— C— CH2CH2OH
II II l \  I

N — CH l a  c— s
H

for example, as solvents used in the precipitation 
process, methods of removing solvent, etc. After 
standard procedures having regard for such de­
tails had been found, the early difficulties re­
garding reproducibility disappeared (at least to 
the extent of 0.1 g. of water per 100 g. of vita­
min). The much higher reproducibility obtain­
able for samples under identical conditions of 
humidity led to the belief that the remaining dif­
ficulty lay in the inherent problem of the repro­
ducibility of the aqueous pressures to which the 
samples were exposed. The fact that slight varia­
tions in the aqueous pressures to which the samples 
were exposed gave rise to appreciably variable 
water contents of the vitamin indicated immedi­
ately that the problem was not one of an ordinary 
system of hydrates.

Experimental Details and Results
In  the first attack on the problem the aqueous pressure 

to which the samples were exposed was regulated by H 2SO4-  
H2O mixtures in evacuated desiccators a t 25 =*= 1°.
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Ninety-five per cent, sulfuric acid was found to be a com­
plete desiccant for the vitamin. The density of the mix­
tures was measured with sufficient accuracy that the aque­
ous pressure could be found to within approximately 0.4 
mm. of mercury by reference to standard measurements.2»3 
In order to check this procedure for obtaining a given aque­
ous pressure saturated solutions of calcium chloride and 
of barium chloride were used on two occasions. The re­
sults obtained with these solutions were entirely consistent 
with those obtained with the H 2SO4-H 2O mixtures. Two 
days were sufficient for the samples (approximately 0.6 g.) 
to attain equilibrium with a given aqueous pressure. 
Weights (accurate to 0.1 mg.) were always checked on the 
third day, and in many cases after the lapse of one or more 
weeks. The water contents of the vitamin in terms of 
grams of water per 100 g. of anhydrous vitamin are given 
in Table I for various aqueous pressures (expressed in mm. 
of mercury). Each entry represents an average of a num­
ber of determinations—in the range of aqueous pressures 
above 7 mm., some of the entries represent an average of 
as many as ten determinations. The variations were of 
the order of 0.1 g. of water per 100 g. of vitamin. The 
large number of determinations represents an attempt to 
distinguish between a number of hydrates of very nearly 
the same water content.

T a b l e  I
Aqueous press. Water, % Aqueous press. Water, %

1.2 0.46 6.8 4.31
1.4 .70 9.0 4.52
2.0 1.62 10.0 4.60
3.0 2.07 10.8 4.62
3.3 2.59 12.2 4.72
3.6 2.88 14.6 4.93
5.0 3.62 15.3 4.91
5.9 4.12 18.2 5.15

A graph of the results in Table I shows that 
within the estimated experimental error they can 
be represented by a smooth curve (Fig. 1) and

Fig. 1.—Hydration of vitamin Bi: results of 
gravimetric method, O; volumetric method, O-.

give no evidence whatever of definite stoichio­
metric hydrates except in the extent to which there 
is an approach to one molecule of water per mole-

(2) “ International Critical Tables,” Vol. I l l ,  1938, p. 56.
(3) Collins, J . Phys. Chem., 37, 1191 (1933).

cule of vitamin at high aqueous pressures. The 
region of experimental values was terminated 
naturally by the aqueous pressure of the satu­
rated solution, 20.9 mm. A slight extrapolation 
of the experimental curve indicates that ap­
proximately one molecule of water per molecule 
of vitamin (in the crystalline state) would be 
acquired at 20.9 mm. The curve is reproducible 
in a hydrating as well as a dehydrating sense. 
The complete reversibility of the hydration and 
dehydration phenomena, which is often not ob­
served in the case of continuous hydration,4 pre­
cludes the possibility that the hydration is a slow 
process not attaining equilibrium. On the other 
hand, the absence of definite stoichiometric 
hydrates would seem to indicate that the forces 
exerted by the water molecule in the crystal 
play little, if any, role in the crystal lattice. The 
shape of the curve exhibiting the water content 
as a function of the aqueous pressure is strongly 
suggestive of a sorption process only in the range 
of high aqueous pressures. I t is possible that the 
hydration phenomena observed in this case are 
not uncommon in the case of deliquescent organic 
substances of complicated structure—the as­
signment of definite formulas for such hydrates 
often being merely a matter of rounding out the 
results of chemical analysis.

The fact that the type of result obtained above 
was entirely unexpected and practically without 
mention in standard works on the subject of 
salt-hydrates led to a renewed attack with an 
entirely different technique. A thoroughly dried 
sample of the vitamin was placed in an all-vac­
uum apparatus of the type described by Taylor 
and Strother5 for sorption problems. A constant 
aqueous pressure was automatically preserved 
in the system and the decrease in the volume of 
water vapor measured to 0.01 cc.; the tempera­
ture of the sample of vitamin being held ac­
curately at 25°. Corrections were applied for 
the dead space in the vessel containing the sample 
and for the adsorption on the walls of the con­
tainer. The latter effect could be represented ac­
curately by an equation of the form 

x =  kpn

x being the quantity adsorbed and p the aqueous 
pressure. The constants k and n were found to 
have the values 0.0184 and 0.68, respectively,

(4) Cf. the case of Zeolites, “ Inorganic Chemistry,” by Ephraim, 
English edition, 1934, p. 756.

(5) Taylor and Strother, T h is  J o u r n a l , 56, 586 (1934).
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if x is expressed in cc. (N. T. P.) and p in mil­
limeters of mercury. The results obtained in this 
way checked those obtained by the first method, 
within the experimental error (estimated to be at 
least as great as two parts of water per 1000 of 
vitamin). The error in this method is as large 
as this in view of the fact that the samples of 
vitamin were necessarily very small—of the order 
of 2 mg. The discrepancy between the two 
sets of experimental results corresponds to an 
error of 0.004 mg. in the weighings. By this 
method the percentages of water in the vitamin 
under aqueous pressures of 14.0, 9.0, 4.57, 3.0 mm. 
were found to be 5.00, 4.80, 3.85, and 1.3, respec­
tively. The results are exhibited graphically in 
Fig. 1. These results were considered an adequate 
check of the results by the first method, and it 
therefore seemed unnecessary to question further 
the continuity of this hydration phenomenon.

The second series of measurements reveals the 
actual speed of the hydration process as carried 
out (Fig. 2). It is to be noted that the time re­
quired for virtual completion of the hydration 
process (e. g., curve C) was strictly comparable 
with that required for the virtual completion of 
the adsorption process on the glass (curve D) i. e., 
of the order of two hours. The readings corre­
sponding to the points representing the times 
labeled oo were taken after approximately 
twenty-four hours and indicate that equilibrium 
had been reached.

The vapor pressure of the saturated solution of 
vitamin Bi was measured in the usual type of dif­
ferential tensimeter, a mineral oil of specific grav­
ity 0.894 being used as the manometric liquid. 
Water was used as a balancing liquid in one limb 
of the tensimeter and the saturated solution of 
the vitamin in the other. The results for several 
temperatures are given in Table II in terms of 
mm. of mercury.

T a b l e  II
V a p o r  P r e s s u r e  o f  S a t u r a t e d  S o l u t io n  

Temp., °C. 25 24 23 20 15 106
Press., mm. 20.9 19.6 18.5 15.4 11.4 8.0

A straight line is obtained when the logarithm 
of the vapor pressures is plotted against the re­
ciprocal of the absolute temperature. The slope 
of this line indicates that the heat of vaporiza­
tion of one mole of water from the saturated solu­
tion is 10,800 cal. (cf. 10,450 cal. for the molal 
heat of vaporization of pure water at 25°).

020406080100 200 300
Time, min.

Fig. 2.—Rate of absorption of water on 2.019 mg. of 
vitamin Bi at 25°: Curve A, absorption on vitamin 
+  glass at 3.57 mm.; Curve B, absorption on vitamin 
+  glass at 2.90 mm.; Curve C, Curve A — Curve D; 
Curve D, absorption on glass walls at 3.57 mm.; 
Curve E, absorption on vitamin +  glass at 2.05 mm.

Summary
The degree of hydration of vitamin Bi at 25° 

was determined gravimetrically at sixteen differ­
ent aqueous pressures in the range between 1 and 
19 mm. The degree of hydration was found to 
increase continuously from approximately 0.4% 
of water at 1 mm. to 5.20% at 19 mm. At the 
aqueous pressure of the saturated solution (20.9 
mm.) the degree of hydration of solid vitamin 
corresponds approximately to one molecule of 
water of crystallization per molecule of vitamin. 
These determinations were checked by a volu­
metric method in which the volume of water 
vapor absorbed by the vitamin at various pres­
sures of water vapor was measured. The vapor 
pressure of the saturated solution of the vitamin 
was measured over a temperature range in the 
neighborhood of room temperature.
R a h w a y , N .  J . R e c e iv e d  M a y  2 4 , 1938



2306 Ernst Bergmann Vol. 60

[CONTRIBUTION FROM THE DANIEL SlEFF RESEARCH INSTITUTE]

The Strophanthidin Dehydrogenation Product C2iH16

By Ernst Bergmann

By selenium dehydrogenation of strophanthi­
din, Jacobs and Elderfield1 obtained inter al. a 
hydrocarbon, m. p. 296°, to which they ascribed 
the formula C21H16. Their tentative suggestion 
that it may be 1,2-cyclopentenotriphenylene has 
been ruled out by synthetic work carried out in 
this Laboratory.2 Further work in this direction 
has led to the assumption that the above hydro­
carbon belongs to the 2', 1 '-naphtha- 1,2-fluorene 
derivatives, which have been obtained from cholic 
acid, cholesterol, ergosterol and sitosterol.3 First 
of all, the absorption spectrum of the above hy­
drocarbon, a few milligrams of which we owe to 
the courtesy of Professor Jacobs, shows a definite 
resemblance to those of pure naphthafluorene 
derivatives.4 Absorption maxima have been 
observed at A 2720, 2800, 2980, 3150, and lower 
ones at 3200, 3400 and 3600.

With regard to the formation of the hydro­
carbon from cholic acid, Bachmann, Cook, Hewett 
and Iball3 have presented conclusive evidence for 
the scheme

C H s^ C IL  
OH CH CH2

COOH

but they point out that “this identification of 
Ruzicka’s hydrocarbon throws no further light 
on the structure of the pentacyclic hydrocarbons 
of analogous structure obtained by dehydrogena­
tion of sterols,” as cholesterol does not yield 5- 
methyl-S-isopropyl-2/, 1 '-naphtha-1,2-fluorene, to 
be expected according to the given scheme. We 
may add that strophanthidin could not give rise

(1) Jacobs and Elderfield, J . B iol. Chem., 107, 143 (1934).
(2) E . Bergmann and O. Blum-Bergmann, T h is  Jo urn al , 58, 

1678 (1936); E . Bergmann and F. Bergmann, ibid., 60, 1805 
(1938).

(3) Diels, Gaedke and Koerding, A nn ., 459, 1 (1927); Ruzicka and 
co-workers, Helv. Chim. Acta, 16, 216, 812 (1933); 17, 200 (1934); 
Cook and co-workers, J . Chem. Soc., 1727 (1934) ; 1319 (1935); 54 
(1936).

(4) Compare Cook and co-workers;8 Mayneord and Roe, Proc. 
Roy. Soc. (London), 158A, 634 (1937). For comparing the spectra, 
I am very much indebted to  Dr. Frieda Goldschmidt of this In­
stitute.

to a pentacyclic system at all according to the 
scheme of the English authors, as only a three- 
carbon side-chain, containing one methyl group, 
is available.

The carbon atom lacking for the construction 
of the pentacyclic system can only be the quater­
nary methyl group at Ci3 which is used in an 
analogous way in the synthesis of chrysene from 
cholic acid5 or oestrone.6 There, the cyclopen­
tane system opens and gives a six-member ed 
ring by subsequent recyclization. Here, the new 
ring (D) formed is again a five-membered one, and 
the number of the chain atoms is increased by 
one, so that the possibility is given for additional 
six-membered ring formation:

CHO

HO'

.CH— O
C f | 

ch3 i f  ch2—CO 
\

N3H

OH
CO— O

The hydrocarbon of Jacobs and Elderfield, there­
fore, would be 7-methyl-2',l'-naphtha-l,2-fluorene 
and have the formula C22H 16 instead of C21H16; 
combustion analysis would not be able to differen­
tiate between the two formulas. In fact, the 
hydrocarbon prepared from strophanthidin proved 
identical with 7-methylnaphthafluorene, prepared 
according to Cook and co-workers,3 on the follow-

(5) Diels and Karstens, A n n ., 478, 129 (1930); cf. Ber., 66, 487 
(1933); Ruzicka and co-workers, Helv. Chim. Acta, 17, 200 (1934). 
For cholesterol, see Diels, et al., Ber., 60, 140 (1927); A n n ., 459, 1 
(1927); Raudnitz and co-workers, Z . physiol. Chem., 209, 103 (1932); 
Ber., 66,879 (1933).

(6) Butenandt and Thompson, ibid., 67, 140 (1934).
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ing evidence. They have the same m. p. 301° (on 
slow heating);7 the melting point of their mix­
ture is not depressed; the solubilities in various 
solvents are identical. Due to the extreme 
scarcity of material, it was impossible to com­
pare derivatives of the two products; so the 
evidence presented is somewhat unsatisfactory, 
were it not for the immanent probability of the 
above hypothesis.

It is a curious coincidence that the naphtha­
fluorene hydrocarbon derived from cholic acid, 
too, had been formulated C21H16 at first, the 
correct formula being C22H16 according to Cook 
and co-workers3 and to Bernal and Crowfoot.8

In view of the reported result, the hydrocarbons 
obtained from cholesterol and ergosterol, respec­
tively, have to be formulated as follows

/CH2CH<
1 \ i

/ N
- r

ch3
c h 3

CH3

In accordance with Ruzicka’s results,3 the two 
sterols would yield different naphthafluorene 
derivatives, and the contradictory view of Diels 
and co-workers9 would be untenable. The pos-

(7) Cook and co-workers give 334-336° in a bath preheated to 
300°.

(8) Bernal and Crowfoot, J . Chem. Soc., 93 (1935).
(9) Diels and co-workers, A nn., 459, 1 (1927); 478, 129 (1930);

sibilities of synthesizing 7-methyl-9-isobutyl- and 
7 -methyl-9- (a, 0-dimethylpropyl) -naphthafluorene 
are being investigated in this Laboratory.

With the elucidation of the mechanism of 
naphthafluorene formation from steroids, all the 
possibilities of their aromatization seem to be 
clear: the methyl at Ci3 is eliminated in the forma­
tion of methylcholanthrene, picene10 and of 5- 
methyl-naphthafluorene from cholic acid (see 
above); it is used for conversion of the cyclo- 
pentano ring into a six-membered system in the 
formation of chrysene5,6 and for the formation of 
a new cyclopentano ring in the case of the naph­
thafluorene derivatives studied above; it migrates 
in the formation of 7 -methyl-1 ,2-cyclopenteno­
phenanthrene from various steroids.11 The qua­
ternary methyl at C10 is generally eliminated in 
dehydrogenation processes.

Summary
The polycyclic hydrocarbon obtained by de­

hydrogenation of strophanthidin is 7-methyl-2/,l'- 
naphtha-1,2-fluorene and has the formula C22H16 
(not C21H16). The mechanism of its formation is 
discussed and formulas for the analogous de­
rivatives of cholesterol and ergosterol, respec­
tively, are suggested.

The various aromatization mechanisms for 
steroids are enumerated.
T h e  D a n i e l  S i e f f  R e s e a r c h  I n s t it u t e
R e h o v o t h , P a l e s t in e  R e c e iv e d  A p r il  30, 1938
Ber., 66, 1122 (1933); 67, 113 (1934); cf. Ruzicka, et al., Helv. Chim.
Acta, 16, 818 (1933); 17,200(1934); 18,434(1935). Recently, Diels
and Stephan [Ann., 527, 279 (1937)] admit that the dehydrogena­
tion of ergosterol does not give at least exclusively the same naph­
thafluorene derivative as the dehydrogenation of cholesterol.

(10) Compare Fieser, “Natural Products Related to Phenan­
threne,” Reinhold Publishing Corp., New York, 1936, p. 159.

(11) E. Bergmann and Hillemann, Ber., 66, 1302 (1933); E. Berg­
mann, Chemistry and Industry, 54, 175 (1935); Cohen, Cook and 
Hewett, J . Chem. Soc., 445 (1935); E. Bergmann and F. Bergmann, 
Chemistry and Industry, 55, 272 (1936), and unpublished results.



2308 J. L. C r e n s h a w , A r t h u r  C. C o p e , N orma F in k e l s t e in  and  R u t h  R ogan  Vol. 60 

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  B r y n  M a w r  C o l l e g e ]

The Dioxanates of the Mercuric Halides
B y  J .  L. C r e n s h a w , A r t h u r  C. C o p e , N orm a  F in k e l s t e in  a n d  R u t h  R ogan

The cyclic diether of ethylene glycol, 1,4-diox- 
ane, forms addition compounds with certain 
types of inorganic and organic compounds. The 
properties of these compounds are those to be ex­
pected of rather unstable oxonium salts. Several 
of them lose dioxane on exposure to the air, or on 
heating, and some apparently are dissociated into 
their components in solution. However, the 
addition compound of dioxane with mercuric 
chloride, according to both Paternó and Spal- 
lino1 and Clarke2 is stable, and sublimes un­
changed on heating. Rheinboldt and his co­
workers,3 who have prepared a large number of 
dioxanates of inorganic halides, state4 that the 
compound with mercuric chloride decomposes at 
160-165°, and that with mercuric iodide at about 
90°. Curran and Wenzke5 are of the opinion 
that the mercuric halides do not form coordina­
tion compounds with dioxane, their evidence being 
the fact that diphenyl mercury has the same di­
pole moment in benzene and in dioxane solution. 
This conclusion is questionable, in view of the 
fact that the magnesium halides and organo­
magnesium halides form dioxanates much more 
readily than do the dialkyl (or diaryl) magne­
sium compounds.6

We have studied the properties of the diox­
anates of the mercuric halides, in an effort to ex­
plain these contradictory statements. Mercuric 
chloride, bromide and iodide are moderately sol­
uble in hot dioxane, and the solutions deposit 
colorless crystals on cooling. On exposure to the 
air these crystals lose dioxane in each case, the 
pure mercuric halide remaining. The change is 
very evident in the case of mercuric iodide di­
oxanate, since the colorless addition compound 
changes to the yellow and red forms of mercuric 
iodide, and the loss of dioxane is apparent in all 
three cases under the microscope. Paternó and 
Spallino1 and Clarke2 apparently failed to notice 
the loss of dioxane from the mercuric chloride

(1) Paternó and Spallino, Gazz. chim. ital., 37, I, 106 (1907); 
A tti accad. Lincei, 16, V, 187 (1907).

(2) Clarke, J .  Chem. Soc., 101, 1803 (1912).
(3) Rheinboldt, et al., J .  prakt. Chem., 129, 278 (1931); 148, 81 

(1937).
(4) Rheinboldt, et al., ibid., 149, 30 (1937).
(5) Curran and Wenzke, T h is  J o u rn al , 57, 2162 (1935).
(6) Schlenk and Schlenk, Ber., 62, 920 (1929); Schlenk, ibid., 64, 

735 (1931).

dioxanate, and their product which sublimed 
was undoubtedly the residual mercuric chloride. 
The dipole moments of the mercuric halides as 
determined in dioxane solution5 are of doubtful 
significance, since the solutions probably contain, 
not the mercuric halides, but their dioxanates.7

The dioxanates of the mercuric halides have 
been analyzed, and their dissociation pressures 
determined as a measure of their stability. The 
vapor pressures of their saturated solutions in 
dioxane and the vapor pressure of pure dioxane 
have also been measured.

Experimental Part
Materials.—Dioxane (Carbide and Carbon Chemicals 

Corporation) was purified by the method described by 
Scatchard and Benedict8 and refluxed over sodium for two 
days. After fractional distillation, followed by fractional 
freezing, the final product had a freezing point of 11.79°, 
and a boiling point (760 mm.) of 101.26°, as measured with 
carefully calibrated thermometers. Moisture was ex­
cluded a t all times, and in the determination of the boiling 
point a special apparatus was used.9 These values agree 
well with those already reported.8»10

Mercuric chloride and iodide (c. p. analyzed) were used 
without further purification. Since the so-called c. P. 
mercuric bromide which was available contained about 
0.5% chloride (Cl), this salt was prepared as follows.
C. P. bromine was digested with a saturated aqueous solu­
tion of sodium bromide and distilled. This bromine was 
converted into hydrobromic acid by treatment with red 
phosphorus and water. C. p . mercuric oxide was dissolved 
in the hydrobromic acid and the resulting bromide re­
crystallized several times from hot water.

Vapor Pressure Measurements.—Vapor pressure meas­
urements were made in the apparatus shown in Fig. 1, 
which was connected in the usual way to a vacuum pump 
and manometer.11 The apparatus was cut apart a t E, 
and 1 or 2 g. of the mercuric salt introduced into F. After 
resealing a current of dry air was passed through the ap­
paratus and the whole was warmed until the salt began 
to sublime. The sublimed portion was then driven along 
by gentle heating and out of the end B. Purified dioxane 
was introduced into C, along with small pieces of sodium, 
the apparatus was tilted to the right and the dioxane re­
fluxed for four hours, the tube G serving as an air con­

(7) W illiam s, T h is  J o u r n a l , 52, 1838 (1930), h as p o in ted  ou t  
th a t th e  u se of d ioxane as a  so lven t in  d ip ole m om en t stud ies is  
lim ited  to  com pounds w hich do n o t form  ad dition  p roducts w ith  di­
oxane.

(8) Scatchard and Benedict, ibid., 58, 837 (1936).
(9) Brunei, Crenshaw and Tobin, ibid., 43, 561 (1921).
(10) Kraus and Vingee, ibid., 56, 511 (1934), give the freezing 

point as 11.78° and the boiling point as 101.24° (761 mm.).
(11) The arrangement was much the same as that described by 

Smith and Menzies, ibid., 32, 1412 (191Q).
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denser. The apparatus was then turned back to the position 
shown and dioxane distilled into D, where it was fraction­
ally frozen three or four times, the unfrozen portions being 
poured back into C. C and D were cooled with solid car­
bon dioxide in acetone and the tube sealed off a t H. Suf­
ficient dioxane was then distilled into F  and after cooling 
again the apparatus was sealed off a t E. Cooling with solid 
carbon dioxide is of course necessary to prevent ignition or 
decomposition of dioxane vapor by the hot glass. Mercury 
was introduced through A into J  to serve as a confining 
liquid. During all these operations the greatest care was 
taken to prevent the introduction of moisture, and the 
open ends of the apparatus were always protected by 
phosphorus pentoxide tubes. The filled apparatus was 
connected a t A by means of heavy rubber tubing to the 
manometer and pump.11 The lower part, up to I, was 
placed in a well-stirred bath of water or oil which was elec­
trically heated, and provided with windows through which 
the mercury in J  could be observed. The traps in the bulbs 
F, I and K form a necessary part of the apparatus. The 
trap in F  prevented any of the mercuric halide from being 
carried over and fouling the mercury in J ; that in I pre­
vented any loss of mercury; and that in K kept any con­
densed dioxane from running back on the mercury.

The amounts of halide and dioxane introduced into F 
were so chosen tha t all the halide could be brought into 
solution by warming with a free flame, and on cooling no 
crystals would appear above the transition point. I t was 
thus possible, in measuring the vapor pressure of the satur­
ated solutions of the dioxanates, to be sure that no un- 
dioxanated salt was present. To ensure saturation at all 
temperatures the bath was adjusted to the highest tempera­
ture to be used. The solution in F was boiled vigorously 
under reduced pressure until a reproducible vapor pressure 
was obtained. Readings a t lower temperatures were then 
taken.

The dissociation pressures of the dioxanates were meas­
ured after all the liquid in F had been boiled away and 
partial decomposition of the crystals had taken place. 
The vapor pressure of pure dioxane was also measured in 
the same apparatus. I t  was introduced in the manner 
already described.

Temperatures were read to one hundredth (0.01°) of a 
degree on calibrated thermometers. In  some cases there 
were considerable stem corrections and though these were 
checked by using thermometers with overlapping ranges 
we do not believe the readings are accurate to much better 
than =*=0.05°.

Pressures were read to one-tenth of a millimeter (0.1 
mm.) by means of a cathetometer. A calibrated glass 
scale and mercury manometer were used. All pressures 
are given in millimeters of mercury, corrected to 0°, 45° 
latitude and sea level.

Table I contains the vapor pressures of each system stud­
ied, calculated for round temperatures by means of the 
least square equations, which are also given. The number 
of observations used in calculating each equation is given 
as well as the probable error. The equations should not, 
of course, be used outside of the range indicated in each 
case. In  calculating absolute temperatures, 273.2 was 
added to the centigrade readings.12

(12) Birge, Rev. Modern Phys., 1, 1 (1929).

The experimental data are plotted in Fig. 2. 
The curves are graphs of the equations given, and 
are numbered to correspond with the numbers 
of the equations in Table I. The curves for the 
saturated solutions of the chloride and iodide 
have been omitted since they almost coincide 
with that for the bromide.

Discussion of Results
The vapor pressure of dioxane has been meas­

ured by several investigators. The most recent 
work is that of Hovorka, Schaeffer and Dreis­
bach,13 whose data cover the range from 10 to 
80°. Since dioxane is very hygroscopic we 
thought it advisable to determine its vapor pres­
sure in our apparatus from which we think we 
have been able to exclude water vapor very 
effectively. We have extended the measure­
ments above the boiling point and so are able to 
check our vapor pressure equation by means of 
boiling point determinations. Several deter­
minations made at different barometric pressures 
in an apparatus from which moisture was ex­
cluded gave the same value for the normal boiling 
point (760 mm.), 101.26 =*= 0.01°. This value 
also was obtained when metallic sodium was pres­
ent in the dioxane so that we believe it is safe to 
assume that water was absent. The equation for 
pure dioxane (number 1, Table I) gives a calcu-

(13) Hovorka, Schaeffer and Dreisbach, T h i s  J o u r n a l , 58, 2264 
(1936).
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T a b l e  I

E q u a t io n s  a n d  V a p o r  P r e s s u r e s  (m m .) a t  R o u n d  T e m p e r a t u r e s

No. of
obsns. 20 25 30 40 50

Temperature, °C.
60 70 80 90 100 105

Prob. error 
in % P

Dioxane-pure liquid: (1) log P =  -2316.26/7' -  2.77251 log T  +  16.2007 0.37
21 28.9 37.4 47.9 76.8 119.3 179.9 264.2 378.8 531.2 730.3 850.2

Satd. soln. of HgCl2 dioxanate: (2) lo g P =  —1748.04/7’ +  1.39892 log T  +  3.96062 1 .0 0
12 28.2 36.3 46.5 74.3 115.5 175.2

Solid HgCb dioxanate (3) logP = -2676.42/2’ +  0.737604 log T  +  8.36180 0.92
12 11.3 16.3 23.2 45.4 85.5 154.9 (Trans, point solid, 67.3°)

Satd. soln. of HgBr2 dioxanate® : (4) log P =  —2384.81/7' -  3.62617 log T  +  18.5391 1.11
17 28.8 37.0 47.3 74.9 115.0 171.4 248.9 352.8 489.2 664.7 769.4

Solid HgBr2 dioxanate (5) log P =  —3158.99/7’ +  2.96571 log T  +  2.80748 1.60
23 0.2 0.4 0.6 1.3 3.0 6.4 13.3 26.3 50.4 93.4 125.8

Satd. soln. H gl2 dioxanate: (6 ) log P =  —2263.96/7’ -  2.78651 log T  - |-  16.0546 0.55
18 28.9 36.9 47.0 74.4 114.1 170.0 247.0 350.5

Solid H gl2 dioxanate (7) logP =  —3023.86/7’ +  11.0344 1.25
23 5.3 7.8 11.5 24.0 47.7 91.0 167.3 297.2 (Trans, point solid, 173.1°)
* Additional values for HgBr2 dioxanate were obtained as follows:

Temperature, °C. 110 
Satd. soln., mm. 886.6

120 130

Solid, mm. 168.1 294.0 491.1 (Trans, point solid, 87.7°)

lated boiling point of 101.30° at 760 mm. Con­
sidering the probable error of our equation, the

Fig. 2.—1, Dioxane; 3, HgCl2-dioxanate; 4, saturated 
solution-HgBr2 dioxanate; 5, HgBr2-dioxanate; 7, Hgl2- 
dioxanate.

agreement is as good as could be expected. Boil­
ing points at various barometric pressures and 
our equation both give 23.3 mm./degree for the

slope of the vapor pressure-temperature curve at 
the normal boiling point. If the boiling points 
are taken as correct the values for the vapor pres­
sure calculated from the equation are about 0.9 
mm. low in the neighborhood of the boiling point. 
Our calculated vapor pressures are higher at low 
temperatures and lower at high temperatures than 
those previously reported.13

As may be seen from Fig. 2, the dioxanates of 
mercuric chloride and iodide have transition points 
which easily can be determined experimentally. 
The equations for the vapor pressures of the satur­
ated solutions are for those in which the dioxanates 
are the solid phase. The temperatures at which 
the vapor pressures of these saturated solutions 
are equal to the dissociation pressures of the di­
oxanates are shown in Fig. 2. More exact values 
were obtained by a simultaneous solution of the 
equations for the saturated solution and the 
dissociation pressure. These calculations give 
67.3° for the transition point of mercuric chloride 
dioxanate, and 87.7° for that of the iodide. The 
point for the iodide was checked by slowly heating 
a sealed tube containing an excess of dioxanate 
crystals in their saturated solution in dioxane, and 
observing the temperature at which the red color 
of mercuric iodide appeared. The point so ob­
tained agreed with that given above to a few 
tenths of a degree. This method was not satis­
factory for the dioxanates of the chloride and 
bromide as no color change occurred. The 
transition points of the chloride and iodide were
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checked also by observing the temperature at 
which an absorption of heat occurred when the 
crystals were slowly heated. The results were 
not very accurate since the heat absorption took 
place over an interval of a degree or two. This 
may have been due to the difficulty of stirring 
the crystals adequately. The transition points 
already given were within the range of heat ab­
sorption, provided moisture was excluded.

The behavior of mercuric bromide dioxanate 
seems rather surprising. As is shown in Fig. 2, its 
dissociation pressure, instead of being interme­
diate between that of the chloride and the iodide, 
is much lower than that of either. Under our 
experimental conditions it was not possible to 
determine the transition point of this salt. A 
rough estimate may be made by a simultaneous 
solution of the fourth and fifth equations in Table
I. This gives a transition temperature of 173° 
at a pressure of about five atmospheres. Inde­
pendent evidence of the relatively great stability 
of mercuric bromide dioxanate was obtained by 
comparing the rates at which the dioxanates of 
the three halides lost dioxane at room tempera­
tures. The samples were put into open weighing 
bottles which were laid on their sides and pro­
tected from drafts. After four hours the losses 
in percentage of dioxane present were: mercuric 
chloride, 44%; mercuric bromide, 0.78%; mer­
curic iodide, 52%. This obviously crude method 
does not give a correct indication of the relative 
stability of the chloride and iodide, but it does 
show that the bromide is much the most stable 
of the three.

Rheinboldt4 has analyzed the dioxanates of 
many salts and gives values which indicate that 
the mercuric halides combine with dioxane in the 
molecular ratio of 1 to 1. Since it is difficult to 
obtain these crystals in a pure state by the 
method he used, we have repeated the analyses. 
Crystals of the dioxanates were brought to con­
stant weight in a stream of dry air which con­
tained dioxane vapor at a partial pressure greater 
than the decomposition pressure but less than the 
vapor pressure of the saturated solution. The 
dioxane of crystallization was then removed by a 
current of pure dry air and the loss in weight de­
termined. The results obtained together with 
those calculated on the assumption that one 
molecule of halide combines with one of dioxane 
are given in Table II.

T a b l e  II
C o m p o s it io n  o f  t h e  D io x a n a t e s

Dioxane
Dioxanate Obsd. Calcd.

HgCl2-C4H802 2 4 .4 6 2 4 .4 9
HgB^-CiHsOa 1 9 .6 5 1 9 .6 3
HgI2C4H802 1 6 .2 6 1 6 .2 3

From the vapor pressure measurements, the 
free energies of formation of the dioxanates from 
the solid salts and liquid dioxane (A F298) and the 
heats of formation (—A H29 s) have been calculated 
for 25° and are given in Table III.

T a b l e  II I
F r e e  E n e r g i e s  a n d  H e a t s  o f  F o r m a t io n  a t  2 5 °

(c a l o r ie s )
Compound “  A£?298

HgCl2-C4H802 —4 9 0 3 7 2 5
H gBr2*C4H 8C>2 —2 7 5 0 7253
HgI2-C4Hs02 - 9 2 5 4 8 8 0

From equation 1, Table I, the molal heat of 
vaporization of pure dioxane is calculated to be 
8960 cal. at 25°. The heat of vaporization for 
temperatures between 10 and 110° is given by 
the equation AH  = 10,600 — 5.51 T.

Surface tension measurements13 indicate that 
dioxane is a non-associated liquid and it should 
therefore give a normal value for the entropy of 
vaporization. At the boiling point we obtain
22.8 cal. per degree, which is somewhat larger 
than the value to be expected from Trouton’s 
rule. Hildebrand's14 modification of the rule gives 
27.7 cal. per degree at 45.8°, at which temperature 
the molar concentration of the vapor is 0.005. 
This is very close to the value to be expected for 
normal liquids and is evidence that our values for 
AH are not greatly in error.

Summary
1. The vapor pressures of pure dioxane and 

of saturated solutions of dioxanates of the mer­
curic halides in dioxane have been measured.

2. The dissociation pressures of the dioxa­
nates of the mercuric halides have been meas­
ured and their transition points determined.

3. Free energies and heats of formation of the 
dioxanates from the solid salts and liquid dioxane 
have been calculated.

4. The dioxanate of mercuric bromide has 
been found to be much more stable than the 
dioxanates of mercuric chloride and iodide.
B r y n  M a w r , P e n n a . R e c e iv e d  J u n e  6 , 1938

(14) Hildebrand, T h is  J o u r n a l , 37, 970 (1915).
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/3-Aminoethylsulfuric Acid, an Irregular Ampholyte1
B y  D e a n  B. R o l l in s  a n d  H. N. C a ld e r w o o d 2
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Although an enormous amount of work3 has 
been done on amphoteric substances, and the 
compounds studied have been of many varieties,4 
the literature contains no mention of /3-amino - 
ethylsulfuric acid as an ampholyte other than the 
assignment to it of an inner salt structure by its 
discoverer,5 who found that neither acids nor al­
kalies formed salts with it.

Incidental to work along other lines, we had oc­
casion to investigate some of the properties of /3- 
aminoethylsulfuric acid and were impressed by its 
desirability as a subject for study by those in­
terested in ampholytes. The compound is very 
stable and easily purified by recrystallization from 
dilute ethanol. In common with the aliphatic 
amino acids,6 it has an absence of a true melting 
point, insolubility in ethanol, great solubility in 
water, a definite end-point by the formol titration 
and an anomalous end-point by direct titration 
with alkali, but it differs from them by the presence 
of an ester linkage and a sulfate group in the mole­
cule. Although its composition is very similar to 
that of taurine, it differs from it in having an ester 
linked sulfate group instead of the sulfonic group. 
By its faintly acid reaction with litmus it shows a 
closer similarity to the aliphatic amino acids than 
to taurine.

Since other demands prevent our continuing the 
study of this compound, we desire to bring it to 
the attention of investigators in the field of am­
pholytes, and offer our findings, together with our 
simple method for obtaining theoretical yields of 
/3-aminoethylsulfuric acid, an improvement over 
the method which superseded Gabriel's.7 »8

Experimental
Reagents.—Monoethanolamine, 99.4% purity, from 

the Carbon and Carbide Chemicals Corporation; sulfuric 
acid, c. p . grade, 88.3%.

(1) Original manuscript received October 4, 1937.
(2) Present address: 3105 Cross Street, Madison, Wisconsin.
(3) See “Symposium on the Dielectric Properties of Matter,'” 

Chem. Rev., 19, 163 (1936), especially the papers by Wyman and by 
Cohn, for excellent bibliographies on the subject.

(4) Bjerrum, Z . physik. Chem., 104, 147 (1923), gives a good review  
of the substances studied.

(5) Gabriel, Ber., 21, 2667 (1888).
(6) Sidgwick, “ Organic Chemistry of Nitrogen,’’ new edition, re­

vised and rewritten by J. W. T. Taylor and Wilson Baker, Oxford 
University Press, New York, 1937, Chap. IV, pp. 105 et seq.

(7) Gabriel, Ber., 21, 1056 (1888).
(8) Frankel and Cornelius, ibid., 51, 1666 (1918).

/3-Aminoethylsulfuric Acid Preparation, Preferred 
Method.—To 8.9 g. (0.8 mole) of acid cooled in a freezing 
mixture and stirred vigorously by a motor, there was added 
dropwise, in the course of ten minutes or more, 4.9 g. (0.8 
mole) of cooled monoethanolamine. Too rapid addition, 
or addition of the reactants in the reverse order, produced a 
violent reaction. After all the amine had been added there 
was put into the mixture 0.9 g. (0.08 mole) of acid, the 
entire mixture was heated in an oil-bath to 130°, and while 
being stirred was held a t this temperature for one hour. 
At the end of this time the mixture was cooled and 40 ml. of 
absolute ethanol added with stirring. The precipitate was 
collected on an asbestos or fritted glass filter and washed 
with four 5 ml, portions of absolute ethanol; yield 9.9 g. 
Evaporation of the acid filtrate, preferably under reduced 
pressure, and the addition of two volumes of absolute 
ethanol to the cooled residue gave an additional 1.5 g., 
total yield 11.4 g. or 100%.

Alternate Method.—An equimolal mixture of acid and 
amine was prepared as above, 2.4 g. (0.27 mole) of acid was 
added, and the mixture allowed to stand a t room tempera­
ture for seventy-two hours. Treatment of the reaction 
mixture with absolute ethanol, as in the preferred method, 
gave a total yield of 11.6 g. of coarse crystalline aggregates 
containing some occluded acid.

Purification.—The crude product was recrystallized by 
solution in hot water (15 g. in 30 ml.), the cooled solution 
poured into 90 ml. of absolute ethanol, and the mixture 
cooled to 0°; recovery 94.5%. In  a melting point tube 
this purified material started to sinter a t 230° and de­
composed a t 255° with incomplete fusion. Analyses of 
the crude and the purified product are given in Table I. 
All nitrogen determinations were semi-micro Dumas and 
sulfur was determined by both wet and dry oxidation. 
After three additional recrystallizations, using five volumes 
of absolute ethanol per volume of aqueous solution, the re­
fined product began to sinter a t 275° and became brown 
a t 280° without melting. Its aqueous solution showed 
only a faintly acid reaction to litmus; and gave not the 
slightest turbidity with barium chloride even after stand­
ing for ten hours a t room temperature. Neither acids, al­
kalies, nor salts precipitated the compound from even its 
concentrated aqueous solutions. Microscopic examination 
of the refined product revealed but one crystalline form, 
identical with tha t described by Gabriel.5 The purified 
compound did not give insoluble derivatives with any of 
the reagents used for the detection of amino groups.

T a b l e  I
A n a l y s is  o f  C r u d e  a n d  P u r i f i e d  P r o d u c t s

Material
Crude Purified Calcd.

I II I II C2H0NO4S
Sample, g. 
Nitrogen, % 
Sample, g. 
Sulfur, % 

Wet 
Dry

0.07025 0.07753 0.07117 0 .07054  
9 .9 6  9 .9 4  10.13 10 .05  9 .93
0.2710 0.2652 0 .2745  0 .2714

22 .68
22 .40  22 .48

22 .34  22.37
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Determination of the Molecular Weight.—Direct titra­
tion with alkali, phenolphthalein indicator, gave two end­
points : the first, which persisted upon the addition of more 
base until the second was reached, being a faint pink and 
giving large and irregular values for the molecular weight; 
the second end-point, much deeper in color, gave values 
agreeing closely with the theoretical. In order to secure 
concordant results with the formol titration it was neces­
sary to add at least one equivalent or more (a large excess 
caused no change in the final results) of the aldehyde, prior 
to the addition of any alkali. Under these conditions 
the observed and the theoretical values were in good agree­
ment. The calculated and the observed molecular weights 
as determined by titration were corroborated by cryoscopic 
measurements of aqueous solutions of the compound. 
These molecular weight data have been assembled in Table 
II.

T a b l e  I I

D e t e r m in a t io n s  o f  t h e  M o l e c u l a r  W e ig h t  o f  /3- 
A m in o e t h y l s u l f u r ic  A cid

Method i II
Titration f First end-point 620 588

direct alkali \  Second end-point 141.3 142.0
Titration, “formol” 141.2 142.5
Cryoscopic, water solution 140.5 141.5
Theoretical 141

Hydrolysis.™An aqueous solution of the refined sub­
stance treated with barium chloride and set aside for ten 
hours a t room temperature did not form enough barium 
sulfate to produce even a slight turbidity. Heating this 
mixture on a steam-bath for fifteen hours produced a pre­
cipitate of barium sulfate which was far below the theo­
retical amount. When the solution was made strongly 
acid, methyl orange indicator, with hydrochloric acid, 
treatment with barium chloridè and heating for fifteen 
hours on the steam-bath produced so little barium sulfate 
as to cause only a slight turbidity. The solutions of the 
refined material remaining after direct alkali titration, 
when made acid to phenolphthalein with hydrochloric acid, 
showed only a slight turbidity after the addition of barium 
chloride. Hydrolysis with stoichiometric amounts of 
barium hydroxide produced very little barium sulfate at 
room temperature, and the reaction was not completed 
even after digestion for several days on a steam-bath.

The quantitative experiments reported in Table III were 
made as follows: the sample (0.27 to 0.29 g.) was dissolved 
in 10 ml. of water, the reagent solution added, and the 
mixture refluxed on the steam-bath. The extent of the 
hydrolysis was calculated from the weight of barium sulfate 
obtained. In the experiments with barium chloride the 
hydrolyzed solutions were diluted with hot water, made 
acid to methyl orange with hydrochloric acid, and digested 
overnight on the steam-bath. The weight of barium sul­
fate was determined in the usual manner. In the experi­
ments with potassium hydroxide the addition of 10 ml. of 
ethanol was necessary to prevent frothing during hydroly­
sis. After hydrolysis the solutions were distilled with 
steam to remove the ethanol and the volatile amines. To 
the steam distillation residue, diluted with hot water and 
made acid to methyl orange with hydrochloric acid, two 
moles of barium chloride were added and the amount of

barium sulfate was determined by the method described 
above.

T a b l e  III
H y d r o l y s is  o f  ^ -A m in o e t h y l s u l f u r ic  A cid

Name
Concn.,

%
Moles in 

excess
Hours

refluxed
% Hydrolyzed 

Crude Refined
BaCh 10 1 5.0 0.035 0.067
BaCh TO 1 15.0 .039 .070
KOH 25 21 3.5 75,56
KOH 25 54 5.0 75.27

Acknowledgment.—We greatly appreciate the 
assistance of Mr. Elmer E. vSchiebe in making all 
of the sulfur and sulfate determinations reported 
in this paper.

Discussion
Although /3-aminoethylsulfuric acid possesses 

the characteristic properties of a “zwitterion,” 
and our determinations of its neutralization and 
cryoscopic values indicate that in aqueous solu­
tion the compound exists in the simplest possible 
state of molecular aggregation, the acid reaction 
with litmus points to actual ionization, even 
though so slight as not to appear in the cryoscopic 
measurements. From the above it might be as­
sumed that the compound is an acyclic ampholyte, 
the irregularities being caused by the activating 
effect of the sulfate group,9 and one might expect 
the compound to have a large electric moment. 
By the same reasoning, the two strong polar 
groups of the compound, by preventing ioniza­
tion at the ester linkage9 (pp. 166-167, 262-265) 
might be the cause of the latter's great resistance 
to hydrolysis demonstrated both in our work and 
elsewhere.10 Dielectric constant and X-ray stud­
ies might help to decide these questions.11

On the other hand, the absence of insoluble de­
rivatives with amino group reagents, the great re­
sistance of the ester linkage to hydrolysis, the 
slight acid reaction in solution, together with the 
occurrence of but one crystalline form, might be 
considered evidence of ring-chain isomerism, with 
the cyclic form predominant, an opinion favored 
by the long molecule (a six atom chain) and in 
agreement with some of the current views on 
amino acids.12

It would be interesting to see further work done 
upon /3-aminoethylsulfuric acid in order to obtain 
a better knowledge of its structure.

(9) Waters-Lowry, “ Physical Aspects of Organic Chemistry,” 
D. Van Nostrand Co., Inc., New York, N . Y ., 1936, Chap. VIII, pp. 
159-194.

(10) Wenker, T h i s  J o u r n a l , 57, 2328 (1935).
(11) Wyman and McMeekin, ibid., 55, 908 (1933).
(12) Sidgwick,4 p. 106; Wyman and McMeekin, ibid., 55, 912 

(1933).
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Summary
1. We have improved the Frankel and Cornel­

ius method for preparing /3-aminoethylsulfuric 
acid from monoethanolamine and sulfuric acid so 
that the theoretical yields may be obtained readily.

2. The crude product is purified easily, since 
water is the only other reaction product.

3. Although copiously soluble in water, the 
compound is not precipitated, even from its con­
centrated solutions, by acids, alkalies, or salts.

4. In aqueous solution the compound exists

in the simplest possible state of molecular aggrega­
tion.

5. The compound displays many of the prop­
erties common to the aliphatic amino acids.

6. The ester linkage of the compound is very 
resistant to hydrolysis, thus allowing it to be used 
in solution with substances that catalyze hydro­
lytic reactions.

7. The compound is worthy of further study 
as an ampholyte.
Madison, Wisconsin Received July 7, 1938

[Contribution from the D epartment of Chemistry, N ew Y ork University College of M edicine]

Complex Formation between Carboxylic Acids and Divalent Metal Cations
B y  R . K e it h  C a n n a n  a n d  A n d r e  K i b r ic k

This paper contains a comparison of the hy­
drogen electrode titration curves of a number of 
mono- and dicarboxylic acids in 0.2 M  potas­
sium chloride and in various KCl-MCb solu­
tions of the same ionic strength. M represents 
Mg, Ca, Sr, Ba or Zn. The work was instigated 
by recent observations of Greenwald1 on the 
effect of calcium chloride on the pH of a variety of 
carboxylic acid buffer solutions. Its immediate 
purpose was to provide information as to the 
relative activity coefficients of certain salts of 
physiological importance but observations were 
extended to a number of related cations and acids. 
The ionic strength at which observations were 
made is comparable to that of mammalian body 
fluids.

The results indicate the existence of notable 
specific effects which are consistently related not 
only to the nature of the cation but to the molecu­
lar structure of the acid. These effects have 
been reduced to mass action constants for the 
formation of binary compounds between the car- 
boxylate anions and each cation. Within the 
range of concentrations studied, and within the 
plausible errors of the method, we find that 
the formation of binary compounds suffices for a 
fairly satisfactory quantitative description of the 
observations. Were association to more com­
plex compounds to occur to any important extent, 
we should expect the specific effects which have 
been observed to be a function of the total con­
centration of organic acid, We have found no

(1) I. Greenwald, J .  B i o l .  C h e m . ,  124, 437 (1938).

clear indication of this for concentrations of acid 
ranging from 0.002 to 0.05 M  (Tables III and 
VII).

In our use of the law of mass action to describe 
the effects observed, we are committed to no 
particular views as to the nature of the forces in­
volved. It is generally acknowledged that mass 
action constants may be expected to describe, 
with fair precision, certain specific electrostatic 
effects, whose existence is ignored in the approxi­
mations which are involved in the working equa­
tions of interionic attraction theory. Where 
electrostatic forces of ions are involved the defi­
nition of what constitutes a reversibly dis­
sociable compound is difficult. The mass action 
constants are submitted merely as convenient 
descriptions of relative activity coefficients.

We appreciate the fact that the use of the hy­
drogen electrode introduces indeterminate errors 
due to the presence of a liquid junction (L. J.) 
potential. The observations comprise two types 
of hydrogen electrode potentials: (a) those of the 
organic acid buffer in KC1-MC12 solutions; and 
(b) those of dilute solutions of hydrochloric acid 
in corresponding KCl-MCb solutions. The lat­
ter were employed to calculate Th+ for the cor­
responding solutions containing the carboxylic 
acid. Into both of these potential measurements
L. J. potentials enter as a source of error. In the 
majority of the calculations, however, 7h+ ap­
pears only as a small correction term. Its pre­
cise value is unimportant. In the few systems in 
which it is an important tetm (those of rather low
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pH), the association constants derived with its 
aid are in satisfactory agreement with those cal­
culated from observations at much higher pH, 
where its significance is small. Apart from the 
question of Y h +> indeterminate L. J. potentials 
enter into all the observations. We believe that 
the evidence is good that the method which we 
have adopted for the calibration of the reference 
electrode2 eliminates the greater part of the po­
tential at a broad junction between saturated 
potassium chloride and dilute electrolyte solu­
tions containing few H+ or OH~ ions. However 
this may be, our calculations depend, not upon 
the absolute potentials of any one solution, but 
upon changes in potential as MC12 is substituted 
for potassium chloride at constant ionic strength. 
The calculated association constants are based on 
changes in potential varying between 5 and 80 
mv. The simultaneous changes in L. J. poten­
tials must be very small compared with these. 
Using Henderson’s equation to indicate their order 
of magnitude, we calculate differences, in extreme 
cases, of only 0.4 mv. I t is fair to conclude that 
the calculated mass action constants provide a 
fairly satisfactory measure of relative activity co­
efficients.

Apart from the question of L. J. potentials, the 
calculations require the assumptions (a) that 
carboxylate anions do not associate to a signifi­
cant extent with N a4 or K +, (b) that in solutions 
containing MC12, no significant concentration of 
MC1+ exists. The former assumption conforms 
to prevailing views of the state of the alkali salts of 
organic acids in dilute solutions such as those used 
in this investigation. The absence of CaCl4 and 
BaCl4 receives support from the activity co­
efficients of calcium and barium chlorides pub­
lished by Scatchard and Tefft.3 The observa­
tions of these authors on zinc chloride at ix =
0.20 may be taken, however, to indicate signifi­
cant concentrations of ZnCl+ in our solutions. 
This we have ignored. The essential effect of the 
presence of this complex on the calculated con­
stants would be to increase them all in the pro­
portion (Zn44) +  (ZnCl4)/(Z n4 4).

Experimental
Measured volumes of standard solutions of the acid and 

of sodium hydroxide were mixed. Amounts of M  KC1 
and of 0.33 M  MC12 were added to give the desired cation

(2) E. A. Guggenheim and T. D. Schindler, J .  Phys. Chem., 38, 
533 (1933).

(3) G. Scatchard and R. F. Tefft, Tras J o u r n a l , 52, 2272 (1930).

mixtures, and the whole was diluted to n = 0 .2  (calculated 
from KCl-MCb only). In this way the concentration of 
divalent cation was varied while approximate constancy of 
M was maintained. The concentration of monocarboxylic 
acids was usually 0.02 M  and of dicarboxylic acids 0.01 M. 
The ionic strength would increase with the degree of neu­
tralization and decrease with the extent of complex forma­
tion. For a 0.01 M  dicarboxylic acid the range of \x under 
these influences would be 0.23 to 0.17. Actual calculations 
of /j. for representative reaction systems, using the associa­
tion constants found, showed that ]x seldom fell outside of 
the range 0.19-0.21. It is improbable that activity 
coefficients would be seriously affected by such variation.

The pH  of each reaction mixture was measured in a 
rocking hydrogen electrode (Clark) using a saturated 
calomel electrode and a saturated salt bridge. The 
reference electrode was calibrated by means of 0.1 M  
acetic acid-0.1 M  sodium acetate to which a pH  of 4.66 
was assigned.2 The liquid junction potential was taken 
to be —2.4 mv. This was calculated from Henderson's 
equation.4 The potential of the junction, saturated 
potassium chloride-reaction mixture, was taken to be 
— 1.3 mv. in all cases. Calculations for the junctions 
with 0.2 M  potassium chloride and with 0.067 M  mag­
nesium, calcium or barium chlorides gave values varying 
from 1.1 to 1.5 mv.

A series of determinations were made of the pH  of 
0.01 and 0.002 M  hydrochloric acid in salt mixtures repre­
sentative of those used in the reaction mixtures. The 
values of —log YH+ calculated from these ranged from 
0.090 to 0.110. Since the precise value of [H+] is im­
portant only in a few systems of low pH, we have been 
content to take —log =  0.100 for all systems.

The recorded potentials were found immediately after 
preparation of reaction mixtures and were accurately re­
producible over many hours. The reproducibility of the 
potential of duplicate reaction mixtures was about 0.2 mv.

Monocarboxylic Acids.—The following rela­
tions may be stated for an organic acid, HA, at a 
chosen ionic strength5

(a) (7 a) =  (HA) +  (A -) +  (MA+)
(b) ( r m) =  (M ++) +  (M A+)
(c) (N a+) +  (H +) =  (A") +  (MA+)
(d) K i -  [H+] (A -)/(H A )
(e) G -  (MA +) /  (A ~) (M ++)

( rA), ( r m) and (Na+) are known from the com­
position of the reaction mixtures. [H4] is calcu­
lated from pH = —log [H 4 ], and (H4) is obtained 
with the aid of 7h+- In systems containing no 
MC12, (A“) is, then, calculated from (c), (HA) 
from (a) and Ki from (d). In the presence of 
MC12, (HA) is obtained from (a) — (c), (A~) 
from (d), (MA+) from (a) or (c), (M++) from 
(b) and Ci from (e).

(4) In this equation concentrations were employed in place of 
activities. The latest values for the transference numbers of potas­
sium chloride were used [Maclnnes and Dole, T h i s  J o u r n a l , 5 3 ,  
1357 (1931)].

(5) Square brackets indicate activities and parentheses, concentra- 
tions.
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In the special case where (Tm) is so much larger 
than ( r A) that we may put (M++) = (Tm)f the 
dissociation curve of the acid suffers a parallel 
displacement on the pH ordinate from its position 
when MCI2 is not present. The new curve will 
be that of an acid with an apparent dissociation 
constant
KP  -  [(A~) +  (MA+)][H+]/(HA) -  K x\Cx(Tm) +  1] 

Dicarboxylic Acids.—The assumption of
binary compound formation implies the forma­
tion of MA+ from A~ and of MA from A~. The 
pertinent relations are
(a') ( r A) =  (HA) +  (A -) +  (A-) +  (M A+) +  (MA) 
(b') (Tm) -  (M++) +  (MA+) +  (MA)
(c') (N a+) +  (H+) = (A “) +  2(A") +  (MA+) +  2(MA) 
Cd') Ki -  (A")[H+]/(HA)
(e') K 2 = (A")[H+]/(A “)
(f') Ci = (MA+)/(A -)(M ++)
(g') C2 -  (MA)/(A")(M++)
There are not sufficient equations for the cal­
culation of either the dissociation or the associa­

K a = (MA)[H+]/(M A)+ -  K 2C2/C1 
and to impose the successive approximations on 
this. Combining equations (a') to (g') and intro­
ducing Ki we have derived

m ((N a+) +  [H + ])/(rA -  x/w m  
“ (2Kt +  [H+M-ST. +  [H+]) -  x/w Kl}

and
r  = a K *w 1 (o\
2 i -  « ’ KtK^Ki + [h +]) ’ (rm) -  «(rA) w

where a  is the fraction of the total acid combined 
with the cation

and
x -  2 K iK *  -t-Ki[H+] 

w =  KiKi +  Ki[H+] -fi [H+]2

The preliminary values of Ci and C2 fix a tenta­
tive value for Ki and this allows calculations of a 
and of C2 from (1) and (2), respectively. Ki is 
subjected to minor adjustments until consistent 
values for C% emerge from observations over the 
whole experimental range of (Tm) and of pH.

tion constants from a single observation. Under 
appropriately restricted conditions, however, we 
may make approximations to each of them in 
turn and then attempt to adjust the preliminary 
values so as to conform simultaneously to all 
observations. Provided the latter cover a suf­
ficient range of (Tm) and a range of pH corre­
sponding to a wide variation in (A“)/(A==), suc­
cessive approximations to a pair of constants may 
be made with confidence. In the absence of MCI2, 
observations at low pH may be used to calcu­
late a preliminary value for Ki, since (A=) will be 
very small. Corresponding observations at high 
pH will give an approximation to K%. These 
constants are then adjusted to observations at 
intermediate values of pH until the best fit is 
attained. This is the common practice in de­
riving dissociation constants of polyvalent acids 
or bases from their dissociation curves.

The same procedure may now be applied to de­
termine Ci and C2 from observations on solutions 
containing MCI2, using the above values for Ki and 
K%. Where (Tm)/(T A) is large, the curve will be 
that of a dicarboxylic acid with apparent con­
stants Ki = Ki[Ci(rm) -fi 1] and

K%' r  +  1
2 CiCTm) +  1

From observations at appropriate extremes of 
pH, preliminary values of Ki and K<P and, hence, 
of Ci and C2 may be obtained. In the refinement 
of the values of the latter, we have found it con­
venient to introduce the quantity

Results
Monocarboxylic Acids.—The results are so 

extensive that only a few representative experi­
ments can be given in detail. In Table I the

Table I
Acetic Acid, Ta — 0.0200

(Na+) 
X 103

0 . 2 0 0
M

KC1
0.0636

M
ZnCh

0.0664 0.0668 
M  M  

M g C h  CaCl2
ATT

0.0670
M

SrCh
0.0662

M
BaCl2

A 6 .264 4 .096 4 .2 1 2 4 .2 1 9 4 .2 3 7 4 .2 4 0
B 8 .3 5 2 4 .4 9 6 4 .2 8 0 4 .413 4.401 4.421 4 .4 3 0
C 10.44 4 .6 7 5 . . .
D 12.53 4 .8 6 4 4 .663 4 .7 8 2 4 . 7 8 0 4 .7 9 7 4 .8 0 0
E 14.62 5 .076 4-.876 4 .9 9 0 4 .993
F 16.70 5 .3 4 7 5 .149 5 .262 5 .265 5 .260 5 .279
G 18.79 5 .842 5.761 5.761

A 0.123 0.061 0 .0 5 8 0 .046 0 .045
B .168 .075 .085 .070 .058
C • * *
D .236 .112 .114 .090 .083
E .270 .133 .127
F .308 .150 .146 .140 .112
G .138 .143

TTi V 105 .....r ,aVX A lu*' L|
A 10.7 3 .6 7 3 .4 1 2 .5 8 2 .5 2
B 2 .3 1 11 .0 3 .8 1 3 .9 1 2 .4 3 2 .4 9
C 2 .3 2 . . .
D 2 .3 0 10 .2 3 .3 8 3.45 2 .58 2 .38
E 2.29 10.1 3.47 3 .27
F 2.29 10.1 3.45 3 .30 3.11 2.43
G 2 .24 . . . 2.70 2.81 . . .
Mean 2.29 10.4 3 .4 3 .4 2 .7 2 .4
Loga­

rithm -4 .6 4 0 1.02 0.53 0.53 0.43 0.38
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data of an experiment on acetic acid are recorded. 
Table II relates to a similar experiment with gly­
colic acid. These two tables illustrate the con­
stancy of Ci despite a 4- to 5-fold variation in 
anion concentration. The effect of MC12 on the 
unsubstituted acids was very small and the cal­
culated values of C\ are correspondingly irregular.

T a b l e  II
G ly c o l ic  A c id , Ta =  0.01996 M

(Na +) 
X 103

0.200
M

KC1

0.0636
M

ZnCk

0.0664 0.0668 
M  M  

MgCk CaCk
ftlFT

0.0670
M

SrCk

0.0662
M

BaCk

A 4.176 3.231 2.671 3.090 3.019 3.105 3.134
B 8.352 3.598 2.948 3.425 3.359 3.457 3.493
C 12.53 3.949 3.275 3.775 3.708 3.809 3.845
D 16.70 4.428 3.748 4.256 4.190 4.289 4.320

A 0.284 0.084 0.122 0.076 0.059
B .402 .154 .200 .129 .100
C .537 .215 .284 .184 .143
D .683 .282 .363 .237 .191

Kx X 104 cc-i
A 1.92 82.2 7.35 12.7 6.3 4.60
B 1.94 82.2 8.46 12.9 6.46 4.58
C 1.95 81.8 8.24 13.0 6.43 4.59
D 1.95 82.8 8.28 12.8 6.30 4.73
Mean 1.94 82.2 8.1 12.8 6.4 4 .6
Loga-

rithm -3 .7 1 2 1.91 0.91 1.11 0.81 0.66

T a b l e  III
G l y c o l ic  A c id  a n d  A c e t ic  A c id , E f f e c t  o f  V a r y in g  Ta 

AND Tm
T  na T a (Na +) X 103 

Acetic acid—
pH

ZnCk
a Log Ci

0.0318 0.0200 12.53 4.753 0.145 1.02
14.62 4.963 .168 1.02
16.70 5.228 .204 1.06

.0636 .0500 10.44 3.856 .083 1.03
20.88 4.284 .162 1.06

Glycolic acid--ZnCk
0.0636 0.00499 2.61 3.273 0.560 1.89

.0318 3.427 .419 1.85

.0191 3.538 .316 1.84

.0127 3.600 .267 1.87

.00636 3.700 .158 1.84

.0636 .02994 15.66 3.077 .455 1.95
.01996 10.44 3.097 .470 1.92
.00998 5.22 3.154 .504 1.89
.00499 2.61 3.273 .560 1.89

Glycolic acid—-CaCk
0.0668 0.00499 2.61 3.604 0.263 1.09

.0318 3.698 .161 1.08

.0191 3.745 . 103 1.01

.0127 3.779 .058 0.94

.0668 .02994 15.66 3.516 .244 1.14
.01996 10.44 3.527 .243 1.12
.00998 5.22 3.557 .249 1.10

When J m was reduced below 0.03 the displace­
ments of pH were too small to justify calculations. 
With the hydroxy acids, on the other hand, a 
five-fold variation of Tm and Ta was possible 
(Table III). The variations in C\ are well within 
the possible effects of the accompanying variations 
in ix and the liquid junction potentials. The 
constants for the eight monocarboxylic acids are 
assembled in Table IV.

T a b l e  IV
L og  Q f o r  M o n o c a r b o x y l ic  A c id s  (m =  circa 0 .2 )

Acid Zn Mg Ca Sr. Ba pKi

Acetic 1.03 0.51 0.53 0.43 0.39 4.640
Propionic 1.01 .54 .50 .43 .34 4.703
Butyric 1.00 .53 .51 .36 .31 4.742
/3-Hydroxybutyric 1.06 .60 .60 .47 .43 4.390
Glycolic 1.92 .92 1.11 .80 .66 3.712
Lactic 1.86 .93 1.07 .70 .55 3.739
Glyceric 1.80 .86 1.18 .89 .80 3.517
Gluconic 1.70 .70 1.21 1.00 .95 3.556

Association Constants of Davies6 for CaA+ (/x -  0)
Acetic 0 .0
/3-Hydroxybu lyric .82
Glycolic 1.58
Lactic 1.47

The more significant conclusions are :
1. The three unsubstituted acids and the (3- 

hydroxy acid give almost identical constants for 
a particular cation.

2. The constants of the four «-hydroxy 
acids are also very similar in magnitude but are 
much greater than those of the unsubstituted 
acids. A hydroxyl in other positions has little 
effect although the results with glyceric and glu­
conic acids suggest a slight enhancement of as­
sociation with the alkaline earth cations and a 
slight depression with Zn + + and Mg+ f.

3. The relative tendencies of the cations to 
associate with any one anion is in the order Zn>* 
Ca>Sr>Ba. The position of Mg is irregular. 
In the series of the alkaline earth cations, the 
effect of the size of the cation is manifest. No 
simple relation is apparent between Ki and C\ but 
it is worthy of remark that the «-hydroxyl which 
so notably enhances association of the carboxyl- 
ate ion with these divalent cations, as strongly 
reduces its association with the hydrogen ion.

In a very recent publication, Davies6 has re­
ported the dissociation constants of a number of 
calcium carboxylates which he has calculated 
from conductivities or from solubility data. 
They refer to jx = 0. The logarithms of their

(6) C. W. Davies, J . Chem. Soc., 277 (1938).
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reciprocals are included in Table IV. For com­
parison, our values must be increased by an ac­
tivity coefficient term which will approximate 
—log 7ca++- If we assign to the latter the 
reasonable value of 0.35 at fx = 0.2, we find fairly A 
satisfactory agreement between the two sets of 
constants. The one exception is the case of 
acetic acid. When the constant is as small as it q 
would appear to be with the unsubstituted acids, 
the calculations, both from conductivities and D 
from potentiometric data, are very uncertain. ^

Dicarboxylic Acids.—The values derived for 
Ki and K 2 of the various acids agree fairly well 
with values in the literature where comparisons A 
on the basis of /z are possible. Their absolute B 
magnitude is unimportant to our argument pro- ^  
vided they define our data for potassium chloride E 
systems with precision. This they do to the ex­
tent that, in no case, was the difference between A 
(Na+), calculated from pH and x/w, and (Na+), B 
derived from the composition of a mixture, greater c 
than 0.005 equivalent. Details of the potassium D 
chloride experiments are omitted.

The results for MC12 with one unsubstituted 
and with one hydroxy acid are illustrated in 
Tables V, VI and VII. The mean values of C2 

(as log C2) of the six dicarboxylic acids studied are 
assembled in Table VIII together with the values 
for pK± which finally were adopted and those of 
log Ci calculated from pK±. In some cases the 
range of observations was limited by the insolu­
bility of the particular complexes. With oxalic

T a b l e  V

M a l o n ic  A c id  Ta =  0 .0 1
Zn Mg Ca Sr Ba

0.0636 0.0664 0.0668 0.0670 0.0662
(N a +)
V 1 (13

M M M M M

A 0 2.436 2.464
pn.

2.473 2.476 2.471
B 4.176 2.723 2.798 2.809 2.809 2.813
C 8.352 3.085 3.319 3.393 3.403 3.401
D 12.532 3.540 4.122 4.415 4.540 4.541
E 16.700 4.105 4.829 5.154 5.284 5.294

A 0.125 0.072 0.071 0.063 0.076
B .174 .101 .094 .093 .085
C .284 .178 .136 .134 .147
D .470 .353 .303 .240 .256
E .739 .623 .504 .407 .412

A 2.85 1.92 1.48 1.26 1.31
B 2.79 1.88 1.43 1.16 1.18
C 2.80 1.94 1.41 1.25 1.26
D 2.80 1.93 1.51 1.24 1.26
E 2.83 1.96 1.52 1.27 1.27

T a b l e  VI
M a l ic  A c id  Ta =  0.009605

(Na + ' . 
X 103

0.0636
M
Zn

0.0664
M

Mg

0.0668
M
CaATT

0.0670
M
Sr

0.0662
M
Ba

pn.

0 2.491 2.669 2.634 2.677 2.684
4.052 2.786 3.041 . . . . . .
4.176 . . . 3.121 3.126 3.143
8.241 3.119 3.500 . . . . . .
8.352 3.586 3.625 3.651

12.16 3.486 3.982 . . .
12.53 . . . 4.097 4.161 4.212
16.48 4.037 4.699 4.640
16.70 4.834 4.900

0.290 0.086 0.128 0.078 0.067
.411 .130 .205 .132 .116
.591 .246 .352 .242 .215
.747 .400 .504 .404 .355
.912 .581 .685 .569 .496

...T nrrJL/Og U2
2.85 1.60 1.83 1.45 1.33
2.82 1.54 1.75 1.39 1.25
2.84 1.57 1.79 1.40 1.29
2 .85 1.58 1.80 1.48 1.35
2.97 1.60 1.82 1.51 1.36

T a b l e  VII
M a l o n ic  A c id , E f f e c t  o f  V a r y in g  TBi a n d  Tm
Tm Ta (N a +) X 103 p n oc Log Ci

ZnCla
.0654 0.01 16.70 4.105 0.739 2.83
.0327 16.70 4.430 .666 2 .74
.01308 8.352 3.325 .094 2 .74
.01308 12.53 4.093 .267 2 .70
.01308 16.70 4.832 .562 2 .78

MgCl2
.0664 0.01 16.70 4.829 0.623 1.96
.0332 .01 16.70 5.079 .487 1.89
.01328 .01 16.70 5.336 .269 1.78
.00664 .01 16.70 5.438 .164 1.90
.0664 .05 20.62 2.581 .060 1.78

41.25 3.225 .127 1.84
61.87 4.151 .298 1.90
82.50 4.936 .521 1.91

CaCl2
.0664 0.01 16.70 5.154 0.504 1.52
.0332 5.326 .333 1.45
.01336 5.451 .165 1.43

SrCl2
.0670 0.01 16.70 5.284 0.407 1.27
.0335 5.406 .248 1.21
.0134 5.489 .117 1.17

BaCl2
.0662 0.01 16.70 5.294 0.412 1.27
.0331 5.409 .247 1.21
.01324 5.492 .109 1.16
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T a b l e  VIII
D ic a r b o x y l ic  A c id s— S u m m a r y  o f  R e s u l t s

Acid p K i p K ‘i Zn Mg Ca
-Log C2—™—-

Sr Ba
Mg (Simms) 

H = 0.07
Oxalic 1 .1 4  ? 3 .8 5 2 .5 5 2 .6 5
Malonic 2 .6 9 5 .2 4 2 .7 8 1.91 1.46 1.25 1.23 2 .0 6
Succinic 4 .0 7 5 .2 8 1 .78 1 .20 1 .20 1.06 1.03 0 .9 8
Glutaric 4 .2 1 5 .0 6 1.60 1.08 1.06 . . .

Azelaic 4 ,4 0 5 .1 5 . « . .72
Malic 3 .2 6 4 .6 8 2 .8 0 1.55 1 .80 1 .45 1.30
r-Tartaric 2 .8 8 3 .9 4 2 .68 1 .36 1.80 1 .65 1.62

Oxalic Acid (Money and Davies9) ju = 0 4 .8 9 3 .43 3 .0 0 2 .5 4 2 .3 3

Zn Mg
“pis. 4

Ca Sr Ba Zn Mg
"DOg V̂l

Ca Sr Ba '
Oxalic 1 .8 ? 0 .5  ?
Malonic 3 .3 3 .8 4 .2 5 4 .4 4 .4 5 0 .8 4 .47 0 .4 7 0 .41 0 .4 4
Succinic 4 .4 4 .6 4 .6 4 .7 4 .7 .90 .52 .52 .48 .45
Glutaric 4 .3 4 .5 4 .5 .84 .52 .50 . . .

Malic 3 .4 5 3 .9 3 .9 3 .9 5 4 .0 1 .57 .77 1 .0 2 .72 .67
r-Tartaric 2 .7 3 .5 3 .2 5 3 .2 3 .2 1 .44 .92 1.11 .91 .88

acid, observations with Mg++ alone were pos- 3. C2 for a particular cation diminishes, first
sible. With tartaric acid and Ca++ they were 
limited to Tm = 0.013 or less. In a few other 
systems, a salt separated some hours after com­
pletion of observation. In these cases, the pos­
sibility of anomalous potentials due to precipita­
tion at the electrode must be entertained. We 
have accepted potential observations only when 
they were stable for five minutes after cessation 
of rocking and only if they were reproducible 
after renewed rocking.

The values of K± and Ci for oxalic acid are 
highly tentative because it was not possible to 
make accurate calculations from observations at 
the low pR  range in which Ci dominates the ex­
tent of association. The recorded value of C% 
for oxalic acid is, however, independent of 
provided (as seems most probable) the latter is 
not much greater than 2. In general, there is less 
satisfactory agreement between individual values 
of C2 for dibasic acids than was found for Ci with 
the monobasic acids. This is inherent in the calcu­
lation which makes Ci and C2 very sensitive to the 
precise values of K±t K 2 and IC4. We have not at­
tempted to approximate pK± more closely than 0.05.

The following conclusions are submitted:
1. The unsubstituted dicarboxylic acids give 

values for Ci very close to those of the unsub­
stituted monocarboxylic acids; i. e., a COOH 
group is without important influence on associa­
tion at a neighboring carboxylate ion.

2. Similarly, the hydroxy dicarboxylic acids 
give values for Ci close to those of a-hydroxy 
monocarboxylic acids.

rapidly and then slowly, with increasing separation 
of the carboxyl groups in the dianion.

4. G is increased as greatly by a single a-hy­
droxyl group as by two.

5. The cation series Z n»C a>Sr>B a is 
found for G, Mg being, again, irregular in position.

6. For a particular anion, G is always much 
greater than Ci, but no simple relation obtains. 
If complex formation actually involves the for­
mation of a coordinate link, then the question of 
ring strain enters. Possibly the relative values 
of C2/C 1 for a series of anions and a particular 
cation reflect this factor.

The values found for Ci are small compared 
with C2. It may seem a precarious undertaking 
to attempt their evaluation from systems in 
which C2 also operates. To ignore Ci, however, 
is to ignore the behavior of the monocarboxylic 
acids. Without it, constant values for C2 are 
not obtained. For example, in a series of malonic 
acid-zinc chloride mixtures quoted in Table V, 
the values of log C2 were 2.85, 2.79, 2.80, 2.80, 
2.83. The corresponding values, when G is as­
sumed to be very small, are 3.26, 3.00, 2.82, 2.72, 
2.62.

Simms7 has reported extensive potentiometric 
data on the titration of various acids in magne­
sium chloride solutions. Greenwald8 recently 
has shown that the specific effects observed may 
be reduced to mass action constants comparable

(7) H. S. Simms, / .  Phys. Chem., 32, 1121 (1928).
(8) I. Greenwald, ibid., in press (1938).
(9) R. W. Money and C. W. Davies, Trans. Faraday Soc., 28, 609 

(1932).
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with our C2- Greenwald’s constants for oxalic 
acid and malonic acid are included in the last 
column of Table VIII together with those which 
we have calculated from Simms' observations on 
succinic and azelaic acids. For these calculations 
we used the method of the present paper. Simms’ 
constants must be reduced slightly to translate 
them from ju = 0.07 to 0.20. The activity cor­
rection is log Yca++Ya-  A reduction of log 
C2 by 0.1 is entirely reasonable. If that is done, 
the agreement is good, except for succinic acid.

Money and Davies9 have determined constants 
for oxalic acid and a series of cations from the 
conductivities of the salts (Table VIII). To con­
vert these to n — 0.2 a reduction of log C2 by 0.6 —
0.8 is consistent with available data on the ac­

tivity coefficients of divalent ions. Agreement 
with our value for oxalic-Mg is then good and the 
relative behavior of the series of cations is in har­
mony with our observations on the other acids.

Summary
1. The hydrogen electrode titration curves of 

a number of mono- and bivalent carboxylic acids 
have been compared in varying KCI-MCI2 mix­
tures of constant ionic strength (ju = 0.2). (M 
represents Mg, Ca, Sr, Ba or Mg.)

2. The specific effects which have been ob­
served have been reduced to mass action constants 
for the formation of binary compounds between 
the cations and the carboxylate anions.
N e w  Y o r k , N. Y. R e c e iv e d  J u n e  8, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , S t . L o u is  U n i v e r s it y  S ch o o l  o f  M e d i c i n e ]

A Study of Some Reactions betw een Dry Inorganic Saits. IV. Reactions below  the
Fusion Point1

By H arold  L. L in k  a n d  L y m a n  J. W ood

Recently all of the possible reactions that 
might occur between dry alkali halides above 
the fusion temperature have been studied by 
Thomas and Wood.2 Of the possible 60 reac­
tions that might occur between pairs of alkali 
halides not having a common ion, it was found 
that 57 of the reactions proceeded (in the fused 
state) to completion in such a direction that the 
average cube edge of the stable pair was less than 
the average cube edge of the reciprocal pair. 
In these 57 cases, without exception, the larger 
cation united with the larger anion and the 
smaller cation with the smaller anion. In each of 
these 57 cases, also without exception, the sum 
of the heats of formation of the stable pair was 
greater than that of the reciprocal pair, i. e., AH 
was minus. In the remaining three cases equilib­
rium was indicated as represented in the follow­
ing reactions

KBr +  RbCl ^=±1 KC1 +  RbBr (Reaction 10)
KI +  RbBr KBr -j- R bl (Reaction 14)

RbBr +  CsCl ^  > RbCl +  CsBr (Reaction 16)

(1) Read at the Rochester meeting of the American Chemical 
Society, September, 1937. This communication is for the most part 
from a thesis presented by H. L. Link for the degree of Master of 
Science.

(2) (a) E. B. Thomas and Lyman J. Wood, This Journal, 56,
92 (1934); (b) ibid., 57, 822 (1935); (c) ibid., 58, 1341 (1936).

The present report concerns studies of reactions 
that have been made under the fusion point and 
is limited to double decompositions involving 
only Na+, K +, Rb+, Cs+, Cl~, Br“, and I"" (see 
reactions 1-18, Table I). The variation of the 
speed of reaction with time at a fixed temperature 
has been studied and also the variation of the 
speed with temperature for a fixed time. In five 
cases what appear to be equilibrium mixtures 
have been obtained and these mixtures have been 
studied in some detail.

Materials and Experimental Procedure
The salts used were Analytical Reagents with 

the exception of cesium chloride and bromide, 
which were prepared from the nitrate according 
to the method of Wells.3 The salts were fused 
and ground to a fine powder and kept in a desic­
cator until wanted. After heating the various 
salt pairs at temperatures and for lengths of time 
indicated in the proper place, all mixtures were 
examined by the method of X-ray crystal analysis 
as previously described.2*1

It is, in general, more difficult to obtain good 
films from salt mixtures which have been heated 
under the fusion point rather than above the

(3) H. L. Wells, A m . J . Sci., [3) 46, 186 (1893).
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fusion point. In many cases the material being 
examined does not appear to be in the proper 
crystalline form. The crystals are perhaps too 
small or are strained and for these and, no doubt, 
other reasons yield patterns consisting of a lim­
ited number of lines that are in many cases dif­
ficult to read. In addition to these difficulties, 
quantitative results from equilibrium studies are 
difficult to obtain because the formation of solid 
solutions is not as common as above the fusion 
point. It is often possible, however, to draw 
definite conclusions from surprisingly few data.

Results
In Table I are listed the results obtained for 

reactions 1 to 18 at 400° when the heating was 
continued for thirty-six hours. What previously 
has been called the stable pair (indicated in Table 
I by the letter a) was heated in each case and the 
resulting mixtures were analyzed (by means of the 
X-ray beam) for evidence of reversal toward 
the reciprocal pair (indicated in the table by the 
letter b). As was to be expected from previous 
work above the fusion point most of the stable 
pairs showed little or no evidence of any tendency 
toward reversal. Reactions 3, 5, 8, 9, 11,14, and 
16 showed unmistakable evidence of some re­
versal. The results obtained from heating the 
reciprocal pairs are shown in column b. All of 
the reactions with the exception of 10 and 14 pro­
ceeded partially or completely toward the stable 
pair. Reaction 10 possibly did also since it seems 
likely that reaction would have preceded the 
formation of a solid solution. The formation of

this solid solution at 400° was not expected 
since it was known that neither the mixture 
KBr-KCl nor the mixture RbCl-KCl forms a 
solid solution at 400°. The cube edge obtained 
is only 0.001 A. different from that of either compo­
nent of the reciprocal pair but the interference dia­
gram obtained can scarcely be the patterns of 
potassium bromide and rubidium chloride super­
imposed on each other since in this case inter­
ference lines with odd ordered indices would have 
been obtained such as 111 and 311 and no such 
lines were obtained. The situation was made 
even more interesting by reason of the fact that 
the stable pair, when heated at 400°, produced 
only patterns of potassium chloride and rubidium 
bromide. It is, of course, quite possible that a 
solid solution of compounds that are just being 
formed may occur more readily than will be the 
case for a mixture of these same compounds after 
they have already been formed.

The results in Table I indicate that reactions 3, 
5, 8, 9, 11 and 16 should also reach an equilibrium 
if heated long enough at 400°.

Several of the reactions were examined at higher 
temperatures. When the reciprocal pair of 
reaction 14 (KI-RbBr) was heated at 480° for 
thirty-six hours there was evidence of consider­
able reaction whereas at 400° no evidence of 
reaction was found. The lowest fusion tem­
perature of this mixture was found to be about 
608°. When the reciprocal pair for reaction 2 
was heated at 480° for thirty-six hours the extent 
of the reaction was found to be 62% as calculated 
from the resulting solid solution of rubidium

T a b l e  I

S h o w in g  t h e  R e s u l t s  O b t a in e d  b y  H e a t in g  V a r io u s  S a l t  P a i r s  a t  400° f o r  36 H o u r s

Reaction

Accepted 
cube edge 

a° a°
Reciprocal pair—b

Remarks

X -R ay Observations
Stable pair— a 

aa Remarks
1 a. NaCl 5.628 5.629 Partial reaction b No reversal

KBr 6.570 6.561
b. NaBr 5.94 5.947

KC1 6.280 6.288
2 a. NaCl 5.628 5.628 Partial reaction 5.631 No reversal

RbBr 6.86 6.868 6.860
b. NaBr 5.94 5.946

RbCl 6.570 6.582
3 a. NaCl 5.628 Partial reaction 5.628 Partial reversal

CsBr 4.29 4.265
b. NaBr 5.94 5.971

CsCl 4.110 4.182
4 a. NaCl 5.628 5.628 Partial reaction b Little or no reversal

KI 7.052 7.032
b. N al 6.46 6.46

KC1 6.280
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T a b l e  I (Concluded)

Reaction

Accepted 
cube edge 

aa aa

X -R ay Observations
Reciprocal pair— b

Remarks aa
Stable pair— a

Remarks

5 a. NaCl 5.628 5.622 Almost complete reaction 5.626 Partial reversal
Rbl 7.325 7.320 7.327

b. N al 6.46 b

RbCl 6.570 b 6.575
6 a. NaCl 5.628 5.637 Complete reaction 5.628 No reversal

Csl 4.562 4.564 4.558
b. N al 6.46

CsCl 4.110
7 a. NaBr 5.94 5.937 Almost complete reaction 5.937 A very little reversal

KI 7.052 6.998 6.995
b. N al 6.46

KBr 6.570
8 a. NaBr 5.94 6 Partial reaction b Some reversal

Rbl 7.325 b 7.257
b. N al 6.46

RbBr 6.86
9 a. NaBr 5.94 6.001 Partial reaction b Some reversal

Csl 4.562 4.515 4.508
b. N al 6.46

CsBr 4.29
10 a. KC1 6.280 6.571 Solid soln. of the four ions 6.281 No reversal

RbBr 6.86 6.857
b. KBr 6.570

RbCl 6.570
11 a. KC1 6.280 Partial reaction 6 Partial reversal

CsBr 4.29 4.273
b. KBr 6.570 b

CsCl 4.110 4.134
12 a. KC1 6.280 Partial reaction b No reversal

R bl 7.325 7.212 7.315
b. KI 7.052

RbCl 6.570 6.570
13 a. KC1 6.280 b Complete reaction Little or no reversal

Csl 4.562 4.555 4.544
b. KI 7.052

CsCl 4.110
14 a. KBr 6.570 No reaction b Partial reversal

R bl 7.325
b. KI 7.052 7.047

RbBr 6.86 6.868 b

15 a. KBr 6.570 b Partial reaction b No reversal
Csl 4.562 4.525 4.560

b. KI 7.052
CsBr 4.29

16 a. RbCl 6.570 Partial reaction 6.874 Partial reversal
CsBr 4.29 4.234

b. RbBr 6.86 6.858
CsCl 4.110 4.154

17 a. RbCl 6.570 b Partial reaction b Little or no reversal
Csl 4.562 4.561 4.543

b. R bl 7.325 b

CsCl 4.110 b

18 a. RbBr 6.86 b Very little reaction b Little or no reversal
Csl 4.562 4.556

b. R bl 7.325
CsBr 4.29 4.292

a Cube edge in A.
b Pattern observed by direct comparison with standard lines. No accurate value of the cube edge could be obtained.
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T a b l e  I I

S h o w in g  t h e  R e s u l t s  o f  S o l id  S o l u t io n  S t u d ie s  o n  S o m e  A l k a l i  H a l id e  P a ir s  w h e n  H e a t e d  f o r  T h ir t y -S i x

H o u r s  u n d e r  t h e  F u s io n  T e m p e r a t u r e

50 :50 Cube edge of observed phases
Mole, % a 400° Remarks 480° Remarks Fused® Remarks

NaCl 5 .6 2 8 5 .6 2 8 No solid solution Completely soluble 5 . 8 1 1 Limited solubility
NaBr 5 .9 4 0 5 .9 4 0 5 .7 8 9 5 .6 2 8
KC1 6 .2 8 0 6 .2 8 0 No solid solution Completely soluble Completely soluble
KBr 6 .5 7 0 6 .5 7 0 6 .4 2 5 6 .4 2 3
KC1 6 .2 8 0 6 .2 7 2 No solid solution Completely soluble
RbCl 6 .5 7 0 6 .5 6 2 6 . 4 1 8
KI 7 .0 5 2 7 .0 5 8 No solid solution One phase Complete soly. indicated Completely soluble
R bl 7 . 3 2 5 7 . 3 1 8 7 . 1 8 5

RbCl 6 .5 7 0 One phase Complete soly. indicated 6 .7 0 8 Completely soluble
RbBr 6 .8 6 0

CsCl 4 . 1 1 0 Completely Completely soluble
CsBr 4 .2 9 0 4 .2 0 9 soluble 4 .2 0 2

CsBr 4 .2 9 0 4 .2 9 4 No solid solution 4 .4 2 6 Completely soluble
Csl 4 .5 6 2 b

NaBr 5 .9 4 0 5 .9 3 7 Limited soly. of 5 . 9 7 1 Limited solubility
N al 6 .4 6 0 6 .3 7 9 NaBr in N al 6 . 4 1 9
RbBr 6 .8 6 b Limited solubility 7 .0 9 2 Completely soluble
R bl 7 . 3 2 5 b

KBr 6 .5 7 0 6 .5 9 9 Limited solubility • 6 .6 4 1 Limited solubility
KI 7 .0 5 2 6 .9 5 9 6 .9 6 2

a Values obtained by Thomas and Wood.2a*b 6 No accurate value for the cube edge could be obtained.

the reciprocal pair, at room temperature, to a 
pressure of 3500 atmospheres per square inch for 
ten minutes. The pressure was applied by 
means of a huge hydraulic press kindly made 
available by The Reverend Basile J. Luyet of the 
Department of Biology of St. Louis University. 
Before mixing the sodium bromide and po­
tassium chloride they were passed through a 
200-mesh sieve and dried over sulfuric acid for 
several days. The reaction was found to proceed 
from reciprocal to stable pair to the extent of 
about 50%. This had to be judged from the 
relative intensities of the patterns for the pure 
components since solid solutions were not formed.

Reaction 7 has been studied at 510° (a few 
degrees under the fusion temperature) for various 
lengths of time and the results are shown in 
Table III.

T a b l e  III
S h o w in g  t h e  R e s u l t s  Ob t a in e d  b y  H e a t i n g  a  50 -50  
M o l a r  M i x t u r e  o f  N al a n d  KBr ( R e a c t io n  7) a t  5 1 0 °  

Time of heating, hours 0 . 5  2 . 0  1 5 . 0  3 0 .0  
Extent of reaction 2 0  3 5  80 90

Reaction 4 was examined in the same way 
except that the temperature was 488° (a few de­
grees under the fusion temperature) instead of 
510°. Very similar results were obtained. The 
extent of the reaction had to be judged in both 
cases by relative intensities of the patterns since

bromide and residual rubidium chloride. This 
solid solution did not form at 400° but there was 
considerable reaction, perhaps 50% or more as 
nearly as could be judged by relative intensities 
of the rubidium bromide and rubidium chloride 
patterns. The lowest fusion temperature of this 
mixture was 503°. When the reciprocal pair 
of reaction one was heated at 500° the reaction 
appeared to be complete since patterns for pure 
potassium bromide and sodium chloride were 
obtained. If there had been any residual sodium 
bromide or potassium chloride solid solutions 
would have resulted at this temperature. At 
400° the extent of the reaction was much less, 
four patterns corresponding to the four pure 
substances being clearly observed. The lowest 
fusion temperature of this mixture was about 
603°. I t is not possible to make any quantitative 
statement concerning the relation between the 
temperature and the rate of reaction which must 
depend upon several factors. In general, how­
ever, it has been found that if the temperature is 
much more than 100° below the fusion tempera­
ture the rate of reaction is very slow.

In the case of the number one reaction pre­
vious calculation of the free energy at 25° has 
shown that the reaction should proceed spon­
taneously from reciprocal to stable pair at room 
temperature. This was tested by subjecting
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there was only a very small amount of solid solu­
bility.

Equilibrium Studies

The principal interest in the reactions that did 
not go to completion in either direction centered 
in the compositions of the reaction mixtures since 
they were possibly equilibrium mixtures or might 
become such upon proper treatment. In the 
case of one of these reactions that does not go to 
completion in either direction and in case of 
which no solid solutions are formed (under the 
given conditions) it is frequently possible to dem­
onstrate, by means of the X-ray analysis, that the 
four pure components are present (reaction 1, 
Table I) but the extent of the reaction can only 
be estimated from the intensities of the various 
interference lines. On the other hand, if solid 
solutions are formed, it is sometimes possible to 
determine the extent of the reaction from the 
interference patterns.

Because of the formation of suitable solid 
solutions, reaction 11 has been studied in con­
siderable detail (Table II). It is clear from 
Table I that the reaction does not go to com­
pletion in either direction when either the re­
ciprocal or stable pair is heated at 400° for thirty- 
six hours. Two interference patterns were ob­
tained in each case, one body centered and the 
other face centered. From the body centered 
patterns were calculated cube edge values of 
4.134 and 4.273 corresponding to the patterns 
obtained, respectively, from the reciprocal and 
stable pairs. These two cube edge values are 
each intermediate between the cube edge values 
of cesium chloride and bromide. Since it is 
known, from Table II, that a 50 mole per cent, 
mixture of cesium chloride and bromide, when 
heated at 400°, dissolves completely in each other, 
forming a solid solution, the intermediate cube 
edge values are explained very easily. The face 
centered pattern in each case was quite light by 
comparison with the body centered pattern which 
is exactly what would be expected for a mixture 
of potassium salts and cesium salts. While it 
was not possible to obtain satisfactory cube edge 
values in either case, there was no doubt about 
the nature of the patterns. Several of the lines 
appeared to indicate values intermediate be­
tween potassium chloride and bromide, which 
would be contrary to the solid solution data of 
Table II. This situation is not quite comparable

to the one described in Table II, however, since 
in the former case both compounds were heated 
in the presence of each other, while in this case 
one of the compounds is formed in the presence 
of the other.

The solid solution of cesium chloride and bro­
mide gave excellent interference patterns and can 
be used for calculating the extent of the reaction 
if it can be shown that all of the cesium chloride 
and bromide are contained in this solution and 
that the solution, furthermore, contains none of 
the potassium chloride nor bromide, i. e.t it must 
be shown that ternary solutions are not present.

Table IV
Showing CsCl-CsBr Solid Solution Cube Edges Re­

sulting from a Study of R eaction 11
Heat Mole ratio of

Mole ratio of treatment Solid soln. resultant mix.
reacting mix. 7 \°C . Hrs. cube edge C sC l: CsBr
1 K B r:l CsCl 400 38 4 .134 0 .8 7  ::0 .13

480 36 4.247 .24 :: .76
480 72 4.253 .211;: .789

1 KC1:1 CsBr 400 38 4.273 .09 ;: .91
480 36 4 .258 .18 ;: ,82
480 72 4.253 .211:: .789

1 KC1:2 CsBr 480 72 4.263 .150:: .850
2 KC1:1 CsBr 480 72 4.241 .272:: .728

Although the existence of such ternary solu­
tions seemed highly improbable because cesium 
chloride and bromide are body centered and the 
cube edges are small and potassium chloride and 
bromide are face centered and the cube edges are 
large, the possibility of such ternary solutions 
was eliminated when the results for reaction 11 
were obtained at 480° instead of 400° (Table IV). 
Considering the last mixture described in Table 
IV, it is to be seen that the composition of the 
starting mixture is 2KCl:lCsBr. Because of the 
larger amount of potassium chloride with re­
spect to cesium bromide it was possible to obtain 
a satisfactory cube edge of the KCl-KBr solid 
solution which is known to form at this tempera­
ture (Table II). If the CsCl-CsBr solid solution 
be a binary solution and all of the cesium chlo­
ride and bromide in the resultant mixture be con­
tained in this solution, then the two moles of 
potassium chloride and the one mole of cesium 
bromide of the original mixture have reacted with 
each other according to the equation

0.272 KBr -j- 0.272 CsCl ^ ± 1 1 .7 2 8  KC1 -b 0.728 CsBr

and the cube edge of the KCl-KBr solid solution 
should be

—J 2  6.57 +  6.28 =  6.320 1 .2» 2j
whereas the value obtained from the inter-
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T a b l e  V

Showing the Extent of Reaction 11 Occurring from Each Side a t  400 and 480°
Temp,,

°C.

400
400
480
480
480
480
480
480

Time,
hrs.

38
38
36
36
72
72
72
72

Case

A
B
C
D
E
F
G
H

Mole ratio of 
reacting mixture

1 CsCl:l KBr 
1 CsBr:l KC1 
1 CsClrl KBr 
1 CsBr:l KC1 
1 CsBr:l KC1
1 CsCl:l KBr
2 CsBr:l KC1 
1 CsBr:2 KC1

.91 CsBr +  .91 KC1 ■ 

.24 CsCl +  .24 KBr-

.272

ference pattern was 6.322 A. The very ex­
cellent agreement between the values indicates 
clearly that at 480° two binary solid solutions 
are formed which together contain all of the mix­
ture. In view of this excellent agreement the 
authors have used only the CsCl-CsBr solid solu­
tion for calculating the resultant mixtures for this 
reaction, the results of which are shown in Table V.

The cube edges of the CsCl-CsBr solid solu­
tions obtained for reaction 11 are shown in Table 
IV and the extent of the reaction for each direc­
tion is shown in Table V. It is clear that at 
480° equilibrium is approached quite closely in 
thirty-six hours. By drawing a composition- 
temperature diagram from the data in Table IV 
it was estimated that the composition of the 
equilibrium mixture at 490° should be KBr 21%, 
CsCl 21%, KC1 79%, CsBr 79%. A reheating of 
a mixture of potassium chloride and cesium bro­
mide (stable pair) in a 1:1 mole ratio at 480° for sev­
enty-two hours produced a CsCl-CsBr solid solu­
tion having a cube edge of 4.253 A. (av. of two 
closely agreeing results) and the reciprocal pair 
heated in the same way produced likewise a cube 
edge of 4.253 A. (cases E and F, Table V). That 
equilibrium has been reached can scarcely be 
doubted.

Cases G and H of Table V are very interesting. 
The shift in the reaction is in the direction that 
would be expected from mass action considera-

Composition of resulting mixture

0.87 CsCl 4* 0.87 KBr -— >  0.13 CsBr +  0.13 KC1
.09 CsCl +  .09 KBr
.76 CsBr +  .76 KC1

.82 CsBr +  .82 KC1 — >  .18 CsCl H- .18 KBr

. 789 CsBr +  . 789 KC1 . 211 CsCl +  .211 KBr

.211 CsCl +  .211 KBr .789 CsBr +  .789 KC1

. 300 CsCl +  . 300 KBr ZJli: 1.700 CsBr +  • 700 KC1
CsCl -1- . 272 KBr 0.728 CsBr +  1-728 KC1

tions. Furthermore, the amount of the shift is 
in almost exact quantitative agreement with what 
might be expected. In case G the shift to the 
left is just slightly too much and in case H the 
shift is just slightly too little. Reactions 3 and 
16 are now being investigated in an effort to de­
termine whether or not a similar effect can be 
discovered in these cases also.

Summary
1. Eighteen double decomposition reactions 

occurring between the sodium, potassium, ru­
bidium and cesium halides (chloride, bromide, 
iodide) were investigated between 400 and 500° 
(below the fusion point) and the resultant mix­
tures examined by the method of X-ray crystal 
analysis.

2. When the reciprocal pairs (large cation- 
small anion and small cation-large anion com­
binations) were heated at 400° for thirty-six hours, 
reaction proceeded to some extent toward the 
stable pairs in 16 of the 18 cases.

3. When the stable pairs were heated at 400° 
for thirty-six hours, reaction proceeded to some 
extent toward the reciprocal pair in 7 cases.

4. One reaction was subjected to a pressure of 
3500 atmospheres per square inch for ten minutes 
and it was found to proceed partially toward the 
stable pair.
S t . L o u i s , M o . R e c e iv e d  O c t o b e r  11, 1937
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[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , S t a n f o r d  U n i v e r s it y ]

Interpretation of Diffusion Data for Some Strong Electrolytes

B y  P ie r r e  V a n  R y s s e l b e r g h e

I. Introduction
In the theory1 consisting of combining Fick’s 

law of diffusion with the thermodynamic idea 
that the driving force per unit mass of solute is 
equal to the gradient of the Gibbs chemical po­
tential, one finds that the coefficient of diffusion D 
of a binary electrolyte is given by the formula

D =  2R T  |  (1 +  C £> log f /d C )  103 (1)

in which R  is the gas constant, T  the absolute 
temperature, Q/ C the mobility or velocity due to 
unit force, C the concentration in moles per liter, 
ƒ the mean activity coefficient of the ions. At 
infinite dilution Q/C reduces to the classical 
Nernst expression which, for a uni-univalent 
electrolyte, is
1020 lim Q/C  =  1.074 - f Y l T  (c- S- s■ units) (2)c=o A°+ +  A°_

where the limiting equivalent conductivities 
A+ and A°__ are expressed in reciprocal ohms. As 
explained by Onsager and Fuoss1 the factor 1 +  
Cd log f/dC  allows “for the interionic attraction 
reducing the thermodynamic tendency of the 
ions to separate by diffusion.” For the factor 
Q/C Onsager and Fuoss1 give a theory in which 
they “compute the effect of interaction on the 
mobility of the migrating ions.” The result of 
this theory for a uni-univalent electrolyte at 18° is 

A-fA- „ /A°+ -  A°-A1020Q /C  =  1.074 A°+ +  A°_ 
V 2 C

9.60 / a °+ -  A°_y  
VA°+ +  A °J

=  +  15.6 C<p(A y /2C ) (3)
1 +  A V 2 C

in which Al is a specific constant for the electro­
lyte and <p{Ay/2C) is a function defined by

<p ( x )  =  e**Ei(2x)/(l +  xY  (4)
with

J»00 At
e~*~ =  -0 .5772 -  log y  +  y  -

y  t r  , r
2.2! “r 3.3! (5)

For salts such as potassium chloride and potas­
sium nitrate, which are both considered in the

(1) Onsager and Fuoss, J . Phys. Chem., 38, 2689 (1932). The first 
complete proof that the affinity of diffusion is measured by the gradi­
ent of the Gibbs chemical potential is due to Defay [Compt. rend, du 
2me Congrès National des Sciences, Brussels, 1935, p. 317] whose 
reasoning is based upon DeDonder’s theory of affinity [see DeDonder 
and Van Rysselberghe, “ Thermodynamic Theory of Affinity, a Book 
of Principles,” Stanford University Press, 1936.]

present paper, the difference A+ — Â_ is small and 
Q/C varies with concentration only on account 
of the last term in formula (3). For sodium 
chloride, however, the second term on the right- 
hand side of this formula is not negligible. As in­
dicated on Fig. 7 of the paper of Onsager and 
Fuoss,1 their theory predicts an increase of 
Q/C with concentration for both potassium and 
sodium chloride, but these authors have not 
shown that, when Q/C is calculated from the 
experimental values of D according to formula 
(1), one finds that, for sodium chloride, this 
mobility Q/C decreases steadily as concentration 
rises, while for potassium chloride an increase of 
Q/C of the order required by the theory appears 
only at concentrations higher than 2 molar. They 
mention, however, that “at higher concentra­
tions, we meet with quite appreciable deviations, 
particularly in the case of sodium chloride, and 
our theory of Q/C is definitely not adequate.” 
They also state that viscosity and hydration are 
the probable causes for the deviations. Whether 
the limiting law for Q/C is verified or not is doubt­
ful on account of the lack of accurate diffusion 
data at very low concentrations. A comparison 
between experimental and calculated coefficients 
of diffusion such as that presented by Onsager 
and Fuoss1 on Fig. 8 of their paper can hardly be 
considered as a conclusive test of the theory. 
In the present paper we compare theoretical 
and “experimental” values of Q/C after elimina­
tion of the thermodynamic factor 2R T  (1 +  C 
ö log//dC) from the measured values of D. To 
the two cases considered by Onsager and Fuoss 
(potassium and sodium chloride at 18°) we are 
adding potassium chloride at 25° and potassium 
nitrate at 18°. Diffusion data for potassium 
chloride at 25° recently have been published 
by McBain and Dawson.2 The dependence on 
concentration of these new data is of the same 
type as that exhibited by Clack's data3 at 
18°, a fact which entitles us to reject most of 
the previous data for potassium chloride (see

(2) M cBain and Dawson, Proc. Roy. Soc. (London), 148A, 32 
(1935). I t should be noted that the legend of the vertical coordinate 
axis of Fig. 3 of this paper was given erroneously as “cm .2/sec . X 
105” instead of “cm .2/d a y .”

(3) Clack, Proc. Phys. Soc. (London), 36, 313 (1924).
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Fig. 1 of McBain and Dawson2). For po­
tassium nitrate we use Clack's diffusion coef­
ficients3 and Robinson's activity data.4 The lat­
ter were not available at the time of the publica­
tion of the paper of Onsager and Fuoss.1 Follow­
ing these authors, who used Harned’s activity 
data5 for 25°, we likewise use Robinson’s data 
for 25° in order to study diffusion coefficients at 
18°, hence neglecting the small difference due to 
heats of dilution. We also present a quantita­
tive investigation of the effect of viscosity on dif­
fusion.

II. Comparison between Measured and 
Calculated Diffusion Mobilities

1. Potassium Chloride.—At 25° we have5'6

lo g / = 0.820 V 2 C  
1 +  0.76 V 2 C

+  0.0394 X 2 C

and hence

1 +  Cb log f /b C  =  1 -  — — - +  0.0788 C 
(1 +  0.76 V 2 C )2

At infinite dilution we have, according to the data 
of Maclnnes, Shedlovsky and Longsworth7 at 25° 
and other standard data

1 0 m /C  =  34.84 and 2RT  -  4.842 X 1010at 18°
1020Q/C  =  40.22 and 2R T  =  4.958 X 1010 at 25°

Experimental values of Q/C are then deduced from 
the measured coefficients of diffusion by means 
of formula (1). Theoretical values of Q/C are 
given by the following equations, the second term 
on the right-hand side of formula (3) being neg­
lected

10m /C  =  34.84 +  15.6 C^(0.76V2C) at 18°
1020G/C =  40.22 +  18.6 CV(0.76\/2C) at 25°

In the tables we give: in column 1 the con­
centration C of the salt in moles per liter; in 
column 2 the measured coefficient of diffusion D 
in cm2./sec. X 105; in column 3 the difference Am 
between the experimental values of 1020Q/C and 
the value at infinite dilution (c.g.s. units); in 
column 4 the difference Ac between the Onsager- 
Fuoss values of 1020 Q/C and the value at in-

(4) Robinson, This J o u r n a l , 57, 1165 (1935).
(5) Harned, ibid., 51, 416 (1929).
(6) Onsager and Fuoss1 write (see formulas 4.13.22) B  =  0.071 for 

KC1, B  =  0.129 for NaCl, while we get from Harned’s data B  =  
0.0171 X log 10 =  0.0394 for KC1 and B  =  0.032 X log 10 «  
0.0739 for NaCl. Other misprints are 1010 instead of the correct 
1013 in formula (4.13.19), ^>(0.76 y /m )  instead of the correct ^>(0.76 
y /2 m )  and 1022 instead of the correct 1020 in the two formulas at the 
bottom of page 2768.

(7) M aclnnes, Shedlovsky and Longsworth, T h is J o urn al , 54, 
2758 (1932).

finite dilution; in column 5 the differences A1 cal­
culated by means of the formula

Aï »  (1/n -  1) lim Q/C 1020 (6)
<7=0

in which tj is the viscosity of the solution referred 
to water; in column 6 the differences An calcu­
lated by means of the formula

An =  -  F lim Q/C  102° +  A01 -  lim Q/C 10“  (7)
V Lc=0 J  (7=0

The difference defined by formula (6) corre­
sponds to the hypothesis that the mobility Q/C 
might be given by the simple formula

Q/C  *  -  lim Q/C  (8)
V (7=0

The difference defined by formula (7) corresponds 
to the hypothesis that the mobility Q/C might 
be given by the formula

Q/C  =  i(G/C)c (9)V
in which (0/ C)c is the mobility calculated in the 
Onsager-Fuoss theory.

The results obtained for potassium chloride at 
18 and at 25° are reported in Tables I and II, re­
spectively. They are also represented graphically 
on Figs. 1 and 2.

T a b l e  I

D if f u s io n  o f  P o t a s s iu m  C h l o r id e  i n  A q u e o u s  S o l u ­
t io n  a t  18°

1 2 3 4 5 6
c D Am Ac Ai An

0 1.69 0 0 0 0
0.05 1.55 + 0 .7 6 + 0 .4 6 + 0 .03 + 0 .4 9

.1 1.52 +  .18 +  .66 +  .07 + 0 .7 3

.2 1.50 -  .29 +  .87 +  .14 + 1 .01

.4 1.50 -  .41 + 1 .0 6 +  .30 + 1 .3 9

.6 1.53 -  .18 + 1 .1 6 +  .45 + 1 .6 4

.8 1.55 -  .25 + 1 .2 0 +  .57 + 1 .7 9
1 .0 1.58 -  .30 + 1 .2 2 +  .64 + 1 .8 8
1.5 1.65 -  .26 + 1 .2 9 +  .71 + 2 .0 3
2 .0 1.74 +  .09 + 1 .4 3 +  .64 + 2 .1 0
2 .5 1.83 +  .50 + 1 .7 0 +  .43 + 2 .1 4
3 .0 1.93 + 1 .0 5 + 1 .9 6 +  .09 + 2 .0 5
3 .5  - 2.03 + 1 .5 0 + 2 .3 0 -  .38 + 1 .8 9
4 .0 2.13 + 1 .9 9 + 2 .6 2 — 1.05 + 1 .4 9

T a b l e  II
D if f u s io n  o f  P o t a s s iu m  C h l o r id e  i n  A q u e o u s  S o l u ­

t io n  a t  25°
l 2 3 4 5 6
c D Am Ac Al An

0 1.99 0 0 0 0
0 .1 1.89 + 1 .9 2 + 0 .7 9 + 0 .0 4 + 0 .8 3

.2 1.88 + 2 .0 0 + 1 .0 4 + .05 + 1 .0 9

.5 1.83 - 0 .4 7 + 1 .3 3 + .12 + 1 .4 5
1 .0 1.86 -  .50 + 1 .4 5 + .20 + 1 .6 5
1.5 1.99 +  .47 + 1 .5 4 + .12 + 1 .6 6
2 .0 2.31 + 5 .0 4 + 1 .7 0 - .12 + 1 .5 8
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0 1 2  3 4
C, moles per liter.

Fig. 1.—Diffusion of KC1 at 18°. At infinite dilu­
tion O/C = 34.84 X 10- 20.

Am

Ac
An

Ai

0 0.5 1.0 1.5 2.0
C, moles per liter.

Fig. 2.—Diffusion of KC1 at 25°. At infinite dilu­
tion Q/C -  40.22 X 10~20.

2. Sodium Chloride.—At 25° we have6,6

log ƒ

and hence

0.820\ / 2 C 
1 +  0.84 V 2 C

+  0.0739 X 2C

l +  C d lo g //d C = l 0.410 V 2C  
(1 +  0.84 V 2 c y

+  0.1478 C

At infinite dilution we have, for 18°
1020 Q/C =  28.01 with 2R T  =  4.842 X 1010

Formula (1) yields experimental values of 12/ C and 
theoretical values are given by the equation
1020Ü/C =  28.01 +  15.6 CV(0.84 V2C ) -

o.39 — y 'z c . __
1 +  0.84 V2C

T a b l e  III
D if f u s i o n  o f  S o d iu m  C h l o r id e  i n  A q u e o u s  S o l u t io n  

a t  18°
1 2 3 4 5 6
c D Am Ai An

0 1.35 0 0 0 0
0.05 1.26 + 0 .10 + 0 .33 -0 .1 1 +0 .22

.1 1.24 -  .10 + .46 -  .24 +  .22

.2 1.22 -  .58 + .59 -  .39 +  .19

.4 1.20 - 1 .6 4 + .70 -  .82 -  .14

.6 1.21 -2 .1 6 + .76 -1 .3 3 -  .61

.8 1.22 -2 .7 0 + .76 -1 .6 2 -1 .0 0
1.0 1.23 -3 .2 7 + .75 - 2 .1 7 -1 .4 8
1.5 1.26 -4 .4 2 + 0 .79 -3 .3 3 -2 .6 3
2.0 1.29 -5 .4 6 +1 .05 -4 ..67 - 3 .7 9
2.5 1.33 -6 .1 7 +1 .33 - 5 .9 5 -4 .9 1
3.0 1.36 -6 .9 6 +1 .65 -7 .4 2 - 6 .2 0
3.5 1.39 -7 .6 6 +1 .98 -8 .8 2 -7 .4 7
4.0 1.43 -8 .1 7 + 2 .29 -1 0 .1 7 -8 .7 1
4.5 1.46 -8 .7 2 + 2 .61 -1 1 .5 3 -1 0 .0 0
5.0 1.49 -9 .2 6 + 2 .93 -1 2 .7 1 -11 .11

0 1 2 3 4 5
C, moles per liter.

Fig. 3.—Diffusion of NaCl at 18°. At infinite dilu­
tion Q/C -  28.01 X IQ"20.
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Differences Aj and An have also been calculated 
according to formulas (6) and (7). The results 
are reported in Table III and represented graphi­
cally on Fig 3.

3. Potassium Nitrate.—Activity coefficients 
of potassium nitrate in aqueous solutions up to
3.5 molal have been measured by Robinson.4 It 
is difficult to describe these data by means of a 
formula of the Hückel type with two parameters A 
and B

logioƒ -  -0 .3 5 6  ----- + B X 2 C
1 + A  V 2 C

The activity coefficient of potassium nitrate 
decreases steadily as concentration rises and at 
low concentrations the application of a formula 
without the linear term 2BC would require im­
possibly small values of the parameter A. In 
order to calculate the function <p (m) of the 
Onsager-Fuoss theory for this salt we have 
followed a suggestion due to Guggenheim8 and 
have adopted for A \ / 2  the value one. One read­
ily sees that we could have used this same value of 
A*\/2 for both potassium and sodium chloride 
without modifying more than by a negligible 
amount the calculated values of Q/C. The fac­
tor 1 +  Cd log f/b C  has been obtained graphically 
from Robinson’s experimental curve for ƒ (after 
the usual conversion of activity coefficients y into 
the corresponding f  s and of molalities into con­
centrations). We get experimental values of 
Q/ C from formula (1) and theoretical values are 
given by the equation

1020 2  =  34.00 +  15.6 C<p(V C )

for 18°, the second term on the right-hand side 
of formula (3) being neglected. Differences

Table IV
D iffusion of Potassium N itrate in Aqueous Solution 

at 18°
1 2 3 4 5 6c D Am Ac Al An

0 1.53 0 0 0 0
0.05 1.45 - 0 .1 8 + 0 .6 2 + 0 . 1 1 + 0 .7 2

. 1 1.43 -1- .24 +  .72 +  . 2 0 + 0 .9 3

. 2 1.39 +  .72 +  .96 +  .45 + 1 .4 2

.4 1.34 + 1 .5 3 + 1 .1 7 +  .76 + 1 .9 6

. 6 1.30 + 2 .3 3 + 1 .2 9 + 1 . 0 2 + 2 .3 4

. 8 1.27 + 3 .5 5 + 1 .3 7 + 1 .1 6 + 2 .5 7
1.0 1.24 + 4 .8 0 +  1.40 + 1 .3 0 + 2 .7 6
1.5 1.19 + 7 .3 6 + 1 .4 3 + 1 .3 0 + 2 .7 9
2 .0 1.15 + 1 1 .6 4 + 1 .4 7 + 0 .8 3 + 2 .3 4
2 .5 1.17 +  18.14 + 1 .7 1 + 0 .2 8 + 2 . 0 0

8̂) Guggenheim, Phil. M ag., [7] 19, 588 (1985).

Aj and An also have been calculated according 
to formulas (6) and (7). The results are re­
ported in Table IV and represented graphically 
on Fig. 4.

C, moles per liter.
Fig. 4.—Diffusion of K N 03 at 18°. At infinite dilu­

tion Q/ C =  34.00 X 10~20.

III. Discussion
Close inspection of the tables will make the 

following points clear.
1. With potassium chloride Q/C varies very 

slightly with concentration. Although the cal­
culated increments Ac are of the right order of 
magnitude at high concentrations the behavior 
of Am is not reproduced correctly at low concen­
trations. Consideration of the increments Ax and 
An shows that viscosity corrections are not suf­
ficient to explain the experimental Am, whether 
the corrections are applied to the limiting value 
of Q/C or to the Onsager-Fuoss value corre­
sponding to each particular concentration. The 
diffusion coefficient D of potassium chloride is 
seen to depend mostly on the activity factor 
1 + C blogf/bC.

2. With concentrated sodium chloride Q/C 
differs by as much as 30% from its limiting value 
in a direction opposite in sign to that predicted 
by the Onsager-Fuoss theory. The simple vis­
cosity correction applied to the limiting value of 
Q/C reproduces the experimental Am’s correctly 
both in sign and order of magnitude. When the 
viscosity correction is applied to the Onsager-
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Fuoss values of Q/C a slight improvement is ob­
tained in the agreement at high concentrations, 
but at low concentrations the differences A1 
are more nearly correct. Such a situation greatly 
reduces the significance of the Onsager-Fuoss 
theory of diffusion.

3. With potassium nitrate the experimental in­
crements Am are unexpectedly large; in concen­
trated solutions they are nearly ten times as large 
as the Ac’s calculated from the Onsager-Fuoss 
theory. The increments Ax and An are in the 
right direction, Am coinciding exactly with Ac at a 
concentration of 0.6 molar. In view of the ar­
bitrary choice of the parameter A (Ay/2C = 
Ka = y /  C ox a — 3 A.) we have repeated the 
calculation of Ac with a value of a such that An 
is identical with Am at C = 2.5 moles/liter. We 
found a = 0.6 A., A y/2C  = Ka = 0.2 y / C. Such 
a value of a yields the A' and An values reported 
in Table V and represented on Fig. 4. At con­
centrations smaller than 0.8 the values calcu­
lated with m — y/C  given in Table IV are them­
selves larger than the corresponding Am’s showing 
that it is impossible to interpret the mobility of 
potassium nitrate in terms of a constant value of 
the ionic diameter a. This difficulty is similar to 
that encountered in the interpretation of ac­
tivity data for this salt.

Table V
D iffusion of Potassium N itrate in Concentrated

Aqueous Solutions at 18°
1 2 3 4
c Ac Aa An*

0 .8 8.74 10.19 3.55
1 . 0 10.30 12.00 4.80
1.5 13.69 15.52 7.36
2 .0 15.91 17.14 11.64
2 .5 17.72 18.14 18.14

In all cases studied in this paper the variation 
with concentration of the thermodynamic factor 
1 +  Cd log //d C  is found to be at least as im­
portant as the variation of the mobility factor 
0 / C. The importance of the thermodynamic 
factor is particularly striking in the case of salts 
exhibiting a minimum in the activity coefficient 
curve. Such salts also exhibit a minimum in the 
curve for the coefficient of diffusion, as is borne 
out by potassium and sodium chloride studied in 
this paper and also by magnesium chloride and 
magnesium nitrate for which diffusion coefficients 
have been reported recently by Öholtn.9 With 
cadmium and magnesium sulfates the diffusion

(9) Öholtn, Finska Kemistamfundets Medd., 45. 71 (1936).

coefficients also exhibit minima, as has been ob­
served by Davies,10 while the activity coefficients 
decrease steadily as concentration rises, finally 
reaching practically constant values.

The remarks made in the present discussion 
apply to strong electrolytes. It is interesting 
to examine, at least approximately, the behavior 
of a typical non-electrolyte such as sucrose. The 
coefficient of diffusion is given by the formula

D  =  R T  |  (1 +  Cd logf/i> C)103 (10)

The variation of 12/ C with concentration is much 
larger than in the case of electrolytes and cannot 
be accounted for quantitatively by means of the 
simple viscosity correction as is shown in Table 
VI obtained by means of various data in the 
“I. C. T.” and Landolt-Börnstein-Roth “Tables.”

Table VI
Diffusion of Sucrose in Aqueous Solutions at 20°

C , .
m oles/liter

D,
cm. y d a y

Q^  X 1020 
c.g.s. i l in p ;  X 1020 

n C
0 0.380 8.97 8.97
0.25 .368 8.15 6.35
0.50 .353 7.45 4.90
2.00 .272 4.76 0.08

The results indicate that the agreement be­
tween measured and calculated ti/C might be 
satisfactory in very dilute solutions for which, 
unfortunately, good experimental data are lacking. 
Let us note that in the various attempts at ap­
plying the Stokes-Einstein law of diffusion to 
molecular solutions11 better results might have 
been obtained by introducing the thermodynamic 
factor 1 +  C 5 log f/hC. We would have

23 = l f 6 ^ (1 +  Cdlog//dC) (11) 
in which N  is Avogadro’s number, and r the 
radius of the solute molecules. Comparison 
with formula (10) gives

IV. Summary
1. The diffusion mobilities of potassium chlo­

ride, sodium chloride and potassium nitrate in 
aqueous solution are calculated from the experi­
mental diffusion coefficients and the thermody­
namic factors 1 +  C d log ƒ /dC.

2. The diffusion mobilities are compared with 
theoretical values obtained in three different man-

(10) Davies, Phil. Mag., [7] 15, 489 (1933).
(11) See for instance Taylor, “ Treatise on Physical Chemistry,'’ 

D. Van Nostrand Co., Inc., New York, N . Y., 1931, Vol. II, 2d. ed.,
pp. 1026-1028.
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ners: (a) by means of the Onsager-Fuoss theory 
of diffusion; (b) by applying the simple vis­
cosity correction to the mobility at infinite dilu­
tion; (c) by applying the viscosity correction to 
the Onsager-Fuoss mobilities.

3. It is shown that the viscosity correction 
is at least as important as the Onsager-Fuoss 
interionic effects and that, with sodium chloride, 
the correct sign for the variation of the mobility

cannot be obtained without the viscosity cor­
rection.

4. Remarks are made concerning the minima 
in the diffusion and activity coefficient curves 
and concerning the diffusion of sucrose. A modi­
fied form of the Stokes-Einstein law of diffusion 
is proposed.
Stanford University, Calif.

Received February 16, 1938

[Contribution from the Department of Chemistry, Oregon State College]

Hydrogen as Carrier Gas for the Catalytic Dehydrogenation of Borneol to Camphor
B y  B. E. C h r is t e n s e n , E. C. G il b e r t  a n d  M a x  B o cek

In connection with another investigation it be­
came necessary to convert borneol quantitatively 
into camphor. Since oxidation or dehydrogena­
tion in the vapor phase appeared to have many ad­
vantages over other methods available, attack 
upon the problem was made from this aspect.

Although there are numerous references (largely 
patents) to the vapor phase dehydrogenation of 
borneol to camphor, the majority deal with the 
use of copper in some form as the catalyst.1 Ex­
amination of these references, however, reveals 
data of highly conflicting and contradictory na­
ture, one reporting 100% conversion,la while 
others16 found only traces, and one of the latest11 
states that reduced copper is a poor catalyst 
from the standpoint of yield.

In the hope of clearing some of the contradic­
tory points and establishing conditions under 
which the method might be used reliably, exten­
sive experiments have been carried out in this 
Laboratory with different catalysts and carrier 
(diluent) gases. In this paper the results ob­
tained with reduced copper are reported.

Preliminary tests were made with many forms 
of this catalyst. Using a spongy form obtained 
by the reduction of fused cupric oxide, conversions 
of 96-100% were observed at 360°, confirming to 
some extent the work of Aloy and Brustier.la 
Repeated tests under these conditions indicated,

(1) (a) Aloy and Brustier, Bull. soc. chim ., 9, 733 (1911); (b) Aloy 
and Brustier, J . pharm . chim., 10, 42 (1914); (c) French Patent 
353,919; C. A „ 1, 383 (1907); (d) British Patent 17,573, Aug. 31, 
1906; C. A ., 1, 2320 (1907); (e) Ikeda, Sci. Papers Inst. Phys. 
Chem. Research (Tokyo), 7, 1 (1927); (f) Masumoto, Mem. Coll. Sci. 
Kyoto Im p . Univ., 9A, 219 (1925); (g) Japanese Patent 99,469, 
Feb. 9, 1933; C. A ., 28, 2373 (1934); (h) Shoruigin and Makarov- 
Zemlyanski, Zhur. Prikladnoi K him ., 4, 68 (1931); (i) Sivov, Koro- 
taeva and Kochneva, J . Chem. Ind . {Moscow), 3, 52 (1933); C. A., 
28, 138 (1934).

however, that the high catalytic efficiencies could 
not be maintained over any period of time and 
that the color of the copper gradually changed 
with use. This discoloration could not be re­
stored by further reduction with hydrogen.

Since it was believed that either undesired de­
composition products of borneol (due to the high 
concentration of borneol) or oxidation of the cata­
lyst by traces of oxygen were responsible for the 
discoloration and diminishing catalytic activity, 
experiments were next attempted using carrier 
gases. Others have shown that borneol vapor 
diluted with benzene gave yields around 86%lh 
while another process using carbon dioxideld (no 
data given) has been patented.

Although hydrogen is a product of the reaction 
and in excess logically should retard its progress, 
this gas would prevent oxidation of the catalyst 
while also serving as a diluent for the borneol 
vapor. Attempts made to use hydrogen as the 
carrier gas met with immediate success, making it 
possible to maintain the catalyst at high efficiency 
through many runs, and, under the optimum con­
ditions, apparently minimizing side reactions, so 
that the product was uniformly of high quality.

Experimental
A borneol reservoir was maintained at any desired tem­

perature by an air-bath. From this, borneol vapor was 
passed over the catalyst either by its own vapor pressure 
or by a stream of diluent or carrier gas. Approximately
2-3 g. samples of borneol were generally used. The tem­
perature of the catalyst was controlled by an electric 
furnace and was measured by a thermocouple. The vol­
ume of carrier gas was measured by a calibrated flow-meter.

The catalyst in every run reported in this part of the 
work consisted of spongy copper prepared by the reduction 
of fused copper oxide with hydrogen at 200°. The volume



2332 B. E. Christensen, E. C. Gilbert and M ax Bocek Vol. 60

of catalyst was 23 cc., contained in a tube of 1-cm. diame­
ter. Catalysts which lost their activity were reactivated 
easily by repeated oxidation by air at 500°, followed by 
the regular reduction at 200°. The use of a catalyst 
prepared by the reduction of copper nitrate on porous plate 
gave very poor results. (Porous plate was later found to 
be quite active alone, yielding liquid products.)

In all more than one hundred runs were made, and since 
the standard method of estimating camphor is time con­
suming,2 the percentage conversion in a given run was 
estimated by comparing the melting point of the product 
with a known borneol-camphor melting point curve. Con­
fidence was had in this procedure because repeated com­
parison of estimations from the melting points with those 
obtained by the gravimetric method gave quantitative 
agreement, within the limit of accuracy of either method.2 
Certainly, therefore, in those instances where a high yield 
is indicated by the melting point method the estimation is 
trustworthy. No attempt was made to identify products 
other than camphor which may conceivably have been 
present in runs carried out far from the optimum condi­
tions.

Results
Attempts to duplicate the quantitative conver­

sion reported by Aloy and Brustierla using only 
borneol vapor resulted in a rapid decrease in the 
catalyst efficiency (about 30% per run).

Hydrogen as Carrier Gas.—The exploratory 
tests with hydrogen having shown excellent 
promise, experiments were carried out to deter­
mine the optimum conditions for its use. To 
study the effect of temperature, runs were made at 
20° intervals. The results are shown in Table I.

T a b l e  I

E f f e c t  o f  T e m p e r a t u r e , U s in g  H y d r o g e n  a s  C a r r ie r

Temp, of borneol reservoir 135-140°. Product in all 
cases uniformly white and solid. Each run given a num­
ber, the missing runs being omitted from the table in the 
interest of brevity. Space velocity 880.

Run
Catalyst 

temp., °C.
M. p. product, 

°C.
Est. % camphor 

in product
1 280 187.5 65
3 320 180.0 96

11 480 180.0 96
13 520 183.5 86

It is important to note that above 420° Aloy 
and Brustier obtained considerable amounts of 
liquids identified as terpenes. With the present 
precedure the products are still solid at a reaction 
temperature of 520°, though the camphor per­
centage has dropped somewhat. Furthermore, 
life tests at 300° in the presence of hydrogen 
showed the same percentage conversion in the 
tenth run as in the first (95-96%). In no case did

(2) U. S. Pharmacopoeia, Vol. XI, p. 353; Hampshire and Page* 
Quart. J .  Pharm. Pharmacology, 7, 558 (1934); Goldstein and Rein- 
dollar, J . A m . Pharm. Assoc., X X V I, 887 (1937).

hydrogen seem to reverse the process or reduce 
the yield as might have been predicted.

In order to determine the effect of time of con­
tact, runs were made under otherwise optimum 
conditions with various space velocities of hydro­
gen gas. It was observed that maximum effi­
ciencies were maintained with space velocity as 
high as 2000. Above this value the efficiencies 
slowly diminished.

Carbon Dioxide as Carrier Gas.—Although the 
use of carbon dioxide is mentioned in some pat- 
entsld no data were found in the literature. In 
order to determine whether the beneficial effect of 
hydrogen on this reaction is specific or due merely 
to its action as a diluent, a series of runs was made 
with carbon dioxide. The effect of catalyst tem­
perature, space velocity, and length of catalyst 
life were studied in over twenty runs. The effect 
of temperature is shown in Table II.

T a b l e  I I

E f f e c t  o f  T e m p e r a t u r e  U s in g  C a r b o n  D io x id e  a s

C a r r ie r

Temperature of borneol reservoir 140°. Space velocity
>0.

Catalyst M. p. Est. %  camphor
Run temp., °C. product, °C. in product

1 270 203 1
2 320 179 100
5 380 179 100
9 480 185 78

No particular significance is attached to the 
fact that some of the yields are apparently 100% 
as compared to 96% for hydrogen because of the 
method of estimation. The catalyst soon lost its 
activity, the efficiency dropping to 73% on the 
fourth run at 400° and to 65% on the seventh run 
at 340°. The use of carbon dioxide is less advan­
tageous in other respects because it is slower and 
less efficient also in carrying over the borneol vapor.

Other Catalysts.-—Preliminary experiments us­
ing hydrogen as a carrier gas for this reaction 
with other catalysts (notably reduced cobalt and 
nickel) have given excellent results. Although 
the effective temperature range is lower and 
narrower (200-250°) and there is more tendency 
to form terpenes, experiments conducted in this 
Laboratory have given very high yields of cam­
phor. Cobalt seems to be superior in many re­
spects to copper.

Published with the approval of the Monographs 
Publications Committee, Oregon State College, as 
Research Paper No. 10, School of Science, De­
partment of Chemistry.



Oct., 1938 D e h y d r o g e n a t io n  b y  Or g a n o m e t a l l ic  C o m p o u n d s 2333

Summary
1. Results have been given to show that hy­

drogen is highly efficient as a carrier gas for the 
dehydrogenation of borneol vapor over reduced 
copper, particularly in respect to catalyst life and 
purity of product.

2. Optimum conditions with respect to tem­
perature and time have been established for the 
reaction thus conducted.

3. Results have been given to show that car­
bon dioxide is in most respects inferior to hydro­
gen as a carrier.

4. Preliminary experiments have been re­
ported which indicate that reduced cobalt and 
nickel are excellent catalysts for the dehydrogena­
tion of borneol when used in the presence of hy­
drogen.
Corvallis, Oregon Received March 30, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  I o w a  S t a t e  C o l l e g e ]

Dehydrogenation by Organometallic Compounds
B y  H e n r y  G il m a n  a n d  C h e s t e r  W . B r a d l e y

Introduction
In attempting to metalate 1,4-dihydrodibenzo- 

furan in ether solution by means of phenyllithium, 
dibenzofuran instead of the expected metalation 
product was the chief compound isolated. The 
brown color produced at the inception of reaction 
indicated the formation of a metalation product. 
This color slowly disappeared on refluxing and a 
white precipitate, subsequently shown to be 
lithium hydride, formed. The isolation of diben­
zofuran, lithium hydride and benzene indicated 
that the following transformation had taken place.

(9)
H

(8) HC^ \ c -

(1)H2
V C\ CH (2)

(7) HC\ g/ C\ 0 / C\ c / CH (3) 
H (5 ) H2 
(6) (4 )

/ \

+  C6H5Li -

+  C6H6 +  LiH

v v v
The intermediate metalation product was char­

acterized subsequently (after allowing the reac­
tion to proceed for a shorter time and at a lower 
temperature) by carbonation, to yield 1,2-dihy- 
drodibenzofuran-2-carboxylic acid. The posi­
tion of the carboxyl group was established by oxi­
dizing the dihydro acid to the known dibenzo- 
furan-2-carboxyhc acid.

H H H H

[C6H 5Li]
-> C 6H 6

H H

COOH
[02] COOH

Dehydrogenation of 1,4-dihydrodibenzofuran also 
was effected by ^-butyllithium and n-butylso- 
dium. It was shown subsequently that the re­
lated 1,4-dihydrodibenzothiophene is dehydro­
genated to dibenzothiophene by organolithium 
and organopotassium compounds.1

A related series of reactions was then observed 
with 1,4-dihydronaphthalene. Here, also, mod­
erate conditions made it possible to characterize 
the intermediate metalation compound.

H H
\ /

/ \ / \
+  C6H5Li ■ C6H6 +

[C0 2]----

H H H Li
H H

/ \ / 'H
''COOH

[02] AA.— COOH

Carbonation of the intermediate organometallic 
compounds derived from 1,4-dihydrodibenzo­
furan, 1,4-dihydrodibenzothiophene and 1,4-di- 
hydronaphthalene probably involves an allylic 
rearrangement. An illustration of a related re­
arrangement with organosodium compounds is 
the work of Schlenk and Bergmann.2 These au­
thors obtained the same acid by carbonating the 
organosodium compounds obtained from the

(1) Gilman and Jacoby, J . Org. Chem., 3, in press (1938),
(2) Schlenk and Bergmann, A nn., 479, 78 (1930),
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methyl ethers of diphenylstyrylcarbinol and /3,/3- 
diphenylvinylphenylcarbinol, respectively.

[C0 2]
(C6H6)2 CCH=CHC6H6 +  N a -----------

OCHs — ^  (C6H6)2C=

(C6Hfi)2 C=CHCHC6H5 +  Na - 

OCH3
[C0 2]

The loss of alkali hydrides from organometallic 
compounds at temperatures not exceeding the 

boiling point of ether rarely has been ob­
served. However, the N-lithium deriva­
tives of some reduced nitrogen hetero­
cycles, formed by addition and not sub­
stitution reactions, lose lithium hydride 
at temperatures as low as 70-100°. The

=c h c h c 6h 6
I
COOH

The illustrations just given are of lateral types. 
Related allylic rearrangements also take place 
with lateral-nuclear types as in 2-furylmethylso- 
dium3a and benzyllithium.sb Rearrangements of 
these kinds now appear to be reactions common to 
practically all types of reactive and moderately 
reactive organometallic compounds,4 but they 
have been most closely examined with organomag­
nesium compounds.5

If an allylic rearrangement is the correct inter­
pretation for the mechanism of reaction, it is in­
teresting to inquire why the carboxyl group in the 
dihydrodibenzofuran- and dihydrodibenzothio- 
phenecarboxylic acids is attached to the 2-posi­
tion and not to the 3-position. Both dihydro 
types have active methylene groups in the 1- and 
in the 4-positions. Replacement of hydrogen in 
the 1-methylene group followed by rearrangement 
should give a 3-carboxylic acid, whereas replace­
ment in the 4-methylene group should give the 2- 
carboxylic acid. It may be significant that meta­
lation of the parent types, dibenzofuran and di- 
benzothiophene, by organoalkali compounds in­
variably involves the 4-position. Furthermore, 
metalations of ethers (like anisole and diphenyl 
ether) invariably involves the position ortho to the 
ether linkage.

Dehydrogenation by organometallic compounds 
is not restricted to cyclic compounds. It has 
been shown that ^-butyllithium dehydrogenates
1.4- diphenylbutene-2 to give 1,4-diphenylbuta- 
diene-1,3.
C6H5CH2CH=CHCH2C6H5 +  w-C4H9Li — >

C6H5C H =C H C H =C H C 6H6

Carbonation of the reaction mixture also yielded
1.4- diphenyl-2-butene-1,4-dicarboxylic acid. This 
dibasic acid probably was formed as a consequence 
of dimetalation of the reactive methylene groups 
in 1,4-diphenylbutene-2.

(3) (a) Gilman and Breuer, T h i s  J o u r n a l , 56, 1123 (1934); (b)
Gilman and Breuer, ibid., 56, 1127 (1934).

(4) Studies by Joseph F. Nelson.
(5) General references are contained in the following articles: 

Gilman and Kirby, T h i s  J o u r n a l , 54, 345 (1932), and Austin and 
Johnson, ibid., 54, 647 (1932).

[rc-C4H9Li]
C6H5GH2C H = C H C H 2C6H 5 --------- ------>

[CO*]
C6H6CHCH=CHCHC6H6-------->

I I
Li Li

C6H5CHCH=CHCHC6H5

COOH COOH

following reaction illustrates a transformation de­
scribed by Ziegler and Zeiser.6

- f  RLi-
W

R
[heat]

I /

Li

W \ -R +  LiH

A related reaction takes place with other nitrogen 
heterocycles, but generally at more elevated tem­
peratures. Also, ethylsodium decomposes slowly 
at room temperature and quite rapidly at 100° to 
give sodium hydride, ethane and ethylene.7 Py­
rolysis of ethylmagnesium bromide at 175° gives 
magnesium hydride and ethylene.8

Experimental Part
1,4-Dihydrodibenzofuran.—To a solution of 12.0 g. 

(0.54 g. atom) of sodium in 400 cc. of liquid ammonia was 
added 30 g. (0.18 mole) of finely divided dibenzofuran 
over a period of twenty to thirty minutes and the stirring 
continued for thirty minutes.

Ammonium chloride was then added slowly in slight 
excess, and the product was finally distilled under reduced 
pressure (b. p. 110° (5 mm.)). The yield was 82%, 
after recrystallization from methanol and petroleum ether 
(b. p. 60-68°), m. p. 42°.

Anal. Calcd. for C i2H ioO : C, 84.65; H, 5.93. Found: 
C, 84.40; H, 5.87.

Dehydrogenation of 1,4-Dihydrodibenzofuran by 
Phenyllithium.—A filtered ether solution of phenyllithium 
(0.125 mole) was run into an ether solution of 17 g. (0.01 
mole) of 1,4-dihydrodibenzofuran. The mixture immedi­
ately turned brownish and the color intensified slowly. 
In about two hours a white precipitate became noticeable, 
and at the end of fifteen hours of refluxing all of the brown 
color disappeared and there was a considerable accumula­
tion of white precipitate.

(6) Ziegler and Zeiser, Ber., 63, 1847 (1930); A nn ., 485, 174 (1931). 
See also Bergstrom, T h i s  J o u r n a l , 52, 2845 (1930).

(7) Carothers and Coffman, ibid., 51, 588 (1929).
(8) Jolibois, Compt. rend., 155, 353 (1912); Clapp and Woodward, 

T h i s  J o u r n a l , 60, 1019 (1938).
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The ether solution was filtered from the precipitate, 
and the filtrate distilled to yield 1.5 g. (19%) of benzene 
(identified as the w-dinitrobenzene derivative). Distil­
lation of the residue gave dibenzofuran; 88% yield of 
crude material or 70% yield of compound highly purified 
by crystallization.

The white precipitate was analyzed by decomposing with 
water and measuring the hydrogen evolved and also 
titrating the lithium hydroxide formed. The hydrogen 
and lithium hydroxide were formed in equivalent quanti­
ties from a sample. The hydrogen was analyzed by com­
bustion methods.

In another experiment in which refluxing was continued 
for only one and one-quarter hours before carbonation, 
some brownish colored material was present at the end of 
that time. However, the quantity of intermediate metala­
tion product must have been small for the yield of dibenzo­
furan was 86% and only a trace of acidic material was 
isolated.

Apropos the ready loss of lithium hydride, it was 
noted that refluxing and extended time of reaction are 
not necessary. From an experiment allowed to run but 
ten minutes and with no refluxing, the yield of dibenzo­
furan was 70% and the yield of dihydrodibenzofuran­
carboxylic acid was 27%.

In another experiment in which an excess of phenyl­
lithium was used there was obtained a 66% yield of di­
benzofuran and a 5% yield of dibenzofuran-4-carboxylic 
acid. This acid undoubtedly was due to metalation of 
the dibenzofuran by the excess of phenyllithium.

Metalation of 1,4-Dihydrodibenzofuran.—Five-hun­
dredths mole of dihydrodibenzofuran and an equivalent 
quantity of phenyllithium were allowed to react for thirty- 
five minutes at —15°, after which time carbonation was 
effected by an ether-solid carbon dioxide mixture. From 
the ether extract there was recovered a 59% yield of the 
dihydrodibenzofuran. No dibenzofuran was isolated.

Acidification of the alkali extract yielded 3.6 g. (34%) 
of dihydrodibenzofurancarboxylic acid which melted at 
278-279° after recrystallization from ethanol.

Anal. Calcd. for Ci3H10O3; C, 72.75; H, 4.70; neut. 
equiv., 217. Found: C, 72.58; H, 4.84; neut. equiv., 220.

The dihydrodibenzofurancarboxylic acid was oxidized 
by two different procedures to dibenzofuran-2-carboxylic 
acid. First, the dihydro acid was heated with an equal 
weight of sulfur at 250 0 for three-fourths of an hour to give 
a 66% yield of dibenzofuran-2-carboxylic acid. Second, 
a glacial acetic acid solution of the dihydro acid and an 
equivalent quantity of bromine were refluxed for fifteen 
minutes to give a 90% yield of dibenzofuran-2-carboxylic 
acid. The acid obtained by these two oxidation proce­
dures was identified by (1) direct comparison with an 
authentic specimen and (2) conversion to methyl dibenzo- 
furan-2-carboxylate which was also compared with an 
authentic specimen.

Dehydrogenation of 1,4-Dihydrodibenzofuran by w- 
Butylsodium and w-Butyllithium.—w-Butylsodium was 
prepared by adding 2.5 g. (0.11 g. atom) of sodium to 8.5 g. 
(0.0271 mole) of di-w-butylmercury in 200 cc. of pe­
troleum ether (b. p. 60-68°). The reaction was allowed 
to proceed for one hour and then 9.2 g. (0T54 mole) of 
dihydrodibenzofuran in 25 cc. of petroleum ether was

added. Slight warming Was observed, and a muddy brown 
suspension appeared immediately. After three hours of 
refluxing, the mixture became gray in color.

The supernatant liquid was decanted through a filter, 
and the residue washed once with petroleum ether. 
From the petroleum ether was obtained 3.7 g. of dibenzo­
furan.

The solid residue was suspended in petroleum ether 
and carbonated. Extraction with 5% sodium hydroxide 
followed by acidification of the extract yielded 2.5 g. 
(21.5%) of dibenzofuran-4-carboxylic acid. The pe­
troleum ether fraction yielded an additional 2.4 g. of di­
benzofuran which made the total yield of this product 
66%.

From a reaction between dihydrodibenzofuran and n- 
butyllithium there was obtained an 84% yield of dibenzo­
furan.

Dehydrogenation of 1,4-Dihydronaphthalene.—The 1,4- 
dihydronaphthalene was prepared in accordance with the 
directions of Bamberger and Lodtef9 and purified by the 
method of Sand.10

Dehydrogenation was carried out with phenyllithium 
in a manner identical with that used with dihydrodibenzo­
furan. Reaction was slower, as evidenced by the slow 
development of the brown color and the noticeable forma­
tion of a precipitate in about four hours. After sixteen 
hours of refluxing the brown color had faded considerably 
and much white precipitate was present. The reaction 
mixture was then carbonated and the products worked up. 
Starting with 4 g. of dihydronaphthalené, the yield of 
naphthalene was 85%.

In another experiment, the precipitate was filtered be­
fore carbonation and shown to be lithium hydride.

Metalation of 1,4-Dihydronaphthalene.—Five grams of
1,4-dihydronaphthalene was metalated at —15° with 
an equivalent amount of «-butyllithium. After stirring 
for seven hours the reaction mixture was carbonated.

The products isolated were a 64% recovery of dihydro­
naphthalene and 1.7 g. or a 26% yield of l,2-dihydro-2- 
naphthoic acid melting at 105-106°. This dihydro acid 
was oxidized to /3-naphthoic acid in accordance with the 
procedure of Baeyer.11 Identification was completed by 
the method of mixed melting points.

Dehydrogenation of l,4-Diphenylbutene-2.—A filtered 
solution of tt-butyllithium, prepared from 0.014 mole of 
n-butyl bromide, was added to an ether solution of 2.1 g. 
(0.01 mole) of l,4-diphenylbutene-2 (prepared in accord­
ance with the directions of Freund and Immerwahr12). 
The mixture turned yellow at first, then brown in about 
ten minutes, and brilliant red in thirty minutes. The 
maximum color intensity seemed to have been reached in 
about two hours. The solution was refluxed for nine 
hours and was then filtered into an ether-solid carbon 
dioxide mixture.

From the ether fraction obtained after carbonation 
there was isolated a 12% yield of 1,4-diphenylbutadiene-
1,3 (mixed melting point). In a check experiment the 
yield was 15%.

(9) Bamberger and Lodter, A nn., 288, 75 (1895).
(10) Sand, Ber., 36, 3705 (1905).
(11) Baeyer, A nn., 266, 202 (1891).
(12) Freund and Immerwahr, Ber., 23, 2857 (1890); see also 

Straus, A n n ., 342, 253 (1905).
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The aqueous solution gave 0.30 g. or a 12% yield of 
acid melting at 219-220°. This acid was shown to be 1,4- 
dipheny 1-2-butene-1,4-dicarboxylic acid.13

Summary
It has been shown that the more reactive or­

ganometallic compounds dehydrogenate some 
partially reduced nuclear and open-chained com-

(13) Schlenk and Bergmann, A nn ., 463, 100 (1928).

pounds smoothly and under very mild conditions. 
Illustrations are the conversion of 1,4-dihydro­
naphthalene to naphthalene, 1,4-diphenylbutene- 
2 to 1,4-diphenylbutadiene-1,3, and 1,4-dihydro­
dibenzofuran to dibenzofuran.

Intermediate compounds have been isolated 
and a mechanism considered.
A m e s , I o w a  R e c e iv e d  J u l y  14, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  I o w a  S t a t e  C o l l e g e ]

Relative Reactivities of Organometallic Compounds. XIX. Hydrogenolysis of RM
Compounds

B y  H e n r y  G il m a n , A r t h u r  L  

Introduction
The smooth and ready dehydrogenation by 

organometallic compounds described in the pre­
ceding1 paper suggested that the more reactive 
organometallic compounds might undergo easy 
hydrogenolysis. This has been found to be the 
case. Actually, some of the organoalkali com­
pounds are cleaved by hydrogen under ex­
tremely mild conditions: room temperature, at­
mospheric pressure and in the absence of any cata­
lyst. Apparently there is no report of any other 
class of organic compounds reacting with hydro­
gen under such mild conditions. Not only do 
some organometallic compounds undergo easier 
reduction than any other type of organic com­
pound, but they also appear to be oxidized at 
least as readily as any other class.

Relative Rates of Hydrogenolysis of RM Com­
pounds Having Different Metals.—The varying 
rates of hydrogenolysis of organoalkali and other 
reactive organometallic compounds suggested the 
possibility of a correlation with the relative reac­
tivities of organometallic compounds established 
with other reactants. Earlier studies by others 
pointed to such a relationship. Ipatieff and 
Rasuwajeff2a showed that under elevated pres­
sures (60 atmospheres), elevated temperatures 
(225 and 350°) and in the absence of catalysts, the 
rate of hydrogenolysis of the triphenyl derivatives 
of phosphorus, arsenic, antimony and bismuth in­
creased in the order: P, As, Sb, Bi. Then Zart- 
man and Adkins,3 in an examination of the hy­
drogenation of some more reactive RM com-

(1) Gilman and Bradley, This Journal, 60, 2333 (1938).
(2) (a) Ipatieff and Razuwajeff, Ber., 63, 1110 (1930); (b) Ipa­

tieff, Razuwajeff and Bogdanov, ibid., 63, 335 (1930).
(3) Zartman and Adkins, This Journal, 54, 3398 (1932).

J acoby  a n d  H e l e n  L u d e m a n

pounds, found that the order of increasing ease of 
hydrogenation of R3Sb, R4Pb, R2Zn and R2Mg 
compounds was: Sb, Pb, Zn, Mg. These authors 
used not only elevated temperatures and pressures 
but also a nickel catalyst. Two reactions were 
noted, depending on the kind of RM compound 
used

R2M +  H2 — >- R R +  M
R2M +  H2 — ^  2RH +  MH2

For example, tetraphenyllead gave biphenyl and 
lead, both a catalyst and hydrogen being neces­
sary, and diphenylmagnesium gave benzene and 
magnesium hydride. Ipatieff and co-workers2b 
observed the following reaction with tetraalkyl- 
and tetraaryllead compounds in the absence of a 
catalyst, but in a glass and not a copper reaction 
vessel.

R4Pb +  2H2 — >  4RH +  Pb

We have found that the order of increasing ease 
of hydrogenolysis of some very reactive organo­
metallic compounds is: Ca, Li, Na, K, Rb, Cs. 
This order together with the orders established 
by Ipatieff and by Adkins follows almost exactly 
the order of increasing chemical reactivity of the 
organometallic compounds as established in other 
reactions. It is interesting to note that here, as 
in the recent study4 on the relative reactivities of 
organoalkali compounds, there is only a small 
difference between the relative reactivities of 
organopotassium and organorubidium compounds.

The preponderant reaction which takes place 
with organoalkali compounds is

RM +  H2 — >  RH +  MH

The rate of hydrogenolysis varies somewhat 
with the medium, as illustrated in Fig. 1. The

(4) Gilman and Young, J .  Org. Chem., 1, 315 (1936).
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curves indicate that the rate-controlling factor in 
petroleum ether suspension may be the rate of 
diffusion of hydrogen through the petroleum 
ether; and with benzene, a first-order reaction in 
which the concentration of hydrogen is constant. 
Obviously, the high reactivity of organoalkali 
compounds made it desirable to work with sus­
pensions in benzene and petroleum ether.

Relative Rates of Hydrogenolysis of RLi Com­
pounds Having Different Radicals.—Under cor­
responding conditions, and in benzene, the times 
in hours required for the hydrogenolysis of some 
organolithium compounds were: phenyl (32.2 
hours), methyl (38.5), a-naphthyl (40), w-butyl 
(61), w-heptyl (66), n-lauryl (91), (150).
This order follows somewhat the tendency of 
corresponding organoalkali compounds to metalate 
systems like dibenzofuran and dibenzothiophene.5 6

Effect of Catalysts on Rates of Hydrogenoly­
sis.—It seemed of interest to examine the effect 
of some catalysts on the rates of hydrogenolysis. 
For this purpose, platinum and palladium were se­
lected because of their general accelerating effect 
on organic reductions. Neither catalyst appeared 
to have any significant effect on the rate of hydro­
genolysis of phenyllithium and phenylsodium.

Experimental Part
The organoalkali compounds were prepared in accord­

ance with general procedures, details of which have been 
given in earlier publications from this Laboratory. Phenyl- 
potassium was prepared by stirring for forty-eight hours 
75 cc. of dry benzene, 4.0 g. (0.10 g. atom) of cut potassium 
and 6.9 g. (0.22 mole) of di-w-butylmercury. The reaction 
started promptly with the appearance of a precipitate of 
phenylpotassium, but with very little noticeable warming. 
Related reactions were used for the syntheses of phenyl- 
rubidium and phenylcesium.

Depending upon the particular organometallic com­
pound, comparative runs were made at atmospheric pres­
sure; at pressures slightly above atmospheric pressure 
(about 785 mm.); and at 100 lb. (7 atm.) pressure in a 
shaking machine. The rate of hydrogenolysis was de­
termined by disappearance of the color test,6 or by noting 
the time for absorption of 90% of the hydrogen. The 
latter procedure was used rather than the time for complete 
absorption because the reaction was observed to be er­
ratic toward the end and variations were then noted with 
individual experiments. Rates determined by disap­
pearance of the color test were confirmed by carbonation; 
no acid was obtained in those cases where no color test 
was observed.

In some experiments, the lithium hydride was analyzed 
by hydrolysis, the evolved hydrogen being measured, and

(5) Gilman and Jacoby, J . Org. Chem., 3, in press (1938). Also, 
unpublished studies by R. L. Bebb.

(6) Gilman and Schulze, T h i s  J o u r n a l , 47, 2002 (1925).

0 2 4 6 8
Time, hours.

Fig. 1.—Rates of hydrogenolysis of 
phenylsodium: Q, benzene as medium;
O, petroleum ether (b. p. 115-130°).

the lithium hydroxide being titrated with standard acid. 
The results of two analytical experiments showed: 0.00072 
mole of hydrogen and 0.00078 equivalent of lithium hy­
droxide; and, 0.00027 mole of hydrogen and 0.00024 
equivalent of lithium hydroxide. The benzene formed by 
hydrogenolysis was isolated in yields upward of 60% and 
characterized as m-dinitrobenzene.

T a b l e  I
R e d u c t io n  R a t e s  i n  B e n z e n e  S u s p e n s i o n

Organometallic
compound
CeHeCal
CeHgLi
C6H5Na
C6H5K
CfiHgRb
C6H5Cs

Av. tim e (hours) 
for complete 

redn. at 
100 lb.

Incomplete, 150 
32.2  

0 .5

Av. tim e (hours) 
for 90%  redn. 

a t pres. si. 
above atm .

1 .9
0 .54

.42

.2

Typical of results obtained for 90% reduction 
at pressures a few millimeters above atmospheric 
pressure are phenylsodium, one and eight-tenths 
and two hours, respectively; and phenylpotassium, 
one-half and fifty-eight hundredth hours, respec­
tively. Also, in the series of RLi compounds hav­
ing different R groups, phenyllithium was reduced 
completely at 100 lb. (7 atm.) pressure in thirty- 
one hours, thirty-one and one-half hours and 
thirty-four hours, respectively.

Summary
The more reactive organoalkali compounds are
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reduced more easily than any reported type of 
organic compound. Reduction is effected at 
room temperature, atmospheric pressure and in 
the absence of any catalyst. The reaction is 
RK +  H2 — > RH +  KH.

The order of increasing ease of hydrogenolysis 
of the phenyl derivatives is: Ca, Li, Na, K, Rb, 
Cs. This series follows essentially the series of rela­

tive reactivities as established by other reactants.
The rates of hydrogenolysis appear to be un­

affected by the presence of platinum and palla­
dium.

The rates of hydrogenolysis have been estab­
lished for a series of RLi compounds having dif­
ferent R groups.
Ames, I o w a  Received J u l y  14, 1938

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

Urethans as Local Anesthetics. IV. Alkyl N- (p-Aminobenzyl) -carbamates

By R. L. S h r i n e r  a n d  J a m e s  M. Cross

A study of the local anesthetic action of p- 
aminophenyl urethans (Formula I) showed that 
their anesthetic potency was high but that they 
were very irritating whether applied topically or 
intracutaneously.1 It seemed possible that the 
irritation might be due to the ^-phenylenediamine 
grouping present as a portion of the molecule since 
other derivatives of this compound have been 
found to cause irritation.2

In molecules of the type of alkyl N-(^-amino- 
benzyl) -carbamates (II) the urethan grouping is 
separated from the benzene ring by a methylene

I H2N C 6H4NHCOOR  
II H2NC6H4CH2NHCOOR  

III H2N C 6H4COO(CH2)a;N R 2

group and the ^-phenylenediamine group is no 
longer present. The structure of urethans of 
type II is related to compounds of the novocaine 
type (III) in that each contains a ^-aminophenyl 
radical attached to a carbon atom. Since the 
alkyl ^-aminobenzoates are not especially irritat­
ing, it was considered of interest to synthesize 
the urethans of type II in order to determine 
whether this structure would be non-irritating to 
the tissues but still retain the superiority in topi­
cal and injection anesthetic potency of the ure­
thans of type I over those of the ^-aminobenzo- 
ates of type III.

The urethans were synthesized by means of the 
reactions summarized in Chart I.

Although the final compounds are new, each of 
the individual steps in the above synthesis repre­
sents well-known reactions which were adapted to

(1) Horne, Cox and Shriner, This J o u r n a l , 55, 3435 (1933).
(2) Hanzlik, / .  Ind . Hyg., 4, 386, 448 (1923); Erdmann and Bak- 

len, Arch. E xp tl. Path. Pharm.» 53, 402 (1905).

CH2C1;\
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the present compounds with slight modifications 
which are given in the experimental part.

Through the courtesy of the Lilly Research 
Laboratories the pharmacological action of 1% 
aqueous solutions of the hydrochlorides of this 
series of urethans was determined. The data ob­
tained are summarized in Table I.

The pharmacological data in Table I show that 
these urethans cause some local anesthesia when 
injected intracutaneously but that they are not 
especially active when applied topically. All of 
these urethans were irritating both to the skin 
and eyes and this fact probably accounts for the 
somewhat erratic results. These urethans are
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T a b l e  I

P h a r m a c o l o g ic a l  A c t io n  o p  A l k y l  N - ( / k Am in o b e n -
ZYL)-CARBAMATE HYDROCHLORIDES

RO—C—N —C -NHs+Cl™

O H
Alkyl group Toxicity

(mice)
Anesthesia 

Skin EyesR— m g./kg. (min.) (min.)
Normal

c h 3— 1000 30 None
c h 3c h 2— 340 25 None
c h 3c h 2c h 2— 250 21 None
c h 3c h 2c h 2c h 2— 140 38 6
CH3(CH2)4— 125 11(?) 10
CH3(CH2)6— 60 40 46
CH3(CH2)e— 30 None None
CH8(CH2),— 50 36 None

Iso
(CH3)2CHCH2— 175 23 None
(CH3)2CHCH2CH2— 100 10 None
CH3CH2(CH3) c h c h 2— 90 45 22

Secondary
(CH3)2CH— 400 28 None
CH3CH2(CH3)CH— 230 23 None
CH3CH2CH2(CHs)CH— 200 21 None
CH3(CH2)6(CHs)CH— 35 None None
(CHsCH2)2CH— 125 120 None

not as potent local anesthetics as the p -amino- 
phenylurethans previously described.

Experimental
Methyl p-Nitrophenylacetate.—Forty grams of p-nitro- 

phenylacetic acid, prepared by the hydrolysis of p-nitro- 
phenylacetonitrile,3 was dissolved in 120 g. of absolute 
methanol and dry hydrogen chloride passed into the solu­
tion for two hours. The solution was refluxed for two 
hours and the excess methanol removed by distillation. 
The residue was extracted with warm ligroin and the re­
sulting solution cooled in an ice-bath. The ester separated 
in the form of colorless needles which melted at 54°. 
The yield was 83.5%. This procedure is a modification 
of the one used by Curtius,4 who obtained a 42% yield.

£-Nitrophenylacethydrazide.—A mixture of 34 g. of the 
ester with 50 g. of 42% hydrazine hydrate solution was 
heated on a steam-bath for thirty minutes. At first a red 
coloration developed which gradually disappeared and the 
mixture solidified to a hard yellow cake. The product was 
washed with water and recrystallized from absolute eth­
anol. Thirty-three grams (97 %) of needles was obtained 
melting at 167° which agreed with the value given by 
Curtius.4

^-Nitrophenylacetazide.—Twelve grams of the hydra- 
zide was dissolved in two liters of warm water and 8 cc. of 
concentrated hydrochloric acid added. This solution was 
cooled to 20° and 5 g. of sodium nitrite sifted in with 
vigorous mechanical stirring. The insoluble azide floated 
on the surface and was separated by filtration. Nine prepa­

(3) Robertson, “ Organic Syntheses,” Coli. Vol. I, John Wiley and 
Sons, Inc., N ew  York, N . Y., 1932, p. 398.

(4) Curtius, J . prakt. Chem., 197, 521 (1913).

rations using the above quantities and conditions gave 
an average yield of 10.6 g. (83.5%). The azide melted 
at 45° with decomposition. The azide decomposes upon 
standing and hence always was used within a few hours 
after it was prepared.

Alkyl N-(£-Nitrobenzyl)-carbamates.—A solution of 10 
g. of the azide in 400 cc. of each of the anhydrous alcohols 
was refluxed for three to four hours, at the end of which 
time the evolution of nitrogen had ceased. The excess 
alcohol was removed by distillation and the residue chilled. 
In most cases the urethan solidified and was recrystallized 
from ligroin. Four of the urethans were oils (see Table II) 
which could not be crystallized satisfactorily and which de­
composed upon attempted distillation in vacuo. The oils 
were washed with water and dried. The analyses of the 
oils indicated that they were not quite pure but they were 
sufficiently so for the next step. The data on the alkyl

T a b l e  I I
A l k y l  N - ( £ - N it r o b e n z o y l ) -c a r b a m a t e s

Alkyl Yield, M.p., °C. Mol. N  Analyses, %
group % (corr.) formula Calcd. Found

Methyl 68 104-105 C9H io0 4 N 2 13.33 13.53
Ethyl 63 115-116 C10H 12O4N 2 Ref. 4
«-Propyl 97 89-90 C11H1404N 2 11.76 11.95
Isopropyl 76 107-108 C11H 1404N 2 11.76 11.75
«-Butyl 66 62-63 C12H 1604N 2 1 1 .1 1 11.06
Isobutyl 70 59-60 C12H 1604N 2 1 1 .1 1 10.94
2-Butyl 61 62-63 C12H 1604N 2 1 1 .1 1 11.24
«-Amyl 52 49-50 C13H 1804N 2 10.52 10.77
Isoamyl 70 Oil C13H 1804N 2 10.52 10.03
2-Pentyl 70 50-51 C13H 1804N 2 10.52 10.49
3-Pentyl
2-Methyl-

55 50-51 C13H 1804N 2 10.52 10.72

1-butyl 70 Oil C13H 1804N 2 10.52 10.10
«-Hexyl 61 Oil C14H20O4N 2 10.00 10.92
«-Heptyl 63 Oil C15H2204N 2 9.52 9.29
1-Octyl 63 48-50 C10H2404N 2 9.09 9.00
2-Octyl 56 64-65 C16H2404N 2 9.09 8.94

T a b l e  I I I
A l k y l  N - (^ -A m in o b e n z y l ) - c a r b a m a t e  H y d r o c h l o r id e s

Alkyl
Decomposi­
tion temp.,® Mol. Cl Analyses, %

group °C. formula Calcd. Found
Methyl 177-178 Q,H130 2N 2C1 16.39 16.50
Ethyl 160-161 CioHi60 2N 2C1 15.41 15.05
«-Propyl 153-155 CuHijO*N2C1 14.51 14.90
Isopropyl 177-178 CuHi702N 2C1 14.51 14.60
«-Butyl 156-158 Ci2Hi„02N 2C1 13.84 13.84
Isobutyl 160-162 c :2h 19o2n 2ci 13.84 13.76
2-Butyl 153-154 C12Hi90 2N 2C1 13.84 14.05
«-Amyl 152-154 Ci3H2,0 2N 2C1 13.03 12.84
Isoamyl 157-159 Ci3H210 2N 2C1 13.03 13.20
2-Pentyl 140-146 Ci3H210 2N 2C1 13.03 13.70
3-Pentyl 149-150 Ci3H210 2N 2C1 13.03 13.15
2-Methyl-l-

butyl 152-153 Ci3R 210 2N 2C1 13.03 13.30
«-Hexyl 157-158 Ci4H230 2N 2C1 12.37 12.33
«-Heptyl 157-158 CisH260 2N 2C1 11.81 12.01
1-Octyl 159-161 Ci6H2,02N 2C1 11.29 11.39
2-Octyl 147-148 Ci6H2,0 2N 2C1 11.29 11.47

* In all cases these salts darkened 5 to 10° below the 
decomposition temperature.
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N -(^-nitrobenzy 1)-carbam a tes are summarized in Table II.
Alkyl N- ( Aminobenzy 1)-carbamates.—A solution of 

5 g. of the alkyl N-(/>-nitrobenzyl)-carbarnate in 100 cc. of 
absolute ethanol was shaken with 0.2 g. of platinum oxide- 
platinum black and hydrogen at 3 atm. pressure. The 
reductions were complete in three to ten minutes. The 
platinum was removed by filtration and the filtrate satu­
rated with dry hydrogen chloride. An equal volume of 
absolute ether was added to facilitate the separation of the 
hydrochloride. The hydrochloride salts were removed by 
filtration. The yields varied from 50 to 90%, most of the 
loss being due to the difficulties in causing complete sepa­
ration of the hydrochlorides. Evaporation of the al­
cohol-ether mother liquor gave colored impure products 
which could not be obtained in a colorless condition by 
recrystallization. The data are summarized in Table III.

Summary
A series of alkyl N-(^-nitrobenzyl)-carbamates 

was prepared by the action of the alcohols from 
methyl to octyl on the azide of p -nitrophenylace- 
tic acid. Catalytic reduction of these nitro com­
pounds and subsequent treatment with hydrogen 
chloride produced the corresponding hydrochlo­
rides of alkyl N- (^-aminobenzyl) -carbamates. 
Solutions of these hydrochlorides produced intra- 
cutaneous anesthesia but only a few caused surface 
anesthesia. All were quite irritating to the tis­
sues.
U r b a n a , I l l in o is  R e c e iv e d  J u l y  15, 1938

[C o n t r ib u t io n  o f  t h e  G & A L a b o r a t o r ie s , I n c ., S a v a n n a h , G e o r g i a ]

Reactions Involved in the Sulfonation of Heat Treated Abietic Acid
B y  T o r s t e n  H a s s e l s t r ö m  a n d  J o h n  D . M cP h e r s o n

Recent work of Fieser and Campbell1 on dehy- 
droabietic acid together with the investigations of 
Fleck and Palkin2 and Littman3 has produced 
evidence that a'-pyroabietic acid heretofore re­
garded as an isomeric abietic acid is actually a 
mixture of dehydroabietic acid and hydrogenated 
abietic acids produced through the reactions of 
dehydrogenation and disproportionation of abietic 
acid.

In a previous communication4 we reported that 
the sulfonation of heat treated abietic acid yields 
a crystalline sulfonic acid and as a by-product a 
lactone belonging to the tetrahydroabietic acid 
series of compounds. We have obtained evi­
dence that the sulfonic acid5 has the composition 
of C20H28O5S-3H2O and hence may be established 
as a dehydroabietic acid sulfonate. This identity 
is established further by the preparation of the di­
methyl ester, diethyl ester and diamide of this sul­
fonic acid. Since the lactone is saponified only 
with difficulty and easily regenerated,4 it is ap­
parently a 7 -lactone formed from a A9,l0-dihy- 
droabietic acid as a result of hydration due to 
the sulfuric acid employed. Hence it is likely 
that the corresponding hydroxytetrahydroabietic 
acid has the hydroxyl in position 10. It is worthy 
of note that the addition of two atoms of hydro-

(1) Fieser and Campbell, T h i s  J o u r n a l , 60, 159 (1938).
(2) Fleck and Palkin, ibid., 60, 921 (1938).
(3) Littman, ibid., 60, 1419 (1938).
(4) Hasselström, Brennan and McPherson, ibid., 60, 67 (1938).
(5) (a) Hasselström, U. S. Patent 2,121,032 (1938); (b) Hassel- 

strom, U. S. Patent 2,121,033 (1938).

gen to abietic acid by catalytic means produces 
an easily lactonized dihydroabietic acid.6 This 
lactone formation in the abietic acid series points 
to the fact that on saturation of one double bond 
of the original abietic acid, the remaining double 
bond moves to a position more favorable for hy­
dration and lactonization.

The results obtained by us on the sulfonation of 
heat treated abietic acid do not agree with those 
previously recorded in the literature. On sulfona­
tion of a-pyroabietic acid Fanica7 obtained a 
crystalline monosulfonic acid for which the for­
mula C2oH3005S was designated. He also reports 
as a residue a non-crystalline sulfur containing 
material.

Our findings that the sulfonation of heat treated 
rosin yields a dehydroabietic acid sulfonate and a 
lactone belonging to the tetrahydroabietic series 
of compounds are additional proof that the dehy­
drogenation and disproportionation of abietic 
acid occur on heat treatment.

Experimental
Dehydroabietic Acid Sulfonate.—The sulfonic acid was 

prepared from partially refined pseudopimaric acid accord­
ing to Hasselström.oa It was recrystallized from water, 
glacial acetic acid and water; m. p. 223-224° (dec.). 
It was dried at 100° under vacuum.

Anal. Calcd. for CaoHasOgSSHaO: C, 55.29; H, 7.83;

(6) (a) Ruzicka and Meyer, Helv. Chim. Acta, 6, 333 (1922); (b) 
Ruzicka, Waldman, Meier and Hösli, ibid., 16, 139 (1933).

(7) (a) Fanica, Bull. inst. p in ., A t ,  151 (1933); (b) ibid., 45, 181 
(1933); (c) Greth, Z. angew. Chem., A7, 927 (1934).
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mol. wt., 434. Found: C, 55.33; H, 8.15;8 mol. wt. (by 
titration for a dibasic acid), 433.

When dried at 150 ° for six hours, it lost 3 molecules H20 .  
Calcd. for C20H28O5S: mol. wt., 381. Found: mol. wt. 
(by titration for a dibasic acid), 381, 379.5.

Dimethyl Ester of Dehydroabietic Acid Sulfonate.—Five 
grams of dehydroabietic acid sulfonate was neutralized to 
phenolphthalein with a dilute aqueous solution of sodium 
hydroxide and the whole was evaporated to dryness. The 
pale yellowish powdered residue was dried for two hours 
at 125° and then boiled for ten minutes with 30 g. of di­
methyl sulfate. After cooling, the clear dark solution was 
poured into ice water and then the mixture boiled for about 
one hour. The separated solid was removed, washed 
with a hot dilute sodium bicarbonate solution and then 
with water; yield, about 3 g. of crude dimethyl ester. It 
was recrystallized from acetone and methanol, the white 
silky needles melting at 176.7-177.7° (corr.).

Anal. Calcd. for C22H32O5S: C, 64.69; H, 7.86. 
Found: C, 64.87; H, 8.04.

Diethyl Ester of Dehydroabietic Acid Sulfonate.—This 
was obtained in the same manner as the dimethyl ester, 
from 5 g. of dehydroabietic acid sulfonate and 30 g. of di­
ethyl sulfate. It was recrystallized from acetone and meth­
anol, the white silky needles melting at 150.4^151.4° (corr.).

Anal. Calcd. for C24H36O6S: C, 66.00; H, 8.32. 
Found: C, 66.18; H, 8.35.

(8) All analyses by Mr. S. Gottlieb, Columbia University.

Diamide of Dehydroabietic Acid Sulfonate.—Five grams 
of dehydroabietic acid sulfonate was mixed with about 15 
g. of phosphorus pentachloride and heated for about one 
hour on the water-bath under reflux. After cooling, the 
liquid was poured drop by drop into strong aqueous am­
monia cooled with ice. The precipitated solid material 
was removed and extracted with boiling water until free 
from sulfonic acid. The diamide was then crystallized 
from ethanol, the transparent prismatic plates melting at 
254-255.5° (corr.) (with slight dec.).

Anal. Calcd. for C2oH3o0 3N 2S: C, 63.43; H, 7.99. 
Found: C, 63.22; H, 8.09.

Summary
1. A dehydroabietic acid sulfonic acid is 

formed on sulfonation of heat treated abietic 
acid. This was confirmed further by the prepara­
tion of the dimethyl ester, diethyl ester and the 
diamide of the sulfonic acid.

2. The fact that a dehydroabietic acid sul­
fonate and a lactone belonging to the tetrahydro­
abietic acid series are formed on sulfonation of 
heat treated abietic acid are additional evidence 
that dehydrogenation and disproportionation of 
abietic acid occurs on heat treatment.
S a v a n n a h , Ga . R e c e iv e d  J u l y  11, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  of P h y s ic a l  C h e m is t r y , H a r v a r d  M e d ic a l  S c h o o l , a n d  t h e  B io l o g ic a l
L a b o r a t o r ie s , H a r v a r d  U n i v e r s it y ]

Alicyclic Amino Acids

By J. P. G r e e n s t e in  a n d  J . W y m a n , J r .

I
A great amount of data is now available on the 

dielectric constants of solutions of various amino 
acids, peptides, betaines and related molecules, 
which exist as dipolar ions. Although an exact 
theory of the relation of dielectric constant to 
molecular properties is still lacking in the case of 
polar liquids, the picture which emerges from such 
data is fairly simple and convincing.1 There is 
no question that the large positive dielectric in­
crements of all these compounds are due to their 
very large moments as dipolar ions. But beyond 
this a correlation of these increments with the 
properties of the molecules, as well as other em­
pirical considerations, has led to the conclusion 
that in the case of polar liquids there is an approxi­
mately linear relation between dielectric constant 
and volume polarization, a conclusion which has 
been justified to some degree by recent theoretical

(1) J. Wyman, Chem. Rev., 19, 213 (1936).

investigations of Onsager2 and of Van Vleck.3 
On this basis the dielectric increments of highly 
polar molecules like dipolar ions should be very 
nearly proportional to their molar polarizations, 
or, in view of that part of Debye’s theory relating 
polarization to moment, to the square of their 
moments. This interpretation of the dielectric 
increments has made it possible to assign relative 
values to the moments of molecules, and, in con­
nection with further inductions from data on pure 
liquids, even to estimate absolute values which 
are not far different from those estimated on an 
entirely different basis. Its application in detail 
to the large body of data on dipolar ions containing 
one positive and one negative charge separated 
by an aliphatic chain shows that in these molecules 
the mean square distance between the charges is 
proportional to the length of the intervening chain.

(2) Onsager, T h is Jo urn al , 58, 1486 (1936).
(3) Van Vleck, J . Chem. Phys., 5, 556 (1937).
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This agrees with what would be expected on the 
basis of free rotation in the chain according to 
statistical considerations of Eyring4 5 and Werner 
Kuhn,6 and the whole picture falls together in a 
very consistent way.

All the aliphatic dipolar ions so far studied have 
been straight chain compounds as regards the 
structure separating the charged groups, al­
though in many cases the molecules contain cyclic 
radicals of one type or another, as for example 
histidine or phenylglycine. In the present study 
we have investigated the behavior of a series of 
compounds in which the charged amino and car­
boxyl groups are attached to a six-membered ali­
phatic ring, namely, the 2-, 3- and 4-aminocyclo- 
hexane-carboxylic acids. In these alicyclic amino 
acids the situation in regard to free rotation is 
quite different and offers a problem of some in­
terest in itself as well as in relation to that of rota­
tion in the straight chain compounds.

II
The cyclohexane amino acids may be prepared 

by two different procedures. The first is the 
method of Einhorn, which consists in boiling a 
solution of tf-,6 m -7 or p-8 aminobenzoic acid with 
sodium in amyl alcohol. In the present study, 
only the 2-acid was so prepared. The second 
method is the catalytic hydrogenation of the 
aminobenzoic acids, using the Adams platinum 
oxide catalyst. In the present investigation the 
hydrogenation was carried out both in aqueous 
suspension and in hydrochloric acid solution. 
The meta and para homologs were reduced 
smoothly to the cyclohexane forms by the cata­
lytic procedure; the ortho acid, on the other hand, 
in spite of repeated crystallizations, could not be 
hydrogenated completely.9 In Table I are listed 
the melting points of the homologous aminocyclo- 
hexane acids prepared by these methods. Details 
of the procedure used in the preparations are given.

4-Aminocyclohexane-carboxylic Acid.—Fourteen grams 
of thrice-crystallized ^-aminobenzoic acid was dissolved in 
200 cc. of warm 1 N  hydrochloric acid. The yellowish 
solution was filtered into the hydrogenation vessel and 
shaken in the presence of hydrogen with a suspension of 4.3

(4) Eyring, Phys. Rev., [2] 39, 746 (1932).
(5) Kuhn, Z. physik. Chem., 175A, 1 (1935).
(6) Einhorn and Meyenberg, Ber., 27, 2466 (1894).
(7) Bauer and Einhorn, A nn ., 319, 329 (1901).
(8) Einhorn and Meyenberg, Ber., 27, 2829 (1894).
(9) Heckel and Adams, T h i s  J o u r n a l , 47, 1712 (1925), had re­

duced under pressure certain of the alkyl-substituted amino phenols.
In view of our inability completely to hydrogenate anthranilic acid, it 
is interesting to note that Heckel and Adams found it impossible to 
hydrogenate o-aminophenol; with o-dialkyl aminophenol only a par­
tial reduction could be achieved.

Table I

Melting Points of the Acids According to the 
M ethods of Preparation

Melting points, °C.
N a in Pt in Pt in

Carboxylic acids C5H11OH HCl H2O

2-Aminocyclohexane 2 7 3 10
3-Aminocyclohexane 2 6 8 10 264® 278 ®

4-Aminocyclohexane 3 0 3 10 28 5® 3 0 3 10 
260®

Results by the present authors.

g. of the Adams platinum oxide catalyst. There was very 
little lag in forming the black, and within three and a half 
hours absorption ceased when about nine liters of hydrogen 
gas had been consumed. At 27° and 761 mm. pressure, 
the amount of acid used required about eight liters of 
hydrogen. The difference of one liter was due to the con­
version of and adsorption by the catalyst. The latter co­
agulated toward the end of the reaction.

The filtered, water-white solution was made up to 500 cc. 
and an aliquot tested for the presence of ammonia with 
Nessler’s reagent. It was found that 0.303 g. of ammonia 
was present in the entire solution, indicating that about 5 g. 
of the starting material had become deaminated. There 
was a strong odor of valerianic acid in the solution, and it is 
probable that some di-(cyclohexyl-4-carboxy)-amine may 
also have been formed. No attempt was made, however, 
to isolate these possible by-products.

The solution was treated with a slight excess of silver 
sulfate, filtered and gassed with hydrogen sulfide. The 
filtrate from the silver sulfide, freed by aeration from 
hydrogen sulfide, was treated with a considerable excess of 
baryta, filtered and condensed in vacuo to remove am­
monia. The residual solution was then treated carefully 
with dilute sulfuric acid until barium was removed quanti­
tatively. The filtrate was then evaporated in vacuo until 
crystals appeared, transferred to a flask and treated with a 
large amount of absolute ethanol and dry ether. A fine 
white precipitate appeared. It was filtered off and 
washed. After drying, it weighed 6.5 g. The substance, 
possessing no definite crystal form, was non-hygroscopic 
and was crystallized three times from acetone-water mix­
tures.

The molecule separates with 0.5 molecule of crystal wa­
ter which is removed readily on drying at 100 ° in vacuo. It 
is extremely soluble in water; the solution is neutral to 
litmus.

Anal. Calcd. for C7Hl3O2N-0.5H2O (152): N , 9.2. 
Found: N , 9.2.

The 4-acid was again prepared by suspending 8.1 g. of p- 
aminobenzoic acid in 100 cc. of water and shaking with 
about 3 g. of platinum oxide catalyst in the presence of 
hydrogen. The uptake of gas was quite rapid. The ma­
terial went into complete solution within the first hour. 
After three hours the reaction was at an end. The filtered 
solution gave a strong test for ammonia. It was evapo-

(10) Houben and Pfau, Ber., 49, 2294 (1916). These investigators 
used the W illstatter catalyst in a suspension of ^-aminobenzoic acid 
in water. The rate of hydrogenation was extremely slow.
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rated to crystals in vacuo, taken up with water and the ma­
terial precipitated with acetone. The amino acid was then 
warmed twice with 85-90% alcohol to remove the am­
monia and then crystallized twice out of water-acetone as 
long, feathery needles. The properties of the molecule 
were similar to those above; yield 3.2 g.

A n al Calcd. for C7H iSO2N-0.5H2O (152): N , 9.2.
Found: N , 9.1.

3-Aminocyclohexane-carboxylic Acid.—Fourteen grams 
of thrice-crystallized ra-aminobenzoic acid was treated by 
the catalytic hydrogenation procedure in hydrochloric acid 
solution exactly as the case of the 4-compound. Complete 
reduction again was achieved in three and a half hours. 
However, ammonia determinations indicated the presence 
of only 150 mg. of ammonia in the solution, pointing to the 
deamination of about 2.5 g. of the original acid. The meta 
acid is, therefore, a good deal more stable toward the 
hydrogenation procedure than the para homolog.

The saturated 3-amino acid was isolated as in the case of 
the 4-acid. The yield of white, non-hygroscopic material 
was 8.3 g. This is extremely soluble in water and its solu­
tion is neutral to litmus. It separates with 0.5 molecule of 
crystal water which is removed readily on drying.

When the compound is crystallized out of concentrated 
aqueous solution by the addition of much acetone, it sepa­
rates first as an oil. On cooling, beautiful long needles are 
formed, which, when dry, easily pick up a charge and are 
hard to handle, in this respect differing from the 1- and 4- 
compounds. After three such crystallizations, the sub­
stance melts at the constant value of 264 °.

Anal. Calcd. for C7H i3O2N 0.5H 2O (152): N , 9.2.
Found: N ,9.2.

The 3-acid also was made by hydrogenating a suspension 
of 11.5 g. of w-aminobenzoic acid in water in the presence 
of 3 g. of platinum oxide. Solution was complete in less 
than an hour and the reaction was over in five hours. The 
saturated amino acid was recovered in the usual manner 
and boiled twice with 85-90% alcohol to remove ammonia. 
After several crystallizations from water-acetone the ma­
terial was obtained as a mass of fine needles. The proper­
ties are like those of the compound prepared from hydro­
chloric acid solution.

Anal. Calcd. for C7H i3O2N 0.5H 2O (152): N , 9.2.
Found: N, 9.0.

2-Aminocyclohexanecarboxylic Acid.—Twenty grams of 
four-times crystallized anthranilic acid was dissolved in 250 
cc. of 1 N  hydrochloric acid and the hydrogenation carried 
out as in the previous cases. The uptake of gas began very 
slowly and ceased after about one-third of the theoretical 
amount of hydrogen had been absorbed. An ammonia 
determination on the solution revealed that practically all 
of the reduction achieved had been accompanied by de­
amination.

The substance, therefore, was prepared according to the 
method of Einhorn and Meyenberg6 and possessed all the 
properties described by these authors; m. p. 273° with de­
composition.

Anal. Calcd. for C7Hi30 2N  (143): N , 9.8. Found: N, 
9.6.

Throughout the remainder of the paper we designate the
3- and 4- acids with a  or /? according to whether they were

hydrogenated in aqueous suspension or in solution in 
hydrochloric acid. The 2-acid, which was prepared in 
only one way, namely, by the amyl alcohol treatment, re­
quires no special designation.

Ill
Measurements of dielectric constant were made 

by a resonance method previously described.11 
The results, expressed in terms of 5, the dielectric 
increment (the increase of dielectric constant per 
mole of solute per liter of solution at 25°), are 
given in Table II. The frequency varied between 
about 5.35 X 107 (X = 5.6 m.) and 5.1 X 107 (X =
5.9 m.). The sharpness of the settings and the accu­
racy of the results varied with the conductivity of 
the solutions as determined by very small traces of 
conducting impurities from which it is well-nigh im­
possible to free such soluble compounds by crystal­
lization. In dealing with dilute solutions, as in the 
present case, errors in dielectric constant are much 
magnified in the values of the dielectric increments. 
The errors in the values of the increments given 
in Table II are estimated from the consistency of 
the dielectric constant measurements. In every 
case measurements were made at at least three 
different concentrations within the range indi­
cated in the table. This table also contains 
values of the apparent molal volumes based on 
density measurements made with a pycnometer 
over a range of concentrations usually two or 
three times greater than that for the dielectric 
constant measurements. In addition to these, 
there are listed in the last two columns values of 
the two acidity constants (expressed as p K \ and 
p K 2) calculated from titration data obtained on 
aqueous solutions with a hydrogen electrode.

Concn.
Com­
pound 8

range, moles 
per liter V pK i pK i

2 24 .4  ±  0 .6 0 .0 4 -0 .1 0 108.3 =*= 0 .2 3 .4 10.1
3 a 59 ± 1 .0 5 -  .15 106.2 =•= .1 4 .2 10.5
30 62 ± 4 .0 4 - .11 103.9 =»* .2 4 .2 10.5
4a 62 ±  0 .6 .0 4 -  .17 106.8 ± .3 4 .3 10.5
4/3 61 ± 2 .0 5 -  .13 103.6 =»= .1 4 .35 10.5

IV
It is generally accepted that cyclohexane exists 

in two different forms, commonly referred to as 
the chair and the boat, with each of which there 
is associated approximately the same energy, and 
which occur consequently with approximately 
the same frequency. When, as in the case of the 
cyclohexane amino acids, two different groups 
are substituted for two hydrogens attached to 
different carbon atoms of the ring, whether in the

(11) Wyman, Phys. Rev., 35, 623 (1930).
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1,2-, 1,3- or 1,4-positions, there are, geometrically, 
24 possible ways in which the substitution can be 
made in the case of the chair form and 24 also in 
the case of the boat form, although, for reasons of 
symmetry, not all of these configurations are dis­
tinguishable. We will consider the latter form 
first. From a geometrical point of view, without 
regard to steric hindrance or the mutual energy of 
the substituted groups, this form is capable of free 
rotation whereby certain configurations can pass 
over into certain others without a deformation of 
valence angles. On this basis the 24 configura­
tions fall into two classes of 12 members each, 
members of the same class being derivable from 
one another by free rotation. One class embraces 
what may be called the cis configurations, the 
other the trans configurations. For any cis con­
figuration there exists a corresponding trans con­
figuration obtainable from it by interchanging 
one and only one of the substituted groups with 
the hydrogen attached to the same carbon atom.

We will consider now the chair form. In this 
case the geometry is such that there is no possi­
bility of free rotation. For each of the 24 possible 
configurations of this form there is a corresponding 
boat configuration, from which it arises when the 
ring passes through the state of strain required to 
convert it from the boat to the chair form. For 
this reason the chair configurations also fall into 
two classes, cis and trans, of twelve members each, 
members of the cis class having each a correspond­
ing cis configuration, members of the trans class 
each a corresponding trans configuration, in the 
boat form. If, as the evidence of organic chemis­
try suggests, there is a constant transition back 
and forth between chair and boat forms then, ow­
ing to the free rotation in the boat form (neglect­
ing steric hindrance and interaction of substitu­
ents), there also must be a constant transition be­
tween the various configurations of the chair 
form, and any such disubstituted cyclohexane as 
we are considering should exist either in a cis or a 
trans condition. The ring, despite its flexibility 
and all the free rotation associated with it, acts 
like a double bond to separate cis from trans con­
figurations.

In the picture just presented no account is taken 
of steric hindrance, electrostatic effects, or van der 
Waals forces involving the substituents. Such 
factors certainly must influence the frequencies 
of occurrence of the various configurations, per­
haps even so far as to rule out certain configura­

tions entirely. Whenever energy differences be­
tween different configurations are of the order of 
kT (i. e.y 4 X 10~14 erg per molecule or 0.6 kcal. 
per mole at 25°), then we may expect free rota­
tion to be greatly diminished or even completely 
suppressed and the molecule to be stabilized in the 
configuration of least energy. This seem? to be 
the case with the l,4-/raws-dihalogenated cyclo­
hexanes studied by Hassel12’13 which have zero mo­
ments in benzene. In this case, where the mo­
ment is given by the vector sum of the two di- ' 
poles associated with the halogens, the electro­
static energy depends in a complicated way on the 
orientation of the dipoles with reference to the line 
joining them and on the cube of the distance sepa­
rating them. In the case of dipolar ions like the 
cyclohexane amino acids, the electrostatic energy 
term is simply e2/ef, in which e is the elementary 
charge, r the distance between the centers of 
charge of the positively and negatively ionized 
groups and e the effective dielectric constant. 
For a given value of e, the electrostatic energy of a 
dipolar ion is larger than that of a molecule con­
taining two dipoles separated by the same dis­
tance except for very small values of r (e, g., al­
ways less than 1 A. when the moments of the di­
poles do not exceed 3.3 D). However, in the 
case of solutions in water or other highly polar 
media, in which dipolar ions have been studied, 
the effective dielectric constant is probably very 
much greater than in the case of solutions in ben­
zene. If we take e as 80, the value for water, the 
electrostatic energy for r = 3 A. is close to — 8 X 
10~14 erg, and is equal to —K T  at r = 6.2 A.
It increases with r and gives rise to an attraction 
between the charged groups, which tend to ap­
proach one another until the effect is overbal­
anced by repulsive forces due to the interference 
and the interaction of these groups, e. g., the NH3 
and COO~ groups in the case of the alicyclic 
amino acids. It is impracticable to attempt to 
estimate quantitatively the magnitude of the 
potentials due to the various factors, at least for 
the amino acids, but it may be recalled that heats 
of combustion give a value of about 20 X 10 ~14 
erg for the potential energy due to the repulsion 
of two methyl groups separated by 2.9 A., in non­
polar molecules.14 There is this difference be­
tween the amino acids and the dihalogenated

(12) Hassel, Z. E le k tr o c h e m 37, 540 (1931).
(13) Hassel, Z. physik. Chem., B15, 472 (1932).
(14) H. A. Stuart, “ M olekülstruktur,” Verlag von Julius Springer. 

Berlin, 1934, p. 101.
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Table II
irans

Substance d* Frequency d* Frequency
1,2-Boat 10.45 8 18.47 4

7.78 4 15.78 4
10.45 4

Av. 9.56 Av. 14.90
Chair 10.45 12 18.47 6

10.45 6
Av. 10.45 Av. 10.01 Av. 14.46 Av. 14.68

1,3-Boat 29.02 2 27.19 2
27.23 2 26.19 2
26.19 2 23.38 2
15.15 2 23.17 2
13.19 2 21.22 2
6.70 2 23.17 2

Av. 19.58 Av. 24.05
Chair 29.02 6 23.38 6

6.70 6 20.34 6
Av. 17.86 Av. 18.72 Av. 21.86 Av. 22.96

1,4-Boat 36.90 2 30.61 4
36.25 4 27.57 4
13.93 4 19.46 2
2 .34 2 14.45 2

Av. 23.27 Av. 25.05
Chair 25.34 6 38.97 6

22.40 6 24.70 6
Av. 23.87 Av. 23.57 Av. 31.84 Av. 28.44

cyclohexanes, that in the latter the electrostatic 
forces between the dipoles lead to a repulsion 
whenever the halogens are close together.

In Table II are listed the different values of the 
square of the distance between the plus and 
minus charges which occur in the three cyclo­
hexane amino acid dipolar ions. Certain dis­
tances occur in more than one configuration, and 
the number of configurations in which each dis­
tance occurs is given in the columns headed ‘ ‘fre­
quency.” These distances are calculated on a 
purely geometrical basis, without regard to inter­
action or interference of the NH3+ and COO"" 
groups, on the basis of the following assumptions: 
that all the valence angles of the carbon atoms of 
the ring are the same as the tetrahedral angle; 
that the distance between these atoms is 1.52 A.; 
that the locus of positive charge of the NH3+ 
group is at the center of the nitrogen atom; that 
the distance between this nitrogen atom and the 
associated carbon atom of the ring is 1.40 A.; 
that the locus of negative charge of the COO~ 
group is midway between the two oxygen atoms 
and on the line of the valence bond between the 
carbon atom and the associated carbon atom of 
the ring at a distance of 2.14 A. from the center 
of the latter. It seems clear from a consideration 
of these figures that there is no stabilization of the

dipolar ions in the configuration of least energy, 
as appears to be the case in the i,4-/raws-dihalo- 
genated cyclohexanes. If this were so, the di­
electric increment, which is a measure of the 
electric moment, should not be less for the 1 ,2- 
form than for the other two forms, as is actually 
the case, since the charged groups certainly can 
approach quite as close (geometrically, closer) in 
the case of the 1,3- and 1,4-forms as in the case 
of the 1 ,2-form, and the mutual energy of the 
groups must depend only on their distance.

Notwithstanding the arbitrariness and artifici­
ality of the procedure of neglecting the interac­
tion of the groups, it is of interest to consider the 
average values of the squares of the distances 
listed in Table II, which are also included in the 
table. These may be compared with mean square 
values for the distances between the charges in 
straight chain amino acids also calculated on a 
purely geometrical basis, making use of the same 
assumptions about valence angles and so on, with­
out regard to interference, by integrating over all 
the possible configurations. Such values have 
been calculated for the a , 15 j3, 7 , and 5 acids, and 
are, respectively: 8.53, 13.12, 17.71, 21.96. They 
increase very nearly linearly with the number of

(15) In the case of an a acid, no averaging is required since the dis­
tance between the NHa+ and COO~ groups is fixed.
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carbons between the amino and carboxyl groups, 
and the values 25.2 and 30.0 for the e and f acids 
may be extrapolated with considerable assurance.16 
In Fig. 1 these values are plotted against the ob­
served values of the dielectric increment. In the

Fig. 1.—O, Aliphatic amino acids; A, cis alicyclic 
amino acids; □ , trans alicyclic amino acids.

same figure are plotted the dielectric increments 
of the cyclohexane amino acids against the mean 
square distances (given in Table II) for both cis 
and trans forms. On the whole the two sets of 
data are consistent and suggest that free rotation 
occurs to the same degree in the cyclic compounds 
as in the straight chain forms. The identity of 
the increments of the 1,3- and 1,4-alicyclic acids 
suggests that the former occurs in what we have 
called the trans, the latter in what we have called 
the cis, form. It also appears that the 1,2-acid 
probably occurs in the cis form. The identity 
of the dielectric increments of the 1,3-a and -d 
preparations as well as of the 1,4-a and -/3 prepa­
rations suggests that these are not different. The 
differences of melting point between a and /3 
preparations are probably not significant, and in 
any case represent a temperature range of de-

(16) An attempt to correlate the effect of one substituent on 
another in aliphatic acids from the values of the square of the dis­
tance between them, and based on a completely extended configu­
ration, yielded an approximately linear relation —Greenstein, T h i s  
J o u r n a l , 58, 1314 (1936).

composition rather than a true melting point, as 
in the case of amino acids generally.

It should be emphasized that the procedure of 
correlating dielectric increments with the mean 
square distances calculated so arbitrarily on a 
geometrical basis was adopted solely as a basis 
for comparing the straight chain and alicyclic 
amino acids. The mean square values involved 
cannot be expected to be realized with any degree 
of exactness in either set of compounds. The 
smallest values of the distance between the NH3+ 
and COO~ groups involved in these averages are 
certainly too small to be physically. possible, and 
the largest values are statistically improbable in 
view of the energy relations. Kuhn5 by taking 
account of the coulomb forces in a statistical 
treatment of the case of straight chain amino 
acids has obtained much lower values for the mean 
square distances, e. g., for an a-acid, 3.88; for a 
/?-acid, 5.54; for a 5-acid 9.3; for a f-acid, 16.4. 
Nevertheless, we may expect that the effect of any 
interactions between the groups will be essentially 
the same and cause essentially the same devia­
tions from the geometrically calculated mean 
square distances in both series of amino acids, 
and the argument for the same degree of free rota­
tion in both types of amino acid is not seriously 
affected.

It is to be observed that the apparent specific 
volumes of the 1,3- and 1,4-acids, which have the 
same dielectric increments (moments) are equal 
and less than that of the 1,2-isomer, indicating a 
greater ëlectrostriction associated with a greater 
moment. The relatively small differences of vol­
ume between the a- and /3-preparations are 
probably not significant, and may well be due to 
slight differences of water content. I t also is to 
be noted that the acidity constants (pKi and pK2) 
are both very nearly the same and much like 
those of a 5-aliphatic amino acid (pKi = 4.21, 
pK% =  10.69), which has a dielectric increment 
of 63, about the same as that of the 1,3- and 1,4- 
alicyclic acids. The dissociation constants of the
1.2- acid are between those of a- and /3-straight 
chain amino acids. This bears out the view 
that the effect of one charged substituent on an­
other depends on the mean square distance be­
tween them.

Summary
A comparison of the dielectric increments of

1.2- , 1,3- and 1,4-aminocyclohexane-carboxylic 
acids with those of aliphatic amino acids in
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aqueous solution leads to the view that there is 
free rotation to much the same degree in both se­
ries of compounds. The correlation between di­
electric increments, apparent molal volumes and

acidity constants is pointed out for these alicyclic 
amino acids.
Boston, Mass. Received June 4, 1938
Cambridge, Mass.

[Contribution from the Research Laboratory of Physical Chemistry, Massachusetts Institute of Tech­
nology, No. 402]

Recombination of Hydrogen Atoms. I l l
B y  I .  A m d u r

It is generally conceded that the combination of 
hydrogen atoms to form molecules proceeds ac­
cording to a trimolecular mechanism. The pres­
ence and extent of first or second order wall reac­
tions, as well as the efficiencies of hydrogen atoms 
and hydrogen molecules as third bodies, have been 
the subject of much controversy and speculation. 
Agreement among various investigators is defi­
nitely lacking. Smallwood,1 for example, contends 
that it is possible to eliminate any wall reaction 
and that the essential recombination mechanism 
involves only triple collisions of hydrogen atoms, 
whereas Steiner2 finally concludes that there is a 
small first order wall reaction, but that hydrogen 
molecules are the most efficient third bodies. In 
contradiction to this, Amdur3 found that the as­
sumption of a homogeneous reaction involving 
only triple collisions of hydrogen atoms was ade­
quate to account for the experimental data for the 
relative rate of recombination of atomic hydrogen 
and atomic deuterium over a narrow range of 
composition and pressure. And yet, some time 
previously, Smallwood4 and Amdur and Robinson5 
had decided that for any extended range of vari­
ables it was necessary to include a wall reaction 
as well as both types of triple collisions. In all 
the cases cited the investigators used high con­
centrations of atomic hydrogen (95 to 10%) pro­
duced in a discharge tube at total pressures of the 
order of 1 mm. Other experimenters6 working 
at total pressures of the order of 10 mm, with 
small concentrations of atomic hydrogen (less 
than 1%) produced by photosensitization of mer­
cury saturated hydrogen, report results as varied 
as those noted above.

(!) Smallwood, T h i s  J o u r n a l , 56, 1542 (1934).
(2) Steiner, T r a n s . F a r a d a y  S o c ., 31, 623 (1935).
(3) Amdur, T h i s  J o u r n a l , 57, 856 (1935).
(4) Smallwood, ib id ., 51, 1985 (1929).
(5) Amdur and Robinson, ib id . , 55, 1395 (1933),
(6) (a) Senftleben and Riechemeier, A n n . P h y s ik , 6 , 105 (1930); 

(b) Farkas and Sachsse, Z . p h y s ik . C h em ., B27, 111 (1934); (c) 
Senftleben and Hein, A n n . P h y s ik , 22, 1 (1935).

In the opinion of the author, there are several 
reasons for these discrepancies even after one has 
taken into account the widely different experimen­
tal methods and range of variables. One reason 
is a tendency, in the treatment of experimental 
data, to oversimplify the formal rate equation 
containing the desired velocity constants. To 
include the proper diffusion terms in the equation 
involved for the recombination of hydrogen atoms 
in a dynamic system, for example, involves much 
laborious calculation and necessitates data of con­
siderable accuracy and consistency. However, 
the omission of these diffusion terms, whose mag­
nitude is small, is capable of effecting tremendous 
variations in the rate constants or even of yielding 
negative values when the constants are simultane­
ously solved for. The same situation results 
from the use of values for the fraction or partial 
pressure of atomic hydrogen which are of low ac­
curacy. Finally, if the range of data is not suffi­
ciently wide, a mechanism may be sponsored 
which may be quite inadequate to account for ex­
perimental results over a larger range of variables. 
In this connection it should be noted that several 
mechanisms may fit the experimental data equally 
well. This point has been overlooked, in some 
cases, possibly, due to personal prejudice regard­
ing the correct mechanism to be assumed for the 
reaction.

It is the purpose of this paper to avoid, as much 
as possible, any arbitrary decisions by treating 
objectively a very large number of experimental 
points covering the widest possible range of com­
position and pressure attainable with the present 
experimental method. This objective treatment 
consists, first, of least squaring all the data to fit a 
family of curves for the various pumping speeds 
and using least square methods to calculate rate 
constants taking all experimental points into ac­
count; second, of rigorously deriving the rate ex­
pressions, taking into account all factors involved
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in a dynamic system as well as all possible mecha­
nisms of recombination, and, finally, of using the 
calculated rate constants to obtain calculated 
values to compare with the measured fraction of 
atomic hydrogen. Any decision as to mechanism 
will be based on the agreement between these cal­
culated and measured values.

Experimental
Apparatus.—The essential parts of the apparatus are 

shown in Fig. 1. Molecular hydrogen from an H-shaped

electrolytic generator was expanded through the capillary A 
into the Wood discharge tube B where the atomic hydrogen 
was produced by a glow discharge. Mixtures of molecu­
lar and atomic hydrogen were pumped along the recom­
bination tube C by means of two parallel four-jet mercury 
pumps backed by a Langmuir diffusion pump and a 
Hypervac oil pump. The fraction of atomic hydrogen at 
any point along the recombination tube was computed 
from the amount of energy liberated on a catalyst-calo­
rimeter D by the recombination of the atoms. This calo­
rimeter consisted of two concentric platinum tubes l 3/ /  
(4.44 cm.) long with diameters 0.312" (7.92 mm.) and 
0.219" (5.56 mm.). A platinum ring was gold soldered in 
one end, producing a double-walled tube having an annular 
space of 0.046" (1.17 mm.). A copper tube i y 2" (3.81 
cm.) long with diameter and wall thickness to permit a 
snug fit into the annulus between the platinum tubes was 
then wound with approximately 20 inches (50.8 cm.) 
of 0.002" (0.05 mm.) pure platinum wire which served as 
a resistance thermometer and heater. Insulation was ef­
fected by cutting a double thread into the outside wall of 
the copper tube and baking a thin layer of enamel glaze 
into the threads, after which the resistance wire was

wound in these grooves and made fast by a top coating of 
baked enamel. The unit was then inserted into the plati­
num sheath and the leads led out from the top through 
small platinum tubes. Lead glass was melted into the top 
opening of the annulus securing and insulating the plati­
num tubes. To render the calorimeter less liable to dam­
age, the fine platinum leads were gold soldered to the plati­
num tubes encasing them, and all electrical connections 
were made to these tubes. In the recombination tube, the 
calorimeter was supported by a thin, flexible, four-wire 
rubber-covered cable connected to the windlass E which 
permitted movement of the calorimeter in vacuum. The 
drum of the windlass was calibrated to permit determina­
tion of the calorimeter position in the recombination tube 
by means of a dial attached to the ground joint of the wind­
lass. That greater accuracy might be obtained in esti­
mating the energy liberated on the calorimeter, the 
recombination tube was surrounded by an oil thermostat 
at 30.000 =*= 0.005°. The McLeod gage arrangement 
shown in the diagram permitted a simultaneous reading 
of the pressure at four points along the recombination tube 
when a steady state had been reached with respect to the 
calorimeter.

Procedure.—All glass parts of the apparatus through 
which atomic hydrogen flowed were cleaned carefully with 
cleaning solution and aqua regia, rinsed repeatedly with 
distilled water and pumped dry. The walls of the re­
combination and discharge tubes were then coated with 
sirupy phosphoric acid to minimize wall reaction and the 
system evacuated until the vapor pressure of water was 
less than 0.001 mm. The catalyst was then raised and 
hydrogen pumped through the system to permit a clean­
up of the recombination tube by means of the third elec­
trode F. After this treatment, the catalyst was lowered 
to the bottom of the recombination tube and the dis­
charge turned on and maintained until the catalyst- 
calorimeter had reached a steady state temperature, as 
shown by the resistance of the internal platinum wire. 
The mercury in the McLeod gages was then permitted to 
rise from a position just below the shutoffs to the height 
necessary for reading the pressures. The discharge was 
then shut off, and the proper heating current passed 
through the catalyst-calorimeter to produce the same 
resistance change as that previously caused by the re­
combination of the atoms. From the known current and 
resistance at this second steady state the energy input to 
the catalyst-calorimeter was obtained, and since all con­
ditions, with the exception of the presence of hydrogen 
atoms, were the same in the second part of the run as in 
the first, this energy input was equal to the energy per 
second previously produced by the recombination of the 
atoms. In view of the fact that the heat of dissociation 
of molecular hydrogen was known (102,800 calories per 
mole), it Was merely necessary to know the number of 
moles of molecular hydrogen flowing through the appara­
tus per second in order to determine the fraction of atomic 
hydrogen. This was obtained directly from the elec­
trolytic current required to produce hydrogen at the same 
rate at which it was being withdrawn by pumping as 
shown by equal heights of the electrolytic liquid (30%  
potassium hydroxide containing a small amount of barium 
hydroxide) in the limbs of the H-shaped generator. For a
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given position of the catalyst-calorimeter runs were made 
at seven different pumping speeds by using different com­
binations of diffusion pumps and by pumping with the 
Hypervac through 2-cm. tubing as well as through capillary 
by-passes. Runs were made in this manner for all pump­
ing speeds at 10-ctn. intervals along the recombination 
tube.

All electrical quantities were measured with a Type K 
potentiometer using precision standard resistances to de­
termine currents. The McLeod gages were read with a 
cathetometer. It was possible to return the catalyst to 
a given position and check within 0.5% a previous de­
termination made several weeks earlier under the same con­
ditions of flow and pumping speed.

Preliminary Treatment of Data.—Since there 
were but four pressure taps along the recombina­
tion tube, there were a great many positions of the 
catalyst-calorimeter between any two of these 
taps for which the appropriate pressures were ob­
tained by interpolation. To secure these inter­
polated values, for a given pumping speed, the 
drop in pressure, APa_b, between taps a and b 
was determined for all runs in which the calorime­
ter was at tap b or above, and, similarly, the pres­
sure drop, APb_c, between taps b and c was ob­
tained in all runs where the catalyst was at or 
above tap c. This was repeated for all pumping 
speeds. It was found that for all pump combina­
tions, except the first two at low pressures, the 
pressure distribution along the recombination 
tube was a linear function of distance. Devia­
tions from linearity were less than 0.5%, the ap­
proximate error in the measurement of pressures 
at the taps. In the case of pump combinations I 
and II, APC_C was greater than APa_b by 0.009 
and 0.008 mm., respectively. For these combina­
tions, it was assumed that APc_d exceeded APb_c 
by like amounts. Since the distance between taps 
was known, it was possible to obtain AP/Ax 
values for all pump combinations and, in the case 
of combinations I and II, for different positions 
along the recombination tube. Using these AP/ 
Ax values the pressure existing at the calorimeter 
when it was between any two taps was found by 
interpolation. Examination of the pressure data 
showed that the pressure distribution below the 
calorimeter was independent of the position of the 
calorimeter in the recombination tube. For this 
reason it is felt that the accuracy of the inter­
polated pressures is not less than that of the pres­
sures recorded at the four taps.

The values of the pressure, P, thus obtained 
were valid only for the particular rate of flow of 
molecular hydrogen (as recorded by the ammeter

of the electrolytic circuit) existing during the 
particular run. In order to simplify treatment of 
the data, all pressures were corrected to a single 
average rate of flow. If I  is the electrolytic cur­
rent giving the number of moles of hydrogen flow­
ing per second in a given run, and the corre­
sponding current for the desired average rate of 
flow, (/' — I ) /I ' is the fractional deviation of the 
actual rate of flow from the mean. The nature of 
the AP values showed that there was viscous or 
Poiseuille flow in the recombination tube. The 
end of the recombination tube near the pumps be­
ing at essentially zero pressure, the pressure in the 
section of the tube containing the pressure taps 
should vary as the square root of the number of 
moles of hydrogen flowing per second, or the frac­
tional pressure change should be ^ ( P  — I ) / / '.  
In this manner all pressures were corrected tp a 
single rate of flow. To obtain new a values con­
sistent with the new P  values, a curve of a against 
P  for each pumping speed was drawn from the 
original data. Values of da/dP  were obtained 
graphically from these curves. The correction 
applied to a, therefore, was da/dP8P where 
5P was the correction to the original pressure. 
On the average, 5P was about 1% of the original 
pressure, and 5 a, about 1% of the original a value.

As measurements of a were made at a single 
calorimeter position for all pumping combinations 
before proceeding to a new position, it was neces­
sary to take into account possible changes in 
pumping speed with time. In some cases, for 
example, some a determinations with the same 
pump combination were made two months apart. 
Inasmuch as it had been ascertained that the AP 
values between taps for all the pump combina­
tions did not vary with time, the correction of 
pressures to constant pumping speed for each 
pump combination was simply made by passing a 
curve with the proper slope through the P  values 
(corrected to a single rate of flow) existing at the 
catalyst. In the case of pump combinations I 
and II this meant graphically fitting the P  values 
(at the corresponding values of x) to a curve whose 
first and second derivatives were fixed. For all 
other combinations a single AP/ Ax value for the 
entire length of the recombination tube was used, 
corresponding to a constant first derivative. 
After making the proper constant pumping speed 
corrections to the pressure, it was again necessary 
to calculate the corresponding corrections to a. 
These were determined as explained in connection
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Table I
Internal diameter of recombination tube =  0.994 cm. Common rate of flow of H2 =  no =  1.117 X 10“5 mole/sec. 

i ii hi IV v Vl VII
x P c t P a P c t P

34.1 0.438 0.693 0.477 0.638 0.612 0.482 0.703
44.1 .425 .601 .465 .550 .602 .423 .694
54.1 .411 .609 .452 .522 .592 .335 .684
64.1 .397 .566 .439 .478 .582 .280 .675
74.1 .381 .485 .424 .417 .572 .232 .666
84.1 .364 .471 .562 .194 .657
94.1 .348 .461 .394 .389 .552 .196 .648

104.1 .332 .455 .379 .388 .542 .198 .639
114.1 .313 .442 .362 .360 .532 .170 .630
124.1 .295 .442 .345 .364 .522 .176 .620
134.1 .276 .454 .328 .368 .512 .162 .611

ct P ct P ct P ct

376 0.739 0.353 0.856 0.278 1.044 0.200
314 .731 .300 .849 .213 1.039 .142
241 .723 .222 .842 .172 1.035 .1132
202 .715 .178 .835 .139 1.030 .091
176 .707 .151 .828 .114 1.025 .0719
148 .699 .135 .821 .0948 1.020 .0617
146 .691 .128 .814 .0891 1.016 .0573
141 .683 .125 .807 .0858 1.011 .0529
121 .675 .110 .800 .0753 1.006 .0472
112 .667 .108 .793 .0736 1.002 .0456
112 .659 .104 .786 .0659 0.997 .0410

with the reduction to a single rate of flow. The 
constant pumping speed pressure corrections 
averaged slightly over 1% showing that the pumps 
retained their speed characteristics remarkably 
well. The corresponding average change in a was 
less than 1%.

The application of the above-mentioned correc­
tions for each of the seven pump combinations 
yielded a set of a, x and P  values applicable to a 
single rate of flow and constant pumping speed. 
It should be emphasized that the average total 
correction to the original data was only about 2% 
and in only three runs out of 83 did the total cor­
rection reach 5%. Since the individual correc­
tions were known to at least 5%, the final values 
of a and P, in addition to being self-consistent, are 
as accurate as the original measured values.

Results
Analytical Representation of Data.—The ex­

perimental results, corrected to constant rate of 
flow and constant pumping speed, are given in 
Table I. The Roman numerals represent pump 
combinations; x> the distance in cm. from the 
bottom of the calorimeter to the discharge tube; 
P, the pressure in mm. existing at x , and a> the 
fraction of atomic hydrogen. All measurements 
were taken at 30.000 =*= 0.005°.

In order to use all the experimental data in 
solving for reaction velocity constants it is neces­
sary to have extremely self-consistent values for 
da/dx as a function of x. To obtain these, the 
x, a values of Table I were fitted to an empirical 
family of seven curves by the method of least 
squares. An examination of the a values of Table 
I shows several slightly erratic variations. Since 
all values were reproducible, such variations were 
probably due to slight gradual changes in the 
catalytic activity of the recombination tube.

The effect of fitting the data to a family of curves 
is to smooth out such fluctuations in the same 
manner for all pump combinations.

As a result of many attempts, the type equa­
tion best representing all xf a values was found to 
be

x =  a( —  l o g i o  ol) +  b( —  l o g i o t t ) ®  ( 1)

Although much calculation is involved, it is pos­
sible to solve for af b and c in equation (1) using 
the method of least squares. The process involves 
successive approximations and can be used to 
calculate a, b and c to any desired accuracy. 
Table II summarizes the results of Table I in 
terms of the values of a, b and c necessary to repre­
sent the a and x values for each pump combina­
tion. The percentage deviation column gives the 
magnitude of the average absolute percentage de­
viation of the a values as given by equation (1) 
from the experimental values of Table I. Since 
equation (1) is not explicit in a, calculated up­
values were obtained from the curves which re­
sulted from plotting x’s calculated from given 
a s  using equation (1). Figure 2 shows how the 
points of Table I scatter with respect to the 
smooth curves derived from the constants of 
Table II.

Table II
Analytical R epresentation of Experimental a,x 

Values

a b c
Deviation,

%
I 226.2851 78.6940 X 105 11.67250 3 .0
II 175.1821 201.1848 X 102 7.40127 2 .5
III 112.3282 434.3611 9.61006 3 .9
IV 81.1155 69.4310 5.78891 3 .1
V 79.3988 62.1211 8.73140 5 .1
VI 63.1952 21.6183 6.28395 2 .9
VII 49.3034 8.1251 6.46043 2 .7

The variation of pressure with distance for each 
pump combination was also expressed in analytical



Oct., 1938 R e c o m b in a t io n  o f  H y d r o g e n  A t o m s 2351

form by quadratic equations for pump combina­
tions I and II and by linear equations for all 
other pump combinations. The general equa­
tion in this case is

P  =  P q — Ax — Bx2 (2)

where P 0 is the pressure at the discharge tube and 
where B  is zero for all pump combinations except 
I  and II. Table III summarizes the representa­
tion of pressure as a function of distance. The 
values of Po, A and B are such as to give the pres­
sure, P, in dynes/sq. cm.

Table III
Analytical Representation op Experimental P , x  

Values
Po A B

I 639.9 1.492 0.00802
II 688.0 1.396 .00702
III 860.6 1.332 .0
IV 977.8 1.221 .0
V 1020.7 1.066 .0
VI 1170.8 0.932 .0
VII 1412.1 .628 .0

The maximum deviation of P  values calculated 
from equation (2) using the above constants, from 
the experimental values of Table I is less than
0.5%.

Derivation of Rate Expressions.—In order to 
derive rigorous rate expressions applicable to a 
dynamic system, it is necessary to take into ac­
count loss of atoms (a) by both heterogeneous and 
homogeneous recombination, (b) by the streaming 
of gas along the recombination tube and (c) by dif­
fusion resulting from concentration gradients.

If it is assumed that recombination at the wall 
may result from collision of atoms in the gas 
phase with atoms adsorbed on the wall and also 
from the collision of two atoms from the gas phase 
at the wall, the rate of removal of atoms by re­
combination at a point x along the recombination 
tube is

M H ]2[H2] +  M H p  (3)

where k\  and fe are the wall reaction rate con­
stants, fe, the rate constant for the recombination 
of hydrogen atoms by triple collisions with mole­
cules and fe, the corresponding rate constant for 
the case of hydrogen atoms as third bodies. 
[H ] and [H2] are the concentrations of atoms and 
molecules in moles per cc.

The removal of atoms by the streaming of gas is 
given by the equation of continuity

_  /d [ H ] \  d(Vx[H]) m
V d; /*(b) dx K J

where Vx is the linear velocity of the gas stream 
in centimeters per second at x. For a rigorous

x, cm. 
Fig. 2.

derivation it is necessary to take account of the 
fact that Vx is affected by diffusion which, in addi­
tion to the pumps, causes a transport of mass 
along the recombination tube. The considera­
tions are as follows.

The mass of gas per cm.2 transferred per second 
by flow is

Vxp -  VX(M[H] +  2ikf[H2]) (5)

where p is the density of the gas mixture and M  
the atomic weight of hydrogen. The mass of 
gas per cm.2 transferred per second by diffusion is

<«)
where £>12 is the diffusion coefficient for the mix­
ture of atoms and molecules at the conditions 
existing at x. Since the mass of gas per cm.2 ad­
mitted per second to the apparatus is 2Mn0/Trr2

VX(M[H] 4- 2M[R2]) D« ( u  T T  +
2 M d[H2]

d# )- 2Mn 0

so that *** + ft.(igl + ,igl)
( [H ]+ 2 [H 2])

Equation (4) thus becomes
_ /É lü h

\  /*(b)
'd[H] , „ d[H2] \

[H]

( 2«o
d < 7r r2 

dx (
+ J’" ( T i + 2 T r ;

(7)

(8)

(9)
([H ] +  2[H2])

In addition to diffusion of atoms and molecules 
altering the linear velocity, atoms are removed
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from the point x  by diffusion according to the 
equation

= - A sd iv - grad- [H] (io)

Since the construction of the calorimeter was such 
as to give the average value of a across the cross 
section of the recombination tube at x, the con­
centration of atomic hydrogen at x  in a plane per­
pendicular to the axis of the recombination tube 
may be considered constant. Equation (10), 
therefore, reduces to

d[H]\  _  D d2[H]
dt )x(c) 12 dx2 ( 11)

At the steady state

so that the rigorous general rate expression ob­
tained by adding equations (3), (9) and (11) is

D\2 d2[H]
dx2

jd
dx -( [H ]+ 2 [H a]) 

fa[H] -  h[ H]2 -  fe[H]2[H2] -  = 0 (12)

There are numerous special cases which are of 
interest in connection with equation (12). For 
example, if the wall reaction is assumed to be 
second order fe = 0, while if it is assumed to be 
first order fe = 0. In the present case, all such 
mechanisms which include a third order rate con­
stant (fe, fe) will be considered and appropriate 
rate constants calculated. Decisions regarding 
the suitability of any mechanism will depend 
upon how well such rate constants reproduce the 
a-values calculated with the constants of Table
II.

Evaluation of Rate Constants.—Before solving 
for combinations of fe, fe, fe and fe, it is necessary 
to express the various terms as functions of the 
measured variables a, x  and P  and the calculated 
derivatives d a / d x ,  d 2a / d x 2, d P / d x ,  d 2P / d x 2. 
From considerations involving viscosity data it 
was found7 that the diffusion coefficient for mix­
tures of atomic and molecular hydrogen could be 
represented by the relation

^ _  374.9FV2 (1.0364 -  0.0303 a)
P O  J -  31  Q / T \

Starting with

[H] P 2a 
R T 1  +  a (14)

and considering both a  and P  functions of x, the 
first and second derivatives of [H] are found to be

d[H] 2 
dx R T ' ( l + a ) 2dx

and
d2[H] __ 2 T 2

da 2 d P
R T  1 -I- a dx

«> [( d adP
dx2 RT(1  +  a) L(1 +  a) dx dx

2P / d a \2 P  d2a _  .
(1 +  a)2 \d x  )  ^  (1 +  a) dx2 ^  a dx2 J

Since

d2iH
: - r - r

[H2] = p  1 - ,

(15)

(16)

(17)R T  1 -J- a
the total concentration of atoms and molecules is

[H] +  [H2] =  P / R T

from which it follows that
d[H2] ^ JL dP _  d[H] 

dx R T  dx dx

(18)

(19)

By using the above relations the following iden­
tity is obtained

dx [H] f =
2flQ da +

([H ] + 2 [H .J )
2 374.9r 3A (1.0364 -  0.0303 a)

TTf2 dx ' RT(  1 +  a) P( 1 +  31.9/T)
r  1 da dP (1 -  a)P / d a \2
Ll +  a dx dx (1 +  a)2 \d x )  +

<PP _  a ( d P y ____ a Pd2a l
a dx2 P  \d x  /  1 +  a dx2 J (20)

The remaining terms of the rate equations are ob­
tained directly from equations (14) and (17).

The substitution of numerical values into the 
rate expressions was carried out in the following 
manner. At each pump combination a series of a- 
values at increments of 0.025 were taken, starting 
near the highest measured value and ending near 
the lowest measured value. The corresponding 
x’s were then calculated from equation (1) using 
the appropriate constants from Table II, and the 
desired values of P  computed from equation (2) 
using Table III. General expressions for d a / d x  
and d2a/dx2 were obtained by direct differentia­
tion of equation (1) resulting in

dx — a — be ( — logic a) ° 1 ^
and
d2a _  1 / d a y  r  1 be (c -  1)( -  logic aY~2 d a l  
dx2 ^ V d x / L a 2.3026 d x j

(22)

The required numerical values for these deriva­
tives were obtained by using the constants of 
Table II. In like manner d P / d x  and d2P /dx2 
values were obtained by differentiation of equa­
tion (2) and the use of Table III.(7) Amdur, J . Chem . Phys., 4 ; 339 (1936).
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After substitution of numerical values it is pos­
sible to solve simultaneously for all the reaction 
velocity constants in any one rate equation.* 8 In 
the present case, using the method of least squares, 
all experimental data (represented by 83 meas­
ured a-values) were used to solve for the reaction 
velocity constants in each rate equation. This 
corresponded to the use of 71 rounded a:-values in 
solving for each set of constants. The results of 
these solutions are summarized in Table IV, 
where the rate constants are in the following units: 
fei, sec.-1; k2i cc.1 mole-1 sec.-1; kz and h ,  cc.2 
mole-2 sec.-1.' The nature of the mechanism is 
deduced from the constants regarded as having 
zero value.

T a b l e  I V

R e a c t io n  V e l o c it y  C o n s t a n t s  f o r  P o s t u l a t e d  M e c h a ­
n is m s

Mechanism ki ki x  lo-» kz X 10-1# ki X 10
A 0.69 2.33 1.00 1,70
B 0 3.234 1.004 1.419
C 1.956 0 1.038 2.578
D 0 0 1.212 3.063
E 0 6.028 0 0.745
F 0 5.810 0.925 0
G 4.231 0 0 2.770
H 8.425 0 1.233 0
I 0 0 0 4.160
J 0 0 3.634 0

The method of calculating «-values using the 
above constants can be illustrated by considering 
a specific mechanism, A. Using the numerical 
values of the constants for each of the 71 rounded 
experimental points (7 pump combinations) the 
quantities &i[H], fe[H]2, ^3fH]2[H2] and &4[H]3 
are evaluated. From the sum of these terms the

If the appropriate $ values are now added to each 
of the 71 Z  values and the resulting sums (Z +  3>) 
multiplied by — 7rr2/2n0, the result is 71 calculated 
da/dx points. A number of da/dx points are 
derived from smoothed experimental points using 
equation (21) and plots made of «expti. vs d«/dxexptL 
for each pump combination. From these plots 
the 71 a’s corresponding to the 71 calculated 
da/dx’s are read.

The results of the above procedure for the ten 
mechanisms of Table IV are summarized in Table 
V for all pump combinations. The numbers are 
the average absolute percentage deviations of the 
a s  calculated from numerical rate constants from 
the corresponding smoothed experimental points. 
For all mechanisms, the individual deviations in 
each pump combination scattered well between 
positive and negative values.

T a b l e  V

P e r c e n t a g e  D e v ia t io n  o f  « -V a l u e s

Mechanism I ii i l l IV V VI VII
A 3.2 3 .4 6 .2 3 .2 '5.9 4.0 5.6
B 3.2 3 .4 6 .2 3.2 5.9 4.0 5.6
C 3 .2 3 .4 7.1 3.6 6.7 5.2 7.2
D 3.6 2 .6 8 .6 3.6 7.2 4.6 5.6
E 10.3 9 .6 6 .8 4 .4 8.9 8.0 12.0
F 3.2 4 .6 5 .5 5.2 6.3 4.6 8 .0
G 9 .8 9 .4 8 .0 5.2 8.9 9.2 13.6
H 7.3 9 .4 13.2 13.2 12.2 15.4 21.6
I 8 .2 8 .0 12.9 9.6 11.8 15.4 24.8
J 16.4 17.6 21.5 10.8 8.4 21.4 46.3

Discussion
In interpreting Table V it should be noted that 

the average experimental value of a for pump 
combination VII is almost five times smaller than

. r. d2[H]quantity D12 — — is subtracted leaving a nu-
dx2

merical quantity Z, where
Z 2m da 

7Tr2 dx
$ is identified from equations (12) and (20) as 

2 374.97V* (1.0364 -  0.0303 «)
RT(1  +  a) (1 +  31.9/T)

r j ___ da dP _  (1 -  a)P ( d a \ 2
L_1 +  a dx dx (1 -j- a)2 \ d x  /

d2P «  f d P y  a Pd2al  
___________  “ d** P  Veto? /  1 +  a dx*J

(8) In the case of equation (12) it was found that the smoothed 
experimental data and derivatives lacked the necessary self-consis­
tency to permit simultaneous solution for ki, ki, kz and ki. A change 
of but 0.05% in the constant terms of the final least square equations 
was sufficient to produce four positive constants instead of the usual 
three positive and one negative. The values given in Table IV for 
this particular mechanism, therefore, were obtained by trial and error 
substitution in the four final least square simultaneous equations and 
reproduce these equations to better than 0.2%.

that for pump combination I, so that equal per­
centage deviations correspond to different actual 
deviations. This is apparent from the curves of 
Fig. 2. Thus a 1% average absolute deviation 
is equivalent to the following changes in the 
rounded «-values:

I II III IV V VI VII
0.0056 0.0050 0.0032 0.0025 0.0024 0.0018 0.0012

An inspection of Table V reveals that five of 
the mechanisms (E, G, H, I and J) fail to repro­
duce the experimental data over the entire range. 
Thus recombination does not take place homo­
geneously as the result of triple collisions in­
volving only atoms (mechanism I) as suggested 
by Smallwood,1 nor as the result of triple colli­
sions involving only molecules as third bodies 
(mechanism J). The proposal of Steiner2 that
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recombination occurs as the result of a first order 
wall reaction and a homogeneous reaction involv­
ing only molecules as third bodies (mechanism H) 
is ruled out. Similarly, the assumption of a first 
order wall reaction with a three atom homogene­
ous reaction (mechanism G) or a second order 
wall reaction with a three atom homogeneous re­
action (mechanism E) fails to provide the proper 
mechanism.

The other five mechanisms (A, B, C> D and F) 
show percentage deviations not much larger than 
those of the experimental and analytically 
smoothed as  (Table II), and are therefore all re­
garded as possible mechanisms. On the basis of 
the deviations in Table V, it is not possible to ad­
vocate one of these mechanisms in preference to 
the others. Thus the elimination of a first order 
wall reaction (mechanism B) produces a-values 
which are identical with those derived assuming 
both types of heterogeneous and homogeneous re­
action (mechanism A). The elimination of a sec­
ond order wall reaction (mechanism C) or the as­
sumption of completely homogeneous reaction in­
volving both types of third bodies (mechanism D) 
also reproduces the data almost as well as the 
other postulated mechanisms. Only one of the 
five mechanisms (mechanism F) does not require 
both atoms and molecules as third bodies. Al­
though there is no reason to exclude the possibility 
of a mechanism involving a second order wall re­
action and only molecules as third bodies, it should 
be pointed out that the difference in fa values for 
mechanisms D and F is but 31% so that the second 
order wall reaction of mechanism F is numerically 
equivalent, within a factor of 1.31, to the three 
atom homogeneous reaction of mechanism D.

A final decision as to which of the five mecha­
nisms is correct canbemadeonly when independent 
evidence eliminates four of the mechanisms as be­
ing incorrect. For example, if it could be shown 
experimentally that there is no wall reaction, 
mechanism D would be the correct solution; or if it 
could be shown that the wall reaction must be 
only first order, mechanism C would be correct. 
Independent accurate evaluations of fa might 
also be used as a means of choosing the one cor­
rect mechanism.

The author wishes to emphasize that the correct 
mechanism in all probability will not be some aver­
age mechanism derived from mechanisms A, B, C, 
D and F but a specific one of these five with the 
numerical rate constants as given in Table IV.

Objection has been raised to the present experi­
mental method on the basis that the sudden re­
combination of atoms at the catalyst causes dif­
fusion of atoms toward the catalyst and conse­
quent high values of a. In order to determine the 
magnitude of this effect accurately, it is necessary 
to integrate equation (12). Since this cannot 
be done readily it is only possible to present evi­
dence showing that the effect is negligible.

The diffusion produced by the catalyst is equiva­
lent to increasing suddenly the linear velocity of 
the gas stream and thus shortening the time of re­
combination. This acceleration is greatest at 
the catalyst and dies off very rapidly for high 
linear velocities. The disturbance produced by 
the catalyst will be most marked when the cata­
lyst is near the discharge for two reasons. First, 
the high concentration of atomic hydrogen will 
result in a greater diffusion when the concentra­
tion is suddenly reduced to zero at the catalyst. 
Second, the rate of recombination near the dis­
charge tube is very rapid (as shown by the curves 
of Fig. 2) so that a given effective increase in ve­
locity results in less recombination than that re­
sulting from the same increase in velocity occur­
ring far up in the recombination tube. Catalyst 
measurements such as those made in pump com­
binations IV, V, VI and VII at a-values from
0.125 to 0.05 should, therefore, be correct to a 
high degree of accuracy with respect to disturb­
ance produced by the catalyst. If, now, the cata­
lyst measurements at higher values of a produced 
high numerical results, rate constants calculated 
using all ce-values should be smaller than those ob­
tained from only low a-values. Consequently, 
rate constants which reproduced high values of a 
measured near the discharge tube should fail to 
reproduce low values of a measured far up in the 
recombination tube. That this is not the case is 
observed from the percentage deviation of the a- 
values in Table II for the possible mechanisms 
A, B, C, D and F. Pump combinations I, II and 
III contain many high values of a as compared 
with combinations IV, V, VI and VII where low 
a-values predominate. Actually, an examination 
of the individual percentage deviations from which 
the averages of Table V were computed shows 
that for very low values of a at high values of x, 
the a ’s computed from rate constants are slightly 
higher than the experimental values instead of 
lower. In fact, it is these wrong direction de­
viations which cause the average absolute percent­
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age deviations of Table V for the five possible 
mechanisms to be slightly greater than the 
smoothing deviations of Table II.

Summary
Using a dynamic system, the fraction of atomic 

hydrogen has been measured as a function of dis­
tance along the recombination tube for seven 
pumping speeds at pressures ranging from 0.276 
to 1.044 mm. The measured fraction of atomic 
hydrogen varied from 0.0410 to 0.693.

The experimental data have been fitted to a 
family of empirical curves by the method of least 
squares. The resulting smoothed variables as 
well as calculated derivatives have been used to 
solve for rate constants in rigorous equations 
applicable to a dynamic system.

Ten mechanisms involving recombination by

triple collisions have been postulated and appropri­
ate rate constants calculated using all the smoothed 
experimental data to obtain unique numerical 
values for the rate constants in each mechanism.

On the basis of the ability of the calculated 
rate constants to reproduce the smoothed experi­
mental values for the fraction of atomic hydrogen, 
five of the postulated mechanisms have been elimi­
nated.

It has been pointed out that, on the basis of re­
producibility, it is not possible to advocate any 
specific one of the remaining five acceptable 
mechanisms but that future definite information re­
garding the presence and nature of a wall reaction 
could determine which one of the five possible 
sets of rate constants should be used to describe 
the recombination of hydrogen atoms.
C a m b r id g e , M a s s . R e c e iv e d  M a r c h  11, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  Ch e m is t r y , F r e s n o  S t a t e  C o l l e g e ]

Electrical Factors in the Adsorption of Polar Molecules at the Surface of Solutions

B y  R o ber t  D u B o is  a n d  E r ic  E . T odd

In an earlier paper McBain and DuBois1 re­
ported extensive measurements of adsorption 
at the air-solution interface which were made as 
experimental tests of the Gibbs adsorption equa­
tion

tv __ do- _  da-
F2(i) “  “  R T d \ n a 2 ~  “  R T d l n c 2 {1)

where r 2(i) is the absolute excess of solute (com­
ponent 2) adsorbed in 1 sq. cm. of the surface of a 
binary solution, a is the surface tension of the solu­
tion, and a2> c2 are, respectively, the activity and 
the molar concentration of the solute in the bulk 
solution. ( r2(i) is defined in the Gibbs manner2 so 
that Ti = 0.) The adsorption of various solutes 
on the surfaces of moving bubbles was measured 
and found to be much larger than the values cal­
culated by means of the above equation. These 
results confirmed the earlier measurements of 
McBain and Davies3 made with similar apparatus 
and are in line with the excessive adsorption found 
by other workers using dynamic methods of meas­
urement.

As a result of this apparent failure of the Gibbs
(1) M cBain and DuBois, T h i s  J o u r n a l , 51, 3534 (1929).
(2) Gibbs, “Collected Works,” Longmans, Green and Co., New  

York, N . Y., 1928, Vol. I, p. 234.
(3) M cBain and Davies, T h i s  J o u r n a l , 49, 2230 (1927).

equation to account for the experimental values, 
it has been suggested by several writers that an 
electrical term should be added to the equation 
to take account of the known electrification of the 
bubbles and drops upon which the adsorption 
takes place. The validity of such suggestions will 
be discussed later; their implication is that the 
excess of the observed adsorption over the calcu­
lated value is of electrical origin. As part of a 
general investigation of the factors responsible 
for the excessive adsorption on moving bubbles, 
the present authors have undertaken to test the 
electrical explanation by measuring the effect of 
enhanced electrification of the bubbles on the ob­
served adsorption.

Meaning of the Term “Electrification.”—The
term “electrification of bubbles and drops” may 
refer to any of the following:

(1) Electrokinetic double layer, the electrical 
double layer which always exists at the surface of 
any bubble or drop in contact with water or an 
aqueous solution and whose parts may be tangen­
tially displaced under the influence of an external 
electric field. The charge which is thus made evi­
dent by cataphoretic migration originates in the 
dissociation of a surface layer, either a part of the
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primitive particle (e. g., oleic acid droplets in 
water) or adsorbed thereon (adsorption of sodium 
oleate on oil drops, fatty acids on air bubbles).

(2) Oriented dipole layer, composed of adsorbed 
polar molecules arranged with more or less com­
plete vertical orientation in the surface. Changes 
in the number and orientation of these adsorbed 
molecules are evidenced by changes in surface ten­
sion and by variations in the interfacial potential 
first observed by Kenrick4 and later more exten­
sively studied by Frumkin,5 and others. The 
distinction between the “electrokinetic” and the 
4'oriented dipole” double layers has been dis­
cussed recently by Chalmers and Pasquill.6 The 
elements of the latter kind of double layer are 
of course fixed in the molecules themselves and are 
not displaceable in an external electrical field.

(3) Space charge in the interior of a gas bubble. 
It has been known for many years that a gas may 
become electrically charged by having liquid 
sprayed into it or by bubbling it through a liquid. 
For example, Lord Kelvin7 bubbled air, hydrogen, 
and other gases through water and aqueous solu­
tions of various (organic and inorganic) substances 
and found that in all cases the gas became elec­
trically charged. Similar observations were made 
by Coehn and Mozer8 with solutions of organic 
compounds.

The first two of these electrical states cannot be 
altered by the experimenter except by changing 
the concentration of the solute or by the addition 
of other solutes whose adsorption would necessi­
tate additional terms in the adsorption equation. 
Moreover, any electrical contribution to the sur­
face energy which is due to adsorption of the solute 
and whose magnitude is determined by the bulk 
concentration of the solution, is implicitly included 
in the Gibbsian equations. This may be seen if 
we write equation (1) in the more general form

do- =  —YxdfjLi — iyW  (2)
or r2(i) = — d<r /  d/*2 (3)

and note that /x2, the chemical potential of com­
ponent 2 (the solute), is definable by the equation

Here E, the total energy of the system, represents 
the sum of the energies of all portions thereof, in-

(4) Kenrick, Z . physik. Chem., 19, 625 (1896).
(5) Frumkin, ibid., I l l ,  190 (1924).
(6) Chalmers and Pasquill, Phil. Mag., [7] 23, 88 (1937).
(7) Kelvin, Maclean and Galt, Proc. Roy. Soc. (London), A67, 335 

(1895).
(8) Coehn and Mozer, A nn . Physik , [4] 43, 1048 (1914).

eluding the surface layer, and includes every kind 
of energy possessed by any part of the system. 
(5, V, n represent constancy of the variables en­
tropy, volume and number of moles of all com­
ponents other than 2.)

The third electrical condition, space charge in 
the gas, can be varied without changing the com­
position of the solution, and we planned, there­
fore, to investigate the effect on the adsorption of 
organic molecules on the surface of moving 
bubbles which might be brought about by altera­
tions in the electrification of the gas.

Experimental
The apparatus and method of measurement used in this 

work were practically identical with those employed by 
McBain and DuBois and have been described in detail in 
their paper.1 The electrical bubble counter there men­
tioned was modified by replacing the vacuum tube cir­
cuits with a photoelectric cell and suitable relays actuated 
by the passage of the bubbles through a beam of light. All 
the experiments to be described were made with solutions 
of ^-toluidine in boiled-out distilled water at a fixed con­
centration of 2.0 g. of />-toluidine per kg. of water. The 
toluidine was the best obtainable from Kahlbaum and 
was further purified by sublimation after mixing with solid 
potassium hydroxide. The “Gibbs value” for the ad­
sorption of ^-toluidine at the concentration given is 7.1 X 
10 ~8 g./sq. cm. (ref. 1, page 3546). The experimental 
values obtained from measurements with moving bubbles 
are generally about twice this value.

Effect of Discharging Gas.—We were interested first in 
determining whether any charge could be detected in the 
gas escaping from the collapsed bubbles. For this pur­
pose we interposed in the gas stream at the outlet of the 
adsorption tube a Kelvin electric filter.9 This was made 
by packing clean brass filings in a 6-in. (15-cm.) length of 
V2-in. (1.27-cm.) tin pipe and supporting this pipe inside 
a metal shield tube by means of insulated glass tubes set 
in brass end caps. The filter was connected to the un­
grounded side of a 1 mfd. condenser. While a stream of 
gas bubbles was passing through the apparatus, the con­
denser was allowed to accumulate charge for various 
periods of time (up to ten minutes) and was then shorted 
to ground through a sensitive galvanometer. Although 
no evidence of charge was observed with the ordinary 
rate of bubbling, unusually vigorous bubbling caused a 
small galvanometer deflection. Evidently a small 
charge must have been present in the ordinary gas stream. 
Now the nitrogen gas used to create bubbles in the ad­
sorption tube passes first through two long saturators 
filled with the same solution and must already possess a 
charge when it reaches the adsorption tube. We decided, 
therefore, to discharge the gas just before entering the 
bubbling nozzle and observe the effect, if any, on the 
measured adsorption.

A three-way stopcock was placed in the gas line just 
before the adsorption tube so that the nitrogen could either

(9) Kelvin, M aclean and Galt, Proc. Roy. Soc. (London), A61, 483 
(1897); Trans. Roy. Soc. (London), A191, 187 (1898).
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be passed through a grounded Kelvin filter interposed at 
this point or allowed to by-pass the filter and enter the 
tube directly. A number of adsorption measurements 
were made in succession, both with and without discharg­
ing the gas, and without any other change in the experi­
mental conditions. No variation in the adsorption values 
could be observed other than those usually found in du­
plicate determinations.

In the face of the negative results on discharging the gas, 
we decided to enhance the electrical effect, if there was 
one, by forced charging of the gas stream before it entered 
the adsorption tube.

Spark Discharge.—We first tried the effect of a spark 
discharge between platinum wires sealed into the inlet to 
the adsorption tube. Several experiments were con­
ducted in the usual manner until constant results were ob­
tained. Connection was then made to an induction coil 
without disturbing the bubble rate or the overflow rate. 
A marked change immediately became apparent in the 
adsorption tube. The bubbles, which had previously 
maintained a steady stream, began to bunch and coalesce. 
As shown by the interferometer readings, the adsorption 
appeared to drop considerably, and with succeeding ex­
periments even became negative. However, when the 
sparking was interrupted and additional adsorption meas­
urements were made, the effect was found to persist, 
since the adsorption values rose only very slowly and the 
bubbles continued to bunch. Because of its persistence 
after sparking ceased we concluded that the effect ob­
served was not electrical but was due to the chemical 
action of some product or products formed in the dis­
charge.

Ionization by Alpha Particles.—In order to avoid the 
chemical effects caused by electrical discharge we produced 
ionization in the nitrogen gas by means of alpha particles. 
A few milligrams of ionium bromide was placed on the 
bottom of a small flask interposed in the gas line between 
the last saturator and the adsorption tube. Since about 
0.4 cc. of nitrogen gas per second passed directly over 
several milligrams of ionium emitting 8 X 105 alpha par­
ticles per mg. per sec., each capable of producing 1.4 X 105 
ions in a range of 2.85 cm., it is evident that an enormous 
number of ions would be present in the gas as it passed on 
to the bubbling nozzle. Preliminary tests with a Kelvin 
filter placed between the ionization chamber and the nozzle 
demonstrated that a charge did exist in the gas stream. 
No evidence of charge could be detected in the gas leaving 
the adsorption tube, indicating, as would be expected, that 
the initial charge had disappeared because of ion recom­
bination and adsorption on the bubble surfaces during the 
twelve seconds required for the bubbles to pass along the 
156 cm. tube.

In order to test the effect of the ionization of the gas on 
the adsorption of p-toluidine on the bubble surfaces, a 
number of adsorption measurements were first made in 
the usual way without charging the nitrogen (gas by­
passed around the ionization chamber). Then, without 
any other alteration in the experimental conditions, the 
gas was diverted through the flask containing ionium salt 
before entering the bubbling nozzle and additional meas­
urements of adsorption were made. Table I gives the 
results of two such experiments.

T a b l e  I

A d s o r p t io n  E x p e r im e n t s  w it h  R a d io a c t iv e  I o n iz a ­
t io n  o f  N it r o g e n

Experiment 1 Experiment 2
Measurement la lb lc Id 2a 2b 2c 2d
Ionization?
Duration,

No No No Yes No N o Yes Yes

min. 11.4 17.2 13.7 9 .0 18.3 16 .7 17.9 14.0
Adsorption T

(g./sq. cm. 
X 108) 12.0 12.8 14.3 16.1 12.9 13 .8 14.0

In the first experiment some difficulty was experienced 
in keeping bubble rate and flow of liquid properly adjusted 
to ensure passage of unbroken films up the short vertical 
drainage section of the adsorption tube. The variations 
in the adsorption values are therefore not more than we 
would expect from such a run and they do not in themselves 
give any indication of an effect of bubble charge on the 
adsorption, In experiment 2c the weight of collapsed film 
liquid was lost and V could not be calculated. The inter­
ferometer reading on this film liquid, however, indicates a 
value of T about the same as those obtained in the other 
experiments.

It is apparent that ionization of the nitrogen gas has had 
only a slight effect, if any, on the measured adsorption of 
^-toluidine. We are therefore led to the conclusion that 
the excessive adsorption of ^-toluidine on moving bubbles 
is not due to any volume or surface electrification of the 
bubbles produced by their passage through the solution. 
This conclusion can probably be extended generally to 
other substances showing excessive adsorption (excessive 
as compared to the predicted “Gibbs” values).

Discussion
Calculation of the Effect of Surface Charge on 

Adsorption of Polar Molecules at the Surface of 
a Solution.—We shall now consider from a 
theoretical point of view what effect on the meas­
ured adsorption should be expected in experiments 
such as those described above. The ionization 
produced in the gas bubbles by collision of gas 
molecules with alpha particles consists of approxi­
mately equal numbers of positive and negative 
gaseous ions. Since the collisions of these ions 
with the bubble surface are proportional to their 
respective concentrations in the gas phase, ap­
proximately the same number of positive and neg­
ative ions will strike the surface in unit time. The 
life of any ion at the surface will depend on the 
nature of this surface.

In the case of ^-toluidine solutions of the con­
centration used the values obtained for the ad­
sorption of the solute (both observed values and 
those calculated from surface tension data) as 
well as the surface potential measurements of 
Frumkin10 indicate that the surface being struck

(10) Frumkin, Donde and Kulvarskaya, Z. physik. Chem., 123, 
321 (1926).
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consists of at least one complete layer of close- 
packed, vertically oriented ^-toluidine molecules. 
The positive sign of the surface potential observed 
by Frumkin shows that the positive side of the di­
pole layer is directed toward the gas phase. This 
means that all ions striking the surface come under 
the influence of the local field of the positive ends 
of the adsorbed dipoles. The life of a negative 
ion in this surface is therefore probably much 
longer than that of a positive ion; in other words, 
adsorption of negative ions preponderates over 
that of positive ions, and the surface possesses a 
net negative charge. In this way a considerable 
electric field could be produced at the surface. 
In fact, if only one millionth of the surface were 
thus covered with adsorbed ions (109 ions/sq. cm.), 
the corresponding field strength, considered as a 
time average, would be
-  4tt(t 4 X 3.1 X 109 X 4.8 X 10“10 X 300 £  -------------------------- ------------------------------

22 volts/cm. (5)

or somewhat more, if we use a smaller value for the 
dielectric constant of the surface layer. The 
maximum value of E , corresponding to a surface 
completely covered with ions of one sign, is about 
22 X 106 volts/cm., or 73,000 e. s. u./cm.

0 1 2 3 4 5
Log E.

Fig. 1.—-Effect of electric field on adsorp­
tion of p - t oluidine.

The effect of an electric field on the adsorption 
of organic molecules has been discussed for the gas- 
solid interface,11 the gas-solution interface,12~14 
and the mercury-solution interface.15,16 None 
of these discussions is quite applicable to the pres-

(11) Bliih and Stark, Z. Physik, 43, 575 (1927).
(12) Bradley, Phil. Mag., [7] 7, 142 (1929).
(13) Wagner, Physik. Z., 25, 474 (1924).
(14) Belton, Trans. Faraday Soc., 33, 653, 1449 (1937).
(15) Frumkin, Z. P hysik , 35, 792 (1926).
(16) Butler, Proc. Roy. Soc. (London), A122, 399 (1929).

ent problem, and for our purpose we shall use a 
somewhat different procedure from any of these.

The potential energy of a solute molecule of di­
pole moment /xs, oriented with its axis in the di­
rection of an electric field of intensity E ,  is — fxs E .  

When one solute molecule is brought from the 
bulk solution into the surface layer, there are dis­
placed vs/vw molecules of water (vs and vw repre­
sent the volumes occupied by individual mole­
cules of solute and water). The water molecules 
(with dipole moment /zw)  originally in the surface 
layer were subject to the orienting influence of the 
external field, and their average moment in the 
direction of the field is given by

Mw ^  w X L(x) (6)
where L(x) is the Langevin function cotgh x — 
1/x and x = ixwE/kT. Therefore the net work 
done against the external field E  in bringing a sol­
ute molecule from the interior of the solution 
(where E  = 0) to a vertically oriented position in 
the surface (where E  ranges from 0 to 75,000 
e. s. u./cm.) is

W  =  - M s E  +  — m w -E  =  - M s E  +  -  Mw£ £ ( x )  (7)Vw
The Langevin function can be expanded in series

and all terms but the first can be neglected for 
small values of x. That is, for all values of x  up 
to about 1.3, corresponding to a temperature of 
27° and a surface 40% covered with ions of one 
sign (E = 30,000 e. s. u./cm.), the net work of ad­
sorption of one solute molecule is

w--*-E+’£^mr ®
At sufficiently large values of E  it is necessary to 

take into account the induced moments aJE and 
awE  of both solute and solvent molecules in the 
surface layer and the corresponding contributions 
— asE 2 and — awE 2 to the energies of these mole­
cules in the electric field (as and aw represent the 
polarizabilities of the two kinds of molecules). 
We shall therefore add two more terms to equation 
8 and obtain the more accurate expression for the 
electrical adsorption work

W ------ MsE  +  — «s£2 +  -  «w£2 (9)
V\y Ok J. Vyf

The polarizabilities can be calculated from the re­
spective molar refractions by use of the relation

4:irNa
3
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If now we let To denote the number of solute 
molecules adsorbed per sq. cm. in the absence of an 
external field, then T, the number of molecules ad­
sorbed in the presence of the field, is obtained by 
the aid of the Boltzmann distribution law. That 
is

r  = rQe~w/kT (10)
where W  is given by equation 9. The values of 
r/r0 have been calculated for various field 
strengths by means of this equation; the results 
are given in Table II and in graphical form in Fig.
1. The following numerical values have been 
used for the constants of equation 9.

^-Toluidine Water
Dipole moment 1.65 X 10~18 e. s. u .17 1.85 X 10-18 e. s. u.17
Molar refraction 34 cc.18 3 .6  cc.19
Polarizability 1 .34  X 10"23e .s .u . 1.42 X 10~24e .s .u .
Molecular volume 192 X 10"24cc.20 30 X 10"24 cc.21

T a b l e  II
E f f e c t  o f  E l e c t r ic  F ie l d  o n  t h e  A d s o r p t io n  o f  

^ -T o l u id in e  ( T e m p e r a t u r e  27°)
Field

strength
E

e. s. u./cm .)

% Surface 
covered by 
adsorbed 

gaseous ions

Electrical 
adsorption work 

W
(ergs/molecule)

Effect on 
adsorption

r /r0
1 — 1.65 X 10”18 1 .0 0 0

10 - 1 .6 5  X 10~17 1 .0 0 0
100 - 1 .6 3  X 10~16 1.004
755 1 - 1 .1 5  X 10~1B 1.025

1000 - 1 .4 7  X 10"15 • 1.036
2000 - 2 .6 0  X 10"15 1.065
4750 6 - 3 .9 0  X 10 1 .1 0 0
7550 10 - 2 .6 4  X 10~16 1.066

10000 + 0 .8 7  X 10“16 0.980
75500 100 + 7 .7 0  X 10~14 . 44022

Differentiation of equation 10 with respect to 
E  shows that the function T/To has a maximum at 
E  = 4750 e. s. u./cm. and we see therefore that al­
though the local electric field at the surface of the 
solution has a positive effect on the adsorption of 
^-toluidine (except at very large values of E), the 
increase is never more than 10%. While the

(17) C. P. Sm yth, “ Dielectric Constant and Molecular Structure/’ 
Chemical Catalog Co., New York, N . Y., 1931, pp. 67, 203.

(18) Obtained by adding the individual bond refractions17 (p. 152).
(19) Fajans, N  atur wissenschaf ten, 9, 734 (1921).
(20) Obtained by multiplying an estimated length of 8 A. by 24 A.2, 

the limiting area for condensed films of para-substituted benzene com­
pounds found by Adam, Proc. Roy. Soc. (London), A 103, 676 (1923)

(21) Obtained from the molar volume 18 cc., divided by 6 X 1023.
(22) For E  — 75,500 e. s. u./cm . we have included the first two 

terms in the expansion of the Langevin function (equation 7) used to 
calculate W .

above treatment of discrete charges of adsorbed 
gaseous ions as a continuous surface charge is ad­
mittedly somewhat simplified, the method gives 
an approximate average effect of such charges on 
the adsorption of a polar solute.

The experiments described above were com­
pleted in the chemical laboratories of Stanford 
University and the authors wish to thank Prof.
J. W. McBain for much helpful advice. Ac­
knowledgment is also made of the grant of a 
du Pont Fellowship to one of us (E. E. T.).

Summary
1. Attention is called to the fact that the ad­

sorption of solutes at the air-solution interface, 
when measured by dynamic methods (moving 
bubbles, etc.), is generally found to be several 
times greater than the values calculated from 
surface tension data by means of the Gibbs ad­
sorption equations.

2. In order to test the suggestion that the ex­
cessive observed adsorption is due to electrifica­
tion of the moving surfaces, the authors have at­
tempted to alter the adsorption of ^-toluidine on 
moving bubbles by forced charging of the gas.

3. Marked decrease in the apparent adsorp­
tion was observed when the gas was subjected to 
spark discharge and to silent discharge before en­
tering the adsorption apparatus. Because of its 
persistence after discharge ceased the effect was 
believed to be of chemical origin.

4. Ionization of the bubbling gas by exposure 
to ionium salt was found to have no effect on the 
measured adsorption.

5. The effect of a surface charge on the adsorp­
tion of polar molecules is discussed theoretically. 
Calculations show that the adsorption of p-tolui- 
dine on gas bubbles should be only slightly in­
creased by electrification of the surface and at ex­
treme charge densities should be somewhat de­
creased.

6. It is concluded that electrification of gas 
bubbles in contact with solutions of organic sol­
utes is not responsible for the marked discrepancy 
between the observed adsorption and the calcu­
lated ' ‘Gibbs” adsorption.
Fresno, Calif. Received July 19, 1938
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The Electron Diffraction Investigation of Sulfur Monochloride, Sulfur Dichloride, 
Sulfur Trioxide, Thionyl Chloride, Sulfuryl Chloride, Vanadium Oxytrichloride, and

Chromyl Chloride

B y  K . J. P alm er

Despite the rapid development of the electron 
diffraction method of studying the structure of 
molecules, comparatively few inorganic com­
pounds have been investigated by this means. 
The stress which has been laid on organic mole­
cules is due in part to the large number of organic 
compounds which have appreciable vapor pres­
sures at, or near, room temperature, as compared 
with the number of inorganic compounds in this 
category, and in part to the fact that the organic 
chemist has in general been more interested in 
stereochemistry than the inorganic chemist, and 
has built up a large amount of purely chemical 
evidence supporting definite configurations.

From a purely structural point of view, inor­
ganic molecules are nevertheless of great interest. 
Especially is it desirable to determine whether or 
not the empirical relations connecting bond dis­
tance with bond type, which have proved so use­
ful in the discussion of interatomic distances in 
organic compounds, are applicable to inorganic 
molecules as well. The investigations reported 
in this paper were carried out with these consid­
erations in mind.

Preparation of Materials
Sulfur Dichloride.—The sulfur dichloride used was pre­

pared by passing dry chlorine into sulfur monochloride un­
til the color of the liquid became deep red. This liquid was 
then distilled carefully in an all-glass apparatus, and only a 
small fraction boiling at 59° at atmospheric pressure was 
retained. This product was redistilled twice, the middle 
fraction only being retained. There was no evidence of 
decomposition during the distillation.

Sulfur Monochloride.—Sulfur monochloride was pre­
pared by passing chlorine over hot sulfur. The product 
was purified by distillation over activated bone charcoal 
and sulfur. The final product was light yellow and boiled 
at 135-136°.

Thionyl Chloride.—Eastman thionyl chloride was puri­
fied by fractional distillation under reduced pressure.

Sulfur Trioxide.—Kahlbaum c. p . sulfur trioxide was 
used without further purification.

Sulfuryl Chloride.—Sulfuryl chloride was prepared by 
passing a mixture of sulfur dioxide and chlorine over cam­
phor. The product was purified by distillation.

Chromyl Chloride.— Chromyl chloride was prepared by 
heating potassium dichromate, potassium chloride, and

concentrated sulfuric acid. The blood-red liquid was puri­
fied by distillation.

Vanadium Oxytrichloride.—Vanadium oxytrichloride 
was prepared by passing hydrogen over heated V2O5 until 
it was completely reduced to V2O3. The water which was 
generated by the reaction was carefully driven off, and 
chlorine was then introduced. The generated vanadium 
oxytrichloride was condensed in a trap cooled by a mixture 
of ice and salt. This product was purified by repeated 
distillation.

Experimental Method
The method of obtaining and interpreting the 

photographs already has been described in the 
literature.1 All radial distribution curves were 
calculated using C ( = in place of I  as
recently suggested.2 Because the vapor pres­
sure of some of the compounds investigated is 
very low at room temperature it was necessary 
to use a high temperature nozzle.3 This design 
of nozzle was found to be particularly advantage­
ous in these cases because of the hygroscopic na­
ture of the compounds.

Sulfur Dichloride.—The photographs show 
six well-defined rings. The second and fourth 
maxima appear to have shelves on the outer edge, 
the shelf on the fourth maximum being more pro­
nounced than that on the second. The third and 
fifth minima (second and fourth on the repro­
duced curves) appear to be broad and less deep 
than the fourth.

Values of s0 [ = 4ir sin / 2/X], I  (the visu­
ally estimated intensities) and C ( = SoIe~aó?>) 
are given in Table I. The radial distribution 
curve is reproduced as curve A in Fig. 1. The two 
well-defined peaks at 1.98 and 3.06 A. correspond 
to the S-Cl and Cl-Cl distances, respectively. 
The Cl-S-Cl angle is 101° 10'. Intensity curves 
calculated for S-Cl =1 .98  A. and Cl-S-Cl angle 
equal to 101°10', 109°28', 125°, and 180° are re­
produced as curves A, B, C, and D, respectively, 
in Fig. 2. Curve E is the intensity curve for 
chlorine, which has been included because of the

(1) L. O. Brockway, Rev. Modern Phys., 8 , 231 (1936).
(2) V. Schomaker and C. Degard, to be published in T his J o u r ­

n a l .
(3) L. O. Brockway and K. J. Palmer, T h i s  J o u r n a l , 59, 2181 

(1937).
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possibility of the sulfur dichloride decomposing 
to give sulfur monochloride and chlorine. This 
curve can be eliminated because the photographs 
do not appear to have the regular structure re-

T a b l e  I
S u l f u r  D ic h l o r id e

Max. Min. l C So s a s / s o

1
2

10 3 4.545
5.724

4.15
5.55

(0.913) 
( .970)

2
3

8 5 6.910
8.934

6.92
8.65

1.001
0.968

3
4

6 5 10.424
11.790

10.48
11.87

1.005
1.007

4
5

3 2 13.178
14.999

13.24
15.30

1.005
1.020

5
6

2 1 16.397
17.851

16.76
18.12

1.022
1.015

6 1 1 19.227 19.52 1.015

Average 1.006 
Average deviation 0.011 

S-Cl =  (1.98)(1.006) =  1.99 ±  0.03 A.
Cl-Cl =  (3.06)(1.006) =  3 .08 *  0.04 A.
° Calculated for the model with S-Cl = 1.98 A. and 

Cl-Cl =  3.06 A.

quired. Curve D is also in disagreement with 
the photographs, in that all of the peaks have 
shelves on the outer edge, and the fourth minimum 
is not deeper than the third and fifth as is required 
by the photographs. In curve C the intensity 
relations of the minima are again wrong, and in 
addition the third maximum appears to be broad 
and flat, whereas the photographs show it to be 
quite sharp. Curve B can be eliminated because 
the shelf on the fourth maximum is on the inner 
edge instead of the outer edge, as required by the 
photographs, and also the third, fourth, and fifth 
minima have the wrong intensity relationship.

On the other hand, curve A (101° 10' model) 
agrees very well with the photographs. The 
outside shelves on the second and fourth maxima 
are present, and the fourth minimum is deeper 
and narrower than either the third or fifth. 
Since this model agrees also with the results of 
the radial distribution curve, it is accepted as cor­
rect. The quantitative comparison given in the 
last column of Table I leads to an S-Cl distance

Fig. 1.—Radial distribution curves for (A) sulfur dichloride, (B) sulfur monochloride, (C) 
thionyl chloride, (D) sulfur trioxide, (E) sulfuryl chloride, (F) chromyl chloride, and (G) vanadium 
oxytrichloride.



2362 K. J. P a l m e r Vol. 60

of 1.995 A. The final values are therefore taken 
as S-Cl = 1.99 =*= 0.03 A. and the angle Cl-S-Cl -  
101 =* 4°.

Sulfur Monochloride.—The sample of sulfur 
monochloride was transferred to the high temper­
ature nozzle inside a moisture-proof box. When 
the nozzle was opened after the exposures were 
made there was no trace of sulfur and the remain­
ing sample was still light yellow in color.

The photographs of sulfur monochloride show 
eight maxima, seven of which were measured 
accurately. The first maximum appears to be 
symmetrical, the second has a very decided outer 
shelf which is called the third maximum in the 
tables, the fourth is symmetrical, the fifth very 
broad, the sixth sharp, and the seventh is not very 
prominent. The values of % /, and C are given 
in Table II. The radial distribution curve, cal­
culated using the values of C, is reproduced as 
curve B in Fig. 1. The peaks at 2.01, 3.18, and 
3.96 A. are interpreted as the sum of the S-Cl 
and S-S, the long S-Cl, and the Cl-Cl distances, 
respectively. The small peak at 2.47 A. is not 
given any significance.

The radial distribution curve immediately ex­

cludes the structure in which 
there are two chlorine atoms at­
tached to one sulfur atom, be­
cause under these circumstances 
the radial distribution curve 
would exhibit only two peaks of 
about equal height (the outer 
peak being due to the long S-Cl 
and Cl-Cl distances), or perhaps 
three peaks, the outer two lying 
very close together.4 Of these 
two outer peaks that represent­
ing the long S-Cl distance should 
be approximately twice as intense 
as that representing the Cl-Cl 
distance. Both the heights and 
the positions of the peaks are, 
however, compatible with the 
model in which one chlorine atom 
is attached to each sulfur atom. 
For this reason intensity curves 
were calculated only for models 
compatible with this latter con­
figuration.

Assuming the value 1.99 A. for 
the S-Cl distance (this value 
being found in both SCb and 

SO2CI2), and considering the peak at 2.01 A. to be 
the weighted mean of the two S-Cl and the one 
S-S distance, it is then possible to calculate an

T a b l e  I I

S u l f u r  M o n o c h l o r id e

Max. Min, I C so s/so
1

2
10 3 4.632

5.603
4.00
5.48

(0.864) 
( .97S')

2
3

8 4 6.548 6.72 1.026

3
4

3 2 8.239
9.162

8.10
9.00

0.983
.982

4
5

7 6 10.216
11.456

10.18
11.52

.996
1.005

5
6

5 5 13.237
15.089

13.10
15.20

0.990
1.009

6
7

5 4 16.201 16.'32 1.007

7 3 2 19.383 19.70 1.016
Average 1.002 

Average deviation 0.012  
Final values: S-Cl -  1.99 *  0 .03 A.

S-S =  2 .05  =*= 0.03 A.
C l-S-SZ  -  103 ±  2°

* Calculated for the model with S-S — 2.05 A., S-Cl =  
1.99 A. and Cl-Cl -  3.95 A.

(4) Refer to curve C, Fig. 1, for thiouyl chloride.
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S-S distance. The value found is 2.05 A.6 Using 
the values 1.99 A. for the S-Cl distance, 2.05 A. 
for S-S, 3.18 A. for the long S-Cl and assuming 
the value 3.96 A. for the Cl-Cl distance, the S-S- 
Cl angle is calculated to be 103°35' and the angle 
between the Ch-S-S and Cl2-S-S planes 97°7'.

In calculating intensity curves the S-Cl 
and S-S distances and the Cl-S-S angle 
were given the values 1.99 A., 2.05 A., and 
103°35', respectively. This is justifiable 
because the well resolved inner peaks on the 
radial distribution curve are probably re­
liable to within 1%. Curves A, B, and C 
for Fig. 3 were calculated for models in 
which the angle between the two Cl-S-S 
planes is 97°7', 180° {trans), and 0° {cis), 
respectively. Model C can be eliminated 
because there is no shelf on the outside of 
the second maximum, this shelf being a 
very distinctive feature of the photographs.
Curves A and B agree qualitatively with 
the photographs. The similarity of these 
two intensity curves, both as regards in­
tensity and position of the maxima and 
minima, makes the reliability of the radial 
distribution peak at 3.96 A. very doubtful, 
since the distribution curve is calculated with the 
aid of just the s0 values and the visually estimated 
intensities.

No intensity curves were calculated for models 
in which there was either free or restricted rotation 
for the reason that there is no feature of the curve 
which appears to be sensitive to the Cl-Cl sepa­
ration, and it is consequently impossible at the 
present time to determine accurately the nature 
or height of the potential hump restricting free 
rotation.

The static trans model can be eliminated, how­
ever, from other considerations. Five Raman 
frequencies have been reported,6 whereas only 
three frequencies of the trans model are Raman 
active. It is evident therefore that the molecule 
can have only one static configuration, namely, 
the so-called “right angled” structure, or the chlo­
rine atoms can be oscillating or rotating with re­
spect to one another. I t is unfortunate that 
more reliability cannot be placed upon the radial 
distribution peak at 3.96 A. because its position 
and sharpness would then immediately eliminate

(5) This value is in good agreement with that found in H2S2 by 
Beach and Stevenson (private communication).

(6) Y. Morino and S. Mizushima, Sci. Papers 1. P. C. R ., 32, 220 
(1937).

all but the static “right angled” structure. The 
quantitative comparison of s to s0 for curve A is 
given in Table II.

Y. Morino and S. Mizushima6 recently have 
measured the dipole moment of sulfur monochlo­
ride, reporting the value of 1 Debye unit. They

have also measured the Raman spectrum in di­
lute hexane solution and have concluded from 
their results that the “right angled” static struc­
ture is the correct one. It can be said in support 
of this view that the electron diffraction results 
are compatible with this configuration.

Ackermann and Mayer7 have investigated the 
molecular structure of sulfur monochloride by the 
diffraction of comparatively slow (about 6 kv.) 
electrons. They concluded that there is one 
chlorine atom attached to each sulfur atom and 
claimed to obtain best agreement when they as- 
sumed S-Cl =  1.98 A., S-S = 2.04 A., and 
Cl-S-S angle = 105°. They also state that the 
intensity curve calculated for free rotation gave 
best agreement with their photographs. An in­
tensity curve calculated assuming free rotation is 
almost identical with curve A, Fig. 3, and conse­
quently their results are in good agreement with 
those obtained in this investigation.

Thionyl Chloride.—The photographs of thionyl 
chloride show seven measurable rings, having the 
visually estimated intensities shown under I, 
Table III. The third minimum (second on  
curves) appears to be very deep, the fourth com-

(7) Ackermann and Mayer, J . Chem. Phys., 4, 377 (1936).

Fig. 3.—Theoretical intensity curves for sulfur monochloride.
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T a b l e  III 
T h io n y l  C h l o r id e

Max. Min. I C 50 5° 5/50 sb s/so

1 10 4 4 .78 3.98 (0.833) 4.08 (0.854)
2 5 .79 5 .18 ( .894) 5.29 ( .914)

2 8 6 6.91 7 .05 1.020 6.80 .984
3 8.30 8.32 1.002 8.38 1.010

3 9 11 9 .78 9.79 1.001 9.69 0.991
4 11.67 11.60 0.994

4 4 6 13.07 13.12 1.004 13.32 1.019
5 14.69 14.46 0.984 14.58 0.993

5 2 3 16.07 16.08 1.001 15.75 .980
6 17.43 17.33 0.994 17.38 .997

6
7

3 4 18.66 18.58 .996 18.77 1.006

7 1 1 22.10 22.17 1.003 22.45 1.016
Average 0.999 1.000

Average'deviation 0 .007 0.012
Final values: S—O — 1.45 =*= 0 .02  A. O—S—Cl £. = 106 =*= 1°

S-Cl =  2 .07  ±  0 .03  A. C l-S-C l Z -  114 *  2°
Cl-O = 2 .84  ±  0 .03  A.
Cl-Cl =  3 .47  ± 0 .0 3  A.

a Calculated for the model with S -0  = 1.44 A., S-Cl =  
2.07 A., C l-0  =  2.84 A., and Cl-Cl == 3.50 A. & Calcu­
lated for the model with S -0  =  1.44 A., S-Cl — 2.07 A., 
C l-0  =  2.84 A., and Cl-Cl «  3.40 A.

paratively shallow and broad, the fifth fairly 
sharp but of even less depth than the fourth, the 
sixth deep and well defined, and the seventh 
broad and not as deep as the sixth. The fifth 
maximum appears to be less intense than either 
the fourth or sixth. The values of s0, 7, and C are 
given in Table III. The radial distribution curve 
calculated from these values is shown as curve C 
in Fig. 1. The peaks at 1.46, 2.07, 2.84, and 3.42 
A. are interpreted as the S-O, S-Cl, Cl-O, and

Cl-Cl distances, respectively. The value 2.07 A. 
for the S-Cl distance seemed to be a little large, 
and to make sure that an impurity was not the 
cause of the apparent anomaly, electron diffrac­
tion photographs were taken of a new sample of 
thionyl chloride. When these were measured, it 
was found that the sQ values from the two sets of 
photographs were in very good agreement, indi­
cating that the large S-Cl distance is probably 
real.

Intensity curves were calculated for the follow­
ing models: planar, with S-0 = 1.44 A., S-Cl =
2.07 A., and a Cl-S-Cl angle of 110, 113, 116, 
and 120°; pyramidal, with S-0 = 1.44 A., S-Cl 
= 2.07 A., Cl-0 = 2.84 A. and Cl-S-Cl angle 
equal to 106, 110, 115, and 120°. These last 
four curves are shown as curves A, B, C, and D, 
respectively, in Fig. 4. None of the intensity 
curves for planar models has been reproduced be­
cause they are all in very definite disagreement 
with the photographs. Curve D can be elimi­
nated because the intensity relationship between 
the first three maxima is wrong; also, the inten­
sity of the fifth maximum should be less than that 
of either the fourth or sixth. Curve C is in good 
qualitative agreement with the appearance of the 
photographs. Curve B is also in good agreement 
except for the appearance of the shelf on the in­
side of the fourth maximum, and the equality in 
depth of the fifth and sixth minima. The model 

finally selected is a weighted aver­
age of these two. Curve A is less 
satisfactory than B because the shelf 
on the fourth maximum has become 
too prominent and the intensity 
relationships of the fourth, fifth, and 
sixth maxima, which are about right 
in curves B and C, are unsatisfactory.

The quantitative comparison for 
models B and C is given in the last 
column of Table III. The final 
values selected, taking into account 
both the results of the radial dis­
tribution curve and the quantitative 
comparisons, are S-0 =  1.45 =*=
0.02 A., S-Cl = 2.07 =*= 0.03 A., 
Cl-0 = 2.84 ±  0.03 A., and 
Cl-S-Cl angle = 114 =*= 2°. This 
leads to an O-S-Cl angle of 106° 17'. 
The same value for the O-S-Cl 
angle has been observed in sulfuryl 
chloride.Fig. 4.—Theoretical intensity curves for thionyl chloride.
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Sulfur Trioxide.—The sample of sulfur triox­
ide was distilled under vacuum into the sample 
holder, phosphorus pentoxide being used as the 
lubricant on the stopcock. The best photographs 
showed six rings, the second of which appears to be 
quite broad, the intensity falling off gradually on 
the inside and somewhat more abruptly on the 
outside. The third ring has a distinct outer 
shelf, the other rings being more or less regular in 
appearance. The average values of the visual 
measurements of the maxima and minima, as well 
as the estimated intensities I  and the 
values of C are given in Table IV.

The radial distribution curve is 
reproduced in Fig. 1, curve D. The 
two well-defined peaks at 1.43 and
2.45 A. are interpreted as the S-0 
and 0 -0  distances, respectively.
These values lead to an O-S-O angle 
of 117°50'. Theoretical intensity 
curves calculated for models having 
an S-0 distance equal to 1.43 A. 
and an O-S-O angle of 120°,
117°50', 116°, and 110° are shown 
as curves A, B, C, and D, respec­
tively, in Fig. 5. Curve D is not 
acceptable because the shelf on the 
second maximum is on the outside, 
rather than the inside, and also because the third 
maximum does not possess a distinct enough outer 
shelf.

The rather flat top of the second peak with the 
subsequent steep slope on the inside exhibited by 
curve C, and the inner shelf on the fifth maximum 
are also in disagreement with the photographs. 
Curves A and B are very similar, except for the 
slight change in the nature of the inside shelf of 
the second maximum, and are both in good quali­
tative agreement with the photographs. The in­
tensity of this peak reaches its maximum value at 
about the same point in both curves A and B, but 
falls off on the inside at approximately a constant 
rate in A, while for B the rate is at first less than 
for A and then becomes greater. This change in 
the rate of falling off of the intensity in curve B 
would, if exhibited by the photographs, probably 
give the impression of a definite edge to the shelf, 
whereas no such edge would be expected if the in­
tensity followed curve A. As no edge can be dis­
cerned on the photographs, model A is to be fav­
ored over model B.

The ratios s / sq for curves A and B are given in

Table IV. The final values selected for the pa­
rameters are S-0 = 1.43 =*= 0.02 A. and O-S-O 
angle 120 ^ 2°. This leads to an 0 -0  distance 
of 2.48 =*= 0.03 A.

The dielectric constant of sulfur trioxide vapor 
recently has been measured8 over a considerable 
temperature range, and it was shown that the plot 
of the polarization against the reciprocal of the 
absolute temperature gives a horizontal straight 
line, indicating that the dipole moment is zero 
in agreement with the planar model.

Max. Min. J C so s/so Sb s/so
1 10 6 5.692 5 .38 (0.945) 5 .54 (0.973)

2 7.422 7 .13 ( .961) 7 .35 .990
2 7 10 10.757 9.91 .921 10.20 .948

3 12.251 11.72 .957 12.10 .988
3 5 8 13.576 13.50 .994 13.90 1.024

4 17.038 16.30 .994 16.83 0.988
4 4 6 18.461 18.10 .980 18.60 1.007

5 20.860 20.20 .969 20.50 0.983
5

a
2 2 23.087 22.63 .981 23.32 1.011

6
O

1 1 27.10 26.90 .992 27.20 1.003
Average 0 .974 0.994

Average deviation 0.019 0.017
(0 .974 )(1 .47) =  1.43 A.
(0 .994 )(1 .43) =  1.42 A.

Final values: S-O = 1.43 ±  0 .02  A.
O-S-O  Z = 120° <  2°

a Calculated for the model with S-0 = 1.47 A., O-S-O 
angle =  120°. b Calculated for the model with S- 0  = 
1.43 A., O-S-O Z =  117°50'.

Sulfuryl Chloride.—The photographs of sul­
furyl chloride have eight measurable maxima. 
The values of So, J, and C are given in Table V. 
The radial distribution curve (curve E of Fig. 1) 
shows principal peaks at 1.43, 1.99, 2.76, and 3.85

(8) A. Smits, N . F. Moerman and J. C. Pathuis, Z. physik. Chem., 
B35, 60 (1937).

Table IV 
Sulfur Trioxide
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A. There is also a small peak at 3.32 A. The 
first three values are interpreted as being due to 
the S-O, S-Cl, and Cl-0 distances, respectively. 
It is geometrically impossible for a model to have 
these values and at the same time a Cl-Cl dis­
tance of 3.85 A. In agreement with past expe­
rience, it is considered that the radial distribution 
peak at 3.85 A., which lies rather far out, is unreli­
able.

In calculating intensity curves it has been as­
sumed that the S-Cl distance is 1.99 A., and except 
in a few curves the Cl-0 distance has been taken 
as 2.76 A. The S-0 distance has been varied 
from 1.57 to 1.43 A., and the Cl-Cl distance from
3.55 to 3.06 A. (except for one planar model in 
which Cl-Cl = 4.06 A.). Of the twenty-five 
curves calculated, only six are reproduced in Fig.
6. Curves A, B, C, and D were calculated for 
models in which the S-O, S-Cl, and Cl-0 dis­
tances were assumed equal to 1.43, 1.99, and 2.76 
A., respectively, and the Cl-Cl distance was taken 
as 3.40, 3.32, 3.28, and 3.15 A. Curves E and F 
were calculated for the following models: model 
E, S-0 = 1.45 A., S-Cl = 1.99 A., Cl-0 =
2.76 A., and Cl-Cl = 3.32 A.; model F, S-0 = 
1.48 A., S-Cl = 1.99 A., Cl-0 = 2.76 A., and 
Cl-Cl = 3.32 A. All other models for which 
curves were calculated were eliminated easily as 
there was obvious disagreement between the in­
tensity curves and the visual appearance of the 
photographs.

The qualitative appearance of the photographs 
is approximately the same as for curve C, Fig. 6

(which represents the finally selected model), ex­
cept for the very small maximum at about s =  12 
which is not observed on the photographs.

Curve A is not satisfactory because the first 
maximum is missing. Curves B, C, and D, which 
represent nearly identical models, are all approxi­
mately satisfactory. Curve C is, however, better 
than curve B because in the latter the first maxi­
mum is not sufficiently well defined, and is also 

superior to curve D because the 
shelves appearing on the inner edge 
of the fifth maximum and the outer 
edge of the seventh maximum of 
this latter curve cannot be ob­
served on the photographs. Curve 
E is not satisfactory because the 
first maximum is not well resolved, 
and also the structures of the two 
minima at 5 = 12 and 21 are not 
compatible with the broad, deep 
appearance of these minima on the 
photographs. Curve F is made 
unsatisfactory by the shelf on the 
inside of the fifth maximum.

The quantitative comparison for 
curve C is shown in Table V as 
the ratio of s to s0. The final 
values selected for the parameters 

are given in Table VI.
T a b l e  V

S u l f u r y l  C h l o r id e
Max. Min. I C so sa s/so

1 6 2 3.140 3 .00 (0.956)
2 4.085 3.29 ( .805)

2 8 6 5.082 4.60 ( .905)
3 6.165 5.90 ( .957)

3 7 9 7.299 7.24 .992
4 8.679 8.60 .991

4 10 13 10.036 9.93 .989
5 12.068

5 . 4 8 13.725 13.85 1.009
6 15.274 15.15 0.999

6 2 4 16.460 16.45 1.000
7 17.660 17.70 1.002

7 2 3 18.840 19.15 1.016
8 1 1 22.580 23.18 1.026

Average 1.003 
Average deviation 0.010

a Calculated for the model with S-Cl =  1.99, S -0  — 
1.43 A., O-S-O angle equal to 119°48', and Cl-S-Cl angle 
equal to 111°12'.

Chromyl Chloride.—The photographs of chro­
myl chloride show seven measurable maxima. 
The values of s0, A and C are listed in Table VII.

Fig. 6.—Theoretical intensity curves for sulfuryl chloride.
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T a b l e  V I

F in a l  V a l u e s  o f  I n t e r a t o m ic  D is t a n c e s  f o r  S u l f u r y l  C h l o r id e , C h r o m y l  C h l o r id e , a n d  V a n a d y l

Ox y t r ic h l o r id e

SO2CI2

S-0 -  1.43 fe 0 .02 A.
S-Cl =  1.99 *  0.02  
Cl-0 =  2 .76 fe 0.03  
Cl-Cl =  3 .28 *  0.10
0 - 0  »  2 .48  *  0.10
O-S-O Z ** 119°48' fe 5° 
C1-S-C1Z =  111012' fe 2° 
C l-S-O Z =  106°28' fe 2°

Cr0 2Cl2

C r-0 =  1.57 fe 0 .03 A. 
Cr-Cl =  2.12 ±  0.02  
C l-0  =  3.03 fe 0.03  
Cl-Cl =  3.54 fe 0 .05
0 - 0  «  2.49 fe 0.10
O-Cr-OZ =  105°6' fe 4° 
Cl-Cr-Cl Z = 113°16' fe 3° 
C l-C r-0Z  =  109°34' fe 3°

VOCI3

V -0  =  1.56 fe 0 .04 A, 
V-Cl =  2 .12 fe 0.03  
C l-0  =  3 .00 fe 0.04  
Cl-Cl «  3 .50 fe 0.03

C1-V-C1Z -  111°17' fe 2° 
Cl-V-O Z =  108° 12' =«= 2°

The radial distribution curve (curve F of Fig. 1) 
shows principal peaks at 1.57, 2.12, 3.03, and 3.54 
A. These are interpreted as the Cr-O, Cr-Cl, 
Cl-O, and Cl-Cl distances, respectively. The 
intensity curve calculated for this model agrees 
very well, both qualitatively and quantitatively, 
with the photographs. This curve is reproduced 
as curve C, Fig. 7. Curves A and B were calcu­
lated for models in which C r-0 = 1.57, 
Cr-Cl = 2.12, Cl-0 = 3.03, andtheO-Cr-O 
angle was given the values 109°28' and 107°, 
respectively. The value of the O-Cr-O angle 
in model C is 105°6'. Both curves A and B 
are less satisfactory than curve C because of 
the disappearance of the shelf on the outside 
of the third maximum and the appearance of 
a small maximum at approximately s — 17. 
Intensity curves were also calculated for a 
planar and a tetrahedral model, but the dis­
agreement with the photo graphs was so 
marked that the curves have not been repro­
duced. The quantitative comparison for 
curve C is given in Table VII, and the finally 
selected values of the parameters are listed in 
Table VI.

Vanadium Oxytrichloride.—The photo­
graphs of vanadium oxytrichloride have 
seven measurable maxima. The values of %
/, and C are given in Table VIII. The radial 
distribution curve (curve G of Fig. 1) shows 
principal peaks at 1.56, 2.12, 3.01, and 3.50 A. 
These values are interpreted as the V-O, V-Cl, 
Cl-O, and Cl-Cl distances, respectively.

The intensity curve calculated for the model 
with the above distances is given as curve D, 
Fig. 7. This curve gives excellent qualitative 
agreement with the photographs. All other 
curves which were calculated for models varying 
slightly from the above were less satisfactory and 
have not been reproduced. The quantitative 
agreement is also very good as is evident from the

values of the ratio of s to s0 shown in Table VIII. 
The final values selected for the parameters are 
given in Table VI.

Discussion
The configurations found for the seven mole­

cules studied in this investigation are all in agree­
ment with expectation. The Cl-S-Cl angle of

Fig. 7.—Theoretical intensity curves for chromyl chloride and 
vanadium oxytrichloride.

101° found in sulfur dichloride lies between the 
limits 90° for pure p bonds and 109°28' for spz 
hybridization.

The generally accepted structure for sulfur 
monochloride, that in which there is one chlorine 
atom attached to each sulfur atom, has been con­
firmed. The Cl-S-S angle of 103° is in agree­
ment with the angle to be expected from a con-



2368 K. J. P a l m e r Vol. 60

T a b l e  VII
C h r o m y l  C h l o r id e

Max. Min. 1 C 50 5 ° s/so
1

2
10 6 4.438

5.629
4.13
5.33

(0.933) 
( .946)

2
3

7 8 6.783
8.122

6.57
7.90

.969

.973
3

4
8 15 9.304

11.310
9.22

11.48
.991

1.012
4

5
8 19 12.788

14.076
12.82
14.09

1.002
1 .0 0 1

5
6

3 7 15.157 15.30 1 .0 1 1

6
7

1 2 18.210 18.48 1.013

7 2 3 21.216 21.35 1.004
Average 0.997 

Average deviation 0.013
a Calculated for the model with C r-0 — 1.57 A., Cr- 

Cl =  2.12 A., O-Cr-O angle equal to 105°, and Cl-Cr-Cl 
angle equal to 113°.

T a b l e  VIII
V a n a d iu m  O x y t r ic h l o r id e

Max. Min. 1 c 50 sa 5/50

1
2

10 4 4.193
5.310

3.95
5.11

(0.943) 
( .964)

2
3

7 6 6.700
8.261 8.22 0.995

3
4

7 10 9.427
11.150

9.42 .999

4
5

5 9 12.730
14.170

12.88
14.07

1.012
0.993

5
6

4 7 15.36
16.81

15.20 .990

6
7

2 3 18.23
19.91

18.48
19.90

1.014
0.999

7 1 1 21.10 21.66 1.026
Average 1.004 

Average deviation 0.011
a Calculated for the model with V -0  =  1.56 A., V-Cl =

2.12 A., O-V-Cl angle equal to 108°, and Cl-V-Cl angle 
equal to 111°.

sideration of the electronic formula for sulfur 
monochloride, since, as in sulfur dichloride, the 
sulfur atom is surrounded by an octet of electrons 
and both the S-S and S-Cl bonds are single bonds.

Thionyl chloride is pyramidal. The molecule 
would be planar if the S-0 bond were a double 
bond, and the electronic structure were similar 
to that of phosgene. The unshared pair of elec­
trons on the sulfur atom, however, causes the 
molecule to assume a pyramidal configuration.

The sulfur trioxide molecule is isoelectronic 
with the nitrate and carbonate ions and is ex­
pected to be planar for the same reasons that are 
advanced to explain the structure of these ions. 
The confirmation of the planarity of sulfur tri­

oxide is also in agreement with the dielectric con­
stant measurements which recently have been 
carried out.8

The electronic formula which usually is written 
for sulfuryl chloride shows the sulfur atom to be 
surrounded by eight electrons. This makes each 
S-0 bond a single covalent bond (semipolar double 
bond), and leads one to anticipate that sulfuryl 
chloride will have a tetrahedral configuration. 
The actual configuration is considerably distorted 
from a regular tetrahedral arrangement, the O-S- 
O angle being increased from 109°28/ to about 
120°. The Cl-S-Cl angle is only slightly larger 
than that expected, having the value 111°. It is 
interesting to note that the Cl-0 distances in both 
thionyl and sulfuryl chlorides are nearly equal.

The increase in the O-S-O angle in sulfuryl 
chloride is probably due to a considerable amount 
of multiple bond character which is brought about 
by the swinging in of one or even two pairs of 
electrons from the oxygen atom. The excited 
structures no doubt disobey the octet rule which 
is, however, of little significance in a discussion of 
second row elements because of the comparative 
proximity in energy of orbitals such as the 3d or 
4s orbitals in sulfur which can be used for bonding 
purposes.

In chromyl chloride the O-Cr-O angle has de­
creased to 105° as compared to the large increase 
in sulfuryl chloride. No explanation of this 
phenomenon can be given at present. The 
Cl-Cr-Cl angle shows an increase of a few degrees 
over the tetrahedral value.

The close analogy in both distances and angles 
in chromyl chloride and vanadium oxytrichloride 
is very striking. A similar phenomenon is ob­
served in the case of the sequence of molecules 
SiCU, PC13, SCb, and Cl2, where the observed in­
teratomic distances are 2.00, 2.00, 1.99, and
1.98 A., respectively,9 as compared to the sum 
of the single bond radii 2.16, 2.09, 2.03, and
1.98 A., respectively. The constancy of these 
observed interatomic distances is due to the fact 
that the double-bond character of each of the 
above bonds, which is a function of the difference 
in electronegativity of the bonded atoms, just 
compensates for the change in value of the sum 
of the single-bond radii. This same effect ac­
counts for the observed similarities in distance in 
chromyl chloride and vanadium oxytrichloride.

This phenomenon is not observed for first row
(9) L. O. Brockway, R e v .  M o d e r n  P h y s . ,  8, 231 (1936).
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SC12 S2Ch SOCh SO2CI2 SO3 VOCI3 Cr02Cl2
A - C l ,  A . 1.99 ±0.03 1.99 ±0.03 2.07 ±0.03 1.99 ±0.02 2.12 ±0.03 2.12 ±0.02
A - O , A. 1.45 ±0.02 1.43 ±0.02 1.43 ±0.02 1.56 ±0.04 1.57 ± 0.03
ci-o, A. 2.84 ±0.03 2.76 ±0.03 3.00 ±0.04 3.03 ±0.03
ci-ci, A. 3.08 ±0.04 3.47 ±0.03 3.28 ±0.10 3.50-±0.03 3.54 ±0.05
o-o, A. 2.48 ±0.10 2.48 ±0.03 2.49 ±0.10
C l- A - C l  Z 101 ± 4° 114 ± 2° 111°12' ±2° 111 ±2° 113 ±3°
O -A - O  Z 119°48' ± 5° 120 ± 2° 105 ±4°
C l- A - O Z 106 ± 1° 106°28' ±2° 108 ± 2° 109 ±3°
s-s A. 2.05 ± 0.03
C l- S - S  z 103 ±2°

chlorides because in these cases double-bond for­
mation can occur only when at least one other 
bond becomes ionic. This does occur in the case 
of some fluorides10 where a very large difference 
in electronegativity between the bonded atoms 
exists.

The S-0 distances observed in the four mole­
cules sulfur dioxide,11 sulfur trioxide, thionyl 
chloride, and sulfuryl chloride are from 0.06 to
0.09 A. shorter than the sum of the normal double­
bond radii which is 1.52 A. This is particularly 
surprising when one considers the electronic for­
mulas of these molecules. These formulas indi­
cate that the S-0 bond in sulfur dioxide possesses 
one-half, in sulfur trioxide one-third, and in 
thionyl and sulfuryl chlorides no double-bond 
character. Making a correction for the formal 
charges on the atoms, the values for the S-0 dis­
tance predicted on the basis of structures of the 
octet type are 1.52 A. for sulfur dioxide and sulfur 
trioxide, and 1.69 A. for thionyl and sulfuryl 
chlorides. The fact that the observed distances 
are all nearly equal and much less than 1.52 A. 
indicates that excited electronic structures in 
which double and triple S-0 bonds are present 
must make a considerable contribution to the 
normal state of these molecules, being, however, 
more important for thionyl and sulfuryl chlorides 
than for sulfur dioxide and sulfur trioxide.

It is difficult to give a quantitative discussion 
of the observed interatomic distances in chromyl 
chloride and vanadium oxytrichloride because 
there is some uncertainty as to the values of the

(10) L. O. Brockway, J . Phys. Chem., 41, 185 (1937).
(11) P. C. Cross and L. O. Brockway, J .  Chem. Phys., 3, 821 

(1935).

covalent radii of chromium and vanadium. If 
one assumes reasonable values of about 1.15 for 
chromium and 1.20 for vanadium, however, it is 
again evident that the Cr-0 and V-0 distances 
are considerably shorter than the sum of the single 
bond radii, indicating that also in these two mole­
cules structures involving multiple Cr-0 and V-0 
bonds make important contributions to the nor­
mal state.

I wish to express my sincere thanks to Mr. Ray 
Clinton, who prepared the samples of sulfur mono­
chloride, sulfur dichloride, sulfuryl chloride, and 
chromyl chloride, and especially to Professor 
Linus Pauling for his many helpful suggestions 
and for his encouragement during the course of 
this investigation.

Summary
The molecular structures of sulfur monochlo­

ride, sulfur dichloride, thionyl chloride, sulfuryl 
chloride, sulfur trioxide, vanadium oxytrichloride, 
and chromyl chloride have been investigated by 
the electron diffraction method. The final values 
of the interatomic distances and angles are given 
in Table IX.

It has been shown that sulfuryl chloride, vana­
dium oxytrichloride, and chromyl chloride have 
tetrahedral configurations which are, however, 
considerably distorted. Thionyl chloride is py­
ramidal, and sulfur trioxide planar. Sulfur 
monochloride has been shown to have one chlorine 
atom attached to each sulfur atom. The posi­
tions of the chlorine atoms cannot be determined 
with certainty.
Pasadena, Calif. Received July 11, 1938
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Some Trialkyl Trithio-phosphorus, Antimony and Bismuth Compounds

B y  A r n o l d  L ip p e r t  a n d  E . E m m et  R e id

In 1872 Michaelis1 reported triethyl trithio- 
phosphite as a heavy oil boiling at 240-280° with 
sp. gr. 1.24 at 12°. Claesson2 and Klason3 de­
scribed the triethyl trithio-phosphite, arsenite 
and antimonite and bismuth mercaptide. As the 
data on these compounds are incomplete it seemed 
desirable to prepare them again along with several 
propyl and butyl compounds for comparisons 
among themselves and with the corresponding 
oxygen compounds.

It was found that a trithiophosphite can be ob­
tained by refluxing a mercaptan with phosphorus 
trichloride but that the corresponding reactions 
with arsenic and antimony stop at the mono- 
chloro stage. Following the method for prepar­
ing alkyl phosphites4 pyridine (3 moles) was added 
to the mixture of mercaptan and phosphorus 
trichloride. Fair yields were thus obtained but 
the results were much better (up to 70% yields) 
with dimethylaniline. This method is satisfactory 
for the trithioarsenites and trithioantimonites.

The trialkyl trithiophosphites are colorless oils 
with characteristic and powerful odors, insoluble 
in water but readily soluble in the usual organic 
solvents and in coned, sulfuric acid. They are 
stable in the presence of water, coned, hydro­
chloric acid or dry hydrogen chloride but are 
readily hydrolyzed by alkalies. Unlike their 
oxygen analogs they decompose when heated in 
air to 90°. They are oxidized by 3% hydrogen 
peroxide and acetic acid to the trithiophosphates, 
while stronger oxidizing agents such as 60% hy­
drogen peroxide, nitric acid and acid permanga­
nate or chromate break them down into phosphoric 
acid and alkyl sulfonic acids. Chlorine and bro­
mine react with them to give alkyl disulfides and 
phosphoric acid but one mole of the triethyl ester 
takes up exactly two atoms of iodine from an al­
coholic solution. This addition product was 
poured into water from which, after several weeks, 
large transparent hydrated crystals separated. 
These were soluble in water and sublimed at a 
high temperature without residue.

(1) Michaelis, Ber., 5, 7 (1872).
(2) Claesson, Bull. soc. chim., [2] 25, 183 (1876); J . prakt. Chem.,

[2] 15, 209 (1877).
(3) Klason, Acta Univ. Lund., 21, 3 Abt. Abl. VI, p. 14 (1884-1885).
(4) Milobendzki and Sachnowski, Chemik Polski, 15, 34 (1917); 

J . Chem. Soc., 114, i, 477 (1918).

The trialkyl trithiophosphites combine with 
methyl iodide, in several weeks of standing, to give 
colorless needles; in alcohol or ether solution they 
react at once with mercuric bromide or iodide or 
auric chloride to give addition products which 
have definite melting points. The compounds 
with mercuric bromide are colorless needles while 
the others are yellow. More or less unstable addi­
tion compounds are formed with mercuric chlo­
ride, silver nitrate, lead nitrate and cuprous chlo­
ride but none with ammonia, ferric chloride, cu­
pric chloride or pyridine. They reduce alcoholic 
ferric chloride. Attempts to add sulfur to form 
the thiophosphates were unsuccessful due to the 
unstability of the esters when heated above 90°.

Triethyl trithioantimonite was prepared simi­
larly with the aid of dimethylaniline but the yield 
(30%) was not so good as that with the corre­
sponding phosphorus compounds. A better yield 
was obtained by using sodium mercaptide. Kla­
son3 reports making it by the action of antimony 
trichloride in strong aqueous hydrochloric acid on 
mercaptan. We were unable to obtain it in this 
way. The ester is a viscous light yellow oil in­
soluble in water. On contact with air it decom­
poses into ethyl disulfide and antimony trioxide. 
When sealed in glass capsules it slowly turned 
green with the deposition of metallic antimony. 
This seemed to be catalyzed by previous exposure 
to air. In solution in dry ether the ester was 
stable. It burns with a bright, slightly smoky 
flame. Addition of iodine to an alcoholic solution 
gave a pale yellow unstable addition product.

The properties of these esters and their addi­
tion compounds are shown in Table I.

The triethyl bismuth mercaptide was formed by 
the addition of bismuth nitrate crystals to mer­
captan. Reaction takes place immediately with 
the formation of an aqueous layer and a red solu­
tion which when poured into ether precipitated 
the mercaptide as a yellow powder, melting at 
200° with decomposition agreeing with the obser­
vations of Claesson.

Experimental
To a chloroform solution of 25 g. of ethyl mercaptan in a 

flask with reflux condenser and mercury-seal stirrer, kept 
at 0°, 13.7 g. of phosphorus chloride was added slowly with
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Table I
The Trialkyl T rithiophosphites and Antimonite and their Addition Compounds

Formula B. p., °C. Press. P V o p w25d d* 4
M. p .’s add. comps, with 

CHsI H gBn H gh AuC13

(EtS)sP 140-143 18 -  32-31 1.5689 1.1883® 1.1585 191 184 187 225
(PrS)3P 164-169 15 -  65-64 1.5350 1.1277 1.0932 191 176 182 208
(BuS)aP 174-180 15 -101-100 1.5305 1.0773 1.0421 198 148 162 182
(EtS)aPO6
(EtS)aSb

165-168
167-170

15
4

-  24-23
1.6224

1.1890
1.5873

* Claisson gives sp. g. at 12° 1.24. b Pischtschimuka gives b. p. 174-175 (20 mm.) d° o 1.1969.

stirring which was continued for an hour after all was in. 
The product was heated to 70° at atmospheric pressure 
and the residue distilled at 18 mm., yield 7.5 g. or 35%. 
To a solution of 18.6 g. of mercaptan and 24 g. of dimethyl­
aniline in 100 cc. of ether, 13.7 g. of phosphorus trichloride 
was added under the same conditions. The dimethylani­
line hydrochloride was filtered off and extracted with ether. 
The ether solution was treated as above, yield 13.3 g. or 
62%. Using 10% excess of mercaptan brought the yield 
to 70%. Anal. Calcd.: P, 14.48; S, 44.86. Found: 
P, 14.58; S, 44.31.

The tripropyl ester was prepared similarly, yield 58%. 
Anal. Calcd.: P, 12.11; S, 37.50. Found: P, 12.25;
S, 37.43.

Similarly the tributyl ester was obtained in 58% yield. 
Anal . Calcd.: P, 10.40; S, 32.21. Found: P, 10.41;
S, 31.86.

To a solution of 10 g. of the triethyl ester in 200 cc. of 
acetic acid, 50 cc. of 3% hydrogen peroxide was added

and the mixture stirred for twelve hours. The acid was 
neutralized with ammonia and the oil extracted with ether 
and distilled, b. p. 165-170° at 15-18 mm., yield 34%.

An ether solution of antimony trichloride was added with 
rapid stirring and efficient cooling to sodium ethyl mer­
captide in a flask with reflux. Reaction took place im­
mediately but the mixture was stirred for six hours, after 
which the salt was filtered off and the solution distilled. 
The yield of ester was 80%, analysis Sb found 39.48%, 
calculated 39.60%.

Summary
Triethyl, tripropyl and tributyl trithiophos­

phites, triethyl trithioantimonite and bismuth 
triethyl mercaptide have been prepared and their 
properties determined. The trithiophosphites 
form many addition products.
Baltimore, Maryland R eceived July 11, 1938

[Contribution from the Sterling Chemistry Laboratory of Y ale University]

The Conductance of Hydrochloric Acid in Dioxane-Water Mixtures from 15 to 45°
B y  B e n t o n  B r o o k s  O w e n  a n d  G e o r g e  W . W a t e r s 1

The effects of viscosity, temperature and dielec­
tric constant upon the conductivity of solutions 
of electrolytes have long been popular subjects 
for investigation. In view of the peculiar con­
ductance mechanism of the hydrogen ion, it is 
surprising that such a small part of this work has 
dealt with solutions of acids. Goldschmidt2 and 
his co-workers have measured the conductance 
of several acids at 25° in alcohol-water mixtures 
rich in alcohol, and a number of investigators3 
have studied acids in pure non-aqueous solvents, 
for the most part at 25°. In the present research, 
we have measured the conductance of hydro­
chloric acid in four dioxane-water mixtures, 20,

(1) This communication embodies part of th e thesis presented by 
George W. Waters to the Graduate School of Yale University in par­
tial fulfilment of the requirements for the degree of Doctor of Philoso­
phy.

(2) Goldschmidt, Z. physik. Chem., 89, 129 (1914); 91, 46 (1916); 
91, 51 (1916); 70, 633 (1910).

(3) For bibliography consult the review by Hartley, Gatty, Mac- 
Farlane and Murray-Rust, A n n . Repts. Chem. Soc. (London), 27, 
326 (1931).

45, 70 and 82% dioxane by weight, at 15, 25, 35 
and 45°. By subjecting this important electro­
lyte to considerable variation in both dielectric 
constant and temperature, we not only extend our 
knowledge of the effects of these variables upon 
conductance, but also derive some information re­
garding its thermodynamic properties. This 
thermodynamic information is of immediate in­
terest, because it supplements the extensive elec­
trochemical investigation of hydrochloric acid 
in dioxane-water mixtures by Harned4 and his 
students.

Materials, Technique and Fundamental Constants

Conductivity water was distilled from alkaline perman­
ganate in an electrically heated Barnstead still. The di­
oxane was obtained from the Carbide and Carbon Chemi-

(4) Harned and Morrison, A m . J .  Sci., 33, 161 (1937); This 
Jo urn al , 58, 1908 (1936); Harned, ibid., 60, 336 (1938); Harned 
and Donelson, ibid., 60, 339 (1938); 60, 2128 (1938); Harned and 
Calmon, ibid., 60, 2130 (1938); Harned, Donelson and Calmon, 
ibid., 60, 2133 (1938).
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cals Corporation, and purified in the manner described by 
Harned and Morrison.4 It was protected carefully from 
moisture and stopcock grease. The freezing point of the 
purified product was always within the range 11.76 to 
11.78°, in good agreement with the value 11.78° reported 
by Kraus and Vingee.6

Baker ‘‘Analyzed” arsenic-free hydrochloric acid was 
diluted to the constant-boiling mixture, and twice dis­
tilled from an all-glass apparatus. Only the middle frac­
tions were retained. The concentrations of stock solutions 
prepared from this acid were always checked gravimetri- 
cally, using recrystallized silver nitrate. The precision of 
these analyses was 0.05%. The mixed solvents and stock 
solutions were freshly prepared, by weight, before each 
run. Carbon dioxide was removed from both the water 
and pure dioxane by a stream of purified nitrogen. Con­
version of concentrations from a weight basis to moles per 
liter (hereafter designated by c) was performed with the 
aid of the density data of Harned and Calmon.6

The conductivity cells were the Type B described by 
Saxton and Langer,7 and the experimental technique was 
essentially the same. The cell constants were determined 
at 18 and 25° from the specific conductivity of a 0.1 demal 
potassium chloride solution proposed by Jones and Brad­
shaw,8 and at 15 ° from the results of Bremner and Thomp­
son.9 The variation with temperature was linear, and 
was used to calculate the cell constants at 35 and 45°.

Temperatures were read on Beckmann thermometers 
calibrated by a platinum resistance thermometer which 
had been checked by the Bureau of Standards. The 
regulation of the thermostat temperature was better than
0.01 ° at 25 and 35 °. At 15 and 45 0 the regulation was not 
so satisfactory, but was always better than 0.02 °.

In order to calculate the theoretical coefficients 
of the Onsager10 equation

A =  A0 —■ (aAo +  &)\/c (1)

and the Debye-Htickel11 limiting law
log y  “  -  u-s/c (2)

we made use of the physical constants given in 
the “International Critical Tables,” the dielectric 
constant data of Akerlöf and Short12 and the vis­
cosity data of Geddes.13 Since some difficulty 
was encountered in the necessary interpolation14 
of these data, the interpolated values and the 
calculated constants, u, a and fi are collected in 
Table I.

(5 )  Kraus and Vingee, T h i s  J o u r n a l , 56, 511 (1934).
(6) Harned and Calmon, ibid., 60, 334 (1938).
(7) Saxton and Langer, ibid., 55, 3638 (1933). The Dike bridge 

was used throughout with a 1000~  oscillator as source of power.
(8) Jones and Bradshaw, ibid., 55, 1780 (1933).
(9) Bremner and Thompson, ibid., 59, 2372 (1937).
(10) Onsager, Physik. Z ., 27, 388 (1926); 28, 277 (1927).
(11) Debye and Hückel, ibid., 24, 185 (1923).
(12) Akerlöf and Short, T h i s  J o u r n a l , 58, 1241 (1936).
(13) Geddes, ibid., 55, 4832 (1933).
(14) Dielectric constants interpolated by Harned and Morrison,4 

and by Walker, Thesis, Yale University, 1937. Viscosities inter­
polated by Waters, Thesis, Yale University, 1938.

Table I
Co nstants P e r ta in in g  to E q u a t io n s  (1 )  a n d  (2 )

Wt. % 
dioxane t ° Do 1Ó0 i)o u ac /*

20 15 6 4 .0 1 1 .6 8 9 0 .7 2 4 5 0 .3 2 5 8 3 5 .7 3
20 25 6 0 .7 9 1 .2 9 2 . .74 3 7 .3345 4 7 .1 7
20 35 5 7 .7 3 1 .0 1 7 .7648 .3439 6 0 ,4 2
20 45 5 4 .8 3 0 .8 2 4 3 .7877 .3542 7 5 .2 9
45 15 4 0 .7 0 2 .4 5 3 1 .4 2 9 .6425 3 0 .8 5
45 25 3 8 .4 8 1 .8 3 7 1 .4 7 7 .6642 4 1 .6 6
45 35 3 6 .3 7 1 .4 3 0 1 .5 3 0 .6878 5 4 .1 4
45 45 3 4 .3 9 1 .1 4 2 1 .5 8 6 .7131 6 8 .6 2
70 15 1 8 .7 2 2 .4 8 3 4 .5 8 1 2 .0 6 0 4 4 .9 4
70 25 1 7 .6 9 1 .9 1 8 4 .7 3 8 2 .1 3 1 5 8 .8 5
70 35 1 6 .7 2 1 .5 2 2 4 .9 0 7 2 .2 0 7 7 5 .0 3
70 45 1 5 .8 0 1 .2 3 2 5 .0 9 2 2 .2 9 0 9 3 .8 3
82 15 1 0 .0 1 2 .1 0 6 1 1 .7 2 5 .2 6 8 7 2 .4 6
82 25 9 .5 3 1 .6 7 1 1 1 .9 8 5 .3 8 9 9 2 .0 2
82 35 9 .0 6 1 .3 5 6 1 2 .3 0 5 .5 3 2 1 1 4 .3 9
82 45 8 .6 2 1 .1 1 7 1 2 .6 4 5 .6 8 3 1 4 0 .1 2

Experimental Results and Discussion
The experimental data are so numerous that 

they can be given only in abbreviated form. Ac­
cordingly we have tabulated A and -\fc as the 
most convenient and generally useful quantities 
for further calculations. Table II contains these 
quantities for the four temperatures and four sol­
vent mixtures. Since we are primarily interested 
in the initial departures from equation (1), and 
the estimation of the extent of ionic association 
from this effect, we have recorded only the two 
runs at the highest dilutions whenever more than 
two runs were made.16 Most runs consisted of ten 
or less measurements, so for convenience in tabu­
lation we have recorded only the ten lowest con­
centrations, if more than ten were studied. The 
specific conductivities of the pure solvents, x0, 
are recorded at the ends of the proper columns. 
No corrections were applied for solvent conduc­
tance. It was assumed that the major part of 
this factor was due to dissolved substances, the 
dissociation and conductance of which would be 
effectively repressed by the strong acid. To 
simplify future reference, individual experimental 
data can be identified by temperature and the 
numbers given in the first column of the table. 
The prime and double-prime refer to runs one and 
two, respectively.

The results in 20% dioxane are very similar to 
those in pure water. The dielectric constant is 
high enough to permit essentially complete dis­
sociation, so the observed conductivities approach 
the limiting slope (Equation 1) from above. This

(15) For complete tabulations c f .  Thesis, ref. 1.
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is illustrated by the points plotted as open circles 
in Fig. 1.

In the case of the 45% dioxane mixtures, how­
ever, the limiting slope is approached from below, 
although the negative departures from the slope 
are very small (see Fig. 2). This is in accord with 
BjerrunTs16 definition of ion association under 
coulomb forces, which predicts that hydrochloric

acid should show the first signs of association at 
dielectric constants corresponding to our 45% di­
oxane solutions.

The evaluation of A0 in the 20 and 45% mix­
tures is performed readily by the familiar Shedlov­
sky17 extrapolation in which the function

A' «  (A +  0Vc)/(  1 “  C t y / C )  (3)
from equation (1), is plotted against c. Values

Table II
E x p e r im e n t a l  D a t a  

20% Dioxane
15° 25° 35° 45°

No. \ / c A V7 A V * A y fc A
1' 0.01175 249.28 0.03661 297.68 0.02407 349.65 0.01061 405.28
2' .01638 248.94 .05198 295.56 .03731 347.48 .01553 403.63
3' .03264 247.04 .06577 293.55 .05280 344.86 .02918 401.02
4' .04760 245.45 .08017 291.96 .06902 342.36 .06620 393.30
5' .06544 243.54 .12353 287.01 .08588 339.71 .08490 389.46
6' .08682 241.48 .13512 285.63 .10467 337.03 .09912 387.08
7' .10710 239.63 .14518 285.02 .12217 334.75 .11687 384.48
8' .13062 237.68 .15854 283.68 .14141 332.46 .13701 381.56
9' .15451 235.84 .17329 282.19 .16717 329.50 .15917 378.13

10' .17866 234.11
V .01142 249.38 .02108 299.81 .02986 349.36 .02543 400.60
2" .01573 249.00 .03558 297.73 .03949 347.92 .03777 397.95
3* .02920 247.50 .05650 294.83 .05543 345.16 .05590 394.35
4" .04738 245.69 .06961 293.04 .07534 342.07 .07222 391.34
5" .06771 243.59 .12253 286.97 .08869 339.98 .08763 388.52
6* .08977 241.47 .15637 283.56 .10478 385.37
7" .10811 239.80 .18618 280.96 .12187 382.85
8" .13052 238.00 .21592 278.53 .14250 379.58
9" .15447 236.23 .26133 275.14

10" .17844 234.52 .32311 270.94
4  -  1. 29 X 10~« 4  =  0.470 X 10 4  =  0.384 X 10~6 4  =  0.779 X 10-«

* <=>
* II 73 X 10“6 4  -  0.504 X 10- 6 

45% Dioxane

If O o X 10-6 4  =  0.599 X 10

1' 0.01400 144.99 0.01289 178.05 0.02345 211.79 0.01144 249.62
2' .02749 142.74 .02295 176.40 .03964 208.59 .02406 247.41
3' .04172 140.86 .03190 174.92 .05505. 205.36 .03323 245.14
4' .05568 139.23 .04259 173.17 .07365 201.83 .05625 239.25
5' .07298 137.20 .06506 169.65 .09051 198.87 .07146 235.53
6' .09701 134.68 .07728 167.88 .10734 196.16 .08410 232.82
7' .11982 132.72 .09685 165.26 .12552 193.63 .10050 229.52
8' .14143 130.94 .12540 161.84 .14669 190.91 .11804 226.23
9' .16344 129.39 .14632 159.79 .17403 187.84 .13752 222.94

10' .16230 158.29
1" .02318 143.19 .02580 175.86 .01355 213.53 .00816 250.93
2" .03235 142.17 .04046 173.57 .02650 211.23 .01495 250.08
3" .04535 140.53 .05255 171.66 .04510 207.27 .02364 248.02
4" .05985 138.77 .06455 169.80 .06348 203.59 .03368 245.23
5" .07333 137.23 .08604 166.85 .08231 200.14 .04849 241.60

. 6" .08918 135.58 .11620 163.15 .09827 197.49 .06532 237.35
7" .10494 134.04 .14240 160.35 .11501 194.59 .08089 233.89
8" .12195 132.56 .18350 156.75 .13605 192.02 .09835 230.35
9" .20297 154.78 .15583 189.88 .13399 224.61

10" .23196 153.27 .15547 221.52
ko' =  0.603 X 10 4  =  0.228 X 10~6 4  =  0.179 X IQ'6 4  =  0.195 X 10"6
4' -  0 .200 X 10 -6 4  =  0.256 X 10 8 <  -  0.192 X io ~ 6 4  =  0.226 X 1 0 -6

(16) Bjerrum, K g L  D a n s k e  V i d e n s k .  S e l s k a b ., 1, No. 9 (1926). (17) Shedlovsky, This Journal, 54, 1405 (1932).
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70% Dioxane
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No.
15

Vc
O

A V7
25°

A Vc
35°

A
45°

A
1' 0.00819 72.54 0.01160 89.14 0.00835 108.88 0.00936 126.93
2' .01250 71.67 .02037 85.20 .01498 105.22 .02079 119.05
3' .02602 67.20 .02888 81.45 .02401 99.97 .03046 112.51
4' .03717 63.81 .03977 77.11 .03475 94.24 .04020 106.54
5' .05320 59.71 .05079 73.43 .05080 87.16 .05707 98.19
6' .06935 56.46 .06282 70.05 .06211 83.12 .07401 91.75
7' .08484 53.94 .08461 65.25 .07881 78.35 .09200 86.51
8' .10288 51.61 .10421 62.05 .09131 75.44 .11009 82.54
9' .12057 49.80 .12238 59.74 .10725 72.45 .12985 79.06

10' .14058 48.17 .13990 57.94 .15090 76.27
1" .01075 71.52 .02420 83.26 .02330 100.52 .01721 121.24
2" .02144 68.42 .03919 77.20 .03213 95.33 .02435 116.14
3* .03197 65.13 .05823 71.20 .04471 89.45 .03178 111.11
4" .04609 61.26 .08119 65.88 .05720 84.66 .04050 105.88
5" .05949 58.19 .10869 61.41 .06918 80.86 .05486 98.64
6* .07369 55.54 .13644 58.26 .08470 76.79 .06782 93.39
7" .09058 53.00 .16818 55.72 .09718 74.17 .08423 88.13
8" .10444 51.30 . . . . .11758 70.68 .10007 84.11
9"

KT
.12383 49.39 .11537 81.04

4  =  0.226 X 10-o 4  =  0.450 X 10-* 4  =  0.085 X 10-* Ki =  0.150 X 10~6
4  =  0 .1 1 9 X 1 0 -* 4  =  0.107 X 10-* Kg =  0.094 X 10-6 Kg =  0 .060 X 10 —®

1' 0.00819 38.53 0.01212
82% Dioxane 

40.89 0.00563 58.01 0.00751 65.88
2' .01069 36.38 .01994 33.29 .00956 51.23 .01352 52.25
3' .02077 28.31 .02842 28.04 .01322 45.63 .02323 39.55
4' .03293 22.71 .03886 23.83 .01919 38.78 .03342 32.16
5' .04769 18.86 .05099 20.69 .03239 29.53 .04462 27.25
6' .06270 16.48 .06343 18.50 .04509 24.65 .06259 22.60
7' .07662 15.04 .09039 15.75 .06077 21.05 .07695 20.28
8' .09304 13.87 .10966 14.63 .06916 19.72 .09640 18.36
9' .10975 13.06 .13067 13.84 .08118 18.28 .11325 17.23

10' .12698 12.49 .14723 13.42 .11014 16.14 .13223 16.43
V .00576 41.73 .01696 36.11 .00903 53.50 .00614 69.15
2" .00948 37.35 .02840 28.23 .01665 42.00 .00952 . 60.09
3' .01880 29.56 .04252 22.86 .02523 34.01 .02038 42.09
4" ,02991 23.80 * .05729 19.59 .03989 26.44 .02838 35.03
5" ■ .04145 20.22 .07372 17.32 .05288 22.67 .04026 28.65
6" ,05635 17.35 .09013 15.85 .06619 20.19 .05307 24.51
7n .06504 16.18 .11229 14.65 .07745 18.67 .06546 21.87
8" .07908 14.83 .13450 13.80 .09394 17.17 .07958 19.83
9" .09370 13.83 .17203 13.10 .12746 15.34 .09254 18.51

10" .10790 13.13 .20256 12.86 ,10847 17.35

!>>dII* X 10~6 k' =  0.534 X 10~6 4 =  0.085 X 10 "• 4 *  0 .102 X KT*
4  =  0.192 X 10-* Kq = 0.064 X 10“6 4  = 0.055 X 10-* 4  =  0.072 X 10-*

of this function are plotted as filled circles in Figs, nounced negative departures from the Onsager 
1 and 2. Straight lines were used to extrapolate slopes, but the electrolyte is still strong enough to 
the 20% dioxane data by the method of least exhibit an inflection in the conductance curve, 
squares. A linear extrapolation obviously was and approach the limiting law within the experi- 
unsatisfactory in 45% dioxane, so a stiff spline mental concentration range. In the 82% mix- 
was used to obtain Aq graphically in this solvent. tures, the conductance falls off very steeply at 

The data for the 70 and 82% dioxane solutions the lowest concentrations, and the inflection has 
are plotted in Figs. 3 and 4. Ionic association is been shifted to inaccessible dilutions. At higher 
dearly indicated in 70% dioxane by the pro- concentrations, c 0.05, the curves pass through
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Fig, 1 .-—Conductance and extrapolation for hydro­
chloric acid in 20% dioxane.

flat minima not shown on Fig. 4. These minima 
are attributed to complex ion formation,18 and 
have been given approximate quantitative ex- 
pression by Fuoss and Kraus19 in terms of triple 
ion formation. Unfortunately the concentra­
tions at which the minima appear in our data are 
far beyond the range for which the formulas of 
Fuoss and Kraus were derived.

The evaluation of A0 for incompletely dis­
sociated electrolytes presents serious difficulties. 
It is apparent from Figs. 3 and 4 that departures 
from the Onsager slope are too great to permit 
satisfactory extrapolation along the limiting slopes. 
The Shedlovsky extrapolation becomes so strongly 
curved under these conditions that it is no longer 
practicable. Accordingly we have employed the 
method of Fuoss and Kraus,20 recently simplified 
and improved by Fuoss.21 The application of 
this method depends upon the equation

P(s)/A *  1/Ao +  {cy*K/¥(z))/(Kkl)  (4)

(18) Sachanov, Z. physik. Chem., S3, 129 (1913).
(19) Fuoss and Kraus, T h i s  J o u r n a l , 55, 2387 (1933).
(20) Fuoss and Kraus, ibid., 55, 476 (1933).
(21) Fuoss, ibid., 57, 488 (1935).

Fig. 2.—Conductance and extrapolation for hydro­
chloric acid in 45% dioxane.

which is obtained by combining the mass action 
expression

K  =  c02y2/ ( l  — 6) (5)
with

and
A  =* 0 ( A q — (o:A o +  / 3 ) V c 0 )  ( 6 )

logy  — —2 U's/cQ (7)

The last two equations are, of course, equations 
(1) and (2) modified to account for association of 
the electrolyte by introduction of its degree of 
dissociation, 0. The continued fraction, F(s), 
permits explicit combination of these equations, 
and is defined and expressed in tabular form by 
Fuoss.21 The extrapolation involves plotting 
F(s)/A against cy2A/F(z), and is illustrated in 
Figs. 5 and 6. These plots should be linear at 
sufficiently high dilutions for equations (6) and 
(7) to hold, and the slopes and intercepts are 
1/(KAq) and 1/A0, respectively. Although some 
deviation from linearity is apparent in several 
individual plots, it is not consistent, and was 
therefore disregarded in evaluating the line con­
stants. Two points on the 25° isotherm in Fig. 6 
are from a third run which could not be included 
in Table II. The data are as follows: 82% di- 
oxane, k0"  = 0.035 X 10-", y/c = 0.01022, A = 
42.97 and v/c = 0.01450, A = 38.56. Only the 
data at the highest dilutions were used in the
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Fig. 3.—Conductance of hydrochloric acid in 70% 
dioxane.

plots, as it has been pointed out22 that the con­
centration

c ^  12 X 10~™(DTy (8)

Fig. 4.—Conductance of hydrochloric acid in 82% 
dioxane.

(22) Fuoss, This Journal, 57, 2604 (1935).

constitutes a theoretical upper limit to the va­
lidity of equation (6).

Fig. 5.—Evaluation of A0 and K  in 70% dioxane.

The final values of A0 obtained from all of the 
extrapolations (Figs. 3 to 6) are recorded in Table
III. Comparison with Table I brings out several

T a b l e  III
L im it in g  C o n d u c t a n c e

t° 20
----- Dioxane percentages

45 70 82
15 250.7 146.7 74.5 47.2
25 302.7 180.2 93.1 57.5
35 354.2 216.5 112.4 69.6
45 406.0 253.6 131.9 88.3

interesting points. At a given temperature Ao 
decreases very rapidly with increase in dioxane 
content, being almost halved in passing from one

Fig. 6.—Evaluation of A0 and K  in 82% dioxane.
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mixture to the next. On the other hand, the 
viscosity passed through a maximum between 45 
and 70% dioxane, and hardly experiences a 50% 
change throughout the whole range of solvents. 
Figure 7 illustrates this phenomenon by the series 
of isothermal curves. In the same figure the 
data fall on a series of straight lines representing 
mixtures of constant composition in which the 
variation in viscosity is due to change in tempera­
ture only. The slopes, s, of these straight lines 
are all less than unity, but increase regularly with 
the dioxane content. The slopes and intercepts of 
these lines lead to the evaluation of the parame­
ters, 5 and r, for the equation23

A ovi =  r (9)

Values of the parameters are given in Table IV.
T a b l e  IV

P a r am eters of  E q u a t io n s  (9 ) a n d  (10)
% Dioxane s r A B

20 0 .6 5 0 1 7 .8 7 1 7 3 .0 5 .1 9
45 .7 2 5 9 .9 5 9 2 .2 3 .5 7
70 .825 3 .5 5 4 4 .7 1 .9 5
82 .9 0 1 .4 5 30 1 .1 3

Although the difference between 5 and unity repre­
sents a departure from vStokes’ law, equation (9) 
shows that viscosity and conductance are rather 
simply related in a given solvent at various tem­
peratures.24

In terms of the supposition that a large part of 
the hydrogen ion conductance is due to a succes­
sion of proton exchanges,25 Fig. 7 shows that the 
presence of dioxane molecules in the solvent de­
creases the conductance more effectively by low­
ering the probability of the rapid symmetrical re­
action

H30 + 4* H2Q -  HaO -j- H30  +

than by increasing the viscosity of the medium.
For a given solvent, the effect of increasing the 

temperature is not only closely associated with 
the concomitant decrease in viscosity, but can 
also be expressed by the relationship

A0 -  A  +  Bt (10)

The parameters A  and B  are given in Table IV. 
With the exception of the value in 82% dioxane

(23) This relationship was used by Green [ / .  Chem. Soc., 93, 2049 
(1908)] to describe the effect of yo on Ao of salts at a given tempera­
ture, and by Johnston [ T h i s  J o u r n a l , 31, 1010 (1909)] to relate 
lift and Ao in a given medium at various temperatures.

(24) Walden and Ulich, Z . physik. Chem., 107, 219 (1923); Ulich, 
Fortschrit. Chem., 18, No. 10 (1926).

(25) Hückel, Z. Elektrochem., 34, 546 (1928); Bernal and Fowler, 
J . Chem. Phys., 1, 515 (1933); Baker and LaMer, ibid., 3, 406 (1935); 
Wannier, A n n . Physik, 24, 545, 569 (1935); Longsworth and Mac- 
Innes, T h i s  J o u r n a l , 59, 1666 (1937).

at 45°, A0 generally can be reproduced to within 
about 0.5 conductance unit by equations (9) and
(10). Considering the form of equation (9) 
and the complexity of the accepted hydrogen ion 
conductance mechanism, it is rather surprising 
that the temperature dependence of Ao should be 
as simple as equation (10) for even as much as 30°.

Log ?7o-
Fig. 7.—Influence of viscosity upon limiting con­

ductance.

The effect of dielectric constant upon conduct­
ance is less direct than those of viscosity and tem­
perature, and is given expression mainly through 
its control of the force of attraction between ions 
of unlike charges. For this reason we would not 
expect to find any very close connection between 
dielectric constant and the conductance at infinite 
dilution, and must focus our attention upon its 
influence on ionic association at finite concentra­
tions. The most convenient quantitative meas­
ure of ionic association is supplied by the value of 
the thermodynamic dissociation constant of the 
electrolyte. The dissociation constant of hydro­
chloric acid in the various solvents has been cal­
culated from the slopes of the plots in Figs. 5 and 
6, and recorded in Table V. No values are given 
for the 20 and 45% dioxane mixtures because 
there is at present no satisfactory method of

T a b l e  V
D issociation  C on sta n ts

t°
70% Dioxane 

K  X 103 a x  10»
82% 

K  X 104
D ioxane  

a X 10»
15 1 0 .7 9 .1 2 .5 5 6.6
25 7 .7 7 .9 2.02 6 .3
35 6 .7 7 .7 1 .6 4 6.2
45 5 .7 7 .4 1 .0 7 5 .8
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evaluating, or even giving physical definition to, 
dissociation constants under the experimental 
conditions encountered in these solutions. Rough 
estimates from extrapolations similar to those in 
Figs. 5 and 6, and calculations based upon the 
B jerrum16 equation, indicate that K  is of the order 
of unity in 45% dioxane solutions, and of a higher 
but undefined order in 20% dioxane solutions. 
Even in 70% dioxane the dissociation is quite ex­
tensive, corresponding closely to that of the first 
hydrogen of phosphoric acid in water.26 In 82% 
dioxane the strength of hydrochloric acid is com­
parable to that of formic acid in aqueous solutions.27

The maximum uncertainty in K  which might be 
assigned to individual notions of curve fitting was 
found by trial to be about 10%. This figure may 
therefore be taken as an estimate of the relative 
accuracy of the tabulated values for either mix­
ture as a function of temperature. The absolute 
accuracy of any values, or the relative accuracy 
as a function of composition of solvent, depends 
upon many factors, both experimental and theoreti­
cal. With decreasing K, the ambiguity inherent 
in the physical definition of ionized, or associated, 
hydrochloric acid decreases rapidly; unfortu­
nately, the experimental accuracy of the measure­
ments and the concentration range in which equa­
tions (6) and (7) may be used with confidence, also 
decrease under this condition. Furthermore this 
range is not definitely known for the particular 
system under investigation.

Shedlovsky28 has suggested recently a modifica­
tion of equation (6) which would be expected to 
increase its concentration range, and hence its 
usefulness, but its application to the present data 
does not lead to a significant change in the ex­
trapolated values, or improve the linearity of the 
plots. Equation (7) might be improved by the 
introduction of the extended terms of Gronwall, 
La Mer and Sandved,29 or the use of activity co­
efficients recently derived from electromotive 
force measurements by Harned and his students. 
Although both of these alternatives lead to values 
of K  of the same order (=*=20%) as those in Table 
V, we do not regard such agreement, or disagree­
ment, to be particularly significant. Neither 
method decreases the uncertainties in curve-fit­
ting, and both introduce characteristic errors of 
their own. The extended terms should represent

(26) Nims, T h is  J o urn al , 56, 1110 (1934).
(27) Harned and Embree, ibid., 56, 1042 (1934).
(28) Shedlovsky, J .  Franklin In st., 225, 739 (1938).
(29) Gronwall, La Mer and Sandved, Physik. Z ., 29, 358 (1928).

a correction in the right direction, but their con­
vergence is not satisfactory under our experimen­
tal conditions. The e. m. f. activity coefficients 
involve the extended terms in their own extra­
polation, and therefore do not offer an indepen­
dent solution of the problem, but rather increase 
the extrapolative uncertainty if used in conjunc­
tion with our data. It therefore does not seem 
worth while to attempt further refinements in 
calculation at present. More accurate values of 
K  would then be contingent upon measurements 
at concentrations far beyond the useful range of 
our present equipment.

The values of the apparent mean ionic diameter, 
a, given in Table V, were calculated from the 
corresponding values of K  by the equation of 
Bjerrum16 and Fuoss and Kraus.30 This equa­
tion expressed the dissociation constant of an 
electrolyte in terms of the product D T  and the 
single characteristic parameter, a. For electro­
lytes yielding large ions, such as tetraisoamylam- 
monium nitrate,30 the value of a shows little, or no, 
dependence upon the composition of the solvent. 
On the other hand, the value of a for acids would 
be expected to vary with the solvent because of 
the solvation of the proton. In Table V, how­
ever, the variation with solvent is of the opposite 
sign to that which might be predicted from con­
sideration of the relative sizes of the water and 
dioxane molecules. For reasons indicated in the 
last two paragraphs, we are inclined to discount 
the physical significance of this “observed” varia­
tion in the numerical value of a in passing from 70 
to 82% dioxane, and attribute it mainly to sys­
tematic uncertainties in the absolute values of K  
in the two solvents. On this basis, the values of a 
in 70% dioxane would be less reliable than those 
in 82%. The relative accuracy of K  in a given 
solvent makes it possible that the observed varia­
tion of a with temperature is real. It will be 
noticed that the “observed” values of a decrease 
regularly (value in 70% at 15° excepted) with in­
crease in temperature, and that the temperature 
coefficients are the same for both series.

The variation of K  with temperature permits 
evaluation of the heat of ionization and entropy of 
ionization of hydrochloric acid at unit activity of 
both ions and associated ion-pairs. At 25°, AIL0 
= —3,700 cal. in 70% dioxane, and —4,900 cal. 
in 82% dioxane. The corresponding values of 
AS° are —22 and —33 cal., respectively.

(30) Fuoss a n d  Kraus, T h is  J o u r n a l , 55, 1019 (1933).
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Summary
The equivalent conductance of hydrochloric 

acid has been measured in 20, 45, 70 and 82% 
dioxane solutions at 15, 25, 35 and 459. The 
experimental data closely follow the Onsager 
limiting slope in 20 and 45% dioxane solutions at 
high dilutions. Ionic association is too pro­
nounced in 70 and 82% dioxane for convergence 
with the limiting slope within the accessible con­
centration range.

In a given solvent mixture, it was shown that 
the temperature dependence of the limiting con­

ductance is linear, and the variation with vis­
cosity can be expressed by A0% = r(s < 1).

The effect of the dielectric constant upon, con­
ductance and ionic association was illustrated by 
graphs, and by evaluation of the dissociation con­
stant of hydrochloric acid in 70 and 82% dioxane 
solutions. At 25° the estimated values of the 
dissociation constant are 7.7 X 10“3 and 2.q X 
X 10 ~4 in 70 and 82% dioxane solutions, respec­
tively. Rough values of the heat and entropy of 
ionization were also reported.
N e w  H a v e n , C o n n . R e c e iv e d  J u l y  13, 1938

[C o n t r ib u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  L a b o r a t o r y , t h e  U n i v e r s it y  o f  C h ic a g o ]

The Heat Contents of the Salts of the Alkali Metals in Extremely Dilute Aqueous
Solutions

By T. F. Young and Paul Seligmann

One of the most significant and interesting tests 
of the limiting law of Debye and Hückel1 is the 
comparison of heats of dilution with the pre­
dictions of the theoretical equation. In their 
review of existing calorimetric data Lange and 
Robinson2 concluded that the theory was in fairly 
satisfactory agreement with experiment. In vari­
ous other papers, however, they and their re­
spective co-workers have made estimates of the 
limit, as the concentration approaches zero, of the 
derivative of the apparent molal heat content 
with respect to the square root of the concentra­
tion (S =  d(j>II/d v^)> which differ considerably 
from the values computed from the modern pre­
cise dielectric constant measurements of Wy­
man.3 These limiting derivatives for salts of the 
alkali metals vary from 36% of the theoretical 
value for potassium nitrate at 12.5° to 89% of 
the theoretical for lithium sulfate at 25°. They 
appear to show some significant trends: for ex­
ample, the limiting derivatives of the five alkali 
metal sulfates decrease in the order of increasing 
molecular weights of the salts, whereas the theory 
demands that the limiting slope be the same for 
all salts of a given valence type.

In some recent papers of Lange and Robinson 
and their co-workers,4 doubt has been expressed 
of the validity of extrapolations based upon the

(1) P eb ye  and Hückel, Physik. Z ., 24, 185 (1923).
(2) Lange and Robinson, Chem. Rev., 9, 89 (1931).
(3) Wyman, Phys. Rev., 35, 623 (1930).
(4) Cf. G ulbransen and R obinson, T h is  J o u r n a l , 56, 2637 (1934).

assumption that S  is constant throughout a con­
centration range such as that between m ..?= 0 
and 0.01. Young and Groenier5 have applied to 
the sodium chloride measurements a method 
of calculation which avoids the assumption of 
the constancy of the derivative, S. Their method 
possesses the further advantage that it deals 
directly with the measured heats of dilution; 
the older method6 of Lange and Robinson was 
applied to a series of relative values of —<j>H cal­
culated by an addition process which obscured 
the actual measurements. As applied by Young 
and Groenier, the method also included a “chord- 
area” plot of the derivative, 5, the property of 
immediate interest. This representation of the 
actual dilution data and the derivative on the same 
graph aids in the selection of a satisfactory type 
of equation to be used to represent the data, and 
in an understanding of the significance of the 
deviations between the derived equation and the 
experimental values.

In this paper are presented the results of an 
investigation of the limiting slopes of all salts of 
the alkali metals for which there are sufficient 
data for the determination of equations by the 
method of least squares.7 \  ; v.

Procedure.—In each dilution experiment, q, 
the heat absorbed during an isothermal dilution

(5) Young and Groenier, ibid., 58, 187 (1936).
(6) For details, see Lange and Robinson, ibid., 52, 4218 (1930).
(7) We are indebted to Mr. J. C, Hesler,1 Mr. Fred Karush and 

Mr. R. P. McCormick who duplicated our calculations.
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of n moles of solute is determined. The ratio 
q/n is the increase in the apparent molal heat 
content, A (<£/ƒ). From a series of values of 
A ($71), each tabulated with the corresponding 
initial and final concentrations, an equation of 
the type

4>H +  C a c 1/* +  0c +  tc3A .. (1)
may be derived by conventional least square 
methods. The precision with which A($77) is 
determined decreases with the amount of solute 
in the calorimeter, i. e., with n. The probable 
error in A ($77) would be inversely proportional 
to n if all q’s were determined with the same 
probable error, and a weighting factor proportional 
to n2 would then be applicable to the squares of 
the residuals in the formation of the “normal 
equations.” The probable errors do not de­
crease quite this rapidly with increase of n; a 
factor between unity and n2 is therefore desirable. 
The final concentration, c2, is approximately 
proportional to n and was used as the factor for 
the one cubic equation evaluated by this method 
(equation 26).

A slightly different point of view was adopted 
by Young and Groenier. For graphical repre­
sentation of the derivative S  = on a
chord-area plot they had computed for each di­
lution the chord P = A($77)/5, where 5 is the in­
crease in accompanying the dilution. From 
the chords, equations of the type

S  «  5° +  By/m  +  Cm + . . . (2)
were derived. If, in the formation of the normal 
equations, the squares of the residuals had been 
multiplied by the factor nb2, the constants ob­
tained from the second method would be pre­
cisely equal to the equivalent ones determined 
by the method described in the preceding para­
graph. For convenience the factor m22 was used 
instead of n82, since m2 was nearly proportional 
to 82 in the sodium chloride experiments of Gul- 
bransen and Robinson. In this extension of the 
calculations to other salts, the same factor ra22 
and its approximate equivalent c22 were adopted 
for general use. The only data for which this 
factor is not appropriate are those for potassium 
nitrate. In the 25° experiments of Lange and 
Monheim8 there were two very dissimilar series 
of dilutions. One series resulted in five chords 
which are very much shorter than the others. 
For any value of X  = (y/ci +  y/c[)/2 (the ab­
scissa of a chord center), c% of a short chord is

(8) Lange and Monheim, Z. physik. Chem., A150, 349 (1930).

larger than c2 of a long chord. The simple fac­
tor c22 would therefore give greater weight to the 
shorter chords. On the chord-area plot the 
short chords lie far below the curve drawn through 
the longer ones. Since all the short ones lie in 
the region of small concentrations, they affect the 
tilt of the least square curve and exert a dis­
proportionately large effect upon the extrapolated 
slope, S°. The ratio of c2 of a long chord to c2 
of a short chord having the same X  is about
0.62. To give equal weights to the dilutions of 
both series, the factors c22 and (0.62 y ^ ) 4 were 
applied to the squares of the residuals of the long 
and short chords, respectively. The same fac­
tors were also applied to Lange and Monheim’s 
potassium nitrate measurements at 12.5°.

The largest value of X  in the 10 and 15° sodium 
chloride data was about 0.4. For the sake of in­
tercomparisons of the four equations, it was de­
sirable that the concentration ranges covered by 
the data employed in the derivations be the same 
for all temperatures. Since the quadratic equa­
tions appeared to be capable of representing the 
derivative S  throughout the whole range of the 
existing data, the limit adopted for X  was 0.4.

In this extension of the calculations to other 
salts of the alkali metals, the same limit was 
adopted for the derivation of a set of preliminary 
equations. The restriction eliminated data for 
very few salts, since X  for most of them does not 
exceed 0.2. Each of the preliminary equations 
was tested by means of a deviation plot. The 
deviation of the ith chord is the difference be­
tween S i ,  computed by the substitution of X { in 
the empirical equation, and Pi calculated from 
the chord, Pi} by the following equation9

P i  -  P i  -  - C W /12 (3)
When the deviation plot showed a trend indica­
tive of failure of the quadratic equation for the 
full concentration range, a new equation was de­
rived. The new equation might be either another 
quadratic derived for a more limited concentra­
tion range, or it might be a cubic equation.

The deviations of only one curve, that for 
potassium perchlorate at 15°, seemed to show 
a significant trend. A new quadratic was there­
fore derived from all of the chords except thé last 
pair. It was adopted as final since a new devia­
tion plot exhibited no significant trend. When 
the two discarded chords were represented on the 
new deviation plot it became apparent that they

(9) Ref. 5, equation 6.
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were inconsistent with each other, and that only 
one of them disagreed seriously with the curve 
derived from the other ten. The deviation of 
the longer chord, which resulted from a single 
dilution in the calorimeter, was relatively small; 
the deviation for the shorter chord produced by 
an additional dilution was larger. When the 5 
curve is known only approximately in the region 
of small concentrations, one chord may be cal­
culated from the other. Such a calculation ex­
posed a 4% discrepancy between the two chords. 
Such a large error is not to be expected in the di­
lution of relatively concentrated solutions, and is 
apparently due to an accident. If the accident 
had occurred in the determination of the longer 
chord, both would have been affected; if it oc­
curred in the second dilution only the shorter 
chord would be affected. The longer chord which 
is in satisfactory agreement with the curve had 
been confirmed by duplicate measurements, the 
second dilution was one of the very few dilutions 
made by Andauer and Lange10 which was not 
duplicated. It seems, therefore, that the shorter 
chord is the faulty one. There is, then, no evi­
dence that the quadratic does not represent the 
potassium perchlorate curve satisfactorily over the 
whole concentration range of the data, but merely 
that it fails to agree satisfactorily with a chord 
which is almost certainly in error.

Concentration was expressed in most of the 
work of Lange and Robinson and their co-workers 
in terms of c (mole/liter). The sodium chloride 
data are in terms of molality (m). Though the 
difference is insignificant, these quantities are 
distinguished by their usual symbols in the equa­
tions.

The Equations.—The new equations, together 
with two of the sodium chloride set, are in Tables 
I and II. As predicted by theory, the limiting 
slopes of the alkali sulfates are 3Va times those 
of salts of the 1-1 valence type. The mean of 
five values of 5°/33/2 of the salts of the 1-2 type 
and the eleven values of 5° for the other alkali 
metal salts is 476 at 25°. This value is about 
30% larger than the mean of the limits calculated 
by the method of Lange, et al. The theoretical 
limit is 477. The complete set of curves is shown 
in Figs. 1 and 2 which illustrate the concordance 
of the empirical equations with the data and the 
agreement of theory with experiment. This strik­
ing agreement seems to us to be the most impres-

(10) Andauer and Lange, Z. physik. Chem ., A165, 89 (1933).

T a b l e  I  

25°
NaCl4»6 S  =  476 -  I,452v4w + 730m (4)
NaBr11 5  «  470 -  1,793 Vc 4- 1,498c (5)
NaNOg12 S  -  454 -  2,645 4- 1,937c (6)
NaClOa12 S  -  462 -  2,497V c 4” 2,103c (7)
NaBrOg12 S =  540 -  4,428Vc + 7,299c (8)
NalOg12 S  «  501 -  5,962V c + 7,841c (9)
KC113 S  =  444 -  1,447V ? 4- 839c (10)
KBr11 5  =  514 -  3,050Vc 4- 5,353c (11)
KNOg8 S  »  408 -  4,128 V c 4- 3,636c (12)
KClOg10 5  =  568 -  5,797V c 4- 8,974c (13)
KCIO410 S  -  440 -  6,973 V c 4- 9,022c (14)

15°
NaCl4»5 S  =  414 -  1,651 V w  + 924m (15)
KClOg10 S  ~  409 -  4,903V c 4- 5,239c (16)
KCIO410 5  -  417 -  8,447V c 4- 12,151c (17)

12.5°
KC113 S  — 394 -  1,896V£ 4- 1,530c (18)
KNOg8 5  =  350 -  5,314 V c 4- 5,862c (19)

T a b l e  II 
25°

Li2S0414 5 = 2,548 -  6,948Vc 4“ 4,958c (20)
Na2S0414 5 -  2,432 -  14,896Vc 4- 19,532c (21)
K2S0414 5 -  2,399 -  14,879Vc 4- 22,323c (22)
Rb2S0414 5 -  2,512 -  18,333 Vc 4- 32,635c (23)
Cs2S0414 5 = 2,231 -  18,697Vc 4- 34,622c (24)

sive quantitative confirmation yet received by the 
Debye-Hückel limiting law.

The calorimetric measurements of some of the 
more dilute solutions depended upon precision 
in temperature measurement of a few ten-mil­
lionths of a degree. Some of the curves required 
extrapolations over wide concentration intervals 
by means of an arbitrary type of equation, the 
quadratic power series. The remaining discrep­
ancies between theory and the extrapolated lim­
its, therefore, may be without significance. That 
they do not, in general, indicate failures of theory 
becomes more probable when a few of the typical 
cases are examined further. The two series of 
chords tabulated for potassium nitrate have been 
discussed already: one or the other must be
wrong. Since the general agreement observed 
for all the salts suggests that the five short chords 
are in error, an equation was derived from the 
long chords only. It is in very close agreement 
with theory.

5  — 449 — 4,578V c +  4,708c (25)

(11) Hammerschmid and Robinson, T his J o u r n a l , 54, 3120 
(1932).

(12) Lange and Robinson, Z. physik. Cheïn., A148, 97 (1930).
(13) Lange and Leighton, Z. Elektrockem., 34, 566 (1928).
(14) Lange and Stoeeck, Z. physik. Chem.y A157, 1 (1931).
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Fig. 1.—The derivative, S, versus Vc. The curves represent the equations of Table I; the 

symbols O and •  are used to distinguish values of P  associated with intersecting or adjacent 
curves. The origin of each successive curve lies one division to the right of the origin of its 
predecessor. Each horizontal interval represents an increment of 0.1 in Vc. The respective 
theoretical limits are shown by the broken horizontal lines.

centration range. One developed for values of 
X  less than 0.2 actually reverses the algebraic 
sign of the discrepancy.

5  =  482 -  1,967v T +  2,368c (27)
The changes in S° produced by these arbi­

trary variations of method confirm the view that 
differences of such magnitude are not significant. 
Moreover, the curves exhibiting the largest dis­
crepancies are, in general, those which are most 
highly curved, and which are therefore least likely 
to be well fitted by an equation of arbitrarily 
chosen type.

The empirical equations, 4 to 24, may be used 
for calculations of accurate values of the partial 
molal and apparent molal heat contents. If, 
however, they are accepted (in addition to other 
known facts) as evidence that the theory agrees 
with experiment within the limits of error of the 
latter, a more precise set of equations may be de­
rived with the aid of theory. Table III contains 
equations all having the theoretical limit, S°. The 
B and C terms were computed by least square 
methods similar to those described above. Since 
fewer data are necessary for the determination of 
two constants the chord centers, X , were re­
stricted to 0.2. Since the five short chords for 
potassium nitrate at 25° are definitely inconsist­
ent with the theory, as well as with the other meas­
urements, and since theory was being used as a 
guide for the derivation of this set of equations, 
the five short chords were not used. To emphasize 
the somewhat arbitrary character of this pro-

0 0.1
Vc-

Fig. 2.—The derivative, S, versus Vc. The 
curves represent the equations of Table II; 
the symbols represent values of P.

Though the potassium chloride limit is in satis­
factory agreement with theory, the wide range 
of data available permits a further study of equa­
tion types. A cubic was determined from all 
ten chords

S  =  460 -  1,718V~c +  2,106c -  1,583c3/* (26)

The somewhat better agreement of the extra­
polated limit with theory suggests that the quad­
ratic may have been applied to too wide a con­
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T a b l e  I II  
25°

NaCl S  = 477 -  1,532Vm F 1,154m (28)
NaBr 5 - 477 -  1,888Vc F 1,770c (29)
NaNOs 5 - 477 -  2,961 V^ F 2,834c (30)
NaClOs S  = 477 -  2,708Vc F 2,701c (31)
NaBr Os 5  - 477 -  3,562Vc F 4,831c (32)
NalOs S  = 477 -  5,635Vc F 6,913c (33)
KC1 S  - 477 -  l,893Vc F 2,144c (34)
KBr 5  - 477 -  2,541 Vc F 3,902c (35)
KNOs (5 - 477 -  5,006Vc F 6,079c) (36)
KClOs 5 = 477 -  4,527Vc F 5,334c , (37)
KCIO4 5 - 477 -  7,492 Vc F 10,510c (38)

15°
NaCl 5 - 393 -  l,411Vw + 335m (39)
KClOs S  - 393 -  4,681 Vc F 4,602c (40)
KCIO4 5 - 393 -  8,086Vc F  11,011c (41)

12.5°
KC1 5  - 374 -  1,569 Vc F 372c (42)
KNOg 5  = 374 -  5,753 Vc F 7,522c (43)

25°
Li2S04 5 = 2,481 -  6,022Vc F 2,305c (44)
Na2S 04 S  = 2,481 -  15,576Vc F  21,482c (45)
K2SO4 5  * 2,481 -  16,022Vc F  25,599c (46)
Rb2S04 5  - 2,481 -  17,896Vc F  31,381c (47)
Cs2S 04 5  = 2,481 -  22,169Vc F  44,570c (48)

cedure the 25° equation is enclosed in parentheses. 
For certain theoretical calculations based upon 
the assumption that the limiting law is valid, this 
second set of equations will be preferable to those 
in Tables I and II. Ion size studies, for example, 
are often based upon the assumption that the 
Debye-Hückel theory is quantitatively correct, 
which implies that 5° of all salts of a given valence 
type must be the same.15

For most purposes, values of the relative par­
tial molal and apparent molal heat contents com­
puted from the two sets of equations do not differ 
appreciably, nor do they differ much from the 
values listed in the original tables of Lange, 
Robinson, et al. About five calories per mole is 
the largest difference produced by various meth­
ods of extrapolation.

A few other salts of the alkali metals have been 
studied, though sufficient data for them have not

(15) I t already has been pointed out by Young and Vogel, T h is  
J o ur n a l , 54, 3030 (1932), that reasonable values of the parameter 
“ a” may be computed from the B  terms of the empirical equations. 
Such a calculation implies that the temperature coefficient of “a"  
is negligible and that certain other factors may be neglected. Lange 
and Robinson (Ref. 2, p. I l l )  have pointed out that these assump­
tions lead to the conclusion that the ion size of the alkali metals in­
creases with atomic weight whereas freezing point measurements and 
other data indicate the reverse order.

been published to justify the derivation of least 
square equations. A few dilutions of lithium 
chloride16 and potassium fluoride,17 represented 
on a chord-area plot indicate that these three 
salts obey the limiting law. Chords for rubidium 
fluoride8 are erratic and badly scattered and are 
useless for our purpose.

For investigation of heat capacities, more di­
lution measurements are necessary over a tem­
perature range and wide concentration range. 
Young and Machin18 already have utilized such 
data for sodium chloride to demonstrate that 
existing specific heats do not prove the existence of 
a conflict between the limiting law and experiment.

At the present time no existing calorimetric 
data for salts of the alkali metals are in disagree­
ment with the Debye-Hückel limiting law. In­
deed, most measurements of their heats of dilution 
support the law with striking consistency.19

Summary
The method applied by Young and Groenier to 

the heats of dilution of aqueous sodium chloride 
solutions has been extended to all other salts of 
the alkali metals for which sufficient data are 
available for the application of the least square 
technique. The average value of the limiting 
derivative, 5°, for eleven salts of the 1-1 valence 
type at 25° and *S°/33/2 for five salts of the 1-2 
valence type is about 30% larger than the average 
of the older estimates based upon an assumed 
linear relation between the apparent molal heat 
content and the square root of the concentration. 
The new average agrees with the theoretical value 
calculated from Wyman’s dielectric constant meas­
urements and the Debye-Hückel limiting law.

Since the calculated values of S° appear to con­
firm the Debye-Hückel limiting law and Wy­
man’s measurements a second set of derivative 
equations have been derived in which S° was 
fixed at the theoretical value.
Chicago, Illinois Received July 5, 1938

(16) Lange and Messner, Z. Elektrochem., 33, 431 (1927).
(17) Lange and Eichler, Z. physik. Chem., 129, 285 (1927).
(18) Young and Machin, T h is  J o urn al , 58, 2254 (1936).
(19) An incomplete investigation of salts' of the alkaline earth 

metals of the 2-1 valence type indicates similar agreement, at least 
at 25°. The extrapolations seem to be of poorer precision, and afford 
less definite support to the D ebye-H ückel theory, but no data point 
to failure of the theory. Existing data for salts of the 2 -2  valence  
type i f  treated by the methods described above, certainly do not lead to  
limiting values in agreement with theory. Cf. Young, Science, 85, 48  
(1937).
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The Catalytic Effect of Anions upon the Rate of Dissolution of Hydrous Alumina by
Acids

B y  J o h n  P . C l a y  a n d  A r t h u r  W . T h o m a s
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The effect of certain acids in aqueous solution— 
hydrobromic, hydrochloric, nitric, sulfuric, oxalic, 
hydrofluoric, phosphorous and phosphoric—upon 
the rate of dissolution of certain hydrous alumina 
specimens has been found by the writers to vary 
greatly with the nature of the anions of the acids. 
The first four acids mentioned above are extra­
ordinarily less active in the dissolution of aged 
hydrous alumina than the latter four, despite the 
fact that the former have greater activity and 
diffusion coefficients.

These effects, reported herein, are not in accord 
with the classical theory1 that the rate-determin­
ing factor in reactions at a solid-liquid interface is 
the rate of diffusion of the reactants into a film of 
a saturated solution of the solid at the interface 
and of the product away from this film.

Neither are the observations reported herein in 
accord with the hypothesis2 that anions of high 
valence will increase the velocity of dissolution of 
hydrous alumina in acid solutions, owing to ad­
sorption of these anions at the solid-liquid inter­
face and to concomitant lowering of the potential 
difference at this interface.

The present results indicate that the rate-de­
termining factor is chemical in nature, and the 
writers submit an explanation involving the for­
mation of a complex at the solid-liquid interface.3

Materials
Amalgamated Aluminum.—Aluminum ingots4 * were 

amalgamated by placing them in contact with redistilled 
mercury in a 5% aqueous solution of mercuric chloride. 
When the surface of the aluminum was covered with mer­
cury the ingots were washed free of electrolyte with hot 
distilled water and were kept under distilled water at 
room temperature until needed.

Hydrous Alumina.—The specimens of hydrous alumina 
used in this investigation were prepared in the following 
manner.

Specimen e'A .”—Twelve pieces of amalgamated alumi­
num weighing approximately 200 g. each were placed in 
two liters of distilled water at 25 =*= 2 ° and allowed to react

(1) (a) Noyes and W hitney, Z. -physik. Chem., 23, 689 (1897); 
(b) Nernst, ibid., 47, 52 (1904); (c) Nernst and Brunner, ibid., 47, 
56 (1904).

(2) Tartar, Bryan and Shinn, T h i s  J o u r n a l , 55, 2266 (1933).
(3) Schwab, Taylor and Spence, “ Catalysis,” D. Van Nostrand 

Company, Inc., N ew  York, N . Y ., 1937, p. 219.
(4) The aluminum, specified as 99.94% pure, was obtained from

The Aluminum Company of America.

for twenty-four hours. The suspension was filtered and 
dried in air a t room temperature, pulverized to a fine 
powder, and allowed to remain in contact with the atmos­
phere until it showed no change in water content on three 
successive days. This procedure was continued until 1000 
g. of oxide was obtained. The oxide was then thoroughly 
mixed and screened through a 100-mesh sieve. This 
specimen showed upon analysis the composition Al20 3-2.89
h 2o .

Specimen “B ”—The procedure was the same as for 
Specimen “A ” except that the amalgamated aluminum 
was placed in boiling water and allowed to react at this 
temperature for six hours. This specimen showed upon 
analysis the composition Al2O3-2.70H2O.

Acids.—The acids used were reagent grade and the acid 
solutions were prepared by quantitative dilution of solu­
tions which had been standardized by means of carbonate- 
free sodium hydroxide solution. The latter was standard­
ized against acid potassium phthalate.

Measurement of the Rate of Solution.—A weighed 
quantity of the hydrous oxide was transferred through a 
funnel into a 300-ml. flint glass bottle by means of 200 ml. 
of the acid solution of the desired concentration. The 
bottle was placed in a motor-driven rotator which revolved 
at the rate of seven r. p. m., in a water-bath a t 25 =■= 0.05°. 
At the expiration of the desired time of rotation the con­
tents of the bottles were poured into centrifuge tubes. 
One drop of a saturated solution of ammonium sulfate was 
added to solutions of Specimen “A ” and five drops to solu­
tions of Specimen “B” in order to precipitate colloidally 
dispersed alumina. The bottles were then centrifuged for 
ten minutes a t 1500 r. p. m. (rotating radius to middle of 
tube was 42 cm.). After centrifuging, the supernatant 
liquor was siphoned off and appropriate quantities taken 
for analysis.

Waxed bottles were used whenever hydrofluoric acid 
was present.

Methods of Analysis
Three methods of analysis for aluminum were used in this 

investigation: (I) in the presence of phosphate and
phosphite, (II) in the presence of oxalate and (III) in the 
presence of fluoride, sulfate, chloride, bromide and nitrate.

For (I) aluminum in the presence of phosphate, phos­
phite and pyrophosphate the method of Hillebrand and 
Lundell was used.5a The pyrophosphate was hydrated6 
to the phosphate by addition of hydrochloric acid to 2 M  
strength and by boiling for three hours.

In the presence of sulfate, chloride, fluoride, bromide, 
and nitrate (II) the aluminum was precipitated as the 
hydroxide, according to the method of Blum,7 and ignited

(5) (a) Hillebrand and Lundell, “Applied Inorganic Analysis,” 
John W iley and Sons, Inc., New York, N . Y ., 1929, p. 399; (b) 
ibid., p. 394.

(6) Kiehl and Claussen, T h is  Jo u r n a l , 57, 2284 (1935).
(7) Blum, ibid., 38, 1282 (1916).
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and weighed as A120 3. Since the maximum concentration 
of fluoride in any determination was 0.008 molar, its pres­
ence did not cause an appreciable incomplete precipitation 
of aluminum. In all cases, treatment of the aluminum 
oxide residue with hydrofluoric acid, followed by evapora­
tion and re-ignition,5b caused no loss in weight, indicating 
the absence of an appreciable quantity of silica.

In the presence of oxalic acid (II) the solution was 
evaporated almost to dryness, cooled and treated with 5 
ml. of concentrated sulfuric plus 5 to 10 ml. of concentrated 
nitric acids. After heating for two hours on a steam-plate 
to oxidize completely the oxalic acid, the aluminum content 
was determined as in method III.

Analyses for aluminum in the presence of chloride, bro­
mide, sulfate, nitrate and oxalate were also made by pre­
cipitation, as the phosphate. Such analyses showed that 
when aluminum is precipitated as the phosphate the results 
are consistently 2-3% higher than when the aluminum is 
precipitated as the hydroxide. Therefore the results of all 
analyses for aluminum precipitated as the phosphate were 
lowered by 3%.

I t was also found to be necessary to oxidize the oxalate 
with nitric acid before precipitating the aluminum phos­
phate.

Fig. 1.—The dissolution of A1203-2.89H20  in diverse 
acids. This graph contrasts the rates of dissolution of 
260 mg. of 100-mesh A120 3-2.89H20  at 25° in 200 ml. of 
0.2 N  solution (H3P 0 3 and H3PO4 were 0.1 M) of the acids 
indicated on the curves.

Experimental Results
The curves for the dissolution of Specimen “A” 

in 0.2 N  solutions of hydrofluoric, phosphorous, 
phosphoric, oxalic, sulfuric, hydrochloric, hydro­
bromic and nitric acids and in a mixture of hy­
drochloric acid and potassium pyrophosphate,
0.2 N  to both, are plotted in Fig. 1. In each case 
there were present 260 mg. of the hydrous alumina 
(equal to 172 mg. of AI2O3) and 200 ml. of the 
aqueous acid solution. The striking differences 
in rates of solution are obviously neither a func­
tion of hydrogen ion activity nor of diffusibility

or valence of the ions. The rate of dissolution 
in the hydrofluoric acid solution was too great to

0.2 0.192 0.184
Moles per liter of hydrochloric acid.

Fig. 2A.—The influence of the concentration of certain 
acids on the amount of the hydrous oxide (Specimen "A ” ) 
dissolved in one day, 260 mg. of A120 3*2.89H20  was added 
to 200 ml. of solutions of HCl containing an added acid 
(B) H2S04, (D) Oxalic, (E) H3PO4, (F) H3PO3, (G) H 2F2. 
These suspensions were rotated a t 25° for 24 hours, cen­
trifuged, and the supernatant solutions analyzed for dis­
solved aluminum ion. The arrow indicates per cent, dis­
solved in 0.4 M  HCl in 24 hours.

0.2 0.192 0.184
Moles per liter of hydrochloric acid.

Fig. 2B.—The influence of the concentration of certain 
acids on the amount of hydrous oxide (Specimen “B ” ) 
dissolved in one day. 260 mg. of Al2O3-2.70H2O was 
added to 200 ml. of solutions of HCl containing an added 
acid (B) H2S04, (D) oxalic, (E) H3P 0 4, (F) H3PO3, (G) 
H2F2. These suspensions were rotated at 25 0 for 24 hours, 
centrifuged, and the supernatant solutions analyzed for 
dissolved aluminum ion. The arrow indicates per cent, 
dissolved in 0.4 M  HCl in 24 hours.
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Fig. 3A.—The catalytic effect of anions on the rate of 
dissolution of the hydrous oxide (Specimen “A”) in hydro­
chloric acid. 520 mg. of A120 3-2.89H20  was added to 200 
ml. of 0.198 M  HCl which was also 0.001 M  (B) H2S04> 
(D) Oxalic, (E) H3P 0 4, (F) H 3P 0 3, (G) H2F2. Curve (A) 
represents the rate in 0.2 M  HCl, and (C) the rate in 0.4 M  
HCl.

plot in this figure, the oxide having completely 
dissolved to a clear crystalloidal solution in about 
six minutes. In 0.2 N  hydrofluosilicic acid the 
solution was complete in about two hours. The 
measurements were always made in duplicate and 
sometimes in triplicate, showing a reproducibility 
to 3%.

In the next series of measurements, the results 
of which are given in Figs. 2A and 2B, the acid 
solutions, 200 cc. in each case, consisted of mix­
tures of hydrochloric acid, 0.2 to 0.184 M  plus one 
of the other acids, 0.0 to 0.008 M. (For con­
sistency we are using the molecular formula H2F2 
to represent a mole of hydrofluoric acid.) In the 
case of Specimen “A,” 260 mg. was taken, as in 
the first instance; the amount of Specimen “B” 
was also 260 mg. (equal to 176 mg. of AI2O3). 
The time of reaction was twenty-four hours. It is 
seen that small amounts of the added acids in­
fluence greatly the rate of dissolution. In the 
experiments with both oxide specimens, the effect 
of 0.4 M  hydrochloric acid was measured also, the 
result shown by the arrow on the ordinate axis

Fig. 3B.—The catalytic effect of anions on the rate of 
dissolution of hydrous oxide (Specimen “B”) in hydro­
chloric acid. 520 mg. of Al2O3-2.70H2O was added to 200 
ml. of 0.198 M  HCl which was also 0.001 M  (B) H*S04,
(D) oxalic, (E) H3P 0 4, (F) H3P 0 3, (G) H2F2. Curve (A) 
represents rate in 0.2 M  HCl, and (C) the rate in 0.4 M  HCl.

demonstrating that doubling the concentration 
of hydrochloric acid was less effective than sub­
stituting very small amounts of the diverse acids 
for part of the 0.2 M  hydrochloric.

The data in Figs. 2A and 2B show clearly that 
the amount of oxide dissolved in twenty-four 
hours in an acid solution is dependent upon the 
nature and concentration of the anions present 
and upon the temperatures at which the oxides 
were prepared.

It is observed that while hydrofluoric, phosphor­
ous, and phosphoric acids greatly accelerate the 
rate of solution of both oxide specimens, their 
order of effectiveness differs in the two cases. 
This "change in order will be considered under 
“Discussion of Results.” In passing it might be 
mentioned that the rates of dissolution of the natu­
ral modifications of calcium sulfate—alabaster, 
fibrous gypsum and selenite—in water have been 
shown to be different in each of the three cases.8

(8) Wilderrflann, Z. physik. Chem., 66 , 445 (1909),
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A series of measurements upon the time of dis­
solution of the oxide specimens (520 mg.) in 200-cc. 
portions of solution mixtures, 0.198 M  with re­
spect to hydrochloric and 0.001 M  with respect to 
other acids, again showed the striking influence 
of traces of certain anions. These results are 
plotted in Figs. 3A and 3B. With the exception 
of the added sulfuric acid, it is noted that the 
added anions increased the rate in 0.2 N  solution 
more than was effected by doubling the concen­
tration of hydrochloric acid.

In order to determine the influence of extent of 
surface of the oxide, experiments were performed 
in which 200-ml. portions of acid solutions, 0.198 
M  with respect to hydrochloric and 0.001 M  with 
respect to other acids, were allowed to act for 
twenty-four hours upon various weights of the 
oxide specimens. Figures 4A and 4B summarize 
the results. The weight of oxide dissolved in 
unit time is a function of the weight of solid (sur­
face exposed) present, and of the temperature at 
which the oxide was prepared. The effect of the 
anions in accelerating the rate of dissolution tends 
to reach a maximum. This is the usual type of 
phenomena encountered in heterogeneous reac­
tions when the catalyst is exerting its maximum 
influence; a further increase in the surface has 
relatively no influence on the rate of the reaction. 
It will be noticed that the small concentration of 
hydrofluoric acid used is much less effective in 
catalyzing the dissolution of Specimen “B” than 
Specimen “A.” This is a significant point which 
will be discussed later in connection with a con­
sideration of the difference in the two types of 
hydrous oxides.

Discussion of Results

The explanation of these facts lies in the struc­
tural arrangement of the oxide and the specific 
nature of the anions, the formula Al203* (̂H20 ) not 
adequately representing the structure of the hy­
drous oxide.

Previous publications from this Laboratory 
have described the processes of olation and oxola- 
tion which take place when hydrous oxide hydro- 
sols are aged at room temperature, which processes 
are accelerated upon heating.9 These concepts

(9) (a) Thomas and W hitehead, / .  Phys. Chem., 35, 27 (1931); 
(b) Thomas and Tai, T h is  J o u r n a l , 54, 841 (1932); (c) Thomas 
and von Wicklen, ibid., 56, 794 (1934); (d) Thomas and Vartanian, 
ibid., 57, 4 (1935); (e) Thomas and Kremer, ibid., 57, 1821, 2538 
(1935); (f) Thomas and Owens, ibid., 57, 1825, 2131 (1935); (g) 
Thomas and Miller, ibid., 58, 2526 (1936).

Specimen "A”

Fig. 4A.—The influence of surface area of hydrous 
alumina on amount dissolved. Different weights of 
A120 3-2.89H20  were added to 200 ml. of 0.198 M  HCl which 
was also 0.001 M  (A) H2S04, (D) oxalic, (E) H 3P 0 4, (F) 
H3PO3, (G) H2F2. Curve (B) represents the amount 
dissolved in 0.8 M  HNO3. The suspension was rotated 
for 24 hours at 25°, centrifuged, and the supernatant 
solutions analyzed for aluminum ion.

0 520 1040
Mg. solid Al2O3-2.70H2O per 200 ml. of acid.

Fig. 4B.—The influence of surface area of hydrous ah  
umina on amount dissolved. Different weights of Al203-  
2.70H2O were added to 200 ml. of 0.198 M  HCl which was 
also 0.001 M  (D) oxalic, (E) H3P 0 4, (F) H 3P 0 3, (G) H2F2. 
The suspensions were rotated a t 25° for 24 hours, centri­
fuged, and the supernatant solutions analyzed for alumi­
num ion.

are based on the Werner-Pfeiffer10 ideas of hy­
drolysis and olation, together with Stiasny’s11 
concept of oxolation. I t is also agreed that oxola- 
tion may take place through a reaction of the type 
suggested originally by Kiintzel, Riess and

(10) (a) Pfeiffer, Ber., 40, 4036 (1907); (b) Z. anorg. Chem., 56, 
275 (1907); (c) Werner, Ber., 40, 2113 (1907).

(11) (a) Stiasny and Balanyi, Collegium, 86 (1927); (b) Stiasny, 
‘ ‘ Gerbereichemie, ’ ’ Verlag von Theodor Steinkopff, Dresderi-Blase- 
witz, Germany, 1931, p. 351.
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Königsfeld.12 The hydrous alumina specimens 
are polyolated, polyoxolated structures in which 
there are also hydroxo and aquo groups sufficient 
with the ol and oxo bridges to satisfy the coördina- 
tion number of aluminum.

0 48 96
Time in hours.

Fig. 5.—The dissolution of the hydrous oxide (Specimen 
“A” ) in diverse acids. 2.000 g. of A120 3*2.89H20  was 
added to 200 ml. of the 0.2 N  acid solution, rotated a t 25° 
for the desired time, a drop of (NBUhSCh was added 
the solutions were then centrifuged and the supernatant 
solutions analyzed for dissolved aluminum ion.

For an acid to dissolve hydrous alumina and 
produce crystalloidal solutions of aluminum ions, 
it is necessary then that (1) the hydroxo groups 
be converted to aquo groups, (2) the ol bridges be 
broken and the hydroxo groups thus produced 
converted to aquo groups and (3) oxo bridges, if 
present, also be converted to hydroxo groups, etc. 
The first reaction is accomplished readily by ox- 
onium ion, while (2) ol bridges are well known to 
be quite stable in the presence of oxonium ion and
(3) oxo bridges are extremely resistant to attack 
by oxonium ion.

Since elevation in temperature favors the con­
version of ol bridges to oxo bridges—i. e., favors 
oxolation—one would expect Specimen “B /5 the

(12) Küntzel, Riess and Königsfeld, Collegium , 270 (1935).

hydrous oxide prepared by the action of boiling 
water upon aluminum amalgam, to be more oxo- 
lated than Specimen “A” which was prepared by 
the action of water at room temperature. Speci­
men “A” is perhaps predominantly an ol complex 
containing some oxo bridges and probably similar 
in structure to hydrargillite. Megaw13 has sub­
mitted evidence for an olated structure for this 
mineral. Specimen “B” seems to be predomin­
antly an oxo complex resulting from the partial 
oxolation of an olated structure possessing, to be 
sure, hydroxo groups as well as oxo bridges. This 
latter type, predominating in “B” and present to 
a minor extent in “A,” may be the diaspore or 
chain-type structure referred to in recent litera­
ture.14

Considering now the dissolution of these hy­
drous oxides in aqueous acid solutions, it is ap­
parent, since one of the products of the reaction is 
water, that the energy of formation of water fur­
nishes the driving force for the reaction. But the

H
potential energy of the ol (AlOAl) link in the

Al
solid phase, or the oxo (AlOAl) link, is not 
readily available, as is evident from the slowness 
of the reaction of the solid hydrous oxide with 
the strong acids, hydrochloric, hydrobromic and 
nitric. Before an oxonium ion can react with an 
ol or oxo link it is necessary to form an interme­
diate link, the formation of which contributes to­
ward the work required to break an ol or oxo link. 
Essentially this idea was suggested by London15 
for organic substitution reactions, and has been 
investigated by Polanyi,16 Olsen17 and Hammett.18

In other words, an intermediate complex must 
be formed, the formation of which renders the ol 
and oxo group reactive toward oxonium ion; and 
it is obvious that this intermediate complex in­
volves anions, indeed, specific anions.

It is postulated in this paper that the formation 
of this complex is the rate-determining factor of 
the dissolution process.

Hydrargillite has been described19 as an alumi­
num ion surrounded by six hydroxyl groups at the

(13) Megaw, Z. K rist., 87, 185 (1934).
(14) (a) Ewing, J . Chem. Phys., 8, 203 (1935); (b) Jander and

Winkel, Z. anorg. Chem., 200, 257 (1931); (c) Fricke, Kolloid Z., 
69, 312 (1934).

(15) London, Z. Elektrochem., 35, 552 (1929).
(16) (a) Meer and Polanyi, Z. physik. Chem., B19, 164 (1932); 

(b) Bergman, Polanyi and Szabo, ibid., B20, 161 (1933).
(17) (a) Olsen, J . Chem. Phys., 1, 418 (1933); (b) Olsen and 

Voge, T h is  J o u r n a l , 56, 1690 (1934).
(18) Roberts and Ham m ett, ibid., 59, 1063 (1937).
(19) Bernal and Megaw, Proc. Roy. Soc. (London), 151A, 384 

(1935).
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corners of a distorted octahedron, the oxygen 
atoms being polarized in such a manner as to have 
directed bonds at the corners of an irregular 
tetrahedron. Two of the bonds of a hydroxyl 
group go to aluminum ions, at a third the hydro­
gen is found, and the fourth represents a concen­
tration of negative electricity which has directed 
toward it the hydrogen belonging to another 
hydroxyl group. In this manner the coordina­
tion numbers of six for aluminum, four for oxygen 
and two for hydrogen are satisfied. It is this kind 
of hydroxyl group that is postulated to be present 
in our hydrous oxide, Specimen “A,” and which is 
referred to here as an ol group.

It is easy to understand then why an ol group 
should not react readily with a proton, the oxygen 
of the ol group being already attached to three 
positive ions.

When an anion which forms complexes with an 
aluminum ion in acid solution, such as fluoride, 
phosphate, phosphite, oxalate or sulfate, ap-

H
proaches the aluminum ion in an ol (AlOAl) 
link at the surface, the bond between the alumi­
num approached and the oxygen will be broken. 
For convenience, we picture this in the following 

H
manner: f ~ — A l. . .  OAl. The ol group has 
now been converted into an hydroxo group which 
readily reacts20 with a proton from an oxonium 
ion in the solution.

A similar mechanism would apply to the other 
anions, such as the H2P04~, H2P03~, HC20 4~ 
and HSO4” ions or to their divalent anions.

I t has been stated above that Specimen “B” is 
a more highly oxolated type of oxide than Speci­
men “A.” By oxolation we mean that the proton 
of an ol group has migrated into a neighboring ol 
group, the result being an aquo group and an oxo 
group, with the simultaneous rearrangement of 
the structure to satisfy the coordination numbers 
of the atoms concerned. Such oxo groups exist 
in diaspore, according to Bernal and Megaw19 and 
Ewing,14a the oxygen atom lying practically in 
the same plane with three coordinating aluminum

(20) Hydroxo groups also can be displayed by coördinative bind­
ing anions, as shown in this Laboratory by the unpublished results 
of Mr. P. D . Baker. E. g., the p H  of 200 cc. of an aqueous suspension 
containing 260 mg. of hydrous oxide specimens increased from pH  
7 to  10.5 (Specimen “ B ”) and to pH  9.6 (Specimen “A”) when suf­
ficient potassium fluoride was added to  make the solution 0.1 M  
K F (the p H  of pure aqueous 0.1 M  K F was 7.2). The same weight 
of vSpecimen “ A” also raised the pH  of 200 cc. of 0.1 M  solutions of the 
following salts: (a) K 2C2O4 from 7.1 to 8.4, (b) K 2SO4 from 5 to 7.1, 
(c) KC1 from 5.5 to 6 .8 , (d) KBr from 5.7 to  6.4, (e) KNO 3 from 5.7 
to  6.3. Natural specimens of hydrargillite and of diaspore also react 
with a potassium fluoride solution in a similar manner.

ions21 while the fourth coordination position is th a t 
of a weak hydroxyl bond of a neighboring hydroxyl 
group. Diaspore has the formula AlOHO.

If such oxo groups occur in Specimen “B” one 
might reasonably expect that an anion such as the 
H2P04~ ion would be a more effective catalyst 
than a F~ ion in dissolving Specimen “B.” This 
idea follows from the fact that the H2P 04~ ion 
is a proton donor as well as a coördinative binder, 
whereas the F~ ion is only a coördinative binder. 
Perhaps the (FHF~) ion is the catalyst in break­
ing up oxo links. Palmer22 reported that the rate 
of solution of quartz in hydrofluoric acid was pro­
portional to the concentration of (FHF~) ion 
rather than to the concentration of the hydro­
fluoric acid.

Davies23 has shown that the (FHF“) ion is 
present in aqueous hydrofluoric acid in much 
smaller amounts than is the F~ ion. If it is as­
sumed that the (FHF~) ion is the catalyst in 
breaking up an oxo group, one can account for the 
difference in the action of hydrofluoric acid on 
Specimens “A” and “B,” this difference being 
due to the more limited chances of collision be­
tween the (FHF~) ion than the F~ ion with the 
surface of the oxide.

Both Specimens “A” and “B” dissolve in 
maleic, tartaric, formic, citric and acetic acids at 
rates which are less than the rate of dissolution in 
nitric acid of the same equivalent concentration 
(Fig. 5). Therefore, since there is no correlation 
between the strength of the acid and the rate a t 
which the hydrous oxides dissolve, the catalytic 
effect of certain anions cannot be explained on the 
basis of general acid-base catalysis. For ex­
ample, the dissociation constants of phosphoric 
and maleic acids are very nearly the same, whereas 
the rates of dissolution of the hydrous oxides in 
these two acids are markedly different, Further­
more, while tartaric, hydrofluoric and formic 
acids are all approximately of the same strength, 
there is a great difference between hydrofluoric 
on the one hand and tartaric and formic on the 
other hand in their action upon the oxides.

The dissociation constants of oxalic and phos­
phorous acids are approximately the same. Figure 
1 shows the great difference in the rapidity of dis­
solution of Specimen “A ” in these two acids.

(21) Previously the expression “oxo group” has been used in  papers 
from this Laboratory to designate an oxygen ion coordinated betw een  
two metallic ions.12»14 In this paper the idea of “ oxo group” is  m odi­
fied to conform to  the recent picture148, referred to.

(22) Palmer, J . Chem. Soc., 1656 (1930).
(23) Davies and Huddleston, ibid., 125, 260 (1924).
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While the equivalent conductivities of hydro- 
fluosilicic acid and sulfuric acid are practically 
the same,24 only two hours were required to dis­
solve completely 260 mg. of Specimen “A” in 200 
ml. of 0.1 M  hydrofluosilicic acid, whereas five 
hundred and fifty hours were required to dissolve 
80% of the same weight of Specimen “A” in the 
same volume and concentration of sulfuric acid.

Neither can the catalytic effect of certain of 
these anions be ascribed to a “salt effect,” since 
the ionic strength of all the aqueous acid solutions 
would be less than the ionic strength of sulfuric 
acid of the same equivalent concentration. Rates 
of dissolution of both Specimens “A” and “B” 
were investigated in sulfuric and hydrochloric 
acid solutions of the same calculated ionic 
strength, and it was found that the sulfuric acid 
dissolved the hydrous oxides more rapidly under 
these conditions than did the hydrochloric acid.

I t is concluded that the effect of an anion on the 
rate of dissolution of hydrous aluminum oxide is a 
specific property of that anion and is not appli­
cable to any generalization, other than that if the 
anion is a coördinative binder with the aluminum 
ion even small amounts of it will catalyze the dis­
solution of the oxide when added to other acids 
whose anions are not such strong coördinative 
binders or complex formers.

The mechanism offered above might be useful 
in explaining why phosphates and fluorides reduce 
the passivity of aluminum metal in nitric acid.25

Turning back to a further discussion of the 
relatively slow rate of dissolution of the hydrous 
oxides in citric and tartaric acids, it should be re­
called that the anions of these acids form com­
plexes with the aluminum ion in neutral or alka­
line solutions. However, the complexes are sup­
posedly of the chelate type, involving the a-hy- 
droxy group of the anion. The dissociation of the 
proton of this a-hydroxy group would be exceed­
ingly slight in acid solution. Therefore, one 
would not expect these acids to catalyze the dis­
solution of the hydrous oxide in acid solutions, 
since there could be very little complex formation 
at the solid-liquid interface.

There is another essential difference in the na­
ture of the two hydrous oxide Specimens “A” and

(24) Mellor, “ A Comprehensive Treatise on Inorganic and Theo­
retical Chemistry,” Longmans, Green & Co., London, 1925, Vol. VI, 
p. 942.

(25> (a) Tartar and Cone, T h is  J o u r n a l , 56, 48 (1934); (b) 
Centnerszwer and W ittandt, Z. Elektrochem., 35, 582 (1929).

“B” which we have not discussed. This differ­
ence is as follows. When a gram of Specimen 
“B” is shaken for a moment with 200 ml. of 0.2 
M  nitric, hydrochloric or hydrobromic acid, 
about 90% of the oxide is dispersed to the colloidal 
state, i. e., (1) it remains in suspension when cen­
trifuged at 3000 r. p. m. for thirty minutes; (2) 
it passes readily through the pores of filter paper 
but does not pass through the pores of a nitro­
cellulose membrane; (3) it shows a pronounced 
Tyndall effect; and (4) it is readily precipitated 
by ammonium sulfate. Only about 5% of the 
same weight of Specimen “A” will be colloidally 
dispersed by the same acids under the same con­
ditions.

To explain the facts just stated it is assumed 
that there are more hydroxo groups on the sur­
face26 of particles of Specimen “B” than of Speci­
men “A.” The hydroxo groups react readily 
with oxonium ions, rendering the particles posi­
tively charged and dispersing these particles as 
colloidal micelles, which ultimately will be broken 
to the crystalloidal state.

Summary
Certain anions, viz., fluoride, phosphate, phos­

phite, oxalate and sulfate, or their acids, greatly 
accelerate the rate of dissolution of hydrous 
aluminum oxide in 0.2 molar hydrochloric acid 
solution even when present at a concentration of
0.001 molar.

This phenomenon cannot be explained on the 
basis of increased acid strength, increased diffusi- 
bility of the acid, valence of the anion or general 
acid-base catalysis.

An explanation based on the coordination struc­
ture of the hydrous oxide and the formation of a 
complex at the solid-liquid interface has been 
offered.
N ew Y ork, N . Y. R eceived April 26, 1938

(26) The presence of hydroxo groups on the surface of the hydrous 
oxide (Specimen “ B”) can be demonstrated readily: Dissolve 1 mg. 
of dry phenolphthalein in 3 ml. of 1,4-dioxane and divide the solution 
equally in three separate test-tubes. To (I) add anhydrous sodium  
carbonate; if the solution contains no water it  remains colorless. 
To (2) add a pellet of dry potassium hydroxide. A pink color appears 
immediately at the interface between the liquid and the solid. This 
color will remain indefinitely at the interface and will not diffuse into  
the solution. This is because of the insolubility of potassium  
hydroxide in the dioxane. To (3) add 0.1 g. of hydroxy aluminum 
oxide prepared as Specimen “ B ” was, and the interface will immedi­
ately become pink. This color can be removed by the introduction 
of carbon dioxide and does not reappear on standing. The addition 
of water does not restore the color; however, the addition of more 
solid oxide does cause the color to reappear.
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[Contribution from the Department of Chemistry, Columbia University]

A Study of the Esterification of Benzoic Acid with Methyl Alcohol Using Isotopic
Oxygen

B y  I r v in g  R o b er ts  and  H arold  C. U r e y

There has been much discussion as to which 
linkages are broken in the two reactions : (a) 
the saponification of an ester, and (b) the esteri­
fication of a carboxylic acid. The first of these 
was studied by Polanyi and Szabo,1 who demon­
strated that the saponification of amyl acetate 
in heavy oxygen water results in amyl alcohol of 
ordinary isotopic composition. The solution of 
the second problem, for which evidence has been 
inconclusive up to the present, is the subject of 
this paper.

The formation of water by the acid-catalyzed 
esterification of benzoic acid with methyl alcohol 
may be represented by either of the equations

C6H5CO j OH +  H ! O CH3----
1 C6H5COOCH3 +  H20  (1)

CeHöCO O j H +  HO ! CH3----
' C6H5COOCH3 +  H20  (2)

The purpose of this work is to distinguish between 
(1) and (2) by allowing ordinary benzoic acid to 
react with methyl alcohol containing an increased 
concentration of oxygen 18. If mechanism (1) is. 
correct, such an experiment will yield water of or­
dinary isotopic composition (0.200% oxygen 18), 
whereas by mechanism (2), heavy oxygen water 
will be obtained.

Attempts to make the reaction go to completion 
in a short time resulted in esterification of the 
large amount of hydrochloric acid catalyst which 
must be used. Therefore the concentrations of 
catalyst and reactants were so adjusted as to give 
a half-time of about two weeks at 25°, and sam­
ples were withdrawn at known intervals for deter­
mination of the heavy oxygen content of the water. 
The reaction mixtures had the following composi­
tion: methyl alcohol, 68.6% by volume; hydro­
chloric acid, 0.123 M; benzoic acid, 2.70 M; water, 
2.72 M  (4.9% by volume). A large concentration 
of benzoic acid was necessary in order to have ap­
preciable amounts of water formed by the esteri­
fication. The initial presence of the water, al­
though it would dilute any heavy oxygen water 
formed, made it possible in the first stages of the 
reaction to recover enough water for analysis.

(1) Polanyi and Szabo, Trans . Faraday Soc., 30, 508 (1934).

Rate of the Reaction.—In order to calculate 
the concentration of heavy oxygen in the water 
at any point, the amount of water formed by the 
esterification must be known. 20.4 cc. of reac­
tion mixture of the above composition was pre­
pared by dissolving in 14.00 cc. of a freshly pre­
pared methanol-hydrochloric acid solution 
(0.1803 M), 1.00 cc. of water and 6.72 g. of ben­
zoic acid. After putting the solution into the 
thermostat, 1.00-cc. samples were withdrawn and 
titrated with standard 0.1121 N  sodium hydrox­
ide to determine the benzoic acid remaining. The 
results are given in Table I. A plot of these data 
was made so that, in the experiments given below, 
one could readily determine at any time the per­
centage of reaction and therefore the number of 
moles of water formed.

Table I
Rate of Esterification at 24.93 °

Time, hours Titer, cc. % reaction

0.0 25.40 0.00
22.0 23.56 7.58
43.3 21.89 14.46
96.4 19.34 24.97

• 144.0 17.41 32.92
209.9 15.65 40.17
383.0 12.01 55.17

The amount of the reverse reaction which takes 
place was determined by allowing a methyl al­
cohol solution containing 2.50 M  methyl benzoate,
2.50 M  water and 0.114 M  hydrochloric acid to 
stand in the thermostat. Samples withdrawn 
for titration of the benzoic acid formed showed 
that over a period of 196.5 hours, only 1.3% of the 
possible hydrolysis had taken place. This error 
is negligible, since in this work the esterification 
was never continued beyond 55% reaction.

Exchange Experiments.—It is obvious tha t ex­
change of oxygen between the water in the sys­
tem and the methyl alcohol, methyl benzoate or 
benzoic acid, will give rise to errors whose magni­
tudes must be determined.

The fact that methyl alcohol does not exchange 
in the presence of hydrochloric acid already has 
been reported.2

(2) Roberts, J .  Chem. Phys., 6, 294 (1938).
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To determine whether methyl benzoate ex­
changes, a methyl alcohol solution containing 
2.49 M  methyl benzoate, 0.123 M  hydrochloric 
acid and 2.96 M  heavy oxygen water was allowed 
to stand in the thermostat. Twenty-five-cc. 
samples were taken and the water was recovered 
by fractional distillation and analyzed (see ex­
perimental part). Table II shows the results 
obtained. I t can be seen that within experi­
mental error no exchange of the methyl benzoate 
has taken place.

T able II
E xchange E xperiment with M ethyl B enzoate

Time, hours H2O recovered, cc. % H2O18

0 . . . .  0 .462
172 0 .4 3  .464
314 .67 .460

The amount of exchange of the benzoic acid 
was determined as follows: 102 cc. of a reaction 
mixture, having the composition originally given, 
was set up, using ordinary benzoic acid, ordinary 
methyl alcohol and water containing 0.509% 
oxygen 18. If no exchange of the benzoic acid 
were taking place, the heavy oxygen content of 
the water would be lowered by dilution with the 
ordinary water arising from the esterification. 
The amount of such lowering could be determined 
by taking the weighted mean of the composition 
of the water originally present and the water 
formed. If, on the other hand, the benzoic acid 
were exchanging, the heavy oxygen content of 
the water would be decreased even further than 
that calculated. Table III shows the results ob­
tained.

T able III
E xchange of B enzoic A cid under  Conditions of 

E sterification

Initial composition: 0.2752 mole benzoic acid, 0.2,775 
mole of H20 18, 70 cc. of methanol, HCl 0.123 M.

Tima,
hours

%
reaction

M ole
H2O

formed
imo™

calcd.

H2O
recovered,

cc.
m o™
found

0 0 . 0 0 .0 0 0 0 0 .509 0 .0 8 0 .510
9 4 .0 2 4 .5 .0674 .449 .28 .431

2 0 6 .4 3 9 .9 .1098 .421 .29 .400
3 7 8 .8 5 4 .7 .1505 .400 .34 .371

A comparison of the fourth and sixth columns 
will show that some exchange of the benzoic acid 
is taking place. This observation is in accord with 
the fact that benzoic acid has been shown to ex­
change both its oxygens rather readily.2 That 
the exchange occurring in these experiments is 
small can be seen from the following consideration. 
If immediate complete exchange of the benzoic

acid had taken place, the composition of the water 
would drop to 0.304% oxygen 18. The differences 
in Table III are of much smaller magnitude than 
this decrease. Rough calculations of the amount 
of exchange were made by separating the two 
simultaneous processes, i. e., by assuming that 
first the known amount of esterification takes 
place and then the remaining benzoic acid ex­
changes with the water. I t must be remembered 
that both oxygens of the benzoic acid are avail­
able for the exchange process. The results of 
these calculations are given in the second column 
of Table IV.

Esterification with CH30 18H.—The final ex­
periment, performed at the same concentrations, 
contained ordinary benzoic acid, ordinary water 
and methyl alcohol containing 0.372% oxygen
18. In calculating the results to be expected by 
mechanism (2), a correction must be made for 
the decrease in heavy oxygen content of the water 
due to exchange with the benzoic acid. This was 
done by separating the two reactions as outlined 
above, and using the data on the benzoic acid 
exchange from the above experiment. These 
calculations result in the values given in Table
IV. I t can be seen that the corrections are 
comparatively small, and that they have very 
little effect upon the difference of oxygen content 
to be expected by the two mechanisms.

T able IV
Corrections for E xchange of B enzoic A cid in  D ata

Calculated f o r  M echanism (2)

%
Equivalents of 

benzoic acid
%  H2O18 expected for 

mechanism (2)
reaction exchanged Original Corr.

2 4 .5 0 .0269 0 .2 3 4 0 .2 3 2
39 .9 .0407 .249 .244
54 .7 .0726 .260 .251

The results of the heavy oxygen methyl alcohol 
experiment are given in Table V.

T able V
E sterification U sing CH30 18H

Time,
Percentage H2O18 calculated 
Mechanism Mechanism

H2O
recovered,

mo™
found,

hours (1) (2) cc. %
0 0 .200 0 .2 0 0 . . . .

94 .0 .200 .232 0 .2 8 0 .2 0 4
2 12 .4 .200 .244 .42 .200
334 .0 .200 .250 .78 .200

These experiments demonstrate that in the 
esterification of benzoic acid with methyl alcohol, 
the oxygen in the water formed originates entirely 
from the benzoic acid. It is notable that this is
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in accord with the conclusions drawn from ex­
periments with mercaptans and thioacids.3

Experimental
Materials.—Methyl alcohol was purified by the method 

of Lund and Bjerrum.4 Benzoic acid of the Mallinckrodt 
“Analytical Reagent” grade was found by titration to con­
tain a maximum of 0.2% of impurity, and was therefore 
used directly. Hydrochloric acid was of the c. P. reagent 
quality. Hydrochloric acid solutions in methanol were 
prepared by passing the gas into anhydrous methanol; 
the solutions were used immediately after preparation. 
Standard 0.1 N  sodium hydroxide, made up from a satu­
rated carbonate-free solution, was standardized against 
Bureau of Standards potassium acid phthalate. Methyl 
benzoate was shaken three times with sodium carbonate 
solution, three times with water, dried over calcium chlo­
ride, and fractionated.

Heavy oxygen water, prepared by fractional distillation,5 
was refluxed with alkaline permanganate for one hour, 
fractionated and distilled from chromic acid. Heavy- 
oxygen methyl alcohol, also prepared by fractional dis­
tillation,6 was treated with magnesium and iodine in the 
same manner as the ordinary material4 and fractionated. 
The middle fraction was further fractionated after the 
addition of two drops of phosphoric acid. The middle 
fraction, which distilled constantly a t 65°, contained 
traces of volatile amines from which the methanol could 
not be freed completely. These small amounts of impurity 
caused the slow formation of a light yellow color in the 
reaction mixture when the methanol was used for the 
esterification.

Analyses.—The mass spectrograph was of the type de­
scribed by Bleakney7; the procedure for analysis of the 
water was that of Cohn and Urey.8 In the present work, 
the water recovered from the experiments was shaken with 
26 cc. of ordinary carbon dioxide gas a t atmospheric pres­
sure for five hours. The precision of analyses was gener­
ally 1 % or better.9

The heavy oxygen methyl alcohol was analyzed for its

(3) Reid, A m . Chem. J .,  43, 489 (1910).
(4) Lund and Bjerrum, Ber., 64, 210 (1931).
(5) Huffman and Urey, In d . Eng. Chem., 29, 531 (1937).
(6) Unpublished work of Huffman and Keston in this Laboratory.
(7) Bleakney, Phys. Rev., 40, 496 (1932).
(8) Cohn and Urey, T h i s  J o u r n a l , 60, 679 (1938).
(9) Mass spectrograph analyses done by Dr. John E. Gorham.

oxygen content by converting it to water and analyzing the 
water as above. This was done by passing a mixture of 
the methanol vapor and hydrogen through a quartz tube 
which contained a nickel spiral a t about 650 ° and a thori- 
ated nickel catalyst10 a t about 400 °. The water was caught 
in a trap enclosed in solid carbon dioxide-acetone mixture; 
the yields were practically quantitative. Heavy oxygen 
water, passed through the apparatus under the same 
conditions, was recovered with no decrease in heavy oxy­
gen content, demonstrating that exchange with the quartz 
tube or with any oxide in the catalyst had not taken place. 
Analysis of ordinary methyl alcohol by this method gave 
0.204% oxygen 18.

Esterification Experiments.—All operations were carried 
out in glass apparatus fitted with interchangeable ground 
joints. Esterification experiments were carried out in the 
thermostat kept a t 24.93 =*= 0.02°. Twenty-five cc. sam­
ples of reaction mixture were pipetted for recovery of the 
water, and from these the methanol, water and a small 
amount of the methyl benzoate were distilled in vacuo at 
room temperature. This initial process took thirty 
minutes a t a maximum, thus causing a negligible error in 
the reaction time recorded. The distillate was then frac­
tionated a t atmospheric pressure, the water and methyl 
benzoate remaining behind. In the final step, the water 
was distilled off in vacuo from the methyl benzoate. The 
water samples obtained by this method were always con­
taminated by small amounts of methanol and methyl ben­
zoate; these impurities can have no effect on the results 
obtained by the method of analysis given above.

Summary
Ordinary benzoic acid has been esterified with 

heavy oxygen methyl alcohol in the presence of a 
small amount of hydrochloric acid catalyst. The 
water resulting from the reaction is of ordinary 
isotopic composition, demonstrating that the 
oxygen in the water formed originates entirely 
from the benzoic acid. Slow exchange of the 
benzoic acid proceeds simultaneously with the 
esterification, necessitating a small correction in 
the calculated results.
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  26, 1938

(10) Russell and Fulton, Ind . Eng. Chem., Anal. Ed., 5, 384 (1933).
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[Contribution from t h e  Research Laboratory of the General Electric Co. ]

Conductance of Mixtures of Lead Abietate and Tributylammonium Chloride in
Toluene

B y  V ic to r  D eit z  w it h  R aymond  M . F uoss

I. Introduction.—While the properties of a 
number of 1-1 salts in solvents of low dielectric 
constant have been determined,1-4 the properties 
of higher salt types in such solvents have not been 
investigated. One difficulty in the way of a study 
of the problem is the low solubility of most 2-1 
salts in the hydrocarbon solvents. Two classes 
of salts are, however, soluble: the higher quater­
nary salts of dicarboxylic acids and the salts of 
heavy metals with the higher carboxylic acids. 
In this paper will be presented the results of an 
investigation of the properties of lead abietate in 
benzene and toluene solution.

II. Materials, Apparatus and M ethod—Benzene was 
purified by washing with concentrated sulfuric acid, water, 
dilute caustic and water. I t  was then dried with calcium 
chloride and refluxed with potassium. Samples for use in 
the conductance experiments or analyses were distilled 
from potassium just before using. Toluene was treated in 
the same way, except that the potassium was replaced by 
sodium.

Tributylammonium picrate was prepared by adding a 
nearly saturated hot alcoholic solution of picric acid to a 
slight excess of tributylamine in alcohol. The crude prod­
uct, which separates on cooling, was recrystallized once 
from alcohol, m. p. 106.9° (corr.).

Tributylammonium chloride was precipitated by dry 
hydrogen chloride from a solution of tributylamine in dry 
petroleum ether. I t  is advisable to precipitate less than 
half of the available amine, in order to prevent the co­
precipitation of impurities which are difficult to separate. 
The precipitate was washed with dry petroleum ether, and 
then pumped dry over phosphorus pentoxide in a desicca­
tor. Samples for use were dried to constant weight at 
70-75° in weighing bottles in a miniature vacuum oven.

Several samples were analyzed by titration in 50% ace­
tone solution with sodium hydroxide, using phenolphtha­
lein as indicator. A small blank correction for acid in the 
acetone was made. Equivalents of (C4H9)3HNC1 calcu­
lated from weight of salt taken: 0.001384, 0.001725, 
0.001896; equivalents sodium hydroxide found by titra­
tion: 0.001390, 0.001749, 0.001896.

Lead Abietate.—Considerable difficulty was encountered 
in preparing pure lead abietate. Precipitation from lead 
nitrate or lead acetate solutions gives basic or double salts, 
whose composition depends on concentration, sequence and 
relative amounts of reagents.5 I t  also proved useless to try

(1) C. A. Kraus and R. M. Fuoss, T his J o ur n a l , 55, 21 (1933).
(2) R. M. Fuoss and C. A. Kraus, ibid., 55, 3614 (1933).
(3) G. S. Bien, C. A. Kraus and R. M. Fuoss, ibid., 56,1860 (1934).
(4) W. F. Luder, P. B. Kraus, C. A. Kraus and R. M. Fuoss, 

ibid., 58, 255 (1936).
(5) Wolff and Rabinowicz, Fettchem. Umschau, 41, 66 (1934).

to purify lead abietate made from impure abietic acid; 
it is essential tha t the abietic acid be in the highest state 
of purity initially. We obtained nearly colorless abietic 
acid, completely free from tacky impurities, by recrystal­
lizing a good commercial grade (from Hercules Powder 
Co.) from methyl alcohol and washing the crystals with 
cold methyl alcohol. The crystallization yield was poor, 
but the quality of the product was compensation for 
the loss of raw material. The abietic acid was then dis­
solved in an equivalent amount of sodium hydroxide in 
water and this (very slightly yellow) solution was slowly 
added in turn to a hot dilute aqueous solution of an equiva­
lent amount of lead chloride. The lead abietate formed as 
a pure white crystalline precipitate. This was recrys­
tallized from ethyl acetate (2 g./100 cc.) which had been 
purified by shaking with aluminum oxide and distilling 
just before use. The final product consisted of small 
twinned needles. I t  was necessary to store the lead 
abietate in an evacuated phosphorus pentoxide desiccator, 
because exposure to air converted it into a product (pre­
sumably one of oxidation) insoluble in ethyl acetate and 
aromatic hydrocarbons. Heating to 100 ° in air causes the 
crystals to darken.

Of several new methods of analysis for lead in lead 
abietate, we found the most reliable to be the precipitation 
of the lead as lead chloride from a toluene solution of the 
abietate by means of dry hydrogen chloride. Moisture 
was excluded by working in a dry box; this precaution is 
necessary, because any water which condenses into the 
solution containing hydrogen chloride separates and prefer­
entially wets the lead chloride precipitate, causing it to 
adhere so firmly to the walls of the vessel that quantitative 
transfer is very tedious.

The dry box was fed with air passed over activated al­
uminum oxide. At the start of an analysis, several 
weighed samples of lead abietate in capped weighing bot­
tles, several weighed Gooch crucibles with fine asbestos 
mats, toluene wash bottle, toluene supply bottle, suction 
flask, hydrogen chloride generator and hot plate were 
placed in the dry box, which was swept out overnight with 
dry air. The next day, the abietate was dissolved in tolu­
ene (ca. 1 mg./cc.) in an Erlenmeyer flask which had a 
tea-kettle spout attached to the bottom. Hydrogen chlo­
ride from sulfuric acid and potassium chloride was passed 
slowly in through the spout, after which the precipitate 
was digested for about thirty minutes. Then the lead chlo­
ride was transferred to the Gooch crucible by sluicing it 
through the spout. (This procedure entirely eliminated 
the necessity of policing the precipitate.) After washing, 
the precipitate was sucked dry. After all the precipita­
tions were complete, the dry box was opened and the cru­
cibles were transferred to an oven a t 110 ° where they were 
dried to constant weight. In some of the preliminary 
work, the crucibles were next washed with hot water and 
again dried to constant weight. The water insoluble resi­
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due (of the order of 0.1 mg.) was probably abietic acid 
adsorbed on the lead chloride. The results of several 
typical analyses by this method are given below: wt. lead 
abietate, 0.2165, 0.2471, 0.1420; wt. PbCl2 found, 0.0751,
0.0854, 0.0485; % Pb, 25.84, 25.75, 25.46; calcd. for 
Pb(C2oH8o02)2, 25.61%.

As a control on the method, a sample of recrystallized 
silver perchlorate, which is toluene soluble, was analyzed 
by the same method: wt. AgCICh, 0.1644, 0.3211; wt. 
AgCl found, 0.1138, 0.2218; wt. AgCl calcd. 0.1137,0.2221.

Conductance Cells.—For the preliminary conductimetric 
titrations, several types of cells were used. The simplest 
and most convenient consisted of a beaker containing two 
concentric cylindrical platinum gauze electrodes, at the 
center of which was a motor driven glass stirrer.

For the final work, a three terminal cell was used. Fig­
ure 1 is a simplified sketch of the cell. The inner (test) 
electrode was a platinum cylinder 6.5 cm. long and 2.0 cm. 
in outside diameter. To each end of this cylinder and on 
the same axis, by means of platinum wires and lead glass 
beads, were attached two cylinders of the same diameter, 
5 mm. long, and separated from the test electrode by about 
1 mm. These end cylinders were the guard electrodes. 
The guard-test combination was then mounted by more 
platinum wire supports with lead glass insulators inside a 
platinum cylinder 7.7 cm. long and 2.3-cm. diameter, 
which served as the high potential electrode. The seams 
on the cylinders were soldered with gold. The electrode 
assembly was then sealed into an electrode capsule of Corn­
ing 332 glass by means of platinum tube supports coated 
with Corning 707 glass.6 The capsule (40-cc. volume) was 
in turn sealed to a Pyrex mixing chamber (300-cc. volume), 
the inlet tube of which was equipped with a ground glass 
cap carrying a stopcock. The stopcock permitted rapid 
drying of the cell, by exhausting the cell after washing and 
heating. The three lead wires (high potential, test and 
guard) were brought up beside the neck of the cell in small 
glass tubes. (For simplicity, only one of these is shown 
in Fig. 1.) These, as well as the electrode capsule, were 
coated with gold by firing on a t 500° a layer of Dupont 
“Liquid Bright Gold ZW.” The gold screening was 
connected to the guard line. The bridge cable, which con­
sisted of the test lead, sheathed with an insulated copper 
screen attached to the guard circuit, was plugged into the 
end of the test lead from the cell, so that the test electrode 
and its lead to the bridge were unbrokenly shielded.

The cell constant was determined by measuring the ca­
pacity of the empty cell on a Schering bridge7 at 60 cycles; 
since the cell contains guard electrodes, the cell constant k 
can be obtained from the capacity by the relationship

C =  0.08842 X I0~l2/k
(For an ideal cell consisting of parallel plates of area A 
separated by a distance d, k =  d/A,  if fringing is elimi­
nated.) For the cell of Fig. l , k  — 0.004423.

The conductance determinations were made either at 60 
cycles on the Schering or resistance bridge8 which have been 
used for other work in this Laboratory, or on a d. c. bridge 
which has also been described previously.8

(6) N . L. C ox, C. A. Kraus and R. M. Fuoss, Trans. Faraday Soc., 
31, 749 (1935).

(7) Fuoss, T h is  J o u r n a l , 59, 1703 (1937).
(8) Fuoss, ibid., 60, 451 (1938).

Method.—In the preliminary titrations, a solution of tri­
butylammonium chloride in benzene or toluene was deliv­
ered in successive portions from a buret into the gauze 
electrode cell, which contained the lead abietate solution. 
The resistance was determined on the d. c. bridge after 
each portion. I t was observed that both moisture and 
oxygen affected the results; titrations in the dry box gave 
steadier conductances.

In the final work, toluene was distilled in a nitrogen 
stream from sodium directly into the carefully dried three 
terminal conductance cell. Access of moisture was pre­
vented by a drying tube. After determining the solvent 
conductance,9 a sample of lead abietate was weighed into 
the cell, and the solution was allowed to come to equi­
librium in an oil thermostat held a t 35.00 =*= 0.03 °. The 
conductance was determined and then a small portion of 
a solution of tributylammonium chloride in toluene was 
added from a weight buret. A conductance run consisted 
in adding several stoichiometrical equivalents of chloride 
to the lead salt in successive portions, and determining 
the conductance at 60 cycles a t each point. The field 
strength was kept below one kilovolt per centimeter, in 
order to minimize both heating effects and a possible 
Wien effect.10’11

Polarization.—A very marked dependence of 
apparent resistance on voltage was noted when 
solutions were measured on the d. c. bridge. An 
analysis of the results indicates that a fairly high 
polarization e. m. f. is responsible. The bridge is 
shown schematically in Fig. 2, where R x is the cell 
resistance, R2 and Rs are Shallcross high resist­
ance coils and Ri is a variable decade box. Sup­
pose the voltage applied to the bridge is F  and

(9) The solvent conductance was of the order of 10 ~14 and repre­
sented a negligible correction.

(10) M. Wien, P hysik. Z., 29, 751 (192$); L. Onsager, J .  Chem. 
Phys., 2, 599 (1934).

(11) An appreciable dissociation effect in accordance with On- 
sager’s theory appears in solvents of low  dielectric constant at fairly 
low field strengths. (Unpublished observations of D . J. M ead and 
R. M. Fuoss, made in this Laboratory.)
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Fig. 2.—Diagram of d. c. bridge.

the back e. m. f. of the cell is E. Then at balance, 
Va =  Vb and we have

V = ƒ.(*! +  h(Rz +  Ri) (1)
(IaRl -  E )/IaRz = RERi (2)

Combining (1) and (2), and noting that Rx »  
Rs, we find

R A  1 E  
R2Rz ^  V (3)

A typical result for a 5.85 X 10 “3 molar solution 
of lead abietate in benzene at 25° in a cell with 
chromium plated brass electrodes is shown in 
Fig. 3. According to (3), if we plot R±V against 
V, we should obtain a straight line whose slope 
determines Rlf and whose intercept determines E. 
Having determined j?i, a plot of RiRJR^Rz 
against (1/F) should give a straight line with 
slope E  and intercept unity at infinite voltage 
(1 /F) = 0. The data satisfy these require­
ments, and give, for this example, E = 10 v. 
Lack of time unfortunately forced us to postpone 
a detailed study of this phenomenon. A study of 
the rates of decay of these polarization voltages 
should give useful information concerning the 
diffusion coefficients and mobilities of the ions 
involved.

Subsequent d. c. titrations were made at a fixed 
cell voltage (100 v.) and the final titrations were 
made with alternating current. Since the latter 
was low frequency (60 cycles), some polarization 
error undoubtedly is present, but experiments 
made at several frequencies between 60 and 500 
cycles showed that the effects were considerably 
less than with d. c. and our a. c. results at 60 cycles 
are no more than several per cent, in error in ab­
solute value due to polarization. Since we were 
primarily interested in relative values, the study 
of polarization effects was dropped.

100/ V.
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12
io

8 X

0
0 20 40 60 80 100

V.
Fig. 3.—-Polarization curves.

III. Experimental Results and Discussion.—
In order to test the reliability of the conductance 
methods, the conductance of tributylammonium 
picrate in toluene at 35° was determined. Three 
dilution runs were made. The results are given 
in Table I.

T able I
Conductance and Dielectric Constant of T ributyl-

AMMONIUM Picrate in T oluene at 35°
Series C  X 103 A X 106 €f

1 13.04 2.650
8 .12 1.500
5.03 0.957
2.82 .603
1.62 .442

2 . 2.65 .597 2.391
1 .2 1 .370 2.368

3 4.88 .926 2.428
3.05 .548 2.400
0.0 2.347

For comparison with earlier work, the only 
available data are those of Kraus and Fuoss1 on 
tri-i-amylammonium picrate in benzene at 25°. 
These data, multiplied by the ratio of the vis­
cosity of benzene at 25° to that of toluene at 35° 
are shown as the dotted curve in Fig. 4, where the 
present data are given as the circles on curve IV. 
It will be noted that the behavior of the two sys­
tems is, as expected, very similar.

The conductance of tributylammonium chlo­
ride as a function of concentration was deter­
mined by adding successive portions of an approxi-
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4 3 2 1
Log C.

Fig. 4.—Conductance curves: I, PbAbCl in C6H6;
II, BugHNCl in C6H5CH3; III, PbAb2 in C6H6CH3;
IV, BugHNPi in CeHsCHs.

mately 0.01 normal solution of the salt in toluene 
to 66 g. of pure solvent in the conductance cell. 
The results are given in Table II, and are shown 
as curve II in Fig. 4, where the logarithm of the 
equivalent conductance A is plotted against the 
logarithm of the concentration. The appearance 
of a characteristic minimum in the equivalent 
conductance12 near thousandth normal will be 
noted.

T a b l e  III
C o n d u c t a n c e  a n d  D ie l e c t r ic  C o n s t a n t s  o f  L e a d  

A b ie t a t e  i n  T o l u e n e  a t  3 5 °
C X 103 A X 106 e' «0
4.083 0 .626 2.349s 2.3482
1.686 0 .762 2.348s 2 .3 4 8 2
1.073 0 .936 2 .3 4 9 0 2 .347s
0 .740 1.213 2 . 3486 2 . 3482

dilution runs were made for this salt;
solutions of Table III were the initial solutions for 
the conductimetric titrations to be described later. 
In the last column, the dielectric constant eó of 
the solvent, as measured before addition of the 
salt, is given for each solution.

C X 104.
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Fig. 5.—Triple ion test plots: I, PbAbCl in 
CöHe (coordinates, top and right); II, Bu3HNC1 
in C6HéCH3 (coordinates, bottom and left); I I I  
PbAb2 in CsHsCIL (coordinates, bottom and 
left).

T a b l e  II
C o n d u c t a n c e  a n d  D ie l e c t r ic  C o n s t a n t  o f  T r ib u t y l ­

a m m o n iu m  C h l o r id e  i n  T o l u e n e  a t  35  °
c  x  1 0 3 A X lo® e'

0 .0 0 0 2 .347
.159 4 .4 9 2 .348
.290 3 .1 3 2 .348
.568 2 .4 5 2 .352
.790 2 .3 2 2 .352

1.116 2 .3 0 2.356
1.575 2 .3 8 2.359
1.819 2 .5 8 2 .362
2 .203 2 .7 6 2 .365
2 .692 3 .2 2 2 .368

The conductance and dielectric constants of a 
series of lead abietate solutions in toluene at 35° 
are given in Table III. Each solution was made up 
by weighing a definite amount of salt and solvent.

(12) R. M. Fuoss and C. A. Kraus, T h is  J o urn al , 55, 2387 (1933).

If A -\/c is plotted (Fig. 5, curve II) against 
concentration for the tributylammonium chlo­
ride,11 a straight line is obtained, whose intercept 
at c = 0 gives KA20 = 3.8 X 10~8 for this salt. 
If we set Ao, the limiting conductance, equal to 
100 in order of magnitude (a reasonable value, 
assuming Walden's rule to apply), we find for the 
dissociation constant K  & 1.5 X 10~19. This is 
of the order expected.^ For lead abietate, a value 
about one half as large is obtained. The disso­
ciation constant of lead abietate refers, of course, 
to the initial dissociation

PhAho PhAh+ -f Ab~

because it seems impossible that the second abie­
tate ion should be free in any appreciable amount 
in solvents of low dielectric constant. Confirma­
tion of this opinion is furnished by the numerical
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value of the dissociation constant of silver per­
chlorate in benzene,4 8 X 10“20, which is a 1-1 
salt with a metallic cation.

The dependence of the dielectric constants of 
the solutions on concentration is shown in Fig. 6.

0 1 2 3 4 5
C X 103.

Fig. 6.—Dielectric constant-concentra- : 
tion curves for salts in toluene at 35°: O ,  

BugHNPi; 3, Bu3HNCl; C, PbAb2.

It is seen at once that the tributylammonium 
picrate has a higher dipole moment than the chlo­
ride and that the lead abietate has zero moment. 
Calculation of the moments from the data gives 
fx (BusHNPi) =  11 .7  X  10 “ 18 and fx (Bu3HN-C1) 
=  7.3 X 10 ~18. These are of the expected order 
of magnitude and agree very well with Geddes' 
values,13 ix (BusHNPj) = 13 .1 X 10 " 18, ix (Bu3HN- 
Cl) =  7.2 X 10~18. It should be pointed out 
that our values were determined by bridge meas­
urements at 60 cycles, while Geddes' values were 
determined by Wyman's resonance method14 at 
several megacycles. The value of zero for the 
moment of lead abietate is entirely in agreement 
with the theory of ion association15 because one 
naturally assumes the abietate ions symmetrically 
located with respect to the lead ion.

We shall next consider a few of the preliminary 
conductimetric titrations. The examples chosen 
are shown in Fig. 7; in order to save space, no 
tabulation of data will be presented. The vertical 
scale is specific conductance; as abscissas are 
chosen the ratio r of equivalents of chloride to the 
equivalents of lead present in the cell. At r =
0.5, the empirical composition is (Bu3HNCl +  
PbAb2) ; at r = 1, it is (2Bu3HNC1 +  PbAb2).

(13) J. A. Geddes and C. A. Kraus, Trans. Faraday Soc., 32, 585 
(1936).

(14) J. W yman, Phys. Rev., 33, 623 (1930).
(15) Fuoss, Chem. Rev., 17, 27 (1935).

Curve I represents the conductance curve ob­
tained on the d. c. bridge when successive portions 
of 0.01 normal tributylammonium chloride solu­
tion in benzene were added to a 6.84 X 10“4 W 
solution of lead abietate in benzene. It will be 
seen that the conductance rises to a very high 
peak near the point where one mole of chloride 
has been added to one mole of lead, after which the 
conductance rapidly drops. Beyond the equiva­
lence point, the conductance slowly rises again. 
The appearance of the maximum was entirely 
unexpected and its presence suggested that some 
hitherto unsuspected reaction was taking place. 
If the titration is carried out using hydrogen chlo­
ride in benzene, curve II, where the initial lead 
concentration was 7.64 X 10~4, is obtained. It 
is similar to curve I in that a maximum appears, 
but the maximum is not nearly so high. Finally, 
curve III represents the reverse titration in which 
lead abietate was added to a solution of the amine 
hydrochloride. (The initial point of the titra­
tion here corresponds to r = co, of course.) As

r.
Fig. 7.—D. c. titrations in benzene.

more and more lead is added (moving from right 
to left in Fig. 7), the conductance goes through a 
shallow minimum and then rises, going through



Oct., 1938 Conductance of Lead Abietate-T ributylammonium Chloride in T oluene 2399

an inflection point at the equivalence point corre­
sponding to lead chloride. The ihitial solutions 
were clear; then an opalescence appeared, and 
finally a precipitate formed as the amount of lead 
was increased.

The increase of conductance on adding tributyl­
ammonium chloride to lead abietate was certainly 
not due solely to the formation of tributylam­
monium abietate by metathesis: a 5 X lO ^nor- 
mal solution of abietic acid in benzene had a spe­
cific conductance of 0.07 X 10“12 and the addition 
of an equivalent amount of tributylamine raised 
this to only 0.15, X 10-12, showing that the amine 
abietate is, as expected, an exceedingly weak 
electrolyte. An estimate from the above con­
ductance gives it a dissociation constant of the 
order of 10“21 in benzene. Incidentally, it would 
be interesting to study the properties of acids and 
of their salts with weak bases in non-protonic sol­
vents: this field is practically unexplored. In 
this particular case, the conductance of the tri­
butylammonium abietate is completely negligible 
compared to the maximum specific conductance 
observed near r = 0.5 in the titration curves.

In Tables IV and V are given the results of the 
titrations in the closed cell, where moisture and 
oxygen were excluded and, as has been men­
tioned, where the determinations were made at 60 
cycles on the Schering bridge.

Table IV
Conductimetric T itration of Lead Abietate with 
Tributylammonium Chloride in T oluene at 35°.

Concentration Data
Series 10sCpb 10«Cci wo wci

1 4.083 13.29 74.85 27.86
2 1.686 9.51 79.27 16.62
3 1.073 9.51 69.50 12,99
4 0.740 9.51 73.89 14.43

In the second column of Table IV is given the 
initial concentration of lead abietate in equiva­
lents per liter; in the third, the concentration of 
the tributylammonium chloride; in the fourth, 
the initial weight of toluene in the cell and in the 
last, the total weight of chloride solution added by 
the end of the titration. We used the density of 
the solvent (0.8538 g./cc. at 35°) as an approxi­
mation for the density of the solutions in calculat­
ing normalities from weight concentrations.

In Table V are given the conductances for the 
various solutions, corresponding to successive 
values of the ratio r of equivalents of chloride 
added to equivalents of lead initially present.

For the most concentrated solution (Series 1), di­
electric constants are also given.

Examples of the titration curves are shown in 
Fig. 8, where the logarithm of the specific con­
ductance is plotted against r. It will be noted 
that the conductance rises by approximately two 
decades for the first half equivalent of chloride 
added. During the addition of the second half 
equivalent, the conductance drops to a very low 
value, and then rises again, corresponding to the 
conductance of the excess tributylammonium 
chloride now present in the solution.

The interesting part of the curve is, of course, 
the maximum. The following explanation is 
proposed. We know from the conductance curves 
of the tributylammonium chloride and lead abie­
tate (Fig. 4, curves II and III) that these salts 
exist almost completely as ion pairs at the con­
centrations in question; only a minute fraction is 
present as free ions (singles or triples). The de­
gree of dissociation involved is of the order of 
one millionth per cent. We also know that tri­
butylammonium abietate is almost completely 
associated (K »  10~21). In the first part of the 
titration, we therefore assume that the few free 
tributylammonium ions, present in the titrating 
solution added, combine with the abietate ions 
from the lead abietate solution in the cell, giving 
completely associated ion pairs of tributylam­
monium abietate.16 This leaves (PbAb)+ and

(16) We shall use the abbreviation “ Ab” for (C2oH3o02)~, the 
abietate ion.
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Table V
C o n d u c t im e t r ic  T it r a t io n  o f  L e a d  A b ie t a t e  w it h  T r ib u t y l a m m o n iu m  C h l o r id e  i n  T o l u e n e  a t  35°. E l e c t r ic a l

D ata
•Series 3—----—»

1012 Kr K e' r 1012 k r r
u&ncs I 1012 J£

0.000 2.544 2.350 0.000 1.285 0.000 1.004 0.000 0.90
.050 16.44 2.349 .037 4.24 .050 5.20 .150 15.5
.113 38.0 2.351 .063 10.12 .101 9.40 .273 34.5
.191 80.4 2.364 .201 33.7 .247 38.2 .411 44.8
.338 153.3 2.370 .294 54.9 .352 50.7 .562 59.0
.404 176.6 2.371 .332 65.3 .464 65.5 .909 3.60
.557 225 2.380 .432 88.6 .599 77.0 1.136 0.96
.622 228 2.374 .534 106.6 .702 76.0 1.445 0.89
.684 227 2.375 .655 122.4 .859 18.7 1.945 1.88
.756 222 2.358 .766 136.2 .996 2.80 2.510 3.64
.848 168 2.360 1.048 18.0 1.186 0.72
.895 145 2.348 1.182 3.5 1.420 1.08
.941 75 2.353 1.656 1.74
.987 39 2.358

1.067 5 2.355
1.212 2.5 2.359

Cl” ions in solution. But the ion pair (PbAb) + 
(Cl~) has a smaller coulomb binding energy than 
the (PbAb+)(Ab”) pair, because the negative 
oxygens of the carboxyl group in the abietate ion 
can approach the lead ion closer than the chloride 
ion, a fact which makes for higher conductance. 
The practically irreversible reaction

Bu3H N + +  Ab“ — > BusN HAb

eventually removes all the free abietate ions from 
solution, leaving the ion pair equilibrium 

PbAb+ +  Cl" ^ ± 1  (PbAb+)(Cl“)
Then as more chloride is added, we get the reac­
tions

(PbAb+)(Cl-) +  (C1-) (Cl~)(PbAb +)(Cl ~)
(Cl“)(PbAb +)(Cl~) Ab" +  PbCl2 j

In other words, the triple ion12 formed from the 
abietate-chloride ion pair and a chloride ion re­
arranges to give lead chloride, which is insoluble 
and precipitates out, leaving (Bu3HN+) and 
(Ab~) ions in solution. But since this ion pair 
is much more highly associated than the (Cl”) 
(PbAb+) pair, the conductance again drops. The 
final rise is simply due to increasing Bu3HN*C1 
concentration, after the available lead has been 
precipitated as lead chloride.

The assumption that a soluble mixed salt, lead 
chloride-abietate (PbAb-Cl), is formed is in ac­
cordance with the observation that the initial 
additions of chloride to the lead solution produce 
no precipitate, and that the lead chloride only be­
gins to precipitate in quantity as the r = 0.5 
point is approached. The opalescence before this 
point corresponds to the formation of some lead

chloride, and accounts for the displacement of the 
maximum to the right of the point where r = 0.5.

We also observed that lead chloride could be 
dissolved in a solution of tributylammonium chlo­
ride (evidence: increased conductance; black 
precipitate with hydrogen sulfide) which indicates 
that complexes can be formed in which lead is in 
the negative ion. This is in accord with the fact 
that the conductance minimum corresponds to a 
value of y somewhat greater than unity. We are 
inclined to ascribe the maximum in the prelimi­
nary HCl-PbAb2 titration (Fig. 7) to the presence 
of moisture in the benzene; this experiment was 
made without exclusion of atmospheric moisture. 
Here the much weaker H30 +*C1” was probably 
the actual titrating solution.

The behavior of the solutions on the addition 
of chloride during titration was particularly in­
teresting. In the first part of the titration, the 
conductance increased with time, approaching an 
asymptotic value (the values given in Table V) 
exponentially. On the down-side of the titration, 
the conductance decreased exponentially to an 
asymptotic value. Approach to within a per 
cent, or so of the limiting value was reached in 
serveral hours. If reactions of the type postu­
lated above occur, we would expect finite times to 
be required for their completion, because the dis­
sociation constants of the two reagents are of the 
order of 10” 19. The marked contrast to electro­
lytic reactions in water, which take place almost 
instantaneously, is easily understood when we re­
call that association of ions in aqueous solutions is 
negligible for salts of low valence type. These
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observations suggest a study of the rates of elec­
trolytic dissociation in solvents of low dielectric 
constant through their conductance-time curves. 
With dissociation constants of the order of 10 ~20, 
there should exist a measurable rate of establish­
ment of equilibrium when an electrolytic solution 
in benzene, for example, is diluted. We hope 
that further work on this phase of the problem 
will be done.

The dielectric constant-concentration curve 
(Fig. 9) for series 1 of Table V gives further evi­
dence for the existence of a stable mixed salt 
(PbAb+) (Cl ~). The dielectric constant goes 
through a maximum at the same point as the con­
ductance curve, and, after a following minimum, 
rises at a rate corresponding to the presence of 
free Bu3HN-C1 ion pairs. From the dielectric 
constant at the maximum point for Series 1, we 
have the data e7 = 2.378 at C — 3.52 X 10“3. 
From these, we calculate ju(PbAb-Cl) = 8.6 X 
10“18. This value is of the same order as that of 
the ion pair Bu3HN-C1, and since it is due to the 
vectorially opposed (Pb +Ab ~) and (Pb+Cl~) 
moments, we conclude that either the (Cl“) 
(PbAb+) ion pair is not linear, or that the Pb-Cl 
bond is much more polar than the lead-carboxyl 
bond. The latter view is more probable, if we 
compare the dissociation constants of the two ion- 
pairs (PbAb+)(Ab~~) and (PbAb+)(Cl“).

Finally, we consider the conductance curve of 
the mixed salt (PbAb+) (Cl ~). To a solution of 
1.314 X 10 ~4 equivalent (0.1063 g.) of lead abie­
tate in benzene was added an equivalent amount 
of tributylammonium chloride in benzene, giving 
a solution 1.943 X 10“3 normal in PbAbCl. No 
precipitate appeared, although the solution be­
came opalescent. A regular dilution run was 
made on this solution, giving the conductance 
curve I of Fig. 4, where the equivalent conduct­
ance was calculated as that of PbAbCl. A typi­
cal conductance curve for a 1-1 salt appears. In 
Fig. 4 is given a A yfc — c plot for these data. 
From the intercept at c = 0, we obtain for the re­
action

PbAb + +  Cl“ PbAbCl
K  = 1.5 X 10“17, assuming A0 = 100. This re­
sult confirms the assumption made above that a
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Fig. 9.—Change of dielectric constant dur­
ing titration.

chloride ion is less firmly bound to a lead ion than 
an abietate ion. The value 1.5 X 10~17 is of the 
order as that of the strongest electrolytes pre­
viously studied in benzene: for example, K  for 
tetra-i-amylammonium picrate in benzene at 25° 
is 1.0 X 10“17.

Summary
1. The conductances of lead abietate and of 

tributylammonium picrate and chloride in tolu­
ene at 35° have been determined at 60 cycles by 
means of the Schering bridge.

2. The polar moment of lead abietate in tolu­
ene is zero. Values for the other two salts check 
values in the literature.

3. The reaction between lead abietate and 
tributylammonium chloride in aromatic hydro­
carbons has been studied. It is suggested that an 
intermediate soluble mixed salt, PbAbCl, is 
formed. The moment of the corresponding ion 
pair is 8.6 X 10- 18 and its dissociation constant is 
approximately 1.5 X 10 ~17.

4. An analytical method for the determina­
tion of lead in compounds soluble in aromatic hy­
drocarbons is described. The method depends on 
the fact that dry hydrogen chloride precipitates 
lead chloride quantitatively from benzene or tolu­
ene solutions of lead salts.

5. The preparation of pure lead abietate is 
described.
Schenectady, N. Y. Received June 24, 1938
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[Contribution from R esearch Laboratories, Merck & Co., Inc.]

Studies on Vitamin E. Ethers of Durohydroquinone
By E. F e r n h o l z 1 a n d  J a c o b  F i n k e l s t e i n

Ethers of durohydroquinone have attained 
significance to those conducting research on vita­
min E since the discovery2 that «-tocopherol 
gives this phenol in a high yield on thermal de­
composition. In a recent publication3 the rea­
sons which led to the abandonment of the original 
idea that «-tocopherol might be a monoether of 
durohydroquinone were summarized. Experi­
mental evidence was cited to prove that «-toco­
pherol is a derivative of 6-hydroxychromane of the 
probable structure I.

CHi

CH2 c h 3

CH;

CH3
IA /\  / C~ (C H 2)3—C H ~(C H 2)s—CH—(CH2)s

CHs
I

-CHCH;

CHs CH3

Our interest in the preparation of monoethers 
of durohydroquinone did not cease, at the end of 
last year, after we had convincing evidence that 
«-tocopherol was a chromane derivative of dur- 
ene. This was due to the discovery by H. M. 
Evans and G. A. Emerson of the University of 
California that certain of these ethers showed 
definite vitamin E-like activity.4

The absorption spectra and reducing proper­
ties of the primary and secondary ethers, the 
preparations of which are described below, pre­
viously have been reported briefly.3 With the 
exception of the monocetyl ether, all mono- and 
diethers were formed simultaneously by adding an 
equivalent amount of alcoholic potassium hy­
droxide to a gently refluxing alcoholic solution 
of durohydroquinone and the halide. The two 
ethers were separated by distillation or by taking 
advantage of their difference in solubility in al­
cohol. To prepare the monocetyl ether, the di­
ether was refluxed with one mole of aluminum 
chloride in benzene. When two moles of alumi­
num chloride were used with the diether the 
cleavage was complete. The properties of our 
mono- and dicetyl ethers are in good agreement

(1) Present address: E. R. Squibb & Sons, New Brunswick, N . J.
(2) E. Fernholz, T h is  J o u rn al , 59, 1154 (1937).
(3) E. Fernholz, ibid., 60, 700 (1938).
(4) H. M. Evans, G. A. Emerson and O. H. Emerson, Science, 88, 

38 (1938).

with the properties of those prepared by John,5 
who used a method similar to that first men­
tioned. These ethers were also prepared by 
Bergel, et. al. , 6  by a slightly different method, but 
the melting points and analyses indicated that 
they were not quite pure.

In order to synthesize 2 -methyl-w-o ctadecyl 
alcohol, an intermediate for one of the ethers, we 
first prepared ethylmethylcetyl malonate. Par­
tial hydrolysis and decarboxylation of this gave 
ethyl «-methylstearate. This ester was re­

duced to the corresponding alcohol by hy­
drogen under high pressure in the presence 
of copper chromite catalyst.7

Although the preparation of the primary 
and secondary ethers did not prove to be 
difficult, the preparation of tertiary ethers 
of durohydroquinpne failed completely as 

might have been expected.
Experimental

Mono-5-butyl Ether of Durohydroquinone.—To a gently 
boiling alcoholic solution of 8.6 g. of durohydroquinone and
20.2 g. of 5-butyl iodide in an atmosphere of hydrogen, 111 
cc. of 0.9 normal alcoholic potassium hydroxide was added 
in small drops over a period of fifteen minutes. After 
several hours of refluxing, the solution was cooled, diluted 
with an equal volume of water and extracted with ether. 
After it had been dried and concentrated, the oil was dis­
tilled.

After a forerun, consisting mainly of duroquinone, the 
monoether distilled a t air-bath temperature of 145 to 150 ° 
a t 0.05 mm. I t  was recrystallized from petroleum ether 
and obtained in the form of small needles; m. p. 85-86°; 
yield 0.5 g. This compound reduced silver nitrate slowly.

Anal. Calcd. for Ci4H220 2: C, 75.63; H, 9.97. Found: 
C, 75.57; H, 10.20.

The acetyl derivative was prepared by refluxing with 
excèss acetic anhydride for twenty-four hours. The com­
pound was obtained as long needles from alcohol; m. p. 
62-63°.

Anal. Calcd. for Ci6H240 3: C, 72.69; H, 9.15. F o u n d  
C, 72.88; H, 9.13.

Ethers of Durohydroquinone and Dodecyl Iodide.—As
described above, 20 g. of dodecyl iodide, 8.3 g. of du ro  
hydroquinone in 50 cc. of alcoholic potassium hydroxide 
were interacted and worked up.

(5) W. John, E. Dietzel and Ph. Günther, Z. -p hysiol. Chem., 252, 
208 (1938).

(6) F. Bergel, A. R. Todd and T. S. Work, J . Chem. Soc., 2 57 
(1938).

(7) Adkins and Folkers, T h is  J o u r n a l , 53, 1095 (1931); 54, 1145 
(1932).
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The monoether distilled a t an air-bath temperature of 
160° a t 0.05 mm., and recrystallized from alcohol; m. p. 
96-97°; yield 5 g. *

Anal. Calcd. for C22H38O2: G, 78.99; H, 11.45.
Found: C, 79.30; H, 11,25.

The residue from the above distillation, which contained 
the diether, was dissolved in chloroform and filtered 
through charcoal; Upon evaporation of the solvent a 
white crystalline substance was obtained which was further 
purified by recrystallization from alcohol; m. p. 79-80°; 
yield 3.5 g.

Anal. Calcd. for C34H62O2: C ,  81.21; H, 12.43.
Found: C, 81.13; H, 12.39.

Ethers of Durohydroquinone and Cetyl Iodide.56—
As described above, 6.6 g. of durohydroquinone, 14 g. of 
cetyl iodide in 100 cc. of amyl alcohol and 200 cc. of 2 
normal solution of potassium hydroxide in amyl alcohol 
were interacted. After refluxing several hours and as a 
crystalline substance formed, the mixture was diluted with 
water and ether and filtered. The undissolved crystals 
were purified by first crystallizing from chloroform- 
alcohol mixture and then from butanol and obtained as 
white leaflets. The crystals do not reduce silver nitrate, 
as the product is the diether; m. p. 88-89 °.

Anal. Calcd. for C^HtsCV C, 82.02; H, 12.78. 
Found: C, 82.06; H, 12.76.

The mono-ether was obtained from the diether, as fol­
lows.

To 3.6 g. of dicetyl ether of durohydroquinone in 50 cc. of 
benzene, 0.9 g. of aluminum chloride (1.1 mol) was added 
and the mixture refluxed for eight hours. I t was washed 
successively with dilute hydrochloric acid, dilute sodium 
hydroxide, water and then concentrated until crystals 
appeared. I t  was now diluted with alcohol and filtered. 
After dissolving the precipitate in ether, the solution was 
washed with Claisen solution (equal parts of 50% potas­
sium hydroxide solution in water and methanol), dried and 
distilled. After a forerun of duroquinone and some halide, 
the monoether distilled at air-bath temperature at about 
190° a t 0.05 mm. After recrystallizing from alcohol, it 
melted at 99-100.5 0 and reduced silver nitrate; yield 0.4 g.

Anal. Calcd. for CseEUeOa: C, 79.94; H, 11.87. 
Found: C, 79.98; H, 11.74.

When the above procedure was repeated using 2.7 g. of 
dicetyl ether and 1.35 g. of aluminum chloride in 50 cc. of 
benzene, the cleavage was so complete that no monoether 
was isolated.

Ethers of Durohydroquinone and Octadecyl Iodide.— 
In the usual way, 8.3 g. of durohydroquinone, 24 g. of 
octadecyl iodide m 50 cc. of alcohol and 50 cc. of normal 
alcoholic potassium hydroxide were interacted. After 
three hours, the mixture was cooled and the crystals which 
separated were filtered. The product was recrystallized 
from a hot mixture of alcohol and benzene to give the pure 
diether; m. p. 95-97°.

Anal. Calcd. for C^HgeOz: C, 82.32; H, 12.91. 
Found: C, 82.49, 82.25; H, 12.92, 12.84.

The mother liquor was concentrated to dryness and the 
residue dissolved in ether. This solution was washed with 
Claisen solution, dried and concentrated. The monoether 
distilled a t 0.05 mm. with air-bath temperature a t 170-

190°. I t  was then recrystallized from alcohol and ob­
tained as white leaflets. I t  reduces silver nitrate; m. p. 
105.5°.

Anal. Calcd. for C28H50O2: C, 80.32; H, 12.04. 
Found: C, 80.43,80.16; H, 11.92,12.18.

Methyl w-Heptadecyl Ketone.—This compound was 
prepared from barium stearate and barium acetate by the 
method of Morgan and Holmes.8

Methyl-w-heptadecylcarbinol.—A solution of 29 g. of 
the above ketone in 500 cc. of glacial acetic acid was 
hydrogenated a t room temperature and atmospheric pres­
sure using Adams platinum catalyst. The required 
amount of hydrogen was absorbed in twenty-five minutes 
and the solution was filtered. Upon the addition of water 
to the filtrate, a precipitate was obtained which was dis­
solved in ether and washed with dilute caustic and water. 
After drying, the ether was distilled and the remaining 
liquid was treated with excess alcoholic potash to saponify 
any ester that might have formed. The product was ex­
tracted with ether, dried and the oil obtained on concentra­
tion was treated with 21 g. of ^-nitrobenzoyl chloride in 
pyridine. After recrystallization from petroleum ether, 
the derivative melted a t 95.5°; yield 40 g.

Anal. Calcd. for C26H43O4N: C, 72.02; H, 10.00. 
Found: C, 72.22,72.14; H, 9.87,9.64.

A solution of 38 g. of the above ^-nitrobenzoate in 90 cc. 
of alcohol containing 4.5 g. of potassium hydroxide was 
refluxed for one hour. After diluting with water, extract­
ing with ether and concentrating, a crystalline compound 
was obtained. After recrystallizing it from petroleum 
ether the m. p. was 48-49°; yield 17 g.

Anal. Calcd. for C19H4iO: C, 79.93; H, 14.47. Found: 
C, 80.11; H, 14.30.

n-Nonadecyl Bromide-2.—A stream of hydrogen bro­
mide was passed into 15 g. of the above alcohol, heated in 
an oil-bath at 110- 120° until the reaction was completed. 
The product was cooled, dissolved in chloroform, washed 
with concentrated sulfuric acid, water and then dried over 
calcium chloride. The chloroform was evaporated under 
reduced pressure and the oil which remained distilled a t an 
air-bath temperature of 170° at 0.05 mm. The distillate 
was slightly yellow and turned darker on standing; yield 
13 g.

Anal. Calcd. for Ci9H39Br: Br, 23.00. Found: Br, 
23.65.

Ethers of Durohydroquinone and w-Nonadecyl Bromide-
2.—-In the usual way, 5.7 g. of durohydroquinone, 11 g. of 
w-nonadecyl bromide-2 in 50 cc. of alcohol and 37 cc. of 0.9 
normal alcoholic potassium hydroxide were interacted. 
When the reaction mixture was neutral, it was diluted with 
water and extracted with a large volume of ether. After 
drying and concentrating, a crystalline product was ob­

tained. Upon distillation at 0.05 mm. and air-bath tem­
perature of 180-200 °, the monoether was obtained. I t 
was recrystallized from alcohol; m. p. 94-95°; yield 5 g. 
This compound reduced silver nitrate solution.

Anal. Calcd. for C29H4202: C, 80.49; H, 12.12. 
Found: C, 80.21; H, 11.93.

To obtain the diether, the residue in the flask was dis­
solved in chloroform and treated with charcoal. The

(8) Morgan and Holmes, J .  Soc. Chem , In d ., 108 T (1925).
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solvent was evaporated and the product recrystallized 
from alcohol-benzene mixture; yield 3.5 g., m. p. 75-76 °.

Anal. Calcd. for C48H9o0 2: C, 82.45; H, 12.97.
Found: C, 82.20; H, 13.00.

Ethyl Methyl Cetyl Malonate.—To a solution of 5.2 g. of
sodium in 100 cc. of absolute alcohol, 40 g. of ethyl methyl- 
malonate was added. Then, 77 g. of cetyl iodide was 
added and the mixture refluxed until neutral. The alcohol 
was distilled in vacuo and the residue extracted with ether. 
The oil obtained after concentration was fractionated at 
reduced pressure: a t 1 mm., b. p. 185-190°; yield 63 g.

Anal. Calcd. for C24H48O4: C, 71.95; H, 12.07.
Found: C, 72.47; H, 11.82.

Ethyl tt-Methylstearate.—A mixture of 30 g. of the
above malonate and 4.6 g. of potassium hydroxide in 52 cc. 
of alcohol was refluxed for sixteen hours. The solution 
was diluted with water and alcoholic potassium hydroxide 
and extracted with ether. The aqueous solution was 
acidified to congo with concentrated hydrochloric acid and 
the oil separated. After drying, the oil was heated at 180 0 
until no more carbon dioxide was evolved. After cooling, 
it was taken up with ether and washed with dilute sodium 
carbonate and water and distilled, after drying: at 1 mm., 
b.p.  161-163°; yield 20 g.

Anal. Calcd. for C21H42O2: C, 77.24; H, 12.96. 
Found: C, 77.56; H, 12.70.

2-Methyl-w-octadecyl Alcohol.—An alcoholic solution 
of 14 g. of the above ester, in the presence of 1 g. of copper 
chromite, was heated a t 250° under 2000 lb. (133 atm.) 
pressure of hydrogen for eight hours. After cooling and 
filtering, the product was distilled. At air-bath tempera­
ture of 125-130° and 0.05 mm., the alcohol was obtained 
and upon cooling it solidified; m. p. 32-33°; yield 12 g.

Anal. Calcd. for C19H40O: C, 80.21; H, 14.17. Found: 
C, 80.25; H, 14.00.

2-Methyl-w-Octadecyl Iodide.—A mixture of 12 g. of
the above alcohol, 6 g. of iodine and 1 g. of red phosphorus

was heated at 170-180° for one hour. The product was 
dissolved in ether and washed with water, thiosulfate, 
water and then dried. On distilling at 0.05 mm. and air- 
bath temperature of 185°, a colorless liquid is obtained 
which soon turns pink; yield 14 g.

Anal. Calcd. for C19H39I: C, 57.86; H, 9.96. Found: 
C, 57.74; H, 10.04.

Ethers of Durohydroquinone and 2-Methyl-«-octadecyl 
Iodide.—In the usual way, 5.5 g. of durohydroquinone, 13 
g. of the above iodide in alcohol and 28 cc. of 1.15 n alco­
holic potassium hydroxide interacted. After several hours 
of refluxing, water was added and the precipitate dissolved 
in ether. The extract was washed with Claisen solution, 
water and then dried. On distillation a t 0.05 mm., a fore­
run of a hydrocarbon and duroquinone was obtained and 
then at an air-bath temperature of 210- 220°, the mono­
ether distilled. After recrystallization from alcohol, it was 
obtained pure, m. p. 94-95°; yield 2 g. The reducing 
power of this ether was rather strong but not like that of a- 
tocopherol.

Anal. Calcd. for C29H52O2: C, 80.49; H, 12.12.
Found: C, 80.44; H, 11.91.

The residue was dissolved in chloroform and filtered 
through charcoal several times. The solvent was evapo­
rated and the diether recrystallized from alcohol, m. p. 76- 
78°; yield 1 g.

Anal. Calcd. for C48H9o0 2: C, 82.45; H, 12.97.
Found: C, 82.34; H, 12.99.

We gratefully acknowledge our indebtedness 
to Messrs. D. F. Hayman and W. Reiss for the 
microanalyses.

Summary
Several mono- and diethers of durohydroqui­

none have been prepared.
R a h w a y , N e w  J e r s e y  R e c e iv e d  J u l y  22, 1938

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

The Action of Sodium Cyanide on l,3-Dibromo-l,3-dibenzoylpropane
B y R eyn old  C. F u so n , J. R. L itt l e  and  G a il  M il l e r

The successful closure of the cyclobutane ring 
by treatment of a,a'-dibromoadipic esters with 
sodium cyanide1 could not be extended to 1,4-di- 
bromo-l,4-diaroylbutanes. The latter under­
went closure to cyanodihydro-l,4-pyrans, i. e., to 
six-membered rings.2 The present work grew 
out of an attempt to extend the method to the 
closure of a l,3-dibromo-l,3-diaroylpropane (I). 
It was thought that this compound might yield a

(1) Fuson and Kao, T h is  J o u rn al , 51, 1536 (1929); Fuson, 
Kreimeier and Nimmo, ibid., 52, 4074 (1930); Rydon, J . Chem. 
Soc., 593 (1936).

(2) Fuson, Kuykendall and Wilhelm, T h is  J o u rn al , 53, 4187 
(1931).

cyclopropane derivative (II) or a cyanodihydro- 
furan derivative (III) depending on whether the 
reaction resembled the cyclobutane or the di­
hydro- 1,4-pyran closure.
ArCO—CCN

/
c h 2

ArCOCHBr
/

c h 2

c h 2

ArCOCH

CCN
II
CAr

ArCO—CH ArCOCHBr
II I III

In an effort to determine which of these two 
courses the reaction would follow, we have 
treated 1,3-dibromo-1,3-dibenzoylpropane (IV) 
with sodium cyanide. A rapid reaction took
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C18H14O2- 

C 6H 5-

C H B r \
1 0

C H 2 /
C H

C eH sC O
V I I I

place, but there were no cyclopropane or dihy- 
drofuran derivatives among the products. A 
mixture of four isomeric compounds was ob­
tained. The molecular formula was 
NBr. The net change in the molecule, 
therefore, consisted in the loss of one 
bromine atom and the gain of one car­
bon atom and one nitrogen atom.

The observation that there are four 
isomers and that they do not give a 
precipitate with alcoholic silver nitrate 
greatly restricts the number of possible 
structures. Of these only that of 2-cyano-2-phenyl-
3-bromo-5-benzoyltetrahydrofurans (V) satisfies 
all of the requirements. In particular, the fact 
that it is a /3-bromo ether would account for the in­
ertness of the bromine atom toward silver nitrate.3

The products correspond to the four pairs of 
optical isomers theoretically possible on the basis 
of formula V, and for convenience have been 
called A, B, C and D. A few reactions have been 
run on all four compounds to show their similarity, 
but many of the reactions have been carried out 
only with A, the most plentiful isomer.

of the amide (VIII) and the methyl ester (IX) by 
treatment with a solution of hydrogen chloride 
in methanol. Ammonia converted the ester to 
the amide.

- C O N H 2 CeHfi— C — C O O C H 3 C 6H 5— C — C N

n h 3 C H
II

C H
O

C H

C 6H 5C O
I X

C H
I

C 6H 5C O
X

n h 2

C 6H sC O C H B r C H 2C H B r C O C 6H 5  
I V

CeH N O H C — C N

N O H

The most interesting reaction of A, B, C and D 
occurred when they were treated with aqueous 
alkali. All lost a molecule of hydrogen bromide 
and gave the same product. This result may be 
explained by reference to formula X  which has 
two asymmetric carbon atoms one of which—that 
attached to the benzoyl group—might be expected 
to undergo inversion due to enolization. The 
latter process would be favored by the alkalinity 
of the reaction medium. In this connection it is 
interesting to note; that isomer C was found to 
change spontaneously into isomer B—a result 

which can be explained in a similar 
manner.

Further evidence for the structure 
of the dihydrofuran (X) was obtained 
by treating it with strong acid. By 
this process a nitrogen-free product 
was obtained which had the formula 
C18H12O3, and was shown to be 3- 
phenyl-6-benzoyl- 1,2-pyrone (XI). 
The following sequence of reactions 
appears probable

C 6 H 6C = N N H C O N H 2
V I I

Treatment with hydroxylamine converted the 
four compounds into similar derivatives having 
the formula CigHigOsNsBr. These have been as­
signed formula VI—-that of 2-phenyl-3-bromo- 
5-oximinobenzoyltetrahydrofuramidoxime. The 
change in composition indicates that the ketone 
group has been converted to an oximino group 
and the cyano group to an amidoxime group as 
reported by Tiemann.4

Isomers A, B and D yielded different monosemi- 
carbazones (VII) which confirm the presence of 
one carbonyl group. Treatment of A and B with 
acids gave amides (VIII) which resisted attempts 
to bring about hydrolysis to the corresponding- 
acids. Isomer A was transformed into a mixture

(3) See Kirner, T h is Jo u r n a l , 48, 2745 (1926).
(4) Tiemann, Ber., 17, 126 (1884).

“ CgHö— C — C O O H ’

C H  O H

\
C H O H  

CeH^O 

" C 6H 5— C — C O

oC H  O H
\  . 

c h - C h

C eH & C O  _

C f,H 6— C — C O
/  \

C H  ) > 0

C H — C
I

C e H s C O
X I

In an attempt to benzoylate the 1,2-pyrone 
(XI) it was dissolved in hot alkali and treated 
with benzoyl chloride. From the alkaline solu­
tion it was possible to isolate an acid whose com-
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position corresponded to that of the monohydrate 
of the diketo acid, CeHsCOCOCHsCH^CCCeHs)- 
COOH. The presence of a ketone group in the 1,2- 
pyrone (XI) was established by oximation; two 
forms of the oxime were isolated. Degradation 
of the 1 ,2-pyrone into known compounds was 
accomplished by ozonization followed by catalytic 
reduction of the ozonide. Phenylglyoxylic acid 
and glyoxal were isolated in the form of their 
phenylhydrazine derivatives

one of the carbonyl groups.5 Ring closure is then 
effected by the elimination of a bromide ion.

This suggests that the addition of the cyanide 
ion is a rapid reversible reaction which goes to 
completion because the ring closure is irreversible.

The process is similar to that involved in the 
formation of «-epoxy nitriles from «-halo ketones. 
Favrel and Provost,6 for example, showed that 
potassium cyanide converted ethyl «-chloroaceto- 
acetate into the corresponding epoxy nitrile

C6H5— C- 

CH

-CO

O
03

CHO
I

2 C6H5COCOOH +  CHO

CH3COCHCICO2C2H5 CH3C—-CHCOOC2H5
/ \ /

CN O

CH =C— COC6Hs

\
C6H5— CH— CO

/
c h 2
\

CH2—CH
I

C6H5CO

X II

c 6h 5
I

C—CO
. /

O +  CH

CH =C
i

CHOH

c 6h 5
X III

When the pyrone was reduced catalytically 
«-phenyl-5-benzoyl-5-valerolactone (XII) was 
isolated. It was accompanied by a dihydro deriv­
ative of the pyrone which formed an acetate, and 
may be the carbinol (XIII) resulting from reduc­
tion of the carbonyl group.

Discussion of Results
The transformation of l,3-dibromo-l,3-diben- 

zoylpropane (IV) into the 2-cyano-2-phenyl-3- 
bromo-5-benzoyltetrahydrofurans (V) is complete 
in a minute or two and no appreciable amount of 
heat is liberated. It does not take place at all 
unless water is present. Apparently the first step 
in the reaction is the addition of cyanide ion to

C6H5— CO

CHBr
I'
CH2

C N ------>

CHBr

C6H5CO
IV

C6H5— CCN T

CeHgCO—CHBr

. C6Hö—CCN 

CHBr ^
- I

CH2 ^  

C6H6CO—CH

O +  B r-

V

Similar results were obtained by Kohler and 
Brown7 and by Richard8 with desyl chloride. 
Richard9 also converted «-chloro-«-phenylacetone 
into «-epoxy- «-methyl- d-phenylpropionitrile by 
this method.

These examples might lead one to think that 
this type of reaction would be general for ketones 
which have a halogen atom in the «-, 7 - or per­
haps 5-position. Yet Wohlgemuth10 reported that 
it could not be carried out with 7 -chloropropyl 
ethyl ketone. Allen and Boyer11 found that 
7 -chlorobutyrophenone when treated with po­
tassium cyanide in absolute alcohol gave cyclo­
propyl phenyl ketone and none of the cyanotetra- 
hydrofuran which might have been expected. 
Since the closure under consideration occurs only 
in the presence of water, we repeated the experi­
ment of Allen and Boyer using, however, aqueous 
alcohol as the solvent; there was no reaction 
after two hours at room temperature.

Another and perhaps more striking example of 
this sort is afforded by the work on 1,4-dibromo-
1,4-diaroylbutanes which, as has been indicated 
earlier, react in a manner entirely different from 
that observed with the next lower homolog.

In conclusion it may, therefore, be said that 
the action of sodium cyanide on l,3-dibromo-l,3- 
dibenzoylbutane to give 2-cyano-2-phenyl-3-bro- 
mo-5-benzoyltetrahydrofurans is an extension of 
a new type of reaction hitherto limited to the 
formation of epoxy nitriles. The conditions 
which have obtained in all of the examples 
cited are the following:

(5) See Jones, J . Chem. Soc., 105, 1561 (1914); Lapworth, ibid., 
83, 995 (1903).

(6) Favrel and Provost, Bull. soc. chim., [4] 49, 243 (1931).
(7) Kohler and Brown, T h i s  J o u r n a l , 55, 4299 (1933).
(8) Richard, Compt. rend., 198, 943 (1934).
(9) Richard, ibid., 199, 71 (1934).
(10) Wohlgemuth, A n n . chim., 3, 141 (1915).
(11) Allen and Boyer, Can. J .  Research, 9, 159 (1933).
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1. Water is present in the solvent. 2. The 
halogen atom directly involved is in the «-position 
relative to an activating group such as a carbonyl 
or phenyl group. 3. The carbonyl group which 
enters into the reaction has a halogen atom in the 
«-position with respect to it. 4. The reactive 
groups involved are conveniently spaced for ring 
formation.

That the foregoing conditions are necessary 
remains to be shown. That they are not always 
sufficient is indicated by the results with 1,4- 
dibromo-l,4-dibenzoylbutane. This and other 
types of halo ketones are being examined in an 
effort to determine more precisely the generality 
of the reaction.

Experimental Part
The Preparation of the Isomeric 1,3-Dibromo-l ,3-di- 

benzoylpropanes.—1,3-Dibenzoylpropane made by the 
method of Auger12 was brominated according to the pro­
cedure of Conant and Lutz.13 The latter authors reported 
two isomeric dibromides melting a t 115-115.5 and 89°. 
In the present work the crude bromination product was 
fractionally crystallized from carbon tetrachloride. From 
74 g. of crude product there was obtained 40 g. of a di­
bromide melting a t 117-118° and 21 g. of a mixture which 
melted a t 90-94°.

In an effort to separate the mixture absolute alcohol 
was used as a solvent. A chance seeding gave crystals 
which melted a t 112-113 °. A mixture of these with those 
melting a t 117-118° melted a t 92-95°. I t  appears proba­
ble that the low-melting isomer reported by Conant and 
Lutz is really a mixture of the two forms.

Anal. Calcd. for Ci7Hi402Br2: C, 49.8; H, 3.4. Found 
for the compound melting a t 117-118°: C, 49.8; H, 3.7. 
Found for the compound melting a t 112-113°: C, 50.2; 
H, 4.2.

Conversion of 1,3-Dibromo-l ,3-dibenzoylpropane into 
the Isomeric 2-Cyano-2-phenyl-3-bromo-5-benzoyltetra- 
hydrofurans.—Sixty grams of 1,3-dibromo-1,3-dibenzoyl­
propane was suspended in 800 cc. of 95% ethyl alcohol in a 
flask equipped with a mechanical stirrer. A solution of 
10 g. of sodium cyanide in 40 cc. of water was added gradu­
ally, with stirring, over a period of about three minutes. 
A slight coloration occurred and the dibromide went par­
tially—sometimes wholly—into solution. A few minutes 
after the addition of the cyanide was complete a heavy 
precipitate formed suddenly. The stirring was discon­
tinued after about fifteen minutes, the solid collected on a 
filter, dried and crystallized from carbon tetrachloride. 
In this way isomer A was obtained , in white cotton-like 
needles melting a t 166-167 °.

The alcoholic mother liquors from the reaction were 
poured into water and the semi-solid material which 
separated was extracted with benzene. Acidification of 
the water-alcohol solution with hydrochloric acid seemed 
to hasten the extraction. The benzene layer was dried

(12) Auger, A nn. chim., [6] 22, 358 (1891).
(13) Conant and Lutz, T h is  J o u r n a l , 49, 1083 (1927).

over sodium sulfate and concentrated under diminished 
pressure. Absolute alcohol was added to the viscous con­
centrate; cooling and triturating induced the formation of 
a finely divided crystalline precipitate. Alternate concen­
tration of alcohol solutions and trituration with absolute 
alcohol gave several more crops of a mixture which proved 
to consist of A and its isomers.

No successful method was found for separating the 
isomers by fractional crystallization. This was finally 
accomplished by dissolving the mixture in hot methyl 
alcohol (about 200 cc. for each 10 g. of crystals), allowing 
the solution to cool so tha t the crystals formed slowly. 
The crystallization was carried out by pouring the hot 
methyl alcohol solution into a large crystallizing dish such 
that the depth of the solution was from 1 to 2 cm. The 
dish was then covered with a watch glass and allowed to 
stand for several days without disturbance.

When the crystals had grown to a sufficient size for 
handling, the mother liquor was carefully decanted and the 
different types of crystals were separated by picking them 
out mechanically. Compound A was found in clusters of 
very fine needles. Long oblong crystals occurring singly 
or in rosets melted a t 101-102° and were designated Com­
pound B. Compact clusters of opaque needles usually 
having a slight color melted a t 120-123° and were called 
Compound D. Thick square plates softening a t 101-102° 
and melting a t 120° were found to contain both B and a 
third isomer, D. These square crystals formed only 
occasionally with methyl alcohol as the solvent, more fre­
quently with a mixture of benzene and petroleum ether as 
solvent. The crystals of isomer D were tough and hard to 
grind whereas those of the other isomers were brittle. 
Isomer D was also found to exist in long slender needles 
melting a t 108-109°. By rapid cooling and stirring the 
lower-melting form usually could be isolated; slower crys­
tallization gave the higher-melting form.

Diamond-shaped crystals melting a t 86-88°—obtained 
in only two of the several runs—were called isomer C. On 
being allowed to stand for long periods of time this isomer 
underwent isomerization to Compound B. The fact that C 
was not found in all preparations was probably due to its 
tendency to rearrange to B during the process of recrystal­
lization.

The yields of the isomers were: A, 52-68%; B, 12- 
16%; C, 0-2%; D, about 6%. Approximately the same 
ratio of isomers was obtained from either the high-melting 
or the low-melting dibromide. Similarly, sodium cyanide 
and potassium cyanide gave about the same results.

Anal. Calcd. for C18Hi40 2NBr: C, 60.7; H, 4.0; Br, 
22.5; mol. wt., 356. Found for A (m. p. 166-167°): C, 
60.4, 60.3; H, 4.0,4.1; Br, 22.3; mol. wt., 346. Found for 
B (m. p. 101-102°): C, 60.3, 60.3; H, 4.1, 4.1. Found 
for C (m. p. 86-88°): C, 60.4,60.4; H, 4.0,4.1. Found for 
D (m. p. 120-123°): C, 60.5; H, 4.2.

Each of the four isomers was shown to contain bromine 
and nitrogen. None, however, gave even a turbidity 
when treated with boiling alcoholic solutions of silver 
nitrate.

Treatment of 1,3-Dibromo-l ,3-dibenzoylpropane with 
Potassium Cyanide in Absolute Alcohol.—To a suspension 
of 1 g. of the dibromide (m. p. 116-118°) in 300 cc. of care­
fully prepared absolute ethyl alcohol was added 0.4 g. of
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potassium cyanide. After three days the mixture was 
found to contain none of isomers A, B, C and D but a new 
compound melting at 127-128.5°. I t contained halogen, 
but was not further investigated.

The Isomeric 2-Phenyl-3-bromo-5-oximinobenzoyltetra- 
hydrofuramidoximes.—The usual procedure for oxime 
formation was employed. The following table shows 
solvents used for recrystallization, the melting points and 
the analytical data. Mixed melting point determinations 
showed the four derivatives to be different.
Furamid-

oxime
from M. p., °C.

Recrystallization
solvent

/-------- Analyses, %-----—>
C H N  Br

A 171-173 Methyl alcohol 53.4 4.2 10.5 19.6
53.5 4.5 
53.7 4.5

B 179-181 Methyl alcohol 53.6 4.7
C 182-183 Ethyl alcohol 10.5
D 180-182 Chloroform 53.4 4.5

Calcd. for C18H180 3N3Br 53.5 4.5 10.4 19.8

The Semicarbazones of Isomers A, B and D.—These 
derivatives were prepared in the customary manner. Their 
melting points and analytical data are listed in the table.
Semicarbazone «------------

from M. p., °C. C
----- Analyses, % -----

H N Br
A 202 55.2 4.3 13.4 19.4®
B 178-179 55.4 4.0 13.9
D 202 55.5 4.1 13.2

Calcd. for C19H17O2N4B1- 55.2 4.1 13.5 19.4
® This compound was prepared and analyzed by Sister 

M. Faith Hand.

2 - Phenyl - 3 - bromo - 5 - benzoyltetrahydrofuramide.—
Three grams of isomer A was dissolved in a solution of 50 
cc. of concentrated hydrochloric acid and 50 cc. of glacial 
acetic acid and the mixture was heated on a steam-bath for 
three hours. The resulting dark green solution was poured 
into water and the mixture neutralized with sodium bi­
carbonate and extracted with benzene. In addition to 
some unchanged A there was obtained colorless crystals of 
the amide which after recrystallization twice from ethyl 
alcohol and then once from methyl alcohol melted at 200-  
201°. The compound was insoluble in alkali. I t  con­
tained nitrogen and halogen but gave no precipitate with 
hot alcoholic silver nitrate.

A nal Calcd. for Ci8Hl60 3NBr: C, 57.8; H,4.3; N, 3.8. 
Found: C,57.5; H ,4.4; N, 3.8.

Methyl 2-Phenyl-3-bromo-5-benzoyltetrahydrofuroate.
—An ice-cold suspension of 6 g. of isomer A in 400 cc. of 
absolute methyl alcohol was saturated with dry hydrogen 
chloride gas. After the mixture had stood at room temper­
ature for fifteen hours it was poured into 2 liters of water. 
The ester was extracted with benzene, the benzene evapo­
rated and the residue crystallized from methyl alcohol. 
The compound formed compact crystals melting a t 101- 
102°. I t  contained nitrogen and halogen but was not 
soluble in alkali and gave no precipitate with hot alcoholic 
silver nitrate.

Anal. Calcd. for C18H170 3Br: C,58.6; H,4.4. Found: 
C, 58.4, 58.6; H, 4.6, 4.4.

A small amount of the corresponding amide (m. p. 200- 
201°) was also obtained.

A similar treatment of isomer B (later found to contain 
some of isomer D) gave no ester but an amide probably 
derived from isomer B but possibly from isomer D. I t 
melted (from alcohol) a t 207°, with decomposition.

Anal. Calcd. for C18H160 3NBr: C, 57.8; H, 4.3; N,
3.8. Found: C, 58.0; H, 3.4; N, 3.9.

2-Cyano-2-phenyl-5-benzoyl-2,5-dihydrofuran (X).—To 
a solution of 50 g. of isomer A in 400 cc. of hot methyl 
alcohol was added a solution of 9 g. of sodium hydroxide in 
250 cc. of water. After being refluxed for one hour on the 
steam-bath the hot solution was poured into 2 liters of 
water. Acidification with dilute hydrochloric acid changed 
the dark red color of the solution to a bright yellow. By 
extraction of this acidified solution with benzene the 
dihydrofuran was obtained which crystallized from ben­
zene in bright yellow, cotton-like needles, melting at 136- 
137 °, with darkening a t 130 °. These crystals turn brown 
in the light. The yield was 28 g.

Anal. Calcd. for C18Hi30 2N: C, 78.6; H, 4.7; N, 5.1. 
Found: C, 78.5; H, 4.5; N, 5.2.

The same product was obtained from isomers B, C and D 
by similar treatment with sodium hydroxide. Potassium 
cyanide or sodium acetate could be used in place of sodium 
hydroxide but with those reagents conversion was incom­
plete.

3 - Phenyl - 6 - benzoyl -1*2 - pyrone (XI).—A mixture of
20.5 g. of dihydrofuran, 400 cc. of glacial acetic acid and 
180 cc. of concentrated hydrochloric acid was heated on a 
steam-bath for fifteen hours and poured into 2500 cc. of 
water. The brown crystals which formed were treated 
with decolorizing charcoal and recrystallized from alcohol. 
In this way 16.5 g. of the pyrone was obtained as slightly 
colored crystals melting a t 126-127°. The compound was 
insoluble in alkali, contained neither halogen nor nitrogen 
and readily decolorized an acetone solution of potassium 
permanganate.

Anal. Calcd. for C18H120 3: C, 78.3; H, 4.4. Found: 
C, 78.2; H, 4.4.

The oxime crystallized from alcohol in large needles 
melting a t 193-194°.

Anal. Calcd. for Ci8Hi30 3N: N, 4.8. Found: N, 4.8.
From the mother liquors was obtained an isomeric oxime 

which crystallized from alcohol in large squares melting at 
159-161°.

Anal. Calcd. for C18Hi30 3N: N, 4.8. Found: N, 4.9.
The Ozonolysis of the 1,2-Pyrone.—In a large test-tube 

were placed 1.0 g. of the pyrone and 30 cc. of glacial acetic 
acid. The mixture was cooled in an ice-bath and ozonized 
oxygen was bubbled through it for five hours a t 0 0 and then 
continued overnight, during which time the bath came to 
room temperature. About 0.1 g. of palladium catalyst on 
charcoal was added to the mixture and the test-tube was 
placed in the shaker of a catalytic reduction machine 
equipped with an open mercury manometer. The appa­
ratus was evacuated until bubbles formed in the solution, 
and then hydrogen was admitted up to 800 mm. pressure. 
After the mixture had been shaken for four hours the pres­
sure was 680 mm. The catalyst was removed by filtration 
and 5 cc. of water and 2 cc. of phenylhydrazine were added 
to the filtrate. The precipitate which formed almost im­
mediately was collected on a filter and recrystallized
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several times from alcohol and from benzene. The phenyl- 
osazone of glyoxal was obtained in almost colorless crystals 
melting a t 162-166 The melting point of a mixture of 
this sample with an authentic one (m. p. 166-169°) was 
163-167°.

The filtrate was poured into water and the solution ex­
tracted with benzene. The benzene was extracted with 
sodium carbonate solution. The resulting solution when 
acidified gave the phenylhydrazone of phenylglyoxylic 
acid which crystallized from benzene in bright yellow crys­
tals melting a t 159-160°. A mixture of this compound 
with an authentic specimen (m. p. 159-160°) melted at 
159-160°.

a - Phenyl - 8 - benzoyl - 8 - valerolactone.—The 1,2-pyrone 
in methyl cellosolve was reduced catalytically in the pres­
ence of a platinum oxide catalyst. In addition to a small 
amount of unchanged 1,2-pyrone there were formed two 
hydrogenation products. These were separated by crys­
tallization from carbon tetrachloride. The less soluble 
was purified by crystallization from benzene or aqueous 
alcohol. I t  melted a t 137-138°. I t  was very soluble in 
alcohol, did not decolorize bromine in chloroform solution 
and was not attacked by chromic acid in acetic acid solu­
tion.

Anal. Calcd. for C18H14O3: C, 77.7; H, 5.1. Found: 
C, 77.8; H, 5.1.

The acetate was formed by treatment with acetic an­
hydride and sodium acetate. I t melted at 102-103°.

Anal. Calcd. for C20H 16O4: C, 75.1; H, 5.0. Found: 
C, 75.7; H, 5.0.

The oily residue left after the carbon tetrachloride

mother liquor had evaporated was solidified when tritu­
rated with ethyl alcohol. Recrystallization from ethyl 
alcohol gave the valerolactone in diamond-shaped crystals 
mixed with crystals of the original 1,2-pyrone. The two 
types of crystals were separated mechanically. The new 
compound when pure melted a t 142-143°. I t was very 
soluble in carbon tetrachloride and did not decolorize a 
solution of bromine in carbon tetrachloride.

Anal. Calcd. for CigHieOs: C, 77.1; H, 5.8. Found: 
C, 77.3; H, 5.8.

In a second run in which fresh catalyst was introduced 
twice during the course of the hydrogenation the lactone 
was the only product which could be isolated.

Summary
l,3-Dibromo-l,3-dibenzoylpropane (IV) re­

acts with sodium cyanide to give a mixture of the 
four theoretically possible 2-cyano-2-phenyl-3- 
bromo-5-benzoyltetrahydrofurans (V).

Treatment with alkali convèrts the four iso­
meric tetrahydrofurans into 2-cyano-2-phenyl-
5- benzoyl-2,5-dihydrofuran (X).

The dihydrofuran is transformed into 3-phenyl-
6- benzoyl-l,2-pyrone (XI).

Ozonolysis of the 1,2-pyrone gave glyoxal and 
phenylglyoxylic acid. Reduction converted the
1,2-pyrone into a-phenyl-ö-benzoyl-5-valerolac- 
tone (XII).
U r b a n a , I l l in o is  R e c e iv e d  J u n e  18, 1938

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

Studies in the Phenanthrene Series. XVIII. Synthesis of Acyl Compounds Derived
from 1- and 4-Phenanthrol

B y H arry  M . D u v a ll1 and E r ic h  M o settig

In the search for substances with oestrogenic 
activity, the plan has been developed to synthesize 
more or less simple phenanthrene derivatives con­
taining a phenolic hydroxyl group and a carbonyl 
group, the latter being located either in a side 
chain attached to, or in a five- or six-membered 
hydroaromatic ring condensed with, the phenan­
threne nucleus.

This communication describes the preparation 
by means of the Fries rearrangement and the 
Friedel-Crafts reaction of methyl and ethyl ke­
tones derived from 1- and 4-phenanthrol. It 
was found that in the “1-series” the Fries rear­
rangement was much superior to the Friedel- 
Crafts reaction. 1 -Hy droxy-2-acetylphenanthrene

(1) E. R . Squibb and Sons Research Fellow.

(I) and l-hydroxy-2-propionylphenanthrene (II) 
were obtained in yields of 60 and 72%, respec­
tively, in the Fries rearrangement, and in yields 
of only 30 and 26% by the Friedel-Crafts reac­
tion.

In the “4-series,” 4-hydroxy-y-acetylphenan- 
threne was formed in a poor yield only (30%) in 
the rearrangement of 4-acetoxyphenanthrene to­
gether with a small amount (6%) of another com­
pound that is probably 4-hydroxydiacetylphen- 
anthrene. In the Friedel-Crafts reaction, em­
ploying acetyl and propionyl chloride, diketones 
could be isolated in satisfactory yield (60-70%), 
but no monoketones were found.

While 4-methoxyphenanthrene reacted smoothly 
with acetyl and propionyl chlorides in the pres-
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ence of aluminum chloride to give 4-methoxy- 
x-acetylphenanthrene and 4-methoxy-^-propionyl- 
phenanthrene in yields of 70%, the analogous re­
actions with 1-methoxyphenan threne, employing 
the solvents nitrobenzene, sym-tetrachloroethane, 
or a mixture of both, were entirely unsuccessful, 
resulting only in tarry products from which no 
individual compounds could be isolated.

That the acyl groups in both l-hydroxy-2- 
acetylphenanthrene (I) and l-hydroxy-2-propi- 
onylphenanthrene (II) occupy the same relative 
position was shown by the identity of the acids 
resulting from the oxidation of the methylated 
ketones with sodium hypochlorite.

The first attempt to determine the position of 
the acetyl group in the ketone I, though not suc­
cessful, appears to be worthy of mention. The 
hydroxy ketone was methylated and its oxime 
subjected to the Beckmann rearrangement. The 
resulting methoxyacetylamino derivative was 
hydrolyzed and the methoxyaminophenanthrene
(IV) was diazotized, with the expectation of 
arriving at a methoxyhydroxyphenanthrene that 
might be converted to a known dimethoxyphen- 
anthrene. In the diazotization, however, elimi­
nation of the amino group, with simultaneous de­
methylation of the methoxyl group, took place 
and 1-phenanthrol was formed (identified through 
its methyl ether). The yield was about 10% and 
speculation concerning the mechanism of the 
formation of 1-phenanthrol seems to be, there­
fore, unimportant.

The structure of 1 -hydroxy-2-acetylphenan - 
threne was established by transforming the oxime 
of ketone I to a hydroxyamino compound, which 
was oxidized with chromic acid to a quinone
(V) , the properties of which corresponded closely 
to those of 1,2-phenanthrenequinone described 
by Fieser.2 We converted the quinone (V), via 
the hydroquinone, to a dimethoxy compound
(VI) , according to the directions of Fieser.2 The 
latter compound (VI) was identified with an 
authentic sample of 1,2-dimethoxyphenanthrene, 
which was prepared in this Laboratory from 2- 
phenanthrol, according to Fieser.2

The acyl groups in 4-methoxy-x-acetylphenan- 
threne and 4-methoxy-x-propionylphenanthrene 
were shown to occupy the same relative position, 
by oxidation of the methoxy ketones with sodium 
hypochlorite to identical methoxy carboxylic acids.
4-Methoxy-x-acetylphenanthrene proved to be

(2) Fieser, T h i s  J o u r n a l , 51, 1896 (1929).
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different from the methyl ether of 4-hydroxy-y- 
acetylphenanthrene (obtained by Fries rearrange­
ment). Thereby the difference of the location 
of the acetyl group in both compounds became 
evident.

Attempts to locate the positions x and y by 
various methods have been without success so 
far. In a series of efforts to demethylate 4- 
methoxy-x-acetylphenanthrene (30% hydrogen 
bromide in glacial acetic acid, concentrated hy­
drochloric acid in a sealed tube, aluminum chlo­
ride in benzene, phosphoric acid), the methoxy 
ketone either was not attacked at all, or was de­
stroyed. With a mixture of 48% aqueous hydro­
bromic acid and glacial acetic acid, demethylation
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Phenanthrene Derivatives
Appearance, Yield,

Substituent needles Solvent %
1 -Hy droxy-2-acetyla Yellow EtOH 60
1 -Hy droxy-2-propionyl& Yellow EtOH 72
4-Hydroxy-y-acetylc Yellow EtOH 30
4-Methoxy-y-acetyld Colorless MeOH Quant.
4-Methoxy-x-acetyr Colorless EtOH 73
4-Methoxy-x-propionyb Colorless EtOH 72
4-Hydroxy diacetyF Yellow EtOH 61
Dioxime7* Yellow EtOH Quant.

4-Hydroxy dipropionyf Yellow EtOH 70

M. p., °C. Formula
Carbon, % 

Calcd. Found
Hydrogen, %  
Calcd. Found

154-155 C16H12O2 81.34 81.31 5.12 5.14
149-150 C17H14O2 81.58 81.82 5.64 5.99
112-113 C16H 12O2 81.34 81.39 5.12 5.35
80-81.5 C17H14O2 OCH3 12.40 11.64

122.5-123.5 C17H14O2 81.58 81.67 5.64 5.75
116 C18H16O2 81.80 81.78 6.10 6.23
193 C18H14O3 77.69 77.81 5.07 5.27
228-229 dec. C18H16O3N 2 70.13 70.48 5.23 5.35

165.0-165.5 C20H18O3 78.42
N

78.52
9.09
5.93

9 .00
5.90

a A solution of 9.00 g. of 1-acetoxyphenanthrene in 110 
ml. of nitrobenzene and a solution of 11.3 g. of aluminum 
chloride in 45 ml. of nitrobenzene were mixed and allowed 
to stand for forty-eight hours. b A solution of 3.30 g. of 1- 
propionoxyphenanthrene (prepared from 1-phenanthrol 
by the action of propionyl chloride in pyridine; m. p. 94- 
96°) in 15 ml. of nitrobenzene and a solution of 3.87 g. of 
aluminum chloride in 15 ml. of nitrobenzene were mixed 
and allowed to stand for seventy-two hours. G A solution 
of 8.00 g. of 4-acetoxyphenanthrene in 60 ml. of nitro­
benzene and a solution of 10.0 g. of aluminum chloride in 
40 ml. of nitrobenzene were mixed and allowed to stand for 
forty-eight hours. A small amount of a by-product, m. p. 
193-194°, was obtained. This compound was probably
4-hydroxydiacetylphenanthrene. d Prepared from 4-hy- 
droxy-y-acetylphenanthrene by methylation in the usual 
manner. c A solution of 7.10 g. of 4-methoxyphenanthrene 
and 2.70 g. of acetyl chloride in 36 ml. of nitrobenzene and a 
solution of 10.0 g. of aluminum chloride in 35 ml. of nitro­
benzene were mixed and allowed to stand for forty-eight 
hours. f A solution of 4.00 g. of 4-methoxyphenanthrene 
and 1.84 ml. of propionyl chloride in 20 ml. of nitrobenzene 
and a solution of 5.64 g. of aluminum chloride in 20 ml. of 
nitrobenzene were mixed and allowed to stand for forty- 
eight hours. 0 A solution of 9.00 g. of 4~acet.oxyphen­
anthrene and 3.96 ml. of acetic anhydride in 45 ml. of 
nitrobenzene and a solution of 11.3 g. of aluminum chloride 
in 45 ml. of nitrobenzene were mixed and allowed to stand 
for forty-eight hours. h Prepared from 4-hydroxydiacetyl-. 
phenanthrene in the usual manner. 1 A solution of 6.40 g. 
of 4-phenanthrol and 6.31 ml. of propionyl chloride in 32 
ml. of nitrobenzene and a solution of 9.70 g. of aluminum 
chloride in 32 ml. of nitrobenzene were mixed and allowed 
to stand for seventy-two hours.

was effected, but only with simultaneous elimina­
tion of the acetyl group.3

Furthermore, '4-methoxy-y-acetylphenanthreiie 
was converted, through the oxime, and the rear­
rangement of the latter, to 4-methoxy-x-amino- 
phenanthrene. It was planned to demethylate 
this compound and oxidize the expected hydroxy 
amine to a quinone. Unfortunately, we were un-

(3) An analogous elimination has been observed recently by 
Robinson and Walker, J . Chem. Soc., 185 (1938). l-Acetyl-2- 
hydroxynaphthalene, by boiling with hydriodic acid, readily gave 
2-hydroxynaphthalene. See also Hill, Short and Stromberg, ibid., 
1619 (1937).

able to effect demethylation under varied ex­
perimental conditions.

It is not unlikely that one of the two positions, 
x and y, is position 1, and the other is position 3. 
Further, we believe it probable that in the dia­
cetyl compound, at least one of the acetyl groups 
is located in position x or y .

Attempts to elucidate the structures of the 
compounds in the 4-series are being continued.

Experimental
1- and 4-acetoxyphenanthrene were prepared by boiling 

under reflux for five hours a solution of five parts of the 
respective phenanthrol and one part of anhydrous sodium 
acetate in fifty parts of acetic anhydride. The reaction 
mixture, after cooling to room temperature, was poured 
into water, whereupon the acetoxyphenanthrene separated 
in a practically pure state; m. p. 131-134, and 58-60°, 
respectively; yields, nearly quantitative.

1- and 4-methoxyphenanthrene were prepared, accord­
ing to the method óf Stevens and Tucker,4 by adding 
dimethyl sulfate dropwise, with vigorous stirring, to a 
suspension of the acetoxyphenanthrene in a mixture of 
66% potassium hydroxide solution and acetone (by 
weight, 1 part of acetoxyphenanthrene and 2.80 parts of 
potassium hydroxide; by volume, 1.45 parts of water, 10 
parts of acetone and 1.60 parts of dimethyl sulfate). The 
reaction mixture was then poured into a large excess of 
water. The methyl ethers were obtained in a practically 
pure state (m. p. 101-103, and 65-67°, respectively), and 
were crystallized once from ethyl and methyl alcohol, re­
spectively. The yields were nearly quantitative.

All other methylations cited in this communication were 
carried out by the procedure described above.

Friedel-Crafts Reaction.—Hydroxy-, acetoxy- or meth- 
oxyphenanthrene was dissolved in nitrobenzene and to the 
solution was added one or two moles, plus 10% excess, of 
acid chloride or acid anhydride. A solution of two moles, 
plus 10% excess, of aluminum chloride in nitrobenzene was 
poured slowly into the first solution, both solutions having 
been cooled previously in an ice-bath. The reaction mix­
ture was kept at 0-5 ° for forty-eight or seventy-two hours 
and then decomposed by pouring onto ice and concentrated 
hydrochloric acid. The nitrobenzene was removed by 
steam distillation.

The reaction product from methoxyphenanthrene was

(4) Stevens and Tucker, J . Chem. Soc., 123, 2140 (1923):
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purified by crystallization from alcohol, with use of 
Norite.

The reaction product from hydroxy- and acetoxy- 
phenanthrenes was dissolved in an excess of 5 %  potassium 
hydroxide solution and alcohol, heated to boiling, to ensure 
complete saponification of any ester present. The hot 
solution was filtered and, after cooling to room tempera­
ture, acidified with concentrated hydrochloric acid. The 
hydroxyacylphenanthrene thus precipitated was collected 
and purified by crystallization from alcohol, with the use 
of Norite.

Fries Rearrangement.—The experimental procedure for 
the Fries rearrangement differed from that described for 
the Friedel-Crafts reaction only in that no acid chloride 
or acid anhydride was used.

Proof of Structure
1 -M ethoxy phenanthrene-2-carboxylic Acid (III).—A

suspension of 0.20 g. of the methyl ether of ketone I (m. 
p. 80-81°) in 38 ml. of a 1 % aqueous hypochlorite solu­
tion was boiled under reflux until a practically clear solution 
resulted. (The hypochlorite solution was prepared from 
calcium hypochlorite “ HTH” and sodium carbonate.) 
The hot reaction mixture was filtered and cooled, and two 
grams of sodium thiosulfate was added. The acid (III), 
along with some sulfur, was liberated by acidification with 
concentrated hydrochloric acid. The sulfur was removed 
by digesting the precipitate with saturated sodium bi­
carbonate solution and filtering the solution while hot. 
The acid was regenerated by acidifying the filtrate at 
room temperature. Crystallized from alcohol, the acid 
was obtained as colorless needles; m. p. 224-225° (dec.).

A n a l . Calcd. for C 16H12O3 : C, 76.18; H, 4.79. Found: 
C, 76.17; H, 5.12.

The same acid was obtained by hypochlorite oxidation 
of the methyl ether of ketone II (m. p. 74-76°). The 
identity of these two acids was established by their melting 
points (224.5 and 223-224°, respectively) and a mixture 
melting point determination (224-225 °) and by the melting 
points (109-110 and 109°) and mixture melting point 
(109-110°) of their respective methyl esters.

l-Methoxy-2-acetylphenanthrene.—The methyl ether of 
ketone I was prepared in quantitative yield by the methyla­
tion procedure described above. Crystallized from methyl 
alcohol, it was obtained as colorless plates; m. p. 81-82°.

A n a l. Calcd. for C17H14O2: OCH3, 12.40. Found: 
OCH3, 12.12.

Oxime.—A solution of one molecular equivalent of the 
above ketone, two moles of hydroxylamine hydrochloride 
and two and one-half moles of anhydrous sodium acetate 
in alcohol was boiled under reflux for four hours. The 
solution was then concentrated, cooled to room tempera­
ture and diluted with water until the oxime had separated 
completely. The yield was quantitative. Crystallized 
from methyl alcohol, the oxime was obtained as colorless 
needles; m. p. 166-167° (dec.).

A n a l. Calcd. for C 17HJ5O2 : N, 5.28. Found: N, 5.47.
1  ~M ethoxy-2-acetylaminophenanthrene.—A solution of 

1.00 g. of the above oxime in a mixture of 5 ml. of glacial 
acetic acid and 5 ml. of acetic anhydride was saturated 
with dry hydrogen chloride. The reaction mixture, now a

solid paste, was allowed to stand for twenty hours, and was 
then poured onto ice and water. The acetylamino com­
pound was collected, washed with water and dried; m. p. 
220-222° (dec.). The yield was quantitative. After 
crystallization from methyl alcohol, l-methoxy-2 -acetyl- 
aminophenanthrene was obtained as colorless plates; m. p. 
222-223° (dec.).

A n a l. Calcd. for C17H150 2: N, 5.28. Found: N, 5.12.
l-Methoxy-2-aminophenanthrene (IV).—A solution of 

0.90 g. of the above N-acetylamine in a mixture of 10 ml. 
of 6  N  hydrochloric acid and 10 ml. of glacial acetic acid 
was boiled under reflux for one hour. The amine hydro­
chloride, which separated on cooling the; reaction mixture, 
was filtered off and converted to the free base by treatment 
with ammonium hydroxide. The amine (IV), obtained in 
a yield of 87%, was crystallized from alcohol: colorless 
needles, m. p. 139.5-141 °.

A n a l. Calcd. for CiöH13ON: C, 80.70; H, 5.87; N, 
6.27; OCH3, 13.90. Found: C, 80.63; H, 5.93; N, 6.41; 
OCH3, 13.34.

The amine was diazotized according to the method of 
De Milt and van Zandt.5 A solution of 0.50 g. of the amine 
in 2 . 3  ml. of pyridine was added slowly (one hour) to a 
solution of nitrosyl sulfuric acid cooled to 0 ° with ice and 
salt. (The nitrosyl sulfuric acid solution was prepared by 
first adding 0.34 g. of sodium nitrite to a cold mixture of 3.4 
ml. of concentrated sulfuric acid and 1.7 ml. of water, and 
then carefully warming the mixture to 40° until a clear 
solution resulted.) The mixture was stirred for an hour 
at 0  ° and then was diluted with ice and water to a volume 
of about 100 ml. An aqueous solution of 0.22 g. of urea 
was added and stirring was continued for another hour at 
0 °. The solution of the diazonium sulfate was filtered and 
added, in small portions, to 300 ml. of boiling water. 
Boiling was continued for about fifteen minutes. After 
standing overnight, the precipitate which had separated 
was filtered off and dissolved in 5%  potassium hydroxide 
solution. The filtered alkaline solution was acidified with 
concentrated hydrochloric acid and the phenolic product 
(0.06 g.) thus obtained was methylated in the usual man­
ner. The methylated product was purified by sublimation 
and crystallization and melted at 102-103°. It was 
shown to be 1 -methoxyphenanthrene; a mixture melting 
point determination with an authentic sample (m. p. 103- 
104 °) showed no depression (m. p. 103 °).

Oxime of I.—The oxime of ketone I was prepared in the 
usual manner, yield quantitative. When first isolated, the 
oxime was nearly colorless, but it turned yellow on short 
standing. It crystallized from alcohol in yellow needles, 
in. p. 224-225° (dec.).

A n a l. Calcd. for C16H130 2N: C, 76.48; H, 5.21; N, 
5.58. Found: C, 76.57; H, 5.42; N, 5.40.

1,2-Dimethoxyphenanthrene (VI).—A solution of 3.84 
g. of the above oxime and 4 g. of phosphorus pentachloride 
in 500 ml. of dry benzene was boiled under reflux for 
thirty minutes, according to the method of Bachmann and 
Boatner.6 The solution, after cooling to room tempera­
ture, was extracted with water, sodium bicarbonate solu­

(5) De M ilt and van Zandt, T h is  J o u r n a l , 58, 2044 (1936); see 
also Bachmann and Boatner, ibid., 58, 2194 (1936).

(6) Bachmann and Boatner, ibid., 58, 2097 (1936).
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tion and water again to remove phosphorus compounds. 
The dried benzene solution yielded 3.12 g. of crude 1- 
hydroxy-2-acetylaminophenanthrene.

The crude hydroxyacetylaminophenanthrene was hy­
drolyzed to the corresponding amine hydrochloride by 
boiling under reflux for one hour with 28 ml. of 6 N  hydro­
chloric acid and 28 ml. of glacial acetic acid. The reaction 
mixture, after cooling in an ice-bath, was diluted with 
several volumes of water, and the amine hydrochloride 
which had separated was collected; yield 2.31 g.

The amine hydrochloride was converted, through the 
quinone (V) and the hydroquinone, to 1,2-dimethoxyphen- 
anthrene (VI), according to the directions of Fieser,2 as 
given for the analogous conversion of l-amino-2-hydroxy- 
phenanthrene hydrochloride to 1,2-dimethoxyphenan- 
threne. The dimethoxyphenanthrene thus obtained, after 
purification by sublimation and crystallization, melted at 
103-104° (corr.). A mixture melting point determination 
with an authentic sample (m. p. 103-104°) showed no 
depression (m. p. 103-104°).

A n a l.  Calcd. for C16H140 2: OCHs, 26.05. Found: 
OCHs, 25.91.

Samples of 1,2-phenanthrenequinone (V) from the above 
hydroxyamine hydrochloride and from l-amino-2-hydroxy- 
phenanthrene hydrochloride were purified by sublimation 
and crystallization. Both samples were brilliant red in 
color and gave in concentrated sulfuric acid the character­
istic color change from blue to green. We found the 
melting point of both samples of the quinone to be indefi­
nite and unsatisfactory for the purpose of identification 
(the quinone did not soften, but decomposed over a vari­
able range of about ten to twenty degrees, starting at 190- 
195°).

4-Methoxyphenanthrene-x-carboxylic Acid.—4-Meth-
oxy-x-acetylphenanthrene was oxidized to the correspond­
ing carboxylic acid by the hypochlorite method described 
above. The acid, crystallized from toluene as colorless 
needles, melted at 238-239°.

A n a l.  Calcd. for CieH^Cfe: C, 76.18; H, 4.79. Found: 
C, 70.92;'H, 5.32.

The same acid was obtained by hypochlorite oxidation of 
4-methoxy-v-propionylphenan threne. The identity of 
these two acids was established by their melting points 
(238-239 °) and a mixture melting point (238-239 °).

Methyl Ester.—Both acids described above, from 4- 
methoxy-x-acetylphenanthrene and from 4-methoxy-r- 
propionylphenanthrene, were methylated in the usual 
manner. Both esters, crystallized from methyl alcohol 
and obtained as colorless needles, melted at 93-94°. A 
mixture melting point determination showed no depression 
(m. p. 93-94°).

Anal. Calcd. for Ci7H140 3: C, 76.68; H, 5.30. Found: 
C, 76.63; H, 5.36.

Oxime of 4-Methoxy-x-acetylphenanthrene.—This ox­
ime was prepared in the usual manner from 4-methoxy-x- 
acetylphenanthrene, yield quantitative. It crystallized 
from ethyl alcohol as colorless needles of m. p. 19 0 -19 1° 
(dec.).

Anal. Calcd. for Ci7H150 2N: N, 5.28. Found: N, 
5 .11.

4-Methoxy-x-acetylaminophenanthrene.—The above
oxime rearranged to 4-methoxy-x-acetylaminophenan- 
threne in quantitative yield by the glacial acetic acid- 
acetic anhydride-hydrogen chloride method already 
described. Crystallized from methyl alcohol, the N- 
acetylamino compound appeared as colorless needles of m. 
p. 20 1°.

Anal. Calcd. for C17H15O2N : N, 5.28. Found: N, 
5.44.

Summary

1. A series of acyl compounds derived from
1- and 4-phenanthrol has been synthesized by 
means of the Fries rearrangement and the Friedel- 
Crafts reaction.

2. 1 - Hydroxy - 2 - acetylphenanthrene and 1 - 
hydroxy-2-propionylphenanthrene have been de­
scribed and their structures have been established.

3. 4 - Hydroxy - y - acetylphenanthrene, 4 - hy­
droxy diacetylphen anthrene, 4 - hydroxy dipropi-
onylphenanthrene, 4 - methoxy -x- acetylphenan­
threne and 4-methoxy-x-propionylphenanthrene 
have been described.
University, Virginia Received July 20, 1938
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Synthesis of Polycyclic Indoles
B y  G e o r g e  B a r g e r  a n d  E l i z a b e t h  D y e r 1

This research originated in an attempt to 
synthesize an indole, which had been obtained2 
by the degradation of the alkaloid calycanthine, 
and for which the following possible structure had 
been proposed

CH2
/ \ ch2
J c h 2

N

H C =C H

The synthesis of this indole was accomplished 
by condensing N-aminotetrahydro quinoline3 with 
pyruvic acid, and converting the hydrazone thus 
obtained into 2-carboxy-l ,8-trimethyleneindole 
by an application of the Fischer method.4 De­
carboxylation yielded the above 1,8-trimethyl- 
eneindole.

The structure of this indole was established by 
its conversion on reduction to 2,3-dihydro-1,8- 
trimethyleneindole or lilolidine, previously ob­
tained by von Braun and co-workers through an 
independent synthesis.5 The synthetic 1,8-tri- 
methyleneindole was found to be not identical 
with the indole previously obtained from caly­
canthine. The properties of the calycanthine 
fragment differ also from those of the 3,4-tri- 
methyleneindole described by Jacobs and Gould.6

The chemistry of polycyclic indoles of the type 
of 1,8-trimethyleneindole, a type which com­
prises both the tetrahydroquinoline and indole 
systems, was extended by the study of other 
members of the series. The 2-phenyl derivative 
of 1,8-trimethyleneindole was obtained from the 
hydrazone of acetophenone and N-aminotetra- 
hydroquinoline. All attempts to prepare the 
corresponding 2-methyl derivative from the ace­
tone hydrazone of N-aminotetrahydroquinoline 
were unsuccessful. A similar difficulty in pre­
paring an indole from acetone-2-quinolyl hydra-

(1) Sarah Berliner Research Fellow of the American Association 
of University Women. Present address: W omen’s College, Uni­
versity of Delawaie, Newark, Del.

(2) Unpublished work of Barger and Streuli, at the Department 
of Medical Chemistry of the University of Edinburgh.

(3) Hoffmann and Königs, Ber., 16, 730 (1883).
(4) Fischer and Hess, ibid., 17, 561 (1884).
(5) Von Braun, Heider and Wyczatkowska, ibid., 51, 1219 (1918).
(6) Jacobs and Gould, J . B io l„ Chem., 120, 144 (1937) t

zone was experienced by Perkin and Robinson.7 
. With a view to applying the same type of re­
action in the tetrahydrobenzoquinoline series, 
N -amino -1,2,3,4-tetrahydro - 5,6-benzoquinoline 
was prepared. Although this readily formed a 
hydrazone with pyruvic acid, the corresponding 
indole could not be obtained. A similar resist­
ance to indole formation was observed with the 
pyruvic acid hydrazone of N-amino-carbazole.

Grateful acknowledgment is made to the 
American Association of University Women for 
the Sarah Berliner Research Fellowship held by 
one of us (E. D.); and to the Moray Fund of 
Edinburgh University for a grant in support of 
the research.

Experimental Part
N-Amino-l,2,3,4-tetrahydroquinoline.—This substance 

was prepared from N-nitrosotetrahydroquinoline8 by the 
method of Hoffmann and Königs.3 To obtain 50% yields, 
care must be taken to keep the temperature of the reduc­
tion mixture between 60 and 75°. The product, purified 
by recrystallizing the sulfate, yielded a picrate (not previ­
ously described) which crystallized from alcohol as long, 
brownish-yellow needles, m. p. 140-141° with decomposi­
tion.

Anal. Calcd. for C15H 12O7N 5: N, 18.58. Found: N, 
18.50.

Hydrazones.—The following table summarizes the suc­
cessful methods of preparing the new hydrazones needed 
for indole syntheses. The hydrazones I and II were con­
vertible to indoles, but all attempts to cyclize III, IV and 
V failed. The methods investigated included: heating 
with (a) zinc chloride at 100-130, 180-190° at 760 mm. or 
1 10 - 120 ° at 12  mm.; (b) 10 % aqueous hydrochloric acid 
at 50-60 or 80-100°; (c) dry hydrogen chloride gas in 
ethanol or «-butanol solution.

2-Carboxy-1,8-trimethyleneindole.—When a mixture 
of 2 g. of the pyruvic acid hydrazone of N-aminotetrahy­
droquinoline and 25 cc. of 10% hydrochloric acid was 
heated at 55° for one hour, the hydrazone gradually dis­
solved with the precipitation of the indole together with a 
dark impurity. The precipitate was filtered, dried, dis­
solved in ether and filtered from the small quantity of 
amorphous impurity. The ether solution was extracted 
with sodium carbonate, and 0.95 g. of the acid obtained on 
acidification of the basic extract (50% yield). For analy­
sis the substance was recrystallized from benzene, from 
which it separated as needles, melting with decomposition 
at 210- 2 12 ° when pure.

(7) Perkin and Robinson, J . Chem. Soc., 103, 1974 (1913).
(8) Ziegler, B er.,-21, 862 (1888).
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Conditions
Cryst. form and % Analyses, %

Hydrazine® >CO Cpd. recryst. solvent Yield M. p., °C. Calcd. Found

I 4 ,4  g. A 3 .2  g. pyruvic Cold, dil. acetic Hexagonal plates, 92 98-99 dec. N 12.85 12.56
acid acid 1:2 benzene-

petroleum ether
II 3 .0  g. A 2 .4  g. acetophe­ Reflux 1 hr, in ale. Needles, alc.- 87 84 .5 -85 .5 N 11.20 1 1 .1 1

none with 5 drops 
cone. H2S 0 4

water

III 1 .0  g. A 2 cc. acetone Reflux 2 hr., distil 90 b. p. 153 at C 76.50 76.37
12 mm. H 8.57 8.50

N  14.89 14.68
Picrate of Ethereal picric Needles, ale. 138-140 N  16.78 16.71

III acid
IV 0 .7  g .B 0 .5  cc. pyruvic Ale., reflux 5 min. Plates, ale. 58 122-123 N 10.45 10.22

acid '
V • 5 g, C .4  cc. pyruvic Same as IV Plates, ale. 85 148-150, dec. N 11.12 11.37

acid
a A =  N-amino-l,2,3,4-tetrahydroquinoline; B =  N-amino-l,2,3,4-tetrahydro-5,6-benzoquinoline; C =  N-amino- 

carbazole.

Anal. Calcd. for C12H ii0 2N: C, 71.61; H, 5.51; N, 
6.97. Found: C, 71.49; H, 5.54; N , 7.02.

The substance was easily soluble in cold methanol and 
ethanol, and in acetone, moderately soluble in ether and 
practically insoluble in water. It gave a violet Ehrlich 
reaction on boiling.

1,8-Trimethyleneindole.—This indole was obtained in 
68% yield from the corresponding acid by an adaptation of 
ReichsteuTs procedure for decarboxylation.9 A mixture of
1.5 g. of 2-carboxy- 1,8-trimethyleneindole, 0.4 g. of copper 
chromite10 and 4 cc. of quinoline was heated at 180-190° 
in a stream of hydrogen. After one hour the absence of a 
further precipitate in a barium hydroxide trap indicated 
completion of the reaction. The mixture was diluted 
with ether, filtered from the copper chromite and extracted 
with 2 N  hydrochloric acid until no more quinoline was 
removed. A further extraction with dilute sodium car­
bonate removed traces of the carboxy acid. The ether 
solution was dried, the solvent evaporated and the residue 
distilled with steam. The indole, obtained from the dis­
tillate by filtration, was recrystallized from a small volume 
of petroleum ether (b. p. 40-60'°), The product separated 
as large, colorless plates, m. p. 86.5-88 ° when pure.

Anal. Calcd. for CiiHnNi C, 84.01; H, 7.06; N, 8.92. 
Found: C, 84.11; H, 7.02; N , 9.31.

The indole is very soluble in alcohol, acetone, benzene, 
moderately soluble in petroleum ether and insoluble in 
water. It is a neutral substance, insoluble in acids and 
bases. It gives a purple coloration with the Ehrlich re­
agent in the cold.

An unstable picrate of the indole was obtained by 
treating a concentrated benzene solution of the substance 
with a benzene solution containing slightly less than one 
equivalent of picric acid. The resulting red solution, 
when diluted with cold petroleum ether to faint turbidity, 
deposited red needles, melting at 138-139 °.

(9) Reichstein, Zschokke and Grüssner, Helv. Chim. Acta, 15, 
1069 (1932).

(10) Adkins and Connor, T h is  J o u r n a l , 53, 1092 (1931).

Anal. Calcd. for Ci7H140 7N 4: N, 14.51. Found: N, 
14.67.

The picrate is decomposed by boiling water, by hot alco­
hol and even by hot benzene and petroleum ether.

2,3-Dihydro-l,8-trimethyleneindole.—When 0.2 g. of 
1,8-trimethyleneindole in alcohol solution was reduced with 
zinc dust and hydrochloric acid, according to the procedure 
of Schlieper11 for a-naphthindole, an oil was obtained 
which boiled at about 140° at 12 mm., and which yielded a 
yellow picrate that precipitated from ether solution. 
When recrystallized from alcohol, it separated in two 
forms, plates and needles, which, however, were identical 
in mixed melting point. The twice recrystallized picrate 
sintered at 165°, and liquefied at 168-170° to a red oil, 
which soon effervesced. The same substance was obtained 
by reduction of the indole with tin and hydrochloric acid.

Anal. Calcd. for Ci7Hi60 7N 4: C, 52.56; H, 4.16; N, 
14.43. Found: C, 52.80; H, 4.14; N, 14.47.

This picrate was identical in analysis and properties 
with the picrate of lilolidine, which was prepared according 
to von Braun5 by condensation of trimethylene chloro- 
brömide with dihydroindole.12 The product was carefully 
fractionated to separate any unchanged dihydroindole 
from the lilolidine. The picrate of the highest fraction, 
after two recrystallizations from alcohol, did not lower the 
melting point of the picrate from dihydro-1,8-trimethylene- 
indole. It is to be noted, however, that although the 
melting point of the picrate was unchanged by this re­
crystallization, it is higher than that reported by von 
Braun.6 The substance gave no evidence of melting at 
138°, although held at that temperature for fifteen min­
utes, but sintered at 165°, and melted to a red oil at 168- 
170°. A duplicate preparation of lilolidine gave the same 
results. We have communicated with Professor von 
Braun, who admits the identity of our reduction product 
with lilolidine, and states that his original preparation was 
done under very adverse circumstances.

(11) Schlieper, A nn ., 239, 229 (1887).
(12) Willstatter and Jaquet, Ber., 51, 777 (1918).
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2-Phenyl-1,8-trimethyleneindole.—One gram of the 
hydrazone of N-aminotetrahydroquinoline and aceto­
phenone was ground in a mortar with 5 g. of powdered 
anhydrous zinc chloride and the mixture was heated at 120 ° 
for one hour. The mass was then warmed with several 
small quantities of dilute hydrochloric acid to dissolve the 
zinc chloride. The residual gummy brown precipitate 
was filtered, dried, powdered and extracted with ether to 
separate the indole from brown ether-insoluble by-products. 
The residue obtained on evaporation of the extracts, when 
recrystallized from 10 cc. of alcohol, yielded 0.2 g. of the 
indole, m. p. 130-132° (22% yield). After two recrystal­
lizations from alcohol, from which the substance separated 
as glittering, colorless leaves, it melted at 133-134°.

Anal. Calcd. for Ci7Hl5N: C, 87.50; H, 6.49; N, 6.01. 
Found: C, 87.32; H, 6.41; N , 5.91.

The substance gave with Ehrlich’s reagent in the cold a 
violet color which turned blue on standing.

N - Amino-1,2,3,4-tetrahydro-5,6-benzoquinoline.—The 
necessary N-nitrosotetrahydrobenzoquinoline was pre­
pared by the procedure of Bamberger and Müller.13 
Yields of 60-70% were obtainable if an adequate quantity 
of water was used to keep dissolved at 0° the rather in­
soluble salt of the tetrahydrobenzoquinoline.

The N-aminotetrahydrobenzoquinoline was prepared in 
yields of 35-40% by mild reduction of the nitroso com­
pound with zinc dust and acetic acid in aqueous alcoholic 
solution, according to the procedure for N-aminotetra- 
hydroquinoline. The product was isolated as the sulfate, 
which, after recrystallization from 0.6 N  sulfuric acid, 
separated as glistening brown needles and leaves, m. p. 
182° with decomposition.

(13) Bamberger and Miiller, Ber., 24 , 2644 (1891).

Anal. Calcd. for C26H3o04N 4S-4H20 : N, 9.90. Found: 
N, 10.15.

Anal, of salt after drying at 120°. Calcd. for C26H3oOr 
N 4S: N, 11.34. Found: N, 11.30, 11.35.

The free base, formed by decomposition of the sulfate in 
hot aqueous-alcoholic solution with dilute alkali, consisted 
of tan crystals which melted at 107-108° after two re­
crystallizations from ligroin.

Anal. Calcd. for C13H14N 2: N, 14.18. Found: N, 
13.94.

This hydrazine was moderately soluble in alcohol, nearly 
insoluble in water. It reduced Tollens’ solution rapidly in 
the cold, and Fehling’s solution slowly on boiling.

Summary
1. The chemistry of a new tricyclic indole,

1,8-trimethyleneindole, has been studied. The
2-carboxy and 2-phenyl derivatives are also re­
ported, but the 2-methyl derivative could not be 
obtained. The preparation of the intermediate 
hydrazones, the pyruvic acid, acetophenone and 
acetone hydrazones of N-amino-1,2,3,4-tetra- 
hydroquinoline is reported.

2. N - Amino -1,2,3,4 - tetrahydro - 5, 6- benzo- 
quinoline and its pyruvic acid hydrazone have 
been prepared. The latter is inactive toward 
indolizing agents.

3. The pyruvic acid hydrazone of N-amino-
carbazole is likewise not convertible to an indole.
E d in b u r g h , S c o t l a n d  R e c e iv e d  J u l y  19, 1938

[Co n t r ib u t io n  f r o m  t h e  C o n v e r s e  M e m o r ia l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Inversion in the Pinacol Rearrangement of l,2-Dimethylcyclopentanediol-l,2*

B y  P a u l  D. B a r t l e t t  a n d  A b r a h a m  B a v l e y

It has been pointed out1 that in the pinacol 
rearrangement of the geometrical isomers of 1,2- 
dimethylcyclohexanediol-1,2 (I and II)

OH OH OH CH3
I II

the methyl group migrates in preference to the 
ring carbon atom only in the cis-pinacol, in which 
the methyl group is, on a time average, remote 
from the hydroxyl which it displaces. Because 
the cyclohexane ring is non-planar and allows

(*) Presented at the Milwaukee meeting of the American Chemi­
cal Society, September 6, 1938.

(1) Bartlett and Pöckel, T h is  J o u r n Aw  99 , 820 (1987).

many different orientations of adjacent substitu­
ents with respect to each other, this example 
leaves something to be desired in exactness of in­
terpretation. For this reason we have investi­
gated the case of cis- and /rans-1,2-dimethylcy- 
clopentanediol-1,2, in which the planar nature of 
the five-membered ring makes the relative posi­
tions of the groups in space much more certain.

The assignment of configurations to the cis- 
and /rans-isomers is made on the same basis as 
in the case of the analogous pinacols with six- 
membered rings. The cis isomer, a liquid boiling 
at 142-146° (20 mm.), is prepared by the action 
of potassium permanganate in cold aqueous 
acetone solution on 1,2-dimethylcyclopentene-l. 
The trans isomer, m. p. 99.5-101° (corr.), results



Oct., 1938 Pinacol Rearrangement of 1,2-D imethylcyclopentanediol- 1,2 2417

from the hydrolysis of the oxide of the same hy­
drocarbon. The assignment of configurations 
is confirmed by the fact that lead tetraacetate 
reacts more than a thousand times as fast with 
the “cis” as with the “trans” isomer, in accor­
dance with the findings of Criegee, Kraft and 
Rank2 for cases where the configuration is in no 
doubt.

When the cis isomer is refluxed with 30% 
aqueous sulfuric acid, a ketone can be isolated 
in 87% yield (as semicarbazone) whose physical 
constants and whose oxime and semicarbazone 
show it to be identical with the 2,2-dimethylcyclo- 
pentanone-1 prepared in different ways by Blanc3 
and by Haller and Cornubert.4 Thus the methyl 
group has migrated in that pinacol in which it is 
in a position to displace the adjacent hydroxyl 
group by attacking the opposite side of the car­
bon atom holding it, as in the Walden inversion.

Identical treatment of the trans pinacol gives 
only in volatile brown tars, which on standing be­
come progressively more viscous. All our efforts 
to isolate an unpolymerized product from this 
reaction have been without avail. Experiments 
with gentler acid conditions have led to the same 
type of product, when there was any reaction at 
all. It seems probable that the pinacol is being 
dehydrated without rearrangement to yield a 
dimethylcyclopentadiene which is polymerized 
irreversibly by any acid strong enough to bring 
about dehydration. We tried to prove this by 
carrying out the dehydration in the presence of 
maleic anhydride and of benzoquinone, but, as 
might have been anticipated, the diene addition 
to these reagents was unable to compete with the 
polymerization reaction under these acid con­
ditions, and again only tar was obtained. An 
attempt to catch the diene by bromination also 
failed.

For the interpretation of these reactions it be­
comes important to know whether this resinifi- 
cation process occurs because the structure and 
configuration of this pinacol are especially favor­
able to it, or especially unfavorable to rearrange­
ment, which must be regarded as the normal re­
action. To answer this question we carried out 
some semiquantitative experiments on the re­
action rates of the two pinacols when treated 
under identical conditions with sulfuric acid in

(2) (a) Criegee, A n n ,, 481, 263 (1930); (b) Criegee, Kraft and 
Rank* ibid., 507, 159 (1933).

(3) Blanc, Bull. soc. chim., [4] 3, 780 (1908).
(4) Haller and Cornubert, Compt. rend.» 179, 315 (1924).

aqueous solution at 52°. Under these conditions, 
with 0.2 N  acid, the cis pinacol was 53.9% con­
verted in two and one-half hours, while only 24% 
of the trans isomer had disappeared in the same 
length of time. The actual difference in rate 
between the two isomers is somewhat greater than 
appears from these figures; for the cis pinacol re­
acts fast enough with lead tetraacetate to be ti­
trated by this reagent, whereas actual isolation of 
the trans pinacol, with attendant manipulative 
losses, was the only way we found to follow its 
reaction. The results are consistent with the 
view that the constitution of the trans pinacol is 
so unfavorable to rearrangement that here alone 
the slow simple dehydration takes precedence 
over the pinacol rearrangement.

The results with the five- and six-membered 
rings support the generalization that a group 
cannot migrate in the pinacol rearrangement 
unless by a simple movement it can reach the ad­
jacent carbon atom on the face opposite to the 
hydroxyl group which it is replacing. Thus in 
these pinacols the methyl group can migrate only 
in the cis modifications. In the trans form of the 
six-ring pinacol, ring contraction occurs with much 
greater ease than in its five-ring analog which by 
this same reaction would have to yield the strained 
four-membered ring. Here, therefore, rearrange­
ment is no longer a faster process than dehydra­
tion to the allylic alcohol and diene. I t seems 
that under comparable conditions these three 
modes of reaction of the cyclic pinacols do not 
differ enormously in the ease with which they 
occur.

Experimental
Ethyl cyclopentanone-2-carboxylate was prepared by 

the method of Haller and Cornubert.5 Yields from 65 to 
70% were obtained, using 200-g. quantities. The product 
boiled at 114-116° at 20 mm.

Ethyl 2-methylcyclopentanone-2-carboxylate was made 
according to the directions of the same authors. The 
yield was 80%, of material boiling at 108.5-112° at 16 mm. 
pressure, and having w20d 1.4461.

2-Methylcyclopentanone was prepared by Van Ryssel- 
berge’s method6 which consists of refluxing the keto ester 
with 4 A  hydrochloric acid. Yields of 82-86%  were ob­
tained. The product boiled at 139-142°, and yielded a 
semicarbazone melting at 174-174.8°.

1,2-Dimethylcyclopentanol-1 was prepared in 70-73%  
yield by the action of the methyl Grignard reagent upon 2- 
methylcyclopentanone. The product boils from 56 to 
62.5° under 16 mm. pressure, showing an inhomogeneity 
which is attributed by Van Rysselberge to the presence of

(5) Haller and Cornubert, Bull. soc. chim., [4] 39, 1726 (1926),
(6) Van Rysselberge, B u ll . soc. chim. Belg., 35, 311 (1926),
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geometrical isomers. No attempt was made to separate 
these.

1.2- Dimethylcyclopentene-l was obtained in 83-87%  
yield by refluxing 1 ,2-dimethylcycIopentanol-l with iodine 
for ten hours with a water trap in the return, and distilling. 
The fraction boiling at 102.5-105.8° was collected, d20* 
0.7950.

1.2- Dime thyl-l,2-epoxycyclopentane.—A solution of
38.5 g. of perbenzoic acid in 700 cc. of chloroform was 
stirred vigorously and cooled to 0°; 23.5 g. of 1 ,2-dimethyl- 
cyclopentene-1 was added over a period of two and one- 
half hours, the temperature being held at 0°. Stirring 
was continued for ten hours, the temperature being held at 
—5°. After standing at + 5 °  for two days, the solution 
was extracted with 10 % sodium hydroxide to remove 
benzoic acid, washed, dried with sodium sulfate, and dis­
tilled; 23 g. of a liquid boiling at 120-122.5° at 20 mm. 
was obtained, yield 85%.

Anal. Calcd. for C7H12O: C, 75.0; H, 10.7. Found: 
C, 74.7, 74.9; H, 10.5, 10.7.

trans Pinacol by Hydrolysis of the Epoxide.—Twenty- 
one grams of the oxide was allowed to drop slowly into 
20 cc. of water acidified with 6-8 drops of concentrated 
sulfuric acid, to which ice was added. On gentlè shaking 
the oxide went into solution. By saturation with potas­
sium carbonate the glycol was salted out of solution as a 
powdery precipitate. It was taken up in ether, from which 
it crystallized in long needles melting at 99.5-101° (corr.). 
The yield was 74% of the theoretical.

Anal. Calcd. for C7H140 2: C, 65.1; H, 11.6. Found: 
C, 64.7, 64.9; H, 11.3, 11.6.

cw-l,2-Dimethylcyclopentanediol-l,2 was prepared fol­
lowing a general procedure of Harries.7 To a solution of 
25 g. of 1,2-dimethylcyclopentene-1 in 50 cc. of acetone, 
cooled to —5°, a solution of 47 g. of potassium permanga­
nate in 100 cc. of water and 1  liter of acetone was added 
slowly. After standing for one hour, the manganese di­
oxide .slime was filtered off. Carbon dioxide was passed 
into the solution until potassium bicarbonate precipitated. 
From the filtrate, the acetone was removed on the water- 
bath and by distillation the fraction boiling at 142-146° 
at 20 mm. was collected. This amounted to 14 g. (45.2% 
of the theoretical yield) of a colorless liquid.

Anal. Calcd. for C7H140 2: C, 65.1; H, 11.6. Found: 
C, 64.8, 64.7; H, 11.5, 11.5.

We were not successful in preparing any esters of this 
pinacol, but it could be condensed with benzaldehyde in the 
presence of ammonium sulfate to a solid crystallizing in 
plates, m. p. 120-122.5° (corr.).
. A nal. Calcd. for the acetal, Ci4H,80 2: C, 77.5; H, 8.2. 
Found: C, 77.0, 77.1; H, 7.9, 8.1.

Rearrangement of the cis Pinacol.—Five grams of the 
liquid “cis” pinacol was dissolved in 20 cc. of water con­
taining 5 cc. of concentrated sulfuric acid. The solution 
turned green immediately. After refluxing for three hours 
a brown oil had appeared, while the aqueotis solution was 
practically colorless. To the steam distillate, semicar­
bazide hydrochloride and sodium acetate were added, 
yielding 5.2 g. (87.1%) of crude semicarbazone. In

(7) Harries, Ber., 34, 2979 (1901).

another run the ketone was isolated directly, distilled 
through a Widmer column, and the fraction boiling at 142- 
143.8° was collected. Its semicarbazone, recrystallized 
from methyl alcohol, melted at 191.5-191.8° (corr.). The 
oxime melted at 68.7° (corr.). Blanc3 reports 142° as the 
boiling point of 2 ,2-dimethylcyclopentanone-l, and 69° 
as the melting point of the oxime. Haller and Cornubert4 
report the melting point of the semicarbazone as 191°.

Dehydration of the trans Pinacol.—On treatment iden­
tical with that applied to the cis pinacol, the trans isomer 
yielded no volatile product but, after showing similar 
color changes, gave a brown tar which rapidly became more 
viscous on standing and set to  an almost black glass. No 
product which could be characterized was had from at­
tempts to use less dilute acid, to carry out the experiment 
in acetic anhydride, glacial acetic acid, acetyl chloride, or 
in the presence of bromine, maleic anhydride, or benzo- 
quinone.

Rates of Reaction with Lead Tetraacetate.—This re­
agent was prepared by the method of Dimroth8 and the 
titrations with it were carried out according to the direc­
tions of Criegee and his co-workers.2b In a thermostat at 
25°, the following results were obtained: 0.0595 g. of the 
cis pinacol was put into solution in 9.92 cc. of acetic acid 
(f. p. 16.2°) which had been refluxed with lead tetra­
acetate for ten hours and distilled. To this was added 
9.92 cc. of a standard solution containing 0.02266 g. of lead 
tetraacetate per cc. of acetic acid. By iodometric titration 
the reaction was found to be 98.6% complete after five 
hours. Thus this reaction can be made the basis of a 
satisfactory titration method for the cis pinacol.

0.0573 g. of the trans pinacol was dissolved in 9.92 cc. of 
acetic acid and added to the same volume of standard lead 
tetraacetate solution. After seven hours and seven min­
utes, only 69.7% of the pinacol had reacted. A rough 
calculation based upon several such runs shows a 1600-fold 
difference between the rates of reaction of the isomeric 
pinacols with lead tetraacetate. Evidently the reaction 
in the case of the trans pinacol is too slow to serve as the 
basis of a titration method for the pinacol.

Rate of Rearrangement of the cis Pinacol.—0.209 g. of 
cis pinacol was dissolved in 10  cc. of water, and 10  cc. of 
0.2 N  sulfuric acid was added. The whole was kept at 52° 
in the thermostat. After two and one-half hours excess 
sodium acetate was added and 20.1 cc. of standard lead 
tetraacetate. This was allowed to stand at 35° for eight 
hours and the lead tetraacetate was then titrated iodo- 
metrically. The rearrangement was 53.9% complete.

Rate of Dehydration of trans Pinacol.—In order to gain 
an idea of the rate of reaction of the trans pinacol with 
sulfuric acid, it was necessary to resort to isolation of the 
unchanged trans pinacol, since a suitable titration method 
was not found. 0.210 g. of trans pinacol was dissolved in 
10 cc. of water and 10 cc. of 0.2 N  sulfuric acid was added. 
The reaction was allowed to proceed at 52° for two and a 
half hours, at the end of which time barium oxide was 
added, the barium sulfate precipitate digested on the 
steam-bath overnight, and filtered off. The pinacol was 
recovered by ether extraction of the filtrate, after concen­
trating in vacuo, and recrystallization from ether of the 
crude product. 1.6  g. of the pinacol was recovered (76%

(8) Dimroth, ibid., 53, 483 (1930).
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of the starting material) melting at 100.5-100.7° alone 
and when mixed with the original material.

Summary
1. as-l,2-Dimethylcyclopentanediol-l,2 un­

dergoes the pinacol rearrangement with migration 
of a methyl group and production of 2,2-dimethyl- 
cyclopentanone.

2. trans -1,2 - Dimethylcyclopentanediol -1,2 
when boiled with dilute aqueous acid undergoes 
resinification. It has not been possible to char­

acterize any product from this reaction. It is 
suggested that dehydration without rearrange­
ment is here occurring, yielding a product which is 
rapidly polymerized by the acid.

3. These observations confirm the conclusion 
previously reached that in the pinacol rearrange­
ment elimination of a hydroxyl group and the ar­
rival of a migrating radical occur on opposite 
sides of the same carbon atom.
C a m b r id g e , M a s s . R e c e iv e d  August 5, 1938

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

The Pyrolysis of Esters
B y  C h a r l e s  D . H urd  a n d  F ord H . B l u n c k

Although much is known about the pyrolysis 
of esters, most of the evidence is fragmentary. 
To supply additional information of a critical na­
ture seven esters were selected for detailed study. 
These were ethyl, phenyl, 7-propyl, 7-butyl, and 
/-butyl acetates and methyl and ethyl phenyl- 
acetates.

The known facts concerning simple esters may 
be summarized briefly. If a 0-H is present in 
the alkyl portion of the ester, RCOOCR2CHR2, 
the decomposition into acid (RCOOH) and olefin 
(R2C=CR2) is general. This was established 
by Oppenheim and Precht1 for ethyl acetate and 
was confirmed recently by Bilger and Hibbert.2 
The latter investigators also extended the re­
action (470-500°, 1.2 sec. contact time) to sev­
eral other esters which included not only the 
propyl, 7-propyl, n-butyl, 7-butyl, 5-butyl and 
/3-chloroethyl acetates but also the ethyl esters 
of benzoic, formic, butyric and chloroacetic 
acids. In their work an unsuccessful search was 
made for aldehydes among the reaction products, 
the reagent being a solution of ^-nitrophenylhy- 
drazine in acetic acid. Bilger and Hibbert noted 
that methyl and benzyl esters (of acetic and 
benzoic acids) did not decompose under condi­
tions which caused breakdown of the other es­
ters.

The decomposition products of methyl phenyl- 
acetate (sealed tube at 360°) have been reported3 
to be toluene, methane, methanol and oxides of

(1) Oppenheim and Precht, Ber., 9, 325 (1876); Burns, Jones and 
Ritchie, J . Chem. Soc., 400 (1935).

(2) Bilger and Hibbert, T h is  J o ur n a l , 58, 823 (1936).
(3) Engler and Low, Ber., 26, 1440 (1893).

carbon. Methyl acetate,4 at 1100°, has been 
found to change into acetic acid, formaldehyde 
and acetaldehyde (or their decomposition prod­
ucts) and ethylene.

Five of the esters studied in the present inves­
tigation possessed a /3-H on the alkyl group. 
Greatest instability was noticed when this alkyl 
was tertiary as in /-butyl acetate. It decomposed 
even at 360°. Secondary alkyl (i-propyl acetate) 
exhibited intermediate stability. Greatest sta­
bility was noticed when the alkyl was primary 
(ethyl or 7-butyl acetates, ethyl phenylacetate).

Nearly equivalent amounts of acetic acid and 
isobutylene were observed from /-butyl acetate 
at 360-430° and no other products were found. 
Also, no products other than ethylene and phenyl­
acetic acid (formed in equivalent amounts) were 
obtained from ethyl phenylacetate at 435-545°. 
At 625°, however, the latter gave rise to small 
amounts of toluene and carbon dioxide which 
were formed obviously from phenylacetic acid 
by secondary decomposition. The percentage 
yields of products based on the ester decomposed 
were found to be as follows: phenylacetic acid 
58, toluene 22, carbon dioxide 21, ethylene 78.

The acetic acid and propylene from 7-propyl 
acetate were formed in nearly equimolar amounts, 
but small amounts of acetaldehyde (4%), acetone 
(3%) and carbon monoxide (12%) were also ob­
served in an experiment at 460°.

Ethyl acetate yielded acetic acid and ethylene 
in approximately equivalent amounts as expected, 
but the presence of other products was established

(4) Peytral, Bull. soc. chim., 31, 118 (1922).
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definitely. These substances were identified in 
an experiment at 550° (% yields): acetic acid
82, ethylene 83, acetaldehyde 9, formaldehyde 
6, acetic anhydride 0.5, methane 8, hydrogen 4, 
carbon monoxide 1, and a trace of ketene. Simi­
larly, isobutyraldehyde (but not acetaldehyde or 
formaldehyde), carbon monoxide and methane 
were found in the products from i-butyl acetate, 
but of course the chief products were acetic acid 
and isobutylene.

It was established that the olefin from both 
/- and Tbutyl acetates was isobutylene, unad­
mixed with isomers. This was determined care­
fully because i-butyl acetate, Me2CH—CH2—OAc, 
bears a structural resemblance to l,l-diphenyl-2- 
chloroethane, Ph2CH—CH2—Cl, which is known 
to pyrolyze5 into hydrogen chloride and stilbene, 
PhCH=CHPh. Were isobutyl acetate to be­
have analogously, one would anticipate 2-butene 
as the olefin of the reaction, but only 2-methyl- 
propene (isobutylene) was found.

Phenyl acetate and methyl phenylacetate were 
much more stable than the other esters. At either 
435 or 535° practically no change occurred, but at 
625° there was decomposition. Evidently, there­
fore, an interval of about 200° separates the de­
composition temperatures of the two groups. 
Phenyl acetate pyrolyzed smoothly into ketene 
and phenol. The yield of ketene at 625° was 84%.

CH3COOC6H5 — CH2=C==0 +  C6H5OH
The decomposition of methyl phenylacetate 

was much more complex. The products formed 
in greatest amounts were carbon monoxide, benz­
aldehyde and toluene, but other products in­
cluded hydrogen, ethylene, methane, formalde­
hyde, carbon dioxide, water and an organic acid. 
Formaldehyde, which is known to decompose 
rapidly above 500°, may have been the precursor 
of much of the carbon monoxide and hydrogen, 
and probably much of the hydrogen was con­
sumed at the high temperature. The striking 
product of the reaction was benzaldehyde. The 
carbonyl group in it is attached to the aromatic 
nucleus, whereas the carbonyl group in the ester is 
separated from the nucleus by a methylene group. 
Evidently, therefore, something more complex 
than a simple splitting must have occurred to have 
caused the formation of benzaldehyde.

These average percentage yields of products 
were formed, based on the ester which was de­
composed. The experiments were performed

(5) Hepp, Ber., 6, 1439 (1873).

at 625° and about five seconds contact time: 
benzaldehyde 71, toluene 49, carbon monoxide 
92, formaldehyde 25, ethylene 29, hydrogen 27, 
methane 15, carbon dioxide 12 and an organic 
acid 4. The benzaldehyde and toluene were 
isolated directly and, therefore, represent mini­
mum values.

Mechanisms.—No single mechanism ac­
counts for the facts adequately, and three 
processes seem to be involved. One of them is 
the chain mechanism, with univalent radicals as 
intermediates, but it cannot apply, except in small 
measure, to the esters which possess a 0-hydrogen. 
A few considerations will make this evident.

If the chain mechanism is applied to /-butyl 
acetate, the predicted products include not only 
isobutylene and acetic acid but also ketene (or 
acetic anhydride, from ketene and acetic acid), 
acetone and methane. Since this mechanism calls 
for five products instead of two, it is obviously 
inadequate.

Similar reasoning shows that the chain mecha­
nism cannot serve in the pyrolysis of ethyl phen­
ylacetate since, besides ethylene and phenylacetic 
acid, it would require the production of formalde­
hyde, methane, phenylketene, toluene, carbon 
monoxide and acetaldehyde. None of the last 
six compounds was formed in experiments at 
435-545°.

The steps with ethyl acetate will be taken up 
in detail. With the chain mechanism, interac­
tion of a radical R with CH3COOCH2CH3 would 
yield RH and residues I, II or III.
ch2—co—o—ch2—ch.3 ch3—co—o—ch—ch3
I I

I II
CHa—CO—o—ch2—ch2

I
III

Breakdown of I should lead to formaldehyde, ke­
tene (or acetic anhydride), and methane: I — > 
CH2= C = 0  +  — O—CH2—CH3 —> 0 = C H 2 +  
CH3—. In previous work with ethyl acetate, 
the presence of formaldehyde and methane among 
the pyrolytic products has escaped detection, but 
the “odor of ketene” has been noticed.6 Break­
down of II should yield acetaldehyde, carbon 
monoxide and methane: II — > CH3— 4“ CO +  
0 = C H —CH3. I l l  should give rise to ethylene 
and acetic acid: III —> CH3—CO—-O— +
CH2= C H 2.

(6) Stewart and Wilsmore, N ature , 75, 510 (1907); Wilsmore, 
J . Chem. Soc., 91, 1939 (1907).
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Possibly the aldehydes which were produced did 
come via I and II but, if so, it seems obvious that 
no more than a small fraction of the observed 
acetic acid should come via III because the yields 
of I, II and III should be comparable. The 
bulk of the acetic acid, therefore, requires another 
mechanism to account for it.

As was mentioned earlier, ethyl acetate is more 
stable than £-butyl acetate. The temperature 
required for pyrolysis of the latter was so low that 
scission into radicals appeared to be completely 
inhibited. With the higher temperature required 
for the decomposition of ethyl acetate the break­
down into radicals was starting to be a factor, 
although not yet one of importance.

A similar situation exists with Tpropyl and i- 
butyl acetates. Compounds predicted by the 
chain mechanism are observed but they comprise 
only a small portion of the products.

Cyclic Hydrogen Bridge.—The concept of 
hydrogen bonds or hydrogen bridges7 has been 
developed in recent years to explain such facts 
as the association of water or hydrogen fluoride, 
the weakness of carboxylic acids, the weakness of 
ammonium hydroxide and many other facts, all 
of which, however, have been low temperature 
phenomena. The concept seems applicable also 
to some high temperature processes and it is pro­
posed that the esters which require only mod­
erately high temperatures for their pyrolysis 
break down by a mechanism involving hydrogen 
bridges.

Esters which possess a /3-H in the alkyl group 
(IV) may undergo a chelate type of 6-atom ring 
closure by way of a hydrogen bridge (V). Re­
adjustment of the electrons would give rise to 
acid and olefin (VI).

H\: 0  : XCR„
+ /Hv: (r c r 2II 1

../H
:CK c r 2

k11 1 
R—Cx .. /C R 2 

X K

ii 1 
R—Cv .. /C R 2\ 0 /  -

|
R - C .

:
IV V VI

Methyl esters cannot change 
comparable to V, which may

into 6-atom rings 
account for their

greater stability.
When hydrogen bridges occur in stable struc­

tures, negative atoms are involved on both sides 
of the bridge (such as O-H-O, or 0-H--N or 
F-H-F). The O-H-C bridge has not been ob­
served at ordinary temperatures, but it is rea-

(7) For a review of the material, see Huggins, J . Org. Chem., 1, 
407 (1937).

sonable to assume for it a transient existence at 
elevated temperatures. Also, because oxygen 
is more negative than carbon, hydrogen should 
remain with the oxygen when this bridge is 
broken.

This mechanism calls for only moderately high 
temperatures. Ethyl phenylacetate, which yielded 
only ethylene and phenylacetic acid at 435°, was 
studied at 545 and 625° to see if the mechanism 
was changed at higher temperatures. No such 
change was found for no aldehydes were produced. 
The temperature of 625° is sufficient in some cases 
to initiate C-C scission with the formation of radi­
cals, but apparently the only effect of the increased 
temperature in this reaction was to increase the ve­
locity of the original process.

Radicals as Intermediates.—The chain re­
action mechanism may account for the pyrolysis 
of phenylacetate, since the products obtained, 
namely, ketene and phenol, are those predicted 
by the theory.
R * 4- C H 3- ~ C O — O C 6H 5 — ^ R H  -f- C H 2— C O — O C 6H 6 

• C H 2— C O — O C 6H 5  ^  C H 2= C = 0  +  -O C e H ö

When a similar mechanism is applied in its 
simplest form to methyl phenylacetate the prod­
ucts predicted include toluene, carbon monoxide, 
formaldehyde and hydrogen, all of which were 
found. Phenylketene was indicated also but was 
not found. This is not surprising in view of its 
instability. The steps are as follows
R- 4- C6H5CH2COOCH3 — >

RH 4* C6H5CH2COOCH2- (A)
(A) — C6H5CH2- 4- CO 4- CH20

CeHsCHa
R* -f C6H5CH2COOCH3 — >

RH 4- C6H5CH—CO—OCH3 (B)
(B) — >  CöHöCH—C—O 4- -OCH*

The *OCH3 radical may change to methanol 
(RH, in the equation), or to hydrogen and formal­
dehyde. With methanol, phenylketene would 
regenerate methyl phenylacetate.

Methylene Radicals as Intermediates.—The 
above mechanism for methyl phenylacetate is 
not self-sufficient because it fails to account for 
the most important product of the reaction, 
namely, benzaldehyde. Its production may be 
explained satisfactorily by assuming that phenyl- 
methylene is an intermediate radical. In the 
pyrolysis of methane, which calls for severe 
thermal conditions, the methylene. , radical is
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thought by Kassel8 to be a fundamental inter­
mediate. Storch and Kassel9 also favor it as an 
intermediate in the pyrolysis of ethane, but they 
point out that a chain reaction which involves 
univalent radicals proceeds concurrently.

With methyl phenylacetate, it is proposed that 
radical B, because of high temperature and struc­
tural weakness, breaks as follows

H
I -P

-C—CO—O—CH;
+  CO—o —c h 3

The C-C bond which undergoes scission is beta 
to the unsaturation of the phenyl nucleus and, 
therefore, possesses an instability10 not found in 
the acetic esters. The resulting carbomethoxyl 
radical may break into CO +  *OCH3 or into 
C02 +  -CH*.

The phenylmethylene radical, possessing as it 
doés only six electrons on the carbon atom, must 
attach itself to neighboring unshared electrons 
to create the necessary octet. Most probably, 
these unshared electrons would come from some 
oxygen-containing substance, as the original ester, 
or carbon dioxide, etc. The oxygen atom which 
is attracted to the carbon atom in this way is the 
one which appears as benzaldehyde. This may 
be illustrated most simply with carbon dioxide as 
the source of the oxygen, but a similar plan would 
follow for other compounds.

H

CeHs- C +  : 0 = C = 0  : — ■ 
H
I- +

C6H5—C----- 0 = 0 = 0  :

H

C6H5—C = 0 :  +  CO

The fact that a much higher decomposition 
temperature was required for the breakdown of 
methyl phenylacetate than for ethyl phenylace­
tate explains why benzaldehyde was not formed 
in the latter case. Obviously, a formidable 
energy barrier must be hurdled to bring about this 
effect.

The fact that several mechanisms are involved 
in the pyrolysis of esters suggests that several 
mechanisms may be involved also in the pyrolysis 
of compounds in other series, particularly if 
sizeable temperature differences are involved in 
initiating the breakdown. Most of the earlier 
thought on this subject has presumed that one

(8) Kassel, T h i s  J o urn al , 57, 833 (1935).
(9) Storch and Kassel, ibid., 59, 1245 (1937).
(10) Hurd and Bollinan, ibid., 55, 699 (1933); 66, 447 (1934).

type of mechanism alone was adequate for a par­
ticular series if not for all series.

Experimental Part
Substances Used.—The following esters were washed, 

dried and closely refractionated before use; ethyl acetate, 
b. p. 77.0-77.1°; phenyl acetate, b. p. 96.5-96.6° at 30 
mm.; methyl phenylacetate, b. p. 214° (735 mm.), 
sapon. equiv., 150. Hydrolysis of the last of these yielded 
phenylacetic acid, m. p. 74-75°, free from benzoic acid.

For some of the runs, methyl phenylacetate and ethyl 
phenylacetate were synthesized from pure phenylacetic 
acid, m. p. 75.5-76.0°. The latter was dissolved in an­
hydrous methanol or ethanol which contained dry hydro­
gen chloride and the mixture was refluxed for eight hours. 
The esters were separated and purified in the usual way. 
After two distillations at 65 mm. the methyl ester was col­
lected at 137.0-137.1° (yield 90%), and the ethyl ester at 
141-142°.

Synthetic «-propyl acetate was used in all the runs. The 
«-propyl alcohol was thrice distilled through an efficient 
column. The fraction obtained, b. p. 82.5-82.6°, was 
shown by oxidation with dichromate to contain less than
0.1% of w-propyl alcohol. About 1% of coned, sulfuric 
acid was added to 9 moles of the alcohol and an equi­
molar quantity of pure acetic anhydride was added at 
such a rate as to maintain refluxing. Then the reaction 
mixture was cooled, the ester salted out and neutralized 
with sodium bicarbonate, washed with water and dried 
over calcium chloride. An 80% yield of «-propyl acetate, 
b. p. 89.4-89.5°, was obtained.

The «-butyl acetate was made from carefully fractionated 
«-butyl alcohol, b. p. 107.1-107.2°. Esterification of this 
alcohol with acetic anhydride, or with refluxing glacial 
acetic acid in the presence of a little hydrogen chloride or 
^-toluenesulfonic acid, yielded «-butyl acetate which boiled 
at 118.1-118.2°.

/-Butyl acetate was prepared from /-butyl alcohol 
(distilled from sodium), acetic anhydride and a little zinc 
chloride according to the method of Norris and Rigby.11 
The yields were only 48-50%, but the purity was excellent 
(b. p. 97.4-97.6°).

Apparatus.—The esters were introduced into the top of 
a vertical Pyrex reaction tube by displacement with mer­
cury. In most runs, a 15-cm. electric furnace was used but 
in some runs it was replaced by a 30-cm. furnace, The 
temperature was controlled and recorded by a chromel- 
alumel thermocouple attached to a Leeds and Northrup 
recorder-controller. The glass-encased thermocouple was 
placed in the middle of the reaction tube.

An iced receiver was attached to the bottom of the re­
action tube and it in turn was connected to a low-pitched 
spiral reflux column which was cooled by ice-salt. This 
served to condense all of the higher boiling products as well 
as the undecomposed ester. The uncondensed vapors from 
ethyl acetate were then passed through a second receiver 
at —80° to collect formaldehyde, acetaldehyde or ketene. 
The same was used with «-propyl, «-butyl and /-butyl 
acetates but in these runs no appreciable quantity of 
liquid was condensed. The remaining gas was passed to 
a gas-collecting bottle over salt water. With methyl

(11) Norris and Rigby, ibid., 54, 2088 (1932).
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phenylacetate, the second trap contained water at 3° 
to collect formaldehyde. In runs with the acetic esters 
an aniline trap or a trap containing standard alkali was 
inserted between the second receiver and the bottle, to 
absorb ketene.

Analytical Methods

Qualitative.—Qualitative tests for formaldehyde, acetal­
dehyde and ketene were performed to precede the quanti­
tative experiments. Formaldehyde was identified as 
methylenedi-/3-naphthol. For this purpose, one-third 
of the products (diluted with water) from the second re­
ceiver from the ethyl acetate experiments was mixed with 
10 cc. of alcohol, 2 cc. of dilute hydrochloric acid and 1 g. 
of /3-naphthol. After heating for fifteen minutes and cool­
ing, 0.5 g. of the derivative, m. p. 204q, was obtained. 
Formaldehyde was identified similarly in the products of 
the second receiver from methyl phenylacetate.

To identify acetaldehyde from ethyl acetate, a portion 
of the solution in the second receiver was neutralized with 
dilute sodium hydroxide and distilled. The distillate, 
diluted with water, responded positively to the fuchsin 
test. It was oxidized with chromic acid and the volatile 
acid removed by distillation. The latter was neutralized 
by sodium hydroxide and evaporated to dryness. The 
sodium acetate in the residue was converted to ^-brorno- 
phenacyl acetate, m. p. 85°, on treatment with p-bromo- 
phenacyl bromide. Acetaldehyde was detected qualita­
tively in like manner from the low-boiling products of the 
first receiver with 2-propyl acetate.

Direct evidence for ketene was obtained in the run at 
525 ° with ethyl acetate by inserting a trap containing 20 
cc. of aniline between the second receiver and the gas­
collecting bottle. In working up the products, any 
acetic acid was extracted by sodium bicarbonate solution.12 
The water solution was ether-extracted and the extract 
was placed with the aniline. The ether and aniline were 
distilled off and the residue was extracted with boiling 
water. About 0.1 g. of acetanilide, m. p. 113°, separated 
on cooling. A trace of ketene was revealed similarly in 
runs with 2-propyl and 2-butyl acetates. With phenyl 
acetate it was the chief product.

That the liquid products from the pyrolysis of phenyl 
acetate contained phenol was established readily by dis­
tillation. The fraction which was collected at 179-182° 
reacted strongly with ferric chloride and gave an a- 
naphthylurethan, melting at 132 °.

The gas from the first receiver and its attached spiral 
condenser was treated in three different ways. For a 
time in the first run it was passed into a trap containing 
45 cc. of water. Then it was passed into a trap containing 
20 cc. of aniline. In the second run, it was passed into 
an empty trap at — 78 0 which was connected to an aniline 
trap.

The water in the first trap was free from aldehydes 
(Schiff reagent). From the aniline traps, acetanilide was 
isolated in quantity (m. p. 113.5°). No gaseous product 
was obtained in either run. At the end of the second 
run, about 1 cc. of ketene had collected in the trap at 
—78°. When this was vaporized and passed into the 
aniline, there was no residual acetylketene. The yield

(12) Hurd and Martin, T h is  J o u r n a l , 51, 3615 (1929).

of ketene was calculated from the weight of acetanilide 
isolated.

The liquid products consisted only of phenyl acetate 
and phenol. The former was determined by acetyl an­
alysis,13 and the latter by bromate-bromide titration.14 
To analyze for phenol in the presence of phenyl acetate, 
it was found that phenyl acetate underwent quantitative 
hydrolysis into phenol on refluxing for thirty minutes with 
sodium ethoxide solution. Therefore, the mixture of 
phenyl acetate and phenol was subjected to this hydrolysis 
prior to the bromate-bromide titration. Since the ester 
content was known, that portion of the phenol which 
came from the ester was computed readily.

The qualitative presence of acetone in the liquid prod­
ucts (first receiver) from 2-propyl acetate was established 
by neutralizing a portion of it and treating that part 
which boiled below 80° with semicarbazide hydrochloride 
and sodium acetate. After standing, 0.5 g. of acetone 
semicarbazone, m, p. 189-190°, was obtained. No 
acetone was detected from t-butyl acetate.

Acetic acid was identified by boiling point and by its 
derivative, ^-bromophenacyl acetate, m. p. 85°. No 
more than traces of acetic anhydride were present by quan­
titative determination (below).

No allyl acetate was found by distillation of the prod­
ucts from 2-butyl acetate. The fraction boiling from 85- 
116° revealed no ester for no alkali was consumed by sa­
ponification test, but it contained much isobutyraldehyde 
for it gave a strong fuchsin test and yielded a 2,4-dinitro­
phenylhydrazone, m, p. 182°.

A slight fuchsin test was obtained in the products from 
the 625°-run of ethyl phenylacetate, but otherwise all 
tests for aldehydes were negative. Phenylacetic acid and 
toluene (only from the run at 625p) were identified by 
direct isolation. The toluene was confirmed as 2,4-di- 
nitrotoluene, m. p. 70°. Water, toluene and benzalde­
hyde (b. p. 177-183°, semicarbazone in. p. and mixed 
m. p. 222°) from methyl phenylacetate were isolated 
directly. No evidence was secured for phenylacetalde- 
hyde, and the trace of acid observed could not be isolated 
for characterization,

Data summarizing both the qualitative and quantitative 
data of some representative runs are collected in Table I.

Quantitative.— Quantitative determinations on the 
various products were carried out volumetrically. The 
acid content was determined by direct titration on an ali­
quot portion of the products with standard sodium hy­
droxide. The ester content was determined on another 
portion by saponification, using a known amount of stand­
ard alkali and back titration with dilute standard sulfuric 
acid. The acetic anhydride was determined on an aliquot 
portion by means of the reaction with anhydrous pyridine 
and oxalic acid,15 the volume of carbon monoxide and 
carbon dioxide evolved being indicative of the anhydride 
content.

The total aldehyde content of both receivers was de­
termined on aliquot portions by oxidation with 0.1 N  
potassium dichromate solution and sulfuric acid. It was 
necessary to correct this value in the ethyl acetate experi-

(13) Freudenberg, A n n ., 433, 230 (1923).
(14) Francis and Hill, T h is  J o urn al , 46, 2498 (1924).
(15) Whitford, ibid., 47, 2939 (1925). ,



T a b l e  I
P y r o l y s is  o f  S e v e n  E s t e r s

Butyl
E ster.......................... /- Propyl acetate acetate /-Butyl acetate Phenyl acetate Ethyl phenylacetate M ethyl phenylacetate

Run no. 1 2 1 2 3 1 1 2 1 2 1 2 3 4 1 2 3 4
Vol. of tube, cc. 98 136 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
Tem p., °C. 525 550 430 430 460 360 420 650 625 645 435 485 545 625 535 625 625 625
Duration, min. 489 440 35 130 95 12 68 120 26 53 25 28 28 33 41 38 35 51
Contact time, sec. 14.8 53 .5 3 .9 20 .3 17.9 2 .6 7 .6 27 .4 7 .0 14.3 7 .7 8 .7 8 .8 7 .7 6 .8 4 .8 5 .2 6 .6
_  . ƒ moles Ester taken <( cc.

3 .00 1.00 1.00 1 .00 0 .9 0 0 .77 1.52 0 .56 0 .485 0.485 0.539 0.445 0.439 0.503 0 .69 1.00 0 .69 1.00
289.5 96 .5 117 117 105 100 203 56 61 61 86 71 70 80 100 145 100 145

Gas formed (STP), liters 47.95 19.50 2 .1 0 6 .10 10.35 0 .3 8 3 .9 9 .0 0 .9 0 1.30 4 .7 0 9 .60 1.1 6 .1 8 4.41 7 .02
Extent of decn., % 63.7 90.1 18.9 37 .7 55 .0 2 .70 13.6 98.1 12.7 2 4 .8 8 .3 17.3 56 .0 85 .2 0 .87 15.0 16.9 18.5
Vol. of liquid products, cc. 215.5 55 .0 110 100 78 .0 97 194 30 59 .5 57 .3 85 70 60 36 .5 99 .5 140 94 135.5
Gas analysis, % by vol.

COs 1.31 1.53 21.42 5 .66 5 .32 6.95
C2H< 85.80 85.53 100.0 100.0 100.0 78.58 15.62 14.97 19.71
Ho 4 .74 3 .95 18.96 15.30 12.50
CO 1.31 0 .66 5 .00 4 .15 1.83 2 .68 10.20 53.10 56.55 49.45
CH4 6 .8 4 8.33 13.86 10.65 12.84 10.76 6 .40 6.66 7.82 11.39
C3H 5 81.14 85 .20 85.32
C4H8 (iso) 100.0 85.56 83.40

Yield of products, mole per 
mole decomposed

Acetic acid 0 .80 0.82 0.507 0.664 0.806 0 .86 0 .885 0 .684
Acetaldehyde .032 .097 .169 .122 .042
Formaldehyde .081 .064 0.21 0.33 0 .20
Acetic anhydride .010 .004 tr. tr. tr. tr. tr.

Ketene tr. tr. tr. tr. tr. tr. tr. 0 .84 0 .6 3
Acetone .275 .066 .028
Isobutyraldehyde a .156
Phenol .89 .98
Phenylacetic acid 0 .9 8 0 .77 0 .82 0 .5 8
Toluene .22 .33 .53 .60
Benzaldehyde .94 .68 .51
Organic acid .044 .047 .032
Carbon dioxide 0.015 0.014 .21 .10 .13 .12
Ethylene .96 .83 .89 .75 .85 .78 .29 .25 .33
Hydrogen .053 .038 .35 .26 .21
Carbon monoxide .015 .007 .027 .029 .016 .023 .075 .97 .96 .84
Methane .076 .080 .069 .077 .119 .092 .047 .12 .13 .19
Propylene .402 .616 .796
Isobutylene • . .  . . . . . .  . . .  . . .  .81 .730 .600

° Isobutyraldehyde was established qualitatively by its 2,4-dinitrophenylhydrazone.
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ments for the dichromate which was consumed in oxidizing 
the ester concurrently (CH3COOC2H5 — >  2CH3COOH). 
The difference between the total equivalents of dichromate 
and the equivalents consumed by the ester gave the value 
for total aldehydes. The procedure was tested on a known 
mixture of ethyl acetate and acetaldehyde, as follows.

A definite volume of acetaldehyde (capillary pipet) was 
heated for three hours on the steam-bath with 150.00 cc. 
of 0.1024 N  potassium dichromate and sulfuric acid, after 
which potassium iodide was added. Then, 34.30 cc. of 
0.1410 N  sodium thiosulfate was required. From this 
102.77 cc. of 0.1024 N  dichromate was consumed. Then 
a mixture of this same quantity of acetaldehyde and 0.050 
cc. of ethyl acetate (0.0005 mole) was treated similarly. 
This time, 122.46 cc. of 0.1024 N  dichromate was con­
sumed. The difference of 19.69 cc. ( o  2.01 cc. of 1 N) 
represents 0.002 equivalent, which agrees with the ethyl 
acetate taken (0.0005 X 4 =  0.002) since four oxidation 
equivalents are involved in the oxidation of ethyl alcohol 
to acetic acid.

In a similar manner it was established that the oxidation 
equivalent for Lpropyl acetate (i. e., the correction factor) 
was twice the molecular weight. Thus, there was hy­
drolysis and oxidation quantitatively to acetone on heating 
with 0.0789 N  potassium dichromate and sulfuric acid: 
CH3COOCH(CH3)2 ----CHaCOOH +  (CH3)2CO.

No such corrections were necessary to analyze for iso­
butyraldehyde from f-butyl acetate for it was separated 
from the ester before oxidation. The benzaldehyde and 
toluene from methyl phenylacetate were determined by 
direct distillation analysis.

The acetone content of the products from i-propyl ace­
tate was estimated in a manner patterned after the sug­
gestion of Marseo.16 The aldehyde and ketone both re­
act with a 2% solution of hydroxylamine hydrochloride in 
water. The aldehyde releases 94.40% of the theoretical 
amount of hydrochloric acid while 1.00 cc. of 0.1000 N  
sodium hydroxide is required for the hydrochloric acid set 
free by each 0.0001 mole of acetone. The sample (an ali­
quot of the liquid products) was neutralized with standard 
alkali to the methyl orange end-point. Six hundrd cc. of 
2% hydroxylamine hydrochloride solution was then added. 
The solution was titrated to near neutrality and allowed 
to stand for twenty seconds. This process was repeated 
several times and the mixture was neutralized after one 
minute of stirring. By a previous knowledge of the acet­
aldehyde content the acetone content was determined.

The gaseous products were identified and analyzed by 
absorption methods in a modified Orsat apparatus.17 
The olefin in the gas from i - butyl and /-butyl acetates 
was exclusively isobutylene. In both cases the gas dis­
solved completely in 63% sulfuric acid. This conclusion 
was confirmed by distillation analysis in a Podbielniak 
column. No propylene was found. The C4-fraction from 
the distillation was liquefied and distilled analy tically from 
a Frey-Hepp column18 with ethylene oxide as a ‘‘pusher.’* 
There was a long distillation plateau for isobutylene at 
— 6° but no plateau at a higher temperature for 2-butene.

(16) Marseo, Ind . Eng. Chem., 18, 701 (1926).
(17) Hurd and Spence, T h i s  J o u r n a l , 51, 3356 (1929).
(18) Frey and Hepp, Ind . Eng. Chem., 25, 444 (1933); Hurd and 

Goldsby, T h i s  J o u r n a l , 56, 1812 (1934).

Methane was the exclusive paraffin in the gas from methyl 
phenylacetate since n in CnH2»+2 was found to be 1.0.

The acetic acid was determined quantitatively by direct 
titration. Analysis of the unused ester with some of the 
esters called for the use of a solution of sodium ethoxide 
in ethanol, since aqueous solutions of sodium hydroxide 
were ineffectual. For example, after an eight-hour period 
of refluxing of 10 cc. of /-butyl acetate and 25 cc. of 28% 
sodium hydroxide an insoluble layer of ester remained. 
Distillation of this layer yielded 9 cc., b. p. 90-96°. Cor­
rect saponification values for the pure ester (1 cc.) were 
obtained by refluxing for half an hour with 50 cc. of 
N  sodium ethoxide solution and back-titrating with N  
sulfuric acid.

Summary
MJutyl acetate underwent pyrolysis at 360° to 

yield acetic acid and isobutylene as exclusive 
products. Ethyl phenylacetate also underwent 
this simple type of scission into phenylacetic 
acid and ethylene at 435-545°.

In the case of ethyl acetate, pyrolysis into acetic 
acid and ethylene also occurred at temperatures of 
525-550°, but smaller quantities of aldehydes 
and other gases were identified. Likewise, i- 
propyl acetate at 430-460° gave rise not only 
to acetic acid and propylene but also to signifi­
cant amounts of acetone, acetaldehyde, carbon 
monoxide and methane. Also, at either 420 or 
650°, small amounts of isobutyraldehyde, carbon 
monoxide and methane were found mixed with 
the acetic acid and isobutylene produced from 
isobutyl acetate.

It was demonstrated that no 2-butene was 
formed during pyrolysis of either t- or i-butyl 
acetates.

Phenyl acetate and methyl phenylacetate were 
much more thermostable than the other five es­
ters. The extent of decomposition was negligible 
at 530°. At 625-645°, phenyl acetate pyrolyzed 
smoothly into phenol and ketene. Methyl phen­
ylacetate, at 625°, yielded benzaldehyde, toluene 
and carbon monoxide in quantity, but formalde­
hyde, methane, hydrogen, ethylene and carbon 
dioxide were also formed.

A mechanism involving a cyclic hydrogen bridge 
is proposed to explain the low-temperature py­
rolysis of esters into acid and olefin. The chain re­
action mechanism, involving free radicals, cannot 
account for this process but it becomes important 
with the thermostable esters. To account for 
benzaldehyde from methyl phenylacetate, it is 
suggested that the phenylmethylene radical is an 
essential intermediate.
E v a n sto n , I l lin o is  R ec eiv ed  J uly 5, 1938
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[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  B io l o g ic a l  C h e m is t r y , C o l u m b ia  U n i v e r s i t y ]

Racemization of Tripeptides and Hydantoins1
B y  M . B o var nic k

In 1910 Dakin2 first described the racemization 
of optically active hydantoins under the influence 
of mild alkali. At the same time he demon­
strated that the presence of a hydrogen atom on 
the asymmetric carbon atom was a necessary 
condition for the occurrence of the racemization 
and further observed that neither the optically 
active amino acids themselves, their uramino acid 
derivatives, nor optically active dipeptides, were 
racemized under the conditions.2a He therefore 
concluded that the mechanism of racemization 
involved a keto-enol tautomerism and that it 
was essential that both the a-amino group and 
the carboxyl group attached to the asymmetric 
carbon atom be bound up in order for the amino 
acid to undergo racemization by this method.3 
Extending this work, Dakin and others4 later 
identified the terminal amino acids of protein 
peptide chains by making use of the assumption 
that, having free amino and carboxyl groups, they 
would not racemize on alkaline hydrolysis. Le- 
vene,5 working with smaller peptide chains, sub­
stantiated the findings of Dakin and reached the 
conclusion that in a peptide composed of three 
optically active amino acids only the middle 
amino acid was racemized by alkali.

On comparing the formulas of dipeptides and 
tripeptides, a theoretical reason presents itself 
for the observed difference in racemizability of 
the two. In both there are two types of struc­
tures capable of undergoing tautomerization. One 
is the familiar keto-enol system, and the other is 
the amide-imide system. In the dipeptide only 
the non-racemizing tautomeric equilibrium

(1) This report is from a dissertation submitted by Max Bovarnick 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Faculty of Pure Science, Columbia University.

(2) Dakin, A m . Chem. J ., 44, 48 (1910).
(2a) The optical stability of dipeptides may be further illustrated 

by the case of alanylglycine, which on treatment with normal sodium 
hydroxide at room temperature for two days showed no appreciable 
loss in activity [Levene and Pfaltz, J . Biol. Chem., 70, 219 (1926)], 
whereas in half-normal sodium hydroxide under the same conditions 
it was hydrolyzed to  an extent of over 15% [Levene, Bass and 
Steiger, J . Biol. Chem., 82, 167 (1929)]. Racemization of the re­
sulting amino acids can be effected by alkali only under very vigor­
ous conditions, such as heating with 15% barium hydroxide at 155- 
160° for forty-eight hours [E. Fischer, Z. physiol. Chem., 33, 151, 
173 (1901)].

(3) Dakin, / .  Biol. Chem., 13, 357 (1913).
(4) Dakin and Dudley, ibid,., 15, 263 (1913); Dakin and Dale, 

Biochem. J .,  13, 248 (1919).
(5) Levene, Steiger and Marker, J . Biol. Chem., 93, 605 (1931)..

a n d  H . T . C l a r k e

H O  H
I II f

N H j-C —C—NH— C—COOH -*~r-
I I

R R'
A

H OH H
I I I

N H 2— C— C = N — C— COOH
I I

R R'
B

need be considered; the keto-enol tautomeriza­
tion obviously does not take place to any appre­
ciable extent as the dipeptides do not racemize.

In a tripeptide a wide variety of tautomeric 
forms is possible, of which only those represented 
below need be considered here. It is a well-rec­
ognized fact that the presence of a double bond 
in a molecule tends to favor the production (when 
this is at all possible) of other double bonds in 
conjugation with it. It was therefore thought 
that an explanation of the racemizability of the 
tripeptides might reside in the possibility that in 
these peptide chains a previous or simultaneous 
occurrence of an enolized peptide linkage (D), 
analogous to that outlined above (B) for a di­
peptide, might be necessary to induce the forma­
tion of a second enolic double bond (E) whereby 
the asymmetry of the central constituent amino 
acid is destroyed.

H O H Q II
I II ... I II I

NH2— C— C—NH— C— C—NH— C—COOH C
I I ' I

R R' R"

H OH H O H
T ! I II I

NH2—c — C = N —C—C—NH— G— COOH D
I I I

R R' R"

H OH OH H
I I I ■ I

NH2—C—C = N —C = C —N H — C— COOH E

R R' R"

In order for this mechanism to be effective in 
the case of a dipeptide the following reaction would 
have to take place

H O  H
I II I ,

NH2—C—C—N H —C—COO “

R R'
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H OH
I I

NH2—C—C = N —C=C<
I I

R R'

-OH

o-

Enolization involving carboxylate ions is not in 
harmony with the concept of resonance in these 
ions,6 and the known non-racemizability of di­
peptides conforms with its improbability.

If the above hypothesis, as applied to tripep­
tides, is to be tenable, then replacement of the 
hydrogen in the system —CONH— by a methyl 
group should, by blocking the formation of the 
modification —C(OH)=N— and thereby pre­
venting conjugation involving the asymmetric 
carbon atom, prevent racemization in the tri- 
peptide.

In the case of hydantoins there are two pos­
sibilities for the occurrence of conjugation in­
volving the asymmetric carbon atom

R— C=

NH—C

/OH
N

H . 0  (4) 
(5) RC— O f

X0H
( l ) H N - C /

N H  (3)

O (2)

R—C—G
I

N—G

OH

NH

OH

and if this be a factor controlling racemization, 
replacement of one of the H atoms in positions 
1 or 3 of the ring by an alkyl or aryl group might 
retard racemization, and replacement of both 
should prevent it.

of racemization in suitable concentrations. of al­
kali were measured. The latter derivatives con­
tain an amino acid in which both the amino group 
and carboxyl group are modified. They differ 
from tripeptides in that they lack the terminal 
amino and carboxyl groups, but these are not es­
sential for testing the theory as the requisite 
enolization can take place with equal probability

O H O
II I II ,

R—C—NH—C—C—NHCeHgIR
OH H O
I I II ■R—C = N —C—C—NHC6H5 ±^TI

R'
OH OH
I I

R—C =N —C=C—-NHC6H5
I

R'

The derivatives studied were chosen because it 
was thought they might be more accessible than 
the tripeptides.

The results, given in Table I, have little quan­
titative significance since practical considerations 
precluded the use of standard concentrations of 
the optically active compounds and the precise 
evaluation of hydroxyl ion activity. Contrary 
to expectation, the loss of activity did not always 
follow a moiiomolecular course, as should have 
been the case if a single reaction had been in­
volved.9

T a b l e  I
H a l f  R a c e m iz a t io n  T im e  o f  H y d a n t o in s  a n d  A cyl  A m in o  A n i l id e s  i n  A l k a l i

Compound
I N -Acetyl-tyrosyl anilide 

II N-Acetyl-N-methyltyrosyl anilide
III N -Acetyl-£>~methoxyphenylalanyl anilide
IV N-B enzoyl-^-methoxyphenylalanyl anilide
V N-Carbobenzoxy-^-methoxyphenylalanyl anilide 

VI N-Toluenesulf onyl-/>-methoxyphenylalanyl 
methylanilide

VII 5-^-Hydroxybenzylhydantoin1 
VIII 3-Phenyl-5-£-hydroxybenzylliydantoin7 

IX  l-Metbyl-5-^-hydroxybenzylhydantoiu 
X  l-Methyl-3-phenyl-£-hydroxybenzylhydantoin 

X I 5-£-Methoxybenzylhydantoin 
X Ia 5-£-Methoxybenzylhydantoin 
X II 3-Phenyl-5-^-methoxybenzylhydantoin8

Half-time,
Molarity Medium hours
0.0255 0 .37  N  NaOH in 67% EtOH 74

.025 .37 N  NaOH in 67% EtOH 9

.0227 .37 N  NaOH in 67% EtOH 40

.0013 .33 N  NaOH in 2:1 BuOH-EtOH 0.25

.025 .37 N  NaOH in 67% EtOH CO

.025 .37 N  NaOH in 67% EtOH 00

.0046 .002 N  NaOH in 95% EtOH 15

.0222 .002 N  NaOH in 95% EtOH 2 .5

.030 . 002 N  NaOH in 95% EtOH 11.5

.0287 .002 N  NaOH in 95% EtOH 0 .5
.0267 .002 N  NaOH in 95% EtOH 45
.0046 . 002 N  NaOH in 95% EtOH 9
.026 .002 N  NaOH in 95% EtOH < 0 .1

Accordingly a series of optically active substi­
tuted hydantoins, and a series of a-acylaminoacyl 
anilides were prepared. For each series the rates

(6) P au lin g ,Proc. Nat. Acad. Sci., 18, 293 (1932). *
(7) Paal apd Zitelmann, Ber., 36, 3344 (1903).
(8) Behr and Clarke, T h i s  J o u r n a l , 54, 1630 (1932).

On comparing some of the rates of racemiza­
tion, I with II, VII with IX and X, X with VIII,

(9) W ith the acylaminoacyl anilides, the values of A  drifted up­
ward for compounds I and IV, downward for II and III; with the 
hydantoins, relatively constant values were observed for VII, VIII, 
and X I, and those for the 1-m ethyl hydantoins IX  and X showed 
an upward drift.
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and XI with XII, it can be seen that the substi­
tution of H by R groups not only fails to prevent 
racemization but in some cases even hastens it. 
These findings completely invalidate the hy­
pothesis that the ease of racemization depends 
upon the possibility of conjugation.

An alternative explanation is that the racemi­
zation, whether or not it is identical with enoliza- 
tion, is similar to enolization in its dependence on 
the ionization of the hydrogen on the asymmetric 
carbon atom. That this ionization is the essential 
step in such processes of racemization or enoliza­
tion has been demonstrated for various systems 
including the racemization of /-phenyl, /3-a-butyl 
ketone;10 mutarotation of an acetoacetic ester 
derivative;11 bromination of ketones;12,13 race­
mization of alkyl nitromethanes.14 Even where 
racemization takes place15 and enolization is im­
probable16 or impossible,17 there occurs an acti­
vation of the hydrogen which is most probably 
ionization.

This ionization is in turn dependent on two 
factors: (a) the alkalinity of the medium, and 
(b) the activating effects of the groups attached 
to the asymmetric carbon atom. It is obvious 
that the more alkaline the medium, the greater 
is the tendency of any hydrogen atom to ionize. 
The nature of the activating effect is more ob­
scure. If its mechanism involves internal electron 
displacements,18-*20 then the adjacent activating 
groups must act by lowering the electron density 
around the asymmetric carbon atom to the requi­
site point where those electrons shared as a cova­
lent pair by the hydrogen and carbon are so dis­
placed toward the carbon as to enable the hydro­
gen to ionize under the influence of the hydroxyl 
ions. Activation would then depend on electron- 
attraction, and the problem of racemization of 
these compounds would resolve itself into a ques­
tion of the relative electron-attracting effects of 
the various groups attached to the asymmetric 
carbon atom. On this basis we can, from our 
data and the known behavior of di- and tripep­
tides, uramino acids and hydantoins with re-

(10) Sheng, Ingold and Wilson, J . Chem. Soc., 78 (1938).
(11) Kimball, T h i s  J o ur n a l , 58, 1967 (1936).
(12) Watson, C h em . R ev ., 7, 173 (1930).
(13) Leuchs, B e r ., 46, 2435 (1913).
(14) Kuhn, ibid., 60, 1297 (1927).
(15) Ashley and Shriner, T h i s  Jo u r n a l , 54, 4410 (1932); Kipping, 

J. Chem. Soc., 18 (1935).
(16) Kohler and Potter, T h i s  J o ur n a l , 58, 2166 (1936).
(17) Shriner, Struck and Jorison, ibid., 52', 2060 (1930).
(18) Ingóld, C h em . R év ., 15, 225 (1934).
(19) Pauling, T h i s  J o urn al , 57, 2086 (1935).
(20) Hammett, ibid., 59, 96 (1937).

speet to racemization of this type, draw certain 
conclusions about the relative activating effects 
of different radicals.

Whereas the effect of the carboxyl is not suf­
ficient to induce racemization in either free o r ' 
N-acylated amino acids under the conditions, 
the —CO—NHCeHs group can induce racemiza­
tion in the N-acetyl and N-benzoyl aminoacyl 
anilides (I, II, III, IV). Ring closure in the hy- 
dantoic acids is essentially substitution of the 
free carboxyl of a uramino acid by a CONR 
group, with the result that the non-racemizing 
uramino acids become racemizable. The greater 
ease of racemization of the hydantoins as com­
pared with the open-chain compounds indicates 
that ring closure in itself has a large effect, but 
this cannot be interpreted from the data here 
presented.

Amino and methylamino groups are unable to 
induce racemization when free, as is shown by the 
failure of dipeptides and aminoacyl anilides to 
racemize under the conditions. However, acyla­
tion of the amino groups in these anilides does not 
necessarily lead to racemizability, for whereas 
the —NHCOCH3 and —NHCOCöHö groups are 
activating (I, IV), the — NHCOOCH2C6H5 and 
—NHSO2C7H7 groups have no such effect (V, 
v i) .

In the hydantoins, replacement of the imide 
hydrogen atoms in position 3 by a phenyl group 
increases the rate of racemization (compare 
VII with VIII, IX with X, and XI with XII). 
This may be due either to an activating effect of 
the phenyl group or to the possibility that in the 
simple hydantoins the imide hydrogen atom dis­
sociates sufficiently to decrease the (already low) 
hydroxyl ion concentration. Suppression of hy­
droxyl ion activity by ionization of the phenolic 
hydrogen atoms may be partially responsible for 
the slower rates of racemization of the tyrosine 
derivatives as compared with their methyl ethers 
(compare VII with XI, VIII with XII).

Experimental
The observed optical rotatory powers “of the various 

preparations recorded below do not necessarily represent 
the maximum possible values. In the racemization ex­
periments carried out at 20-25° the half-times are based 
on the initial values observed for the alkaline solutions 
employed.

Carbobenzoxymethoxyphenylalanine.—To 20 g. of p -

methoxyphenylalanine dissolved in 1 equivalent of 4 N  
sodium hydroxide were added alternately during the course 
of one-half hour with shaking and cooling 1 equivalent of
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carbobenzoxy chloride and 1 equivalent of 4 N  sodium 
hydroxide. Shaking was continued until the mixture was 
homogeneous. On dilution and acidification to congo red 
an amorphous white solid precipitated out. The crude 
product weighing 32 g., was recrystallized from ether- 
petroleum ether, yielding long, flattened needles, m. p. 
106-107°; soluble in alkali, ether, acetone, alcohol, ben­
zene ; insoluble in water; rotation, [a]25D + 1 2 °  in 95% 
alcohol.

Anal, Calcd. for Ci8Hi90 öN: C, 65.7; H, 5.8; N, 4.3. 
Found: C, 65.6;. H, 5.8; N, 4.1.

N-Carbobenzoxy-^-methoxyphenylalanyl Anilide (V).— 
To 4.5 g. of carbobenzoxy-£-methoxyphenylalanine sus­
pended in 150 cc. of dry ether was added 3.6 g. of finely 
powdered phosphorus pentachloride, and the mixture was 
allowed to stand at room temperature with occasional 
shaking until homogeneous (four hours). The ether was 
removed in vacuo and the oily residue quickly washed 
twice with dry petroleum ether. The amorphous residue 
was redissolved in 150 cc. of dry ether and 15 cc. of freshly 
distilled aniline in 50 cc. of dry ether was added. After 
twenty hours at room temperature the mixture was poured 
into cold dilute hydrochloric acid. The ether-soluble prod­
uct was recrystallized twice from hot dilute acetone; yield
4.3 g., m. p. 171-173°; soluble in acetone, ether, alcohol; 
insoluble in water and carbon tetrachloride; rotation, 
fa  ]25d  -f-22.3 ° in acetone.

Anal. Calcd. for C24H2404N2: C, 71.3; H, 5.9; N, 6.9. 
Found: C, 71,2; H, 6.1; N, 7.0.

^-Methoxyphenylalanyl Anilide.—Hydrogen gas was 
bubbled through a suspension of 1 g. of carbobenzoxy-p- 
methoxyphenylalanine-anilide in 50 cc. of 70% alcohol in 
the presence of palladium catalyst until no more carbon 
dioxide was evolved. The mixture was filtered and the 
filtrate concentrated at room temperature to 10 cc. A 
crop of white glistening squares crystallized out. Another 
crop was obtained from the mother liquor on standing in 
the ice box overnight; yield 584 mg., m. p. 121-123°; 
soluble in alcohol, acetone; slightly soluble in water and 
ether; rotation, [ « ] 25d  4-34.3° in 95% alcohol.

Anal. Calcd. for C]6H i80 2N2: C, 71.1; H, 6.7; N, 
10.4. Found: C, 71.1; H, 6.8; N, 10.4.

N-Acetyl-^-methoxyphenylalanyl Anilide (III).—To 
0.100 g. of />-methoxyphenylalanine anilide in 3 cc. of 50% 
acetone was added 0.3 cc. of freshly distilled acetic an­
hydride. After twenty hours another 0.3 cc. of anhydride 
was added, and the solution was allowed to stand at room 
temperature for twenty-four hours. On dilution with 
water and cooling in the ice box overnight clusters of 
needles separated out; yield 95 mg., m. p. 168-170°; 
soluble in alcohol and acetone; insoluble in water; rota­
tion, [a]25D 4-56.4° in 95% alcohol.

Anal. Calcd. for Ci8H20O3N 2: C, 69.2; H, 6.4; N, 
9.0. Found: C, 69.1; H, 6.7; N, 9.1.

Tyrosyl Anilide.—A mixture of 282 mg. of ^-methoxy- 
phenylalanine anilide, 10 cc. of concentrated hydriodic 
acid (sp. gr. 1.7), and a few crystals of phosphonium iodide 
was allowed to stand in a sealed tube at room tempera­
ture for forty-eight hours. The contents were then di­
luted with water and taken to dryness at room tempera­
ture over phosphorus pentoxide. The glassy residue was

dissolved in a small amount of water and the solution made 
alkaline to litmus with ammonia. On cooling overnight 
in the ice box needles separated out which were recrys­
tallized from hot dilute alcohol; yield 160 mg., m. p. 
145-147°; soluble in acetone, alcohol and acid; insoluble 
in water; rotation, [ a ]25d  4-28.4° in 95% alcohol.

Anal. Calcd. for Ci5H160 2N 2: C, 70.3; H, 6.3. Found: 
C, 70.2; H, 6.2.

N-Acetyltyrosyl Anilide (I).—A solution of 0.100 g. of 
tyrosine anilide in 3 cc, of 50% acetone was treated with 
acetic anhydride as previously described. On diluting 
with water and cooling in the ice box 98 mg. of crystalline 
material was obtained. This was recrystallized from di­
lute acetone in short rods, m. p. 236-237°; soluble in 
alcohol and acetone; insoluble in water; rotation, [ a ] 25D 

4-61.0° in 95% alcohol.
Anal. Calcd. for 6 i7H i8OsN 2: C, 68.5; H, 6.0. Found: 

C, 68.7; H, 6.1.
N-^-Toluenesulf onyl-^-methoxyphenylalanine.—A mix­

ture of 6 g. of ^-methoxyphenylalanine dissolved in 1 
equivalent of 1 IV sodium hydroxide and 2 equivalents of 
toluenesulfonyl chloride in 50 cc. of ether was shaken for 
one hour. One equivalent of 1 N  sodium hydroxide was 
then added and the mixture shaken for another hour. 
This process was repeated two more times. The aqueous 
layer was strongly acidified with 5 N  hydrochloric acid and 
an oil separated out which solidified on standing overnight. 
The solid was recrystallized from hot water in long white 
needles, m. p. 138-140°; soluble in hot water, alcohol, 
ether, acetone and benzene; yield 8 g.

Anal. Calcd. for C17H19O5NS: N, 4.0. Found: N, 4.0.
N-£-Toluenesulfonyl-£-methoxyphenylalanyl Methyl- 

anilide (VI).—To a solution of 5.5 g. of N-^-toluenesul- 
fonyl-^-methoxyphenylalanine in 200 cc. of dry ether was 
added 3.6 g. of finely powdered phosphorus pentachloride 
and the mixture allowed to stand at room temperature 
with occasional shaking for four hours. The ether was 
removed in vacuo and the oily residue quickly washed 
twice with dry petroleum ether. It solidified in clusters 
of needles. These were redissolved in 150 cc. of dry ether 
and a solution of 17 cc. of freshly distilled methylaniline in 
50 cc. of dry ether was added. The mixture was allowed 
to stand at room temperature for two days and then 
poured into cold dilute hydrochloric acid. The ether layer 
was washed with dilute hydrochloric acid, bicarbonate, 
water, and dried over sodium sulfate. On concentrating, 
glistening platelets together with a small amount of needles 
came out. On recrystallization from ether-petroleum 
ether 5 g. of platelets was secured; soluble in alcohol, ether, 
acetone; insoluble in water; m. p. 120°; rotation, [ a ] 25D 

4-18.8° in 95% alcohol.
Anal. Calcd. for C24H260 4N 2S: C, 65.8; H, 5,9; N,

6.4. Found: C, 65.8; H, 5.9; N, 6.2.
The needles were not investigated.
N-Methyl-N-^-toluenesulfonyl- p  -methoxyphenylalanyl 

Anilide.—A solution of 5 g. of N-^-toluenesulfonyl-O-N- 
dimethyltyrosine (prepared according to Fischer21) in 
150 cc. of dry ether was treated with phosphorus penta­
chloride and aniline and worked up in the manner de­
scribed above. After finally removing the ether, the glassy

(21) Fischer and Lipschits, Ber., 48, 360 (1915),
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residue was recrystallized twice from hot dilute alcohol. 
Clusters of long white prisms were obtained; yield 5.2 g.; 
m. p. 96-98°; soluble in ether, acetone, alcohol, benzene; 
insoluble in petroleum ether and water; rotation, [q:]25d  

4-15.3° in 95% alcohol.
Anal. Calcd. for C24H26O4N 2S: C, 65.8; H, 5.9; N,

6.4. Found: C, 65.8; H, 5.9; N, 6.3.
N-Methyltyrosyl Anilide.—A mixture of 4 g. of the 

above compound, 2.5 g. of phosphonium iodide, and 50 g. 
of concentrated hydriodic acid (sp. gr. 1.7) was shaken in a 
sealed tube at room temperature for six hours. The mix­
ture was mixed with ice and allowed to stand for one hour. 
The thiocresol was filtered off; the filtrate was concen­
trated in vacuo, made alkaline with ammonia and allowed 
to stand in the ice box overnight. A semi-solid mass came 
out which was crystallized twice from hot dilute alcohol; 
yield 1.4 g., m. p. 139-140°; soluble in alcohol, acetone, 
and acid; slightly soluble in water; rotation, [o:]25d  

4-46.8° in 95% alcohol.
Anal. Calcd. for C16H18O2N 2: C, 71.1; H, 6.7. Found: 

C, 71.0; H, 6.3.
N-Acetyl-N-methyltyrosyl Anilide (II).—A solution of 

200 mg. of N-methyltyrosyl anilide in 6 cc. of 50% acetone 
was treated with 0.6 cc. of freshly distilled acetic anhydride, 
allowed to stand overnight at room temperature, and again 
treated with 0.6 cc. of acetic anhydride and allowed to 
stand another twenty-four hours at room temperature. 
On diluting with water and cooling in the ice box for a 
few days, clusters of rods separated out; yield 190 mg., 
m. p. 185-186°; soluble in acetone and alcohol; insoluble 
in water; rotation, [ a ] 25D —32.1° in 95% alcohol.

Anal. Calcd. for C18H2o0 3N 2: C, 69.2; H, 6.4; N, 
9.0. Found: C, 69.1; H, 6.3; N, 8.9.

N-Benzoyl-^-methoxyphenylalanyl Anilide (IV).—To a 
solution of 74 mg. of ^-methoxyphenylalanyl anilide in 
5 cc. of benzene was added 44 mg. of freshly distilled 
benzoyl chloride. After standing at room temperature 
overnight, 0.15 cc. of 1.1 N  sodium hydroxide was added 
and the mixture allowed to stand at room temperature for 
ten hours with occasional shaking. The solid which sepa­
rated out was centrifuged down, washed with benzene and 
water, and then recrystallized from dilute acetone; yield 
95 mg., m. p. 224-225°; long, white needles; soluble in 
acetone; very slightly soluble in alcohol and butyl al­
cohol; insoluble in water and benzene; rotation, [ a ] 25D  

4-14.7° in acetone.
Anal. Calcd. for C23H2203N 2: C, 73.8; H, 5.9; N , 7.5. 

Found: C, 74.0; H, 6.1; N, 7.8.
l-Methyl-5-£-hydroxybenzylhydantoin (IX).—To a sus­

pension of 1 g. of N-methyltyrosine21 in 40 cc. of boiling

water was added solid potassium cyanate until every­
thing went into solution. The cooled solution was treated 
with 20% sulfuric acid until approximately one normal, 
and then refluxed for three hours. On cooling a white 
solid separated out. This was recrystallized twice from 
hot water, yielding 1.1 g. of flat platelets, m. p. 123-124°; 
soluble in hot water and alcohol; insoluble in cold water; 
rotation, [ a ] 25D —12.0° in 95% alcohol.

Anal. Calcd. for CnHi20 3N 2: C, 60.0; H, 5.5. Found: 
C, 59.7; H, 5.3.

1 -Methyl-3-phenyl-5-£-hydroxybenzylhydantoin (X). —
To a solution of 1 g. of N-methyltyrosine in 2 equivalents 
of half-normal sodium hydroxide was added 1 equivalent 
of phenyl isocyanate. The mixture was shaken for two 
hours, filtered, and the filtrate made acid to congo red. 
A white amorphous mass separated out which was re­
crystallized from hot dilute alcohol; yield 1.5 g., m. p. 
153-155°; short thick rods; soluble in acetone, alcohol, 
and alkali; insoluble in water; rotation, [<*]25d  —15.5° 
in 95% alcohol.

Anal. Calcd. for C17H16O3N 2: C, 68.9; H, 5.4. Found: 
C, 68.8 ; H, 5.5.

5-^-Methoxybenzylhydantoin (XI).—To a solution of
O. 5 g. of £-methoxyphenylalanine in 25 cc. of boiling water 
was added 2 equivalents of solid potassium cyanate. 
The solution was cooled and made approximately normal 
with 20% sulfuric acid, and then refluxed for three hours. 
On cooling, white leaflets came out which were recrys­
tallized from hot water; yield 0.47 g., m. p. 171-173°; 
soluble in hot water, acetone and alcohol; slightly soluble 
in cold water; rotation, [a]25D —89.0° in 95% alcohol.

Anal. Calcd. for CnHi20 3N 2: C, 60.0; H, 5.5. Found: 
C, 59.8; H, 5.4.

The authors are deeply indebted to Dr. Louis
P. Hammett for advice and criticism of the 
theoretical portions of this paper. They also 
express their thanks to Mr. W. Saschek, who per­
formed the analyses here reported.

Summary
Racemization of acylaminoacyl anilides and 

of hydantoins by alkali is not prevented by the 
introduction of groups which would restrain the 
formation of conjugated enolic double bonds. It 
is suggested that such racemization is a reflection 
of the electronic condition of the various groups 
attached to the asymmetric carbon atom.
N e w  Y o r k , N. Y . R e c e iv e d  J u n e  30, 1938
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Spinastanol and its Identity with Fucostanol and Stigmastanol
By C. D onald Larsen

a-Spinasterol, first isolated from the unsaponi- 
fiable fraction of spinach fat by Clenshaw and 
Smedley-MacLean,1 by Heyl, Wise and Speer,2 
and later by Simpson,3 on the basis of the latest 
experimental evidence, is an isomer of stigma- 
sterol and fucosterol. a-Spinasterol, like stig- 
masterol4 and fucosterol,5 was formerly shown,6 
by quantitative hydrogenation and perbenzoic 
acid titration experiments, to be doubly un­
saturated. Whereas stigmasterol has been proved 
to be unsaturated in the 22,23-position7 and, like 
fucosterol,8 unsaturated in the 5,6-position,9 
a-spinasterol, although its points of unsaturation 
are unknown, apparently exhibits saturation in 
the more common sites of sterol unsaturation, 
the 5,6- and 22,23-positions. Exclusion of the 
22,23-position as a site of one of the ethylenic 
linkages in a-spinasterol was demonstrated by the 
negative results of attempted ozonization.6 Simp­
son3 has drawn attention to the anomalous reac­
tions of a-spinasterol, as compared to sterols with 
known 5,6-unsaturation, from which he has con­
cluded that “this sterol differs from other sterols 
in that it does not contain the 5:6-double bond 
characteristic of the latter.’’

a-Spinasterol further differs from stigmasterol 
and fucosterol in that the former possesses a 
double bond that is unresponsive to hydrogena­
tion6 or has been caused to migrate, as has been 
postulated for the 7,8 double bond of ergosterol,10 
to a non-reducible position. In contrast to the 
nuclear double bond conjugation in ergosterol, 
Simpson has excluded, by the absence of a maleic 
anhydride reaction, the existence of conjugated 
unsaturations in the a-spinasterol nucleus.

Recent investigation of a series of derivatives of 
the completely saturated spinastanol and com­
parison of them with the constants of those simi­
larly prepared from fucostanol by Heilbron and

(1) Clenshaw and Smedley-MacLean, Biochem. J .,  23, 107 (1929).
(2) Heyl, Wise and Speer, J . Biol. Chem., 82, 111 (1929).
(3) Simpson, J . Chem. Soc., 730 (1937).
(4) Windaus and Hauth, Ber., 39, 4378 (1906).
(5) Heilbron, Phipers and Wright, J . Chem. Söc., 1572 (1934).
(6) Larsen and Heyl, T h is  J o u r n a l , 56, 2663 (1934).
(7) Guiteras, Nakamiya and Imhoffen, A nn ., 494, 116 (1932).
(8) Coffey, Heilbron and Spring, J . Chem. Soc., 738 (1936).
(9) Fernholz, A nn.;  508, 215 (1934).
(10) Windaus and Langer, ibid., 508, 105 (1934).

co-workers8 and from stigmastanol1 1 - 1 3  has es­
tablished the identity of these three saturated 
sterols, and corroborates the isomerity of the 
unsaturated sterols from which they were derived.

Originally2,14,15 C27H46O was thought to be the 
correct formula for a-spinasterol. Later,6,16 

quantitative hydrolysis of numerous esters of a- 
and y-spinasterol, and of the a- and /3-spina- 
stenols, gave molecular weight values for a C28 or 
C29 sterol, but preponderantly in favor of the 
former. Hydrolysis of the acetyl and benzoyl 
esters of entirely pure spinastanol and titrational 
determination of the equivalent weight of spinas- 
tanedicarboxylic acid now indicate for spinastanol 
the formula C29H52O, identical with the accepted 
formula for stigmastanol and fucostanol.

Critical examination of the data in Table II 
on the derivatives of spinastanol and comparison 
of their physical constants with those of the more 
carefully investigated C29 saturated sterols in 
Table I establishes the identity of spinastanol, 
fucostanol and stigmastanol. On the other hand, 
the melting points and specific rotations of spin­
astanol, spinastanyl acetate and hydrocarbon, 
spinastane, are significantly lower than the corre­
sponding values of Bengtsson’s sitostanol and 
sitostane and Bergmann’s sitostanyl (ostreastanyl) 
acetate (Table I). Therefore, it is concluded 
that spinastanol, fucostanol and stigmastanol 
are one and the same compound, and that they 
are different from sitostanol and ostreastanol, in 
accordance with the views previously set forth by 
Coffey, Heilbron and Spring8 and Bergmann. 17 

Comparative and mixed melting points of fuco- 
stanyl acetate and fucostanyl 3,5-dinitrobenzoate, 
for samples of which the writer is indebted to Dr. 
Heilbron, with the respective spinastanyl esters 
bear out the above conclusion of identity. Like­
wise, samples of ostreastanol and its phenyl­
urethan, kindly furnished by Dr. Bergmann,

(11) Bengtsson, Z. physiol. Chem., 237, 46 (1935).
(12) Windaus and Brunken, ibid., 140, 47 (1924).
(13) Dalmer, v. Werder, Honigmann and Heyns, Ber., 68, 1814 

(1935).
(14) Collison and Smedley-MacLean, Biochem. J .,  25, 606 (1931).
(15) Hart and Heyl, J . Biol. Chem., 95, 311 (1932).
(16) Heyl and Larsen, T h is  Jo u r n a l , 56, 942 (1934).
(17) Bergmann, / .  Biol. Chem., 104, 317, 553 (1934).
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T a b l e  I
C o m p a r is o n  o f  S a t u r a t e d  P h y t o s t e r o l s

Fucostanol — ——Stigmastanol- Sitostanol Ostreastanol
Heilbron Windaus Dal mer Bengtsson Bengtsson Bergmann

Derivative M. p. [«P°D M. p. M. p. [a]20D M. p. [a ]20D M. p. [a]20D M. p.

-stanol 136 + 2 4 .7 135 137 + 2 4 .8 140 + 2 5 .6 141 + 2 3 .7
Acetate 130 +  15.1 128 131 +  15.3 137 +  14.6
3,5-Dinitrobenzoate 215 +  13.8“ 215 +  13.1“ 215 + 1 4 .0
Benzoate 136 137 139
Phenylurethan 175

-stanone 157 + 4 0 .2 156 157 + 4 2 .0 157 + 4 0 .6 158 + 4 0 .8 157 + 4 1 .9
-stanone oxime 218 + 3 0 .1 216 219 + 3 0 .0
-stanedicarboxylic acid 229 230

Dimethyl ester 90
-stane 84.5

a Rotations in benzene; all others in chloroform.

T a b l e  II
P r e p a r e d  D e r iv a t iv e s  o f  S p in a s t a n o l

,-----— --------------- Analyses, % ------------------
Mol. wt. C H N

Compound Formula M. p., °C. [aP°D Calcd. Found Calcd. Found Calcd. Found Calcd. Found

Spinastanol C 29H 52O 136 + 2 4 .4 416.4 83.6 81 .7“ 12.6 12.6
82.2“ 12.4

Acetate C 31H 64O 2 132 +  14.9 458.4 457.4 81.2 81.1 11.9 11.8
3,5-Dinitrobenzoate C 36H 54O 6N 2 215 +  13 .T 610.4 70.8 70.7 8 .9 9 .0 4 .6 4 .7
Benzoate C36Hfi602 136 +  19.6 520.4 516.6 83.0 83.1 10.8 11.0
Phenylurethan C 36H 57O 2N 172.5 535.5 80 .7 80.6 10.7 10.8 2 .7 2 .7

Spinastanone C 29H 50O 157 + 4 0 .5 414.4 83.9 83 .7 12.1 12.0
Oxime C 2 9H 6lO N 217 + 2 9 .2 429.4 81.0 81 .0 12.0 11.8 3 .3 3.1

Dicarboxylic acid C 29H 50O 4 230 + 3 3 .1 462.4 458.6 75.3 75.2 10.9 11.0
Dimethyl ester C 31H 54O 4 90 + 2 3 .4 490.4 75.8 75.8 11.1 11.0

Spinastane C 29H 52 84.5 + 2 5 .5 400.4 86.9 86.7 13.1 12.9
° Deviation from theory due to unremovable solvent of crystallization. 6 Rotation in benzene; all others in chloro­

form.

when compared with spinastanol and its phenyl­
urethan, corroborate the non-identity of these 
saturated sterols.

It will be noted that spinastanedicarboxylic 
acid melts at 236-237° (corr.), 7-8° higher than 
the reported values for the acid from fucostanol 
and stigmastanol. Thanks to Dr. Heilbron, a 
sample of fucostanedicarboxylic acid has been 
available for comparison, for which the reported 
m. p. of 227-229° (corr.) was verified; when mixed 
with the acid from spinastanol a m. p. of 234-235° 
(corr.) was obtained. Due to the very close 
agreement in m. p. of the several derivatives of 
spinastanol with available data for derivatives of 
fucostanol and stigmastanol, such variation in 
m. p. of the respective acids must be not without 
reason. The sample of fucostanyl acetate fur­
nished by Dr. Heilbron melted, as reported in the 
literature,8 at 129-130°, and when mixed with 
spinastanyl acetate did not cause any m. p. de­
pression. Nevertheless, subjection of fucostanyl 
acetate to the Liebermann-Burchard reaction 
was met with a comparatively faint but distinct

development of green color. This fact seems to 
indicate that fucostanyl acetate contains a small 
amount of unsaturated, difficultly removable 
sterol. Analogously, it has been found that 
spinastanyl acetate is obtained pure only with 
difficulty; unless one recrystallizes the hydrogen­
ation product of /3-spinastenyl acetate from one 
of the better sterol solvents, such as ether or 
ethyl acetate, a pure, non-chromogenic spina­
stanyl acetate is not obtained. The pure, satu­
rated ester is best obtained by treatment of the 
recrystallized hydrogenation product in chloro­
form with acetic anhydride and sulfuric acid ac­
cording to the technique of Anderson and Naben- 
hauer.18 Therefore, it seems possible that fuco­
stanol, from which fucostanedicarboxylic acid was 
obtained by oxidation with chromic acid, might 
very well have contained a small amount of un­
saturated sterol, oxidation of which may have 
led to a fucostanedicarboxylic acid contaminated 
with very small amounts of other, difficultly re­
movable, acidic products. Similarly, the melting

(18) Anderson and Nabenhauer, T his Journal, 46,1957 (1924).
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point12 of stigmastanedicarboxylic acid, reported 
as 229-230°, may be due to a small amount of 
contaminating oxidation product. I t  should be 
noted that the only recorded stigmastanedicar­
boxylic acid was prepared by Windaus and 
Brunken from a stigmastanol which melted at 
134°; this alcohol, when pure, has since been 
found to melt at 136-7°.11 It is possible that 
the low-melting stigmastanol of Windaus and 
Brunken contained a small quantity of contam­
inant which, through oxidation, led to a slightly 
contaminated dicarboxylic acid product of stig­
mastanol. A study of the dicarboxylic acids 
from fucostanol and stigmastanol of unques­
tioned homogeneity appears to be warranted.

Experimental
Spinastanyl Acetate.—The preparation of spinastanyl 

acetate was accomplished by hydrogenation of /3-spina- 
stenyl acetate in the manner previously described.6 The 
product was recrystallized repeatedly from ethyl acetate 
and from ethyl ether. Ten grams of the acetate, m. p. 
130-131°, was dissolved in 50 cc. of chloroform, to which 
was added slowly 10 cc. of acetic anhydride and 1 cc. of 
sulfuric acid. The mixture was shaken and allowed to 
stand for a half hour, the small amount of colored material 
removed by washing with water, and the solution dried 
and evaporated to dryness. The residue, after crystalliza­
tion from ethyl acetate or acetone, melted at 131.5-132°; 
[a]20D +14.9°.

Spinastanol.—The above acetyl ester was hydrolyzed 
by boiling for one hour in 3% alcoholic potassium hy­
droxide. The recovered sterol, after crystallization from 
alcohol and from acetone, melted at 136.5-137.0°; [a]20D 
+24.4°.

Spinastanyl 3,5-Dinitrobenzoate.—This ester was pre­
pared in the usual manner from the sterol and the acid 
chloride in pyridine. The ester was crystallized from 
acetone and from ether; m. p. 214-215°; [«]20d +13.1° 
(benzene).

Spinastanyl Benzoate.—The preparation of this ester 
was analogous to that of the 3 ,5-dinitrobenzoate. It was 
crystallized from acetone and ethyl acetate; m. p. 135- 
136°; [a]20D +19.6°.

Spinastanone.—One gram of spinastanol was dissolved 
in 360 cc. of 96% acetic acid, to which was added 250 mg. 
of chromic anhydride in 60 cc. of acetic acid and 2 cc. of 
water with constant stirring during one-half hour. After 
standing for twenty hours the acetic acid was removed un­
der reduced pressure, the residue digested with 100 cc. of 
6 N  sulfuric acid, and the oxidation products dissolved in 
ether. The acidic fraction was removed by extraction 
with 7% aqueous potassium hydroxide, the ether was 
evaporated from the neutral fraction, and the residue re­
crystallized from methyl and ethyl alcohol; m. p. 156.5- 
157°; [q+ °d +40.5°; yield, 50%.

Spinastanone Oxime.—The oxime of spinastanone was 
prepared in the usual manner with hydroxylamine hydro­
chloride and sodium acetate in alcoholic solution. The re­

covered oxime was crystallized from methyl alcohol and 
from acetone; m. p. 218-2199; [a]20D +29.2°.

Spinastanedicarboxylic Acid.—Two grams of spinastanol 
was dissolved in 100 cc. of warm 96% acetic acid, to which 
was added 2.6 g. of chromic anhydride dissolved in a few 
drops of water. The mixture was heated on the steam- 
bath for two hours with occasional stirring. The solution 
was cooled, after which the oxidation products were pre­
cipitated with excess water and extracted with ether. 
Separation of the acidic fraction was made with 7% aque­
ous potassium hydroxide; about 0.2 g. of spinastanone was 
isolated from the neutral fraction. The acidic fraction 
was precipitated from the alkaline extract by acidification, 
extracted with ether, the ether evaporated and the residue 
recrystallized from methyl alcohol and from acetone. 
The nearly pure dicarboxylic acid, m. p. 234-235°, was 
dissolved in ether, again extracted as the potassium salt, 
precipitated with dilute hydrochloric acid and extracted 
with fresh ether. The residue from the evaporated ether 
solution was recrystallized from an alcohol-chloroform 
mixture (3:1); m. p. 236-237; M 20d +33.1°; yield 
30%.

Dimethyl Ester.—The methylation of spinastanedi­
carboxylic acid was carried out in the cold with diazo­
methane. The recovered dimethyl ester was crystal­
lized from methyl and ethyl alcohol; m. p. 89.5-90°; 
[<*]20d +23.4°.

Spinastane.—The reduction of 0.5 g. of spinastanone 
to the hydrocarbon was accomplished according to the 
directions of Windaus and Brunken.12 The recovered 
hydrocarbon was crystallized from alcohol and acetone ; 
m. p. 84.0-84.5°; [«]20d +25.5°.

Spinastanyl Phenylurethan.—Preparation of the phenyl­
urethan of spinastanol was carried out in benzene with 
phenyl isocyanate, in the usual manner. The derivative 
was crystallized from methyl and ethyl alcohol; m. p. 
172.0-172.5°; [<*]20d + 1 4 .3 +

Molecular Weight Determinations.—Samples of spina­
stanyl acetate were boiled for one hour in 0.1 N  alcoholic 
potassium hydroxide, and the excess alkali titrated with 
accurately standardized 0.1 N  hydrochloric acid. Blank 
samples of alkali were boiled and titrated simultaneously. 
Hydrolysis of 0.3141, 0.2770, 0.2919, 0.1980, 0.1657, 0.3222 
and 0.2054 g. of spinastanyl acetate consumed 6.91, 6.02, 
6.43, 4.32, 3.56, 7.31 and 4.47 cc. of 0.1000 N  alkali, re­
spectively, corresponding to molecular weights of 455.7,
460.1, 452.7, 458.3, 464.8, 454.4 and 459.4; average 
molecular weight found, 457.9; calculated on the basis of 
C3iH5402, 458.4.

Samples of spinastanyl benzoate were hydrolyzed in a 
manner analogous to that for the acetyl ester. Hydrolysis 
of 0.2810 and 0.1413 g. of spinastanyl benzoate consumed 
5.45 and 2.73 cc. of 0.1000 N  alkali, respectively, corre­
sponding to molecular weights of 515.6 and 517.6; aver­
age, 516.6; calculated on the basis of C36H56O2, 520.4.

Samples of spinastanedicarboxylic acid were titrated 
with dilute potassium hydroxide for equivalent weight 
determination. Samples of 0.1020 and 0.0761 g. of the 
acid were dissolved in neutral alcohol, to which was added 
7.49 and 6.50 cc. 0.1000 A  hydrochloric acid, respectively. 
Total 0.1000 A  alkali required for neutralization was 11.95 
and 9.81 cc., respectively; net, 4.46 and 3.31 cc, Equiva-
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lent weights found, 228.7 and 229.9; average, 229.3; 
calculated on the basis of C29H50O4, 231.2.

Summary
1. A series of derivatives of spinastanol have 

been prepared, the physical constants of which 
warrant the conclusion that this saturated sterol 
is identical with fucostanol and stigmastanol.

2. The identity of spinastanol, fucostanol and 
stigmastanol points out the isomerity of the 
naturally occurring sterols from which these 
saturated derivatives are obtained.

3. Spinastanol appears to differ from ostrea­
stanol and sitostanol, probably in the arrangement 
of the side chain rather than in the carbon skeleton 
of the nucleus.

4. Hydrolysis of the acetyl and benzoyl esters 
of spinastanol, and titration of the equivalent 
weight of spinastanedicarboxylic acid, establish 
for the spinach sterols a skeleton of twenty-nine 
carbon atoms, in common with other well inves­
tigated phytosterols.
Rochester, N. Y. Received July 25, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m is t r y , M a s s a c h u s e t t s  I n s t i t u t e  of" T e c h n o l o g y ,
No. 174]

Studies in Organic Peroxides. V. /-Butyl Hydroperoxide1
B y  N ic h o l a s  A. M il a s  a n d  S. A r t h u r  H a r r i s 2

The extraordinary stability of /-butyl hydrogen 
peroxide solution3 and its therapeutic efficacy in 
the treatment of various fungus diseases4 have 
stimulated our interest in the investigation of its 
chemical nature. In view of the lability of the 
hydroxyl group in tertiary alcohols, it was early 
suspected that pure hydrogen peroxide in non- 
aqueous solution would react with /-butyl alcohol 
reversibly to form /-butyl hydroperoxide. Al­
though such a reaction between alcohols and hy- 

(CH3)3COH -j- HOOH (CH3)3COOH +  H20  

drogen peroxide is unknown, an analogous re­
action between organic acids and hydrogen per­
oxide in non-aqueous solvents has been known 
for some time.5

All of the alkyl hydroperoxides known, methyl,6 
ethyl,6 isopropyl,7 are much less stable than /- 
butyl hydroperoxide, which, besides being stable 
at room temperature, decomposes very slowly in 
alkalies or in the presence of pure liver catalase 
or horse-radish peroxidase. A distinct advantage, 
however, lies in the simplicity of its preparation. 
While the other hydroperoxides have been made

(1) For other papers in  th is series see T h is  J o urn al , 55, 349, 
352 (1933); 56 ,1219 ,1221  (1934).

(2) Fellow of the Massachusetts Pharmaceutical Corporation.
(3) Milas and Sussman, T h is  J o u r n a l , 58, 1302 (1936).
(4) Combes, N .  Y. State J . M ed., 37, No. 22 (1937).
(5) D ’Ans and Frey, Ber., 45, 1845 (1912); Hatcher and Sturrock, 

Can. J . Research, 4, 35 (1931).
(6) Baeyer and Villiger, Ber., 33, 3387 (1900) ; 34, 738 (1901); 

Rieche and Hitz, ibid., 61, 951 (1928); 62, 218, 2458 (1929); Rieche, 
“ Alkylperoxide und Ozonide,” Theodor Steinkopff, Dresden, 1931, 
and “Die Bedeutung der organische Peroxyde für die chemische 
Wissenschaft und Technik,” Ahrens Sammlung, 34, 1 (1936), 
Ferdinand Enke, Stuttgart.

(7) Medwedew and Alexejewa, 65, 133 (1932).

by the alkylation of hydrogen peroxide with the 
corresponding dialkyl sulfates, /-butyl hydroper­
oxide can be prepared very easily from the anhy­
drous /-butyl alcoholic solution of hydrogen per­
oxide3 by subjecting the latter to fractionation 
under reduced pressure in the presence of dehy­
drating agents such as anhydrous magnesium sul­
fate or preferably glacial metaphosphoric acid.

Experimental Part
Preparation of /-Butyl Hydroperoxide.—To 600 cc. of

30% aqueous hydrogen peroxide “Albone C” was added 
with frequent shaking 2340 cc. of /-butyl alcohol (b. p.
81.7-81.8°) and the solution allowed to stand for fifteen 
minutes, when 225 g. of anhydrous sodium sulfate was 
added slowly with vigorous shaking. The mixture sepa­
rated into two layers and the non-aqueous layer containing 
most of the peroxide was removed and shaken first with 
225 g. more of anhydrous sodium sulfate, then with two 
225-g. portions of anhydrous magnesium sulfate. The 
final mixture which was essentially free from water was 
filtered and the filtrate allowed to stand several days over 
400 g. of glacial metaphosphoric acid. This treatment 
produced a peroxide solution having an active oxygen con­
tent equivalent to about 17% /-butyl hydroperoxide.

To obtain the pure hydroperoxide, samples of the above 
were fractionated several times under diminished pressure 
over glacial metaphosphoric acid or anhydrous magnesium 
sulfate using an all-glass apparatus and the fraction boiling 
at 38-38.5° (18 mm.) collected and analyzed. Both the 
metaphosphoric acid and the magnesium sulfate, when 
used as dehydrating agents, brought about the production 
of the same peroxide. That this peroxide is not a constant 
boiling mixture between hydrogen peroxide and /-butyl 
alcohol, is shown by its physical and chemical properties.

Anal. Calcd. for C4H10O2: C, 53.33; H, 11.11; active 
(O), 17.78. Found: C, 53.68, 53.63; H, 11.10, 11.17; 
active (O), 17.84,18.10,18.21.



Oct., 1938 / -B u t y l  H y d r o p e r o x id e 2435

The peroxide is a colorless ethereal liquid with a sharp 
irritating odor having a density at 25° of 0.91063 and a 
freezing point of —13.5 °. It is soluble in most of the ordi­
nary organic solvents and unlike hydrogen peroxide is 
completely soluble in saturated hydrocarbons such as 
petroleum ether; in water it goes into solution slowly. 
It explodes violently when heated in the open flame al­
though it has been refluxed for several hours in /-butyl 
alcohol without any appreciable decomposition. It 
liberates iodine slowly from an acidified solution of potas­
sium iodide; it decomposes rapidly when heated with 
dilute alkalies, but retains its peroxide strength for several 
months when mixed at room temperature with a 10% 
solution of sodium hydroxide.

/-Butyl hydroperoxide is not easily converted into 
/-butyl chloride unless a reducing agent is used together 
with concentrated hydrochloric acid. Thus, when an ice- 
cold solution of concentrated hydrochloric acid containing 
20 g. of ferrous chloride was mixed with about 4 g. of pure 
/-butyl hydroperoxide, an immediate reaction occurred 
with the separation of /-butyl chloride, which was sepa­
rated, shaken with sodium bicarbonate solution, dried 
over calcium chloride and distilled; a yield of 2.5 g. of /- 
butyl chloride, b. p. 51°, was obtained.

The Effect of Catalase on the Decomposition of /-Butyl 
Hydroperoxide.—It has been known for some time that 
catalase has a specific action on the decomposition of hy­
drogen peroxide but has no effect on alkyl hydroperoxides.8 
Contrary to these early observations Stern9 recently has 
reported that ethyl hydroperoxide is slowly attacked by 
catalase although Keilin and Hartree10 are not in agree­
ment with this observation and attributed the decomposi­
tion of this peroxide to a secondary reaction.

Catalase has very little or no effect on the decomposi­
tion of /-butyl hydroperoxide as can be seen readily by the 
results given in Table I. The catalase used in these 
experiments was a crystalline preparation1̂  suspended in 
ammonium sulfate solution and kindly supplied to us by 
Professor Sumner of Cornell University. The pH  of the 
catalase was adjusted just before use with disodium 
phosphate to 8.212 and 1 cc. of this solution was added 
to each of several glass-stoppered tubes. By means of a 
calibrated 0.1-cc. special pipet, 0.1 cc. of /-butyl hydro­
peroxide was added to each tube except one which was 
reserved for a blank with 0.1 cc. of 30% aqueous hydrogen 
peroxide solution. All tubes were shaken during the ex­
periments at about 26.5°. At the end of a definite tithe 
the entire contents of each tube was treated with an acidi­
fied solution of sodium iodide and the iodine liberated ti­
trated against standard thiosulfate solution. The hydro­
gen peroxide in the blank was destroyed completely by the 
catalase preparation in less than two minutes. With /- 
butyl hydroperoxide, on the other hand, the catalase 
turned red from a straw color and back again to its original

(8) Bach and Chodat, Ber., 36, 1756 (1903).
(9) Stern, (a) J . Biol. Chem., 114, 473 (1936); (b) Enzymologia, 

4,145 (1937).
(10) Keilin. and Hartree, Proc. Roy. Soc. (London), B121, 172 

(1937).
(11) Sumner and Dounce, Science, 85, 366 (1937); J . Biol. Chem., 

121, 417 (1937).
(12) Michaelis [Biochem. Z ., 53, 320 (1912)] found that the cata­

lytic activity of catalase was best at p H  range 7-9.

color after fifteen hours of shaking with no evolution of gas. 
This color change may indicate the formation of an inter­
mediate complex between the peroxide and catalase. An 
analogous observation was made by Stern9b with ethyl 
hydroperoxide. The results of seven experiments are 
shown in Table I.

T a b l e  I

E f f e c t  o f  C a t a l a s e  o n  t h e  D e c o m p o s it io n  o f  / -B u t y l  
H y d r o p e r o x id e

Time, min. 0 3 9 12 30 60 930
0.01982 N

thio, cc. 71.0 68.6 66.0  67 .5  70.0 68.2 68.0

Effect of Peroxidase on the Decomposition of /-Butyl 
Hydroperoxide.—Peroxidase, unlike catalase, has been 
found to activate the decomposition of alkyl hydroperox­
ides in the presence of acceptors such as pyrogallol which is 
simultaneously oxidized to purpurogallin.13 Although the 
decomposition of /-butyl hydroperoxide is activated slowly 
by peroxidase, we failed to observe any precipitate of pur­
purogallin. The peroxidase preparation used in our ex­
periments was an extract of horse-radish kindly supplied 
to us by Professor Gould of our Biology Department; The 
pH  of the preparation was adjusted to 6.21 and all of the 
experiments were carried out at 28°.

The experimental procedure was as follows: 2 g. of pure 
pyrogallol was dissolved in 800 cc. of distilled water and to 
each of several 250-cc. glass-stoppered Erlenmeyer flasks 
was added 80 cc. of this solution, 5 cc. of the peroxidase 
preparation and 0.1 cc. of /-butyl hydroperoxide; one 
sample was retained as a blank to which was added 0.1 cc. 
of 30% hydrogen peroxide instead of /-butyl hydroperoxide. 
At the end of a definite time each sample was titrated as 
before for the presence of peroxide. Hydrogen peroxide 
was destroyed completely in about four minutes with con­
siderable evolution of heat and abundant precipitation of 
purpurogallin. In the experiments with /-butyl hydro­
peroxide, the solution turned orange in color but no pre­
cipitate appeared even after one hour of standing. The 
peroxide was used up very slowly, as the results indicate 
in Table II.

T a b l e  II
E f f e c t  o f  P e r o x id a s e  o n  t h e  D e c o m p o s it io n  o f  /- 

B u t y l  H y d r o p e r o x id e

Time, min. 0 5 10 60
0.01982 A  thio, cc. 71 .5  61.2 63.0 60.6

Effect of Palladium Black on the Decomposition of /- 
Butyl Hydroperoxide.—The palladium black used in these 
experiments was prepared in accordance with the method of 
Wieland.14 Ten mg. of this catalyst was mixed in each 
of several experiments with 1 cc. of disodium phosphate 
solution (pH  8.2) containing 0.1 cc. of /-butyl hydro­
peroxide and the mixture shaken at room temperature 
in glass-stoppered tubes similar to those used with the 
catalase experiments. The results of four experiments are 
shown in Table III. Hydrogen peroxide under the same 
conditions was destroyed completely by our palladium 
catalyst in less than one minute.

(13) Bach and Chodat, Ber., 36, 604 (1903); Wieland and Sutter, 
ibid., 63, 73 (1930).

(14) Wieland, ibid., 45, 489 (1912).
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T a b l e  III
E f f e c t  o f  P a l l a d iu m  o n  t h e  D e c o m p o s it io n  o f  t- 

B u t y L H y d r o p e r o x id e

Time, min. 0 10 23 52
0. 01982 N  thio, cc. 66.0 38.0 22.0 21.7

The results in Table III seem to indicate that palladium 
black slbwly accelerates the decomposition of /-butyl 
hydroperoxide in a dilute solution of disodium phosphate. 
However, pure /-butyl hydroperoxide is only slowly at­
tacked by palladium black and a pure sample of it stirred 
over this catalyst for several months was still strongly 
peroxidic.

Summary
1. /-Butyl hydroperoxide has been prepared

by the fractionation of an anhydrous solution of 
hydrogen peroxide in /-butyl alcohol in the pres­
ence of dehydrating agents.

2. This peroxide has been found to be ver}̂  
stable under ordinary Conditions.

3. Pure liver catalase and horse-radish peroxi­
dase have very little of no effect on the decom­
position of /-butyl hydroperoxide.

4. Palladium black catalyzes slowly the de­
composition of /-butyl hydroperoxide in dilute 
solution of disodium phosphate, although the 
decomposition of the peroxide is only slightly 
affected by this catalyst.
C a m b r id g e , M a s s . R e c e iv e d  J u l y  2, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m is t r y  L a b o r a t o r y  o f  J o h n s  H o p k in s  U n i v e r s i t y ]

Lengthening Carbon Chains by Three Units: Assay of Primary Bromides from the
Addition of Hydrogen Bromide

B y  A. P. K o z a c ik  a n d  E . E m m e t  R e i d

It is well known that an alkyl bromide may be 
converted into a primary alcohol with either one 
or two additional carbon atoms in the chain. 
The object of this investigation was to provide a 
method of lengthening a carbon chain by three 
—CH2— units: RBr —> RMgBr —^ RCH2CH— 
CH2 —> RCH2CH2CH2Br. This combines an 
old reaction with one1 that has been studied only re­
cently. In addition to lengthening the chain this 
gives odd-numbered bromides from the readily 
obtainable even. It was particularly interesting 
to extend these reactions to the higher alkyls and 
to aromatics. Another object was to identify 
the primary bromides by crystalline derivatives 
and to get a rough estimate of their purity. The 
abnormal addition of hydrogen bromide is of 
great theoretical interest; the availability of the 
primary bromides so produced for syntheses is

a practical question of importance. The alkenes 
are given in Table I.

The addition of the hydrogen bromide was car­
ried out by Professor Kharasch.2 Our results 
show conclusively that the primary bromides are 
obtained. The melting points of these are in 
Table II. It was too much to expect that the 
technique which he has developed for the lower 
alkenes would apply to the higher without some 
modification. Unfortunately the whole amounts 
of the alkenes that were available were run 
through with the standard technique before 
any of the products Were tested. The results 
were good with nonene-1 but very poor for 
heptadecene-1 and nonadecene-1. The identity 
of the synthetic bromides was shown and their 
approximate purity estimated by their reaction 
with para substituted phenols. For compari-

T a b l e  I
P r o p e r t ie s  o f  t h e  A l k e n e s

Alkenes B. p., °C.
Press.,
mm. dh </254 «25D Bromine no. 

Calcd. Found
Yield,

%
w-CnH23CH==CH2 102-103 10 - 1 3 0.7856 0.7670 1.4328 6 2 .8 6 3 .6  6 3 .7 77
w-Ci3H27CH=CH2 1 2 7 .5 -1 2 8 .5 10 -  2 .8 .7921 .7751 1.4353 5 5 .7 5 4 .5  5 4 .6 67
w-Ci5H3iCH=CH2 1 5 5 .4 -1 5 6 .4 10 11.2 . 7892204 .7859 1.4417 4 9 .7 4 7 .7  4 8 .5 43
w-CnH36CH=:CH2 177 10 2 1 .7 . 7889304 . 7858354 4 6 .9 4 5 .7 56
C6H6(CH2)2C H =C H 2 181-182 757 77
C6H6(CH2)4C H =C H 2 9 4 .5 -9 5 10 87

(1) Kharasch and co-workers, T h is Jo u r n a l , 55, 2469, 2521 and (2) M. S. Kharasch and Wm. M. Potts, J. Org. Chem., 2, 195
2531 (1933). (1937).
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son the authentic bromides previously prepared3 
were treated with the same phenols, under the 
same conditions and usually at the same time. 
The products were crystallized two or more 
times. The phenyl derivatives were treated with 
/3-naphthol. Only in the case of 3-phenylpropyl 
bromide was an authentic sample available for 
comparison.

T a b l e  II
M e l t in g  P o in t s  o f  A u t h e n t ic  (A )  a n d  S y n t h e t ic  (S )  

B r o m id e s  a s  R e c e iv e d

Catbons A s D if f .

Minimum
estimated

purity
9 82

11 - 1 3 .1 5 - 2 5 12 65
13 5 .9 4 - 1 5 21 41
15 18.63 7 .4 -8 .4 10 60
17 28 .40 1-2 26 12
19 38 13-15 23 3

From the results in Table III it will be seen that 
the products from the synthetic bromides are 
somewhat less in amount and .melt lower than 
those from the authentic. The losses on the 
first crystallization are even more significant. 
Taking the data for the nonyl bromides, we find 
this loss to average 11% for the authentic and 
28 for the synthetic. In the second crystalliza­
tion the losses were nearly the same. For prac­
tical purposes the primary bromide present may 
be estimated by comparing the final yields of the 
twice crystallized derivatives with those from 
the authentic bromides. These estimates may 
be regarded as minimum values. Thus we can 
Say that there was at least 82% of the primary 
bromide,, and probably somewhat more, present 
in the synthetic nonyl bromide. The other syn-

T a b l e  III
D e r iv a t iv e s  f r o m  A u t h e n t ic  a n d  S y n t h e t ic  B r o m id e s  
a n d  ^ -S u b s t it u t e d  P h e n o l s , £-XC6H4OH, Y ie l d s  a n d  

M e l t in g  P o in t s  o f  C r u d e  a n d  C r y s t a l l iz e d
Loss on 

recrystalliza-
Yields, % tion, % Melting points, °C.

X A S A S A S
From ra-nonyl bromides *

C8h 170 Crude 87 81 58-59
1st cr. 78 60 10 26 58-59 .5 54-55
2nd cr. 73 56 6 7 60.0 60.0

C10H 21O Crude 85 84 62-63 57-59
1st cr. 78 62 ’ 8 26 62 .5-63 62-62.5
2nd cr. 72 58 8 7 63.8 63.4

C12H 25O Crude 86 88 62-63 .5 55-59
1st cr. 76 61 12 31 64-64 .5 63-64.5
2nd cr. 57 7 65 .2 64 .8

C14.H29Ö Crude 86 86 64-66 60-63
1st cr. 76 64 12 26 65-66 65-66
2nd cr. 73 60 4 6 67.4 65-66

(3) M eyer and Reid, T h i s  J o u r n a l , 55 ,  1577 (1933).

From w-undecyl bromides
CgHnO Crude 99 67 59-60 52-56

1st cr. 81 45 18 33 59-60 58-59
2nd cr. 75 41 7 9 60.4 60.6

C10H21O Crude 93 83 66-68 57-62
1st cr. 76 51 18 38 68-69.5 67-68
2nd cr. 71 46 7 10 69.8 69 .8

C12H 25O Crude 76 73 66-69 58-63
1st cr. 60 43 21 41 71-71.5 70-70 .5
2nd cr. 59 36 2 16 71.8 71 .8

From «-tridecyl bromides
C4H 9O Crude 92 69 57-60 55-59

1st cr. 82 29 11 58 61-62 6 0 -61 .5
2nd cr. 70 27 15 7 62.8 62.8

CsHnO Crude 95 67 62-63 55-60
1st cr. 78 32 18 52 64-64.5 64-65
2nd cr. 73 30 6 6 64.8 65.2

C10H 21O Crude 90 75 67-68 58-63
1st cr. 79 25 12 67 67 .5-68 67-67 .5
2nd cr. 72 23 8 8 67 6 67 .5

From M-pentadecyl bromides

C12H25O Crude 92 83 73-74 62
1st cr. 73 54 21 35 74-75 72-74■
2nd cr. 67 40 8 26 75.6 74.2

Cl Crude 95 71 44-47 39-44
1st cr. 76 34 20 52 46-47 44-45 .5
2nd cr. 67 19 12 44 48.0 47 .2

I Crude 89 77 53-55 45-50
1st cr. 65 37 27 52 56-57 . 55-56 .5
2nd cr. 57 33 12 11 57.2 57 .0

From n-heptadecyl bromides

PI1CH2O Crude 89 67 88 80-84
1st cr. 91 .2 84-88
2nd cr. 70 91.8 89 .8
3rd cr. 8 91 .6

Cl Crude 97 27 50-52 45
1st cr. 86 3 11 89 53-54 52-53
2nd cr. 81 6 54.2 53 .8

I Crude 96 44 60-61 57-59
1st cr. - 82 10 15 77 62-62.5 61-62
2nd cr. 78 6 5 40 64.0 63 .4

From «-nonadecyl bromides

H Crude 98 8 51-55 47-51
1st cr. 73 4 25 50 55-56 47-51
2nd cr. 69 2 5 50 56.0 56.0

T a b l e  IV
D e r iv a t iv e s  f r o m  A u t h e n t ic  a n d  S y n t h e t ic  P h e n y l - 

a l k y l  B r o m id e s  a n d  /3 -N a p h t h o l

Yields, %  
A S

Loss on
recrystallization Melting points, °C. 

A S A S

From phenyl-propyl bromides
Crude 63 59 66-67 62-64
1st cr. 47 44 25 25 69-69.5 68.5-69
2nd cr. 43 38 9 14 69.5-70 69.0-69.

From phenyl-butyl bromide
Crude 48 47-53
1st cr. 32 38 54-55
2nd cr. 26 19 54.5-55.

From phenyl-hexyl bromide
Crude 31 63-77
1st cr. 18 42 78-78.5
2nd cr. 15 1? 78.5-79
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thetic bromides do not show up so well: the 
undecyl may be estimated to contain at least 65% 
of the primary, the tridecyl, 41, the pentadecyl 
60, the heptadecyl 12 and the nonadecyl only 3. 
The melting points of the bromides put them in 
the same order as to purity.

Experimental
The procedure of Gilman4 for the preparation of the 

Grignard reagents was followed. These reagents were used 
according to the method of Wilkinson,5 for making the 
alkenes, which were separated from the disproportionation 
by-products of the Grignard reaction, heated with sodium 
and distilled. The properties of the new alkenes are to be 
found in Table I. The bromine numbers were determined 
by the method of Francis6 as modified by Cortese.7

Preparation of Derivatives.—To prepare a derivative, 
0.3 to 0.5 cc. of the alkyl halide was measured into a test- 
tube with 3 cc. of alcohol and about 10% excess of the 
phenol. As Ci9H39Br is a solid, it was weighed. This 
mixture was heated to effect solution and a slight excess of 
1 N  alcoholic potash added. The test-tube was stoppered 
loosely and placed with others in a beaker of water kept at 
about 70 ° for about twelve hours. At the end of the heat­
ing any alcohol that had evaporated was replaced and 2 cc. 
of hot water added. The mixture was boiled for a moment 
and then cooled quickly with violent shaking. This caused

(4) Gilman, Zoellner and Dickey, T h i s  J o urn al , 51, 1579 (1929).
(5) Wilkinson, J . Chem. Soc., 120, 3057 (1931).
(6) Francis, Ind . Eng. Chem., 18, 821 (1926).
(7) Cortese, Rec. trav. chim., 48, 564 (1929).

the derivative to separate as a granular solid which was 
collected on a filter and washed twice with water. The 
product was crystallized twice or thrice from alcohol. 
For better comparison the derivatives of the authentic 
and synthetic bromides were prepared at the same time 
with the same reagents and the crystallizations were car­
ried on side by side. The final melting points were kindly 
taken by Mrs. Carrie Gutman Moses with a standardized 
thermometer.

For preparing derivatives para substituted phenols were 
used. Experience in another investigation had shown 
that these give derivatives that are readily purified and 
melt at convenient temperatures. The monoalkyl hydro­
quinone ethers will be described later along with other 
derivatives made from them.

Summary
1. A method has been devised for transforming 

an alkyl bromide into another alkyl bromide hav­
ing a carbon chain longer by three units.

2. A method has been worked out for assaying 
the mixture of bromides obtained by the addition 
of hydrobromic acid to unsaturates.

3. By the preparation of known crystalline 
derivatives the formation of primary bromides by 
the addition of hydrobromic acid to alpha al­
kenes in the presence of peroxides has been con­
firmed.
B a l t im o r e , M d . R e c e iv e d  J u l y  1, 1938

[Co n t r ib u t io n  fro m  t h e  S ch o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n i a  S t a t e  C o l l e g e }

Sterols. XLXV. Pregnanone-3 and Related Compounds*

B y  R u sse l l  E , M a r k e r  a n d  E lm er  J . L a w so n

Although all the pregnanediols, pregnanolones, 
and pregnanediones isomeric about C3, C5 and 
C20 have been described,1 none of the correspond­
ing pregnanols and pregnanones are known. 
Since we now have indications of the occurrence 
in urines of pregnane derivatives having only one 
oxygen atom,2 we have begun the synthesis of 
compounds of this type for purposes of compari­
son and physiological testing. The present paper 
describes the preparation of pregnanone-3 and 
the isomeric 3-pregnanols.

Pregnanol-3(a)-one-20 was reduced by the 
Clemmensen method with amalgamated zinc 
and a mixture of acetjc and concentrated hy­
drochloric acids. The reaction mixture, carried

(*) Paper X L III, T h is  Jo u r n a l , 60, 1904 (1938).
(1) Marker, Kamm, Wittle, Oakwood, Lawson and Laucius, T his 

Jo urn al , 59, 2291 (1937).
(2) Unpublished results from This Laboratory.

through the acid succinate separation, yielded 
only 19 mg. of pregnanol-3(a), but about 250 
mg. (m. p. 102°) of what proved to be pregnanol-3 
acetate could be crystallized from the non-hy- 
droxylated fraction, and a further crop of preg­
nanol-3 (a) was obtained from the mother liquor 
after alkaline hydrolysis and acid succinate sepa­
ration. The non-hydroxylated fraction, amount­
ing to about 20% of the reaction mixture, did 
not yield any crystalline products.

Since it was thought at first that the crystalline 
product might be a pregnene, which could be 
identified by ozonolysis to give 3|.|4 pregnane-3,4- 
diacid,3 or an isomer, this acid was prepared by 
the Clemmensen reduction of 20-keto-3||4- 
pregnane-3,4-diacid.4 The latter forms a 2,4

(3) This nomenclature is suggested by Sobotka, “ Chemistry of t ;= 
Sterids,” Williams and Wilkins, Baltimore, M d., 1938, p. 163.

(4) Butenandt, Ber., 63, é59 (1930); 64, 2529 (1931).
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dinitrophenylhydrazoi) e, but, after the reaction 
with zinc and hydrochloric acid, the product no 
longer forms such a derivative. The same 3||4- 
pregnane-3,4-diacid was formed in small amounts 
when pregnanol-3( a) was oxidized with chromic 
acid. The major reaction product, pregnanone-3, 
was hydrogenated in acid solution to give preg- 
nanol-3(j3).

Since most of the pregnanol-3(a) formed in the 
Clemmensen reduction of pregnanol-3(a)-one-20 
was converted by the acetic acid present into its 
acetate, model experiments were tried with epi- 
and 0-cholestanol. When these were refluxed 
with amalgamated zinc and acetic acid-hydro­
chloric acid the chief reaction products were un- 
reacted e^-cholestanol, and 0-cholestyl acetate, 
respectively. Evidently, when a Clemmensen 
reaction is run on a hydroxy ketone, the reaction 
mixture should be subjected to alkaline hydroly­
sis to isolate the product. In this connection it 
also should be noted that the Clemmensen re­
duction of hydroxylated steroids frequently re­
moves the hydroxyl groups. For example, the 
diacetate of 4-hydroxystigmasterol is reduced to 
stigmastane* 5 and the hydroxyketocholanic acids 
give some cholanic acid.

Experimental Part
The pregnanol-3(a)-one-2 used in these experiments was 

isolated from human pregnancy urine6 and melted at 134°. 
Apparently it can exist in two polymorphic forms, for 
sometimes crystals, m. p. 148°, are obtained. It .forms a
2,4-dinitrophenylhydrazone which melts at 229° after 
recrystallization from alcohol.

Anal. Calcd. for CjtH ssO ^ :  C, 64.9; H, 7,7 Found: 
C, 64.8; H, 8.0,

Pregnanol-3(a).—A mixture of 40 g. of amalgamated 
zinc, 100 cc. of concentrated hydrochloric acid, and 1 g. of 
pregnanol-3(a)-one-20 in 100 cc. of acetic acid was re­
fluxed gently. The initial pink color of the solution was 
discharged in ten minutes, and after another ten minutes 
an oil had separated. After two hours of heating the 
solution was cooled, diluted with water, and extracted 
with ether. The ethereal extract was washed with so­
dium carbonate solution and water, and the ether removed. 
The sirupy residue was treated witli Girard’s reagent to 
remove traces of ketonic material, and then separated into 
hydroxylated and non-hydroxylated fractions in the usual 
manner.

The non-hydroxylated sirup, consisting almost all of the 
product, crystallized on standing a week; so it was tritu­
rated with 5 cc. of alcohol, collected on a funnel, and washed 
with small amounts of alcohol to give 370 mg. of crystals, 
m. p. 87-93°. One recrystallization from methanol gave

3 190 mg. of plates, m. p. 101-102°. This was recrystallized
>—  ------ —-------- - ■
(5) Marker and Rohrmann, T h is  J o ur n a l , 60, 1073 (1938).
(6) Marker and Kamm, ibid., 59, 1373 (1937).

to a constant m. p., 106 °. It was saturated to bromine and 
catalytic hydrogenation and did not give a Beilstein test 
for halogens. Analysis showed it to be the acetate of 
pregnanol-3(a).

Anal. Calcd. for C23H380 2: C, 79.7; H, 11.1. Found: 
C, 79.3; H, 11.1.

One hundred and ninety milligrams of the acetate was 
hydrolyzed by heating with 0.2 g. of sodium hydroxide in 5 
cc. of alcohol for one-half hour. The product, isolated by 
extraction of the diluted solution with ether, was recrystal­
lized from slightly diluted alcohol and methanol to give 
pure pregnanol-3(a), m. p. 148°, as needle-rosets.

A nal. Calcd. for C2iH360 : C, 83.2; H, 11 .4. F ound: 
C, 83.4; H, 11.4.

The total mother liquor from the crystallization of the 
acetate was hydrolyzed and carried through the acid- 
succinate separation, to give an additional quantity of 
pregnanol-3(«). The yield of pregnanol-3(a:) from preg- 
nanol-3(a)-one-20 was about 50%, of which only 19 mg. 
was obtained from the original hydroxylated fraction;

Pregnanone-3.—To a solution of 200 mg. of pregnanol- 
3(a) in 10 cc. of acetic acid was added 80 mg. of chromic 
anhydride in 5 cc. of 90% acetic acid. After standing for 
one and one-half hours at room temperature, a little 
methanol Was added to destroy any excess chromic acid, 
and the solution was concentrated in vacuo. The residue 
was diluted and extracted with ether, and the ether extract 
washed free of chromium salts with dilute hydrochloric 
acid and water. The ether solution was extracted with 5% 
sodium carbonate and washed with water.

Acidification of the alkaline extract gave a flocculent 
acid which coagulated on standing. It was collected and 
washed with water and small amounts of hot alcohol to 
give 7 mg. of 3 1 |4-pregnane-3,4-diacid, m. p. 297°, as 
proved by mixed melting point determination with an 
authentic sample (vide infra).

The neutral ethereal extract was evaporated and the 
residue crystallized several times from diluted alcohol to 
give 140 mg. of pregnanonc-3, as needles, m. p. 115°. It 
gave a red coloration with alcoholic m-dinitrobenzene and 
aqueous potassium hydroxide, showing the presence of a 3- 
carbonyl group.

Anal. Calcd, for C2iH340 :  C, 83.4; H, 11.3. Found: 
C, 83.6; H, 11.3.

Fifteen milligrams of pregnanone-3 was treated in the 
usual manner with alcoholic semicarbazide acetate solution. 
The resulting semicarbazone, m. p. 133°, proved to be 
difficult to purify because of its great solubility in all 
ordinary solvents except ether. The 2,,4-dinitrophenyl- 
hydiazone, however, proved to be a satisfactory derivative. 
After crystallization from alcohol, it melted at 163 °.

Anal. Calcd. for C27H38O4N 4: C, 67.0; H, 8.0. Found: 
C, 66.7; H, 8.2.

Pregnanol-3(/?).—A solution of 100 mg. of pregnanone-3 
in 20 cc. of acetic acid and five drops of 48% aqueous hy­
drobromic acid was added to 50 mg. of previously reduced 
platinum oxide in 20 cc. of acetic acid, and the mixture was 
shaken in a hydrogen atmosphere at 35 lb. (2.3 atm.) pres­
sure for two hours. The catalyst was removed by filtra­
tion, and the acetic acid removed in vacuo. The residue 
was heated for twenty minutes with 0.3 g. of sodium
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hydroxide in 8 cc. of alcohol, diluted and extracted with 
ether. The washed ethereal extract was evaporated, and 
the crystalline residue dissolved in 10 cc. of hot alcohol. 
To this solution was added a hot solution of 0.4 g. of digi­
tonin in 20 cc. of alcohol. The next day the digitonide 
was filtered, dried and decomposed in the usual manner to 
give the carbinol. After recrystallization from slightly 
diluted alcohol, the pregnanol-3(/3) was obtained as needles, 
m. p. 144°, which depressed with pregnanol-3(a:) to 115— 
120 °.

Anal. Calcd. for C2iH360 : C, 82.8; H, 11.8. Found: 
C, 82.9; H, 11.8.

Twenty milligrams of pregnanol-3(/S) was converted into 
its acetate by refluxing for a half hour with 2 cc. of acetic 
anhydride. After recrystallization from dilute alcohol, it 
melted at 87°.

Anal. Calcd. for C23H38O2: C, 80.1; H, 11.3. Found: 
C, 80.4; H, 11.5.

31 |4-Pregnane-3,4-diacid.—The 20-keto-3| |4-pregnane-
3,4-diacid used in these experiments was obtained by D. M. 
Jones of this Laboratory as a by-product in the preparation 
of pregnanedione, and it had a melting point of 270°. It 
formed a 2,4-dinitrophenylhydrazone which was crystal­
lized from alcohol to a constant m. p. 2 10 °.

Anal. Calcd. for C27H860*N4: C.-59.6; H, 6.7. Found: 
C, 59.5; H, 7.0.

A mixture of 40 g. of amalgamated zinc, 1 g. of 20-keto- 
3 1 |4-pregnane-3,4-diacid, 100 cc. of concentrated hydro­
chloric acid, and 100 cc, of acetic acid was refluxed for five 
hours, small portions of acetic acid and hydrochloric acid 
being added from time to time. The suspended acid was 
collected and washed with ether to give 0.53 g., m. p. 260- 
270°. This product was purified by leaching with boiling

alcohol, in which, in contrast to 20-keto-3| |4-pregnane-3,4- 
diacid, it is very insoluble. Extraction of the acetic acid- 
hydrochloric acid filtrate with ether, and concentration of 
the latter gave an additional quantity of the product, 3] |4- 
pregnane-3,4-diacid, m. p. 297°. This acid is extremely 
insoluble in all ordinary solvents.

Anal. Calcd. for C2iH3404: C, 71.4; H, 9.7. Found: 
C, 71.3; H, 9.5.

A solution of 30 mg. of 3 1 |4-pregnane-3,4-diacid in 20 cc. 
of methanol and 10 drops of concentrated sulfuric acid was 
concentrated to one-third volume by heating for two hours 
on a steam-bath. The solution was diluted with water, 
extracted with ether, and the ethereal extract washed with 
sodium carbonate solution and water. After evaporation 
of the ether, the residue was crystallized from methanol to 
give the dimethyl ester of 3 ||4-pregnane-3,4-diacid, m. p. 
147°.

Anal. Calcd. for C23H 38O4: C, 72.5; H, 10.1. Found: 
C, 72.2; H, 9.9.

We wish to thank Dr. Oliver Kamm and Parke, 
Davis and Company for their generous support 
of this work. We also wish to thank Dr. A. H. 
Popkin for the microanalyses reported in this 
paper.

Summary
The preparations of pregnanone-3 and the iso­

meric 3-pregnanols are described. The Clemmen­
sen reduction, in the presence of acetic acid, of 
hydroxylated compounds may give rise to acety­
lated products.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  A u g u s t  8, 1938

[C o n t r ib u t io n  f r o m  t h e  S ch o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

Sterols, XLV. The Neutral Reduction Products of Equilenin*
By R u s s e l l  E. M a r k e r , E w a l d  R o h r m a n n , E u g e n e  L, W it t l e  a n d  F r a n k  H. T e n d ic k

While the phenolic reduction products of equi- 
lenin have been studied rather extensively1-'3 no 
such study has been reported on the neutral re­
duction products which often accompany the 
phenolic reduction products. Marker et al.2 
carried out the catalytic hydrogenation of equi­
lenin in acidic solution and found that the main 
product of the reaction was A5j7’9-oestratrienol- 
17. All searches for completely saturated com­
pounds in the reaction were unsuccessful, indi­
cating the extreme stability of the A5,7,9-oestra- 
trienol-17 to further reduction.

(*) Paper XLIV, This J o u r n a l  60, 2438 (1938).
(1) Wintersteiner, Schwenk, Hirschmann and Whitman, T his 

Jo urn al , 58, 2652 (1936).
(2) Marker, Kamm, Oakwood and Tendick, ibid., 59, 768 (1937).
(3) Marker, ibid., 60, 1897 (1938).

Marker3 made an extensive study of the phe­
nolic reduction products of equilenin, a-dihydro­
equilenin, and ^-dihydroequilenin, using sodium 
and amyl alcohol. In every case it was found 
that the reaction gave approximately 20% of 
phenolic reduction products, the remainder con­
sisting largely of neutral reduction products. 
The phenolic reduction products were shown to 
be the a- and 0-oestradiols. We have now ex­
tended these studies to the neutral reduction 
products of these reactions. The neutral frac­
tion from the reduction of equilenin gave a diol 
(I) C18H24O2, melting at 172°. This same com­
pound was produced by the analogous reduction 
of a-dihydroequilenin, thus establishing the con­
figuration of the hydroxyl group at C17. The
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CHS
OH

■rq / X / S / '
Equilenin

Phenolic - 
products

HO7
a-Dihydroequilenin

H0/ \ / \ /
/S-Dihydroequilenin

Na in 
amyl

Phenolic products alcohol ■ Phenolic 
products

H O ' HO'
I, 5,7,9-Oestratrienediol-3(a), II, 5,7,9-Oestratrienediol-3(a),

17(a) 17(0)

III, 5,7,9-Oestratrieneol-3(/3)-one-17 (Remesov)

Anal. Calcd. for C18H24O2: C, 79.3; H, 8.9. Found:

reduction of /3-dihydroequilenin gave 
a diol (II) melting at 179° and 
possessing the ^-configuration at 
C17. Attempts to oxidize these diols 
to diketones resulted in the forma­
tion of uncrystallizable oils. The 
fact that the only diol isolated from 
the equilenin reduction possessed 
the «-configuration at C17 indicates 
that the sodium and amyl alcohol 
reduction gives largely the «-form 
at C17 as in the case of oestrone 
reduction.

I t  is not possible to assign a defi­
nite configuration to the hydroxyl 
group at C3, although it is most 
probable that the same configura­
tion at C3 is obtained in both of the 
diols.

A compound apparently related 
to the two reduction products which 
we have prepared is that obtained 
by Remesov4 by the degradative 
oxidation of the side chain of neo- 
ergosterol. This compound, being 
derived from neoergosterol, must 
possess the ^-configuration at C3.
Aside from the differences at C17, 
this compound may differ from the present diols 
in the configuration of the hydroxyl group at C3. 
Inasmuch as Remesov’s compound possessed oes­
trogenic activity comparable to that of oestrone, 
one might expect the corresponding dihydro com­
pounds to be high in oestrogenic activity. The 
fact that Windaus and Deppe5 obtained epi-neo­
ergosterol by the reduction of dehydroneoergosterol 
with sodium and amyl alcohol suggests that our 
reduction products of equilenin probably possess 
the «-configuration at C3 in contrast to the ^-con­
figuration which Remesov’s compound possesses.

We wish to thank Dr. Oliver Kamm and 
Parke, Davis and Company for their generous 
help and assistance in various phases of this work.

Experimental Part
5,7,9-Oestratrienediol-3( a), 17(a) from Equilenin.—The

neutral fraction obtained by the reduction of equilenin 
with sodium and amyl alcohol was used.3 The crude frac­
tion was sublimed in high vacuum at 160-200°. The 
sublimed material was crystallized from acetone to give 
white crystals melting at 172°.

(4) Remesov, Rec. trav. chim., 56, 1093 (1937).
(5) Windaus and Deppe, Ber., 70, 76 (1937).

C, 79.2; H, 8.9.
A monobenzoate was prepared by allowing a solution of 

the diol in pyridine and a slight excess of benzoyl chloride 
to stand for two days at room temperature. The solution 
was diluted with water and after standing for several hours 
the product was extracted with ether. The ether solution 
was washed well with a saturated sodium carbonate solu­
tion and then with water, and evaporated to dryness. 
The benzoate thus obtained, after crystallization from 
ethyl acetate, melted at 195°.

Anal. Calcd. for C2óH280 3: C, 79.7; H, 7.5. Found: 
C, 79.7; H, 7.7.

5.7.9- Oestratrienediol-3(«),17(a).—The neutral fraction 
obtained by the reduction of a-dihydroequilenin with 
sodium and amyl alcohol was used.3 The material was dis­
tilled in high vacuum, most of it distilling at 160-200 °. The 
sublimed material was crystallized from acetone to give 
white crystals melting at 172 °, uncorr. This gave no depres­
sion in melting point when mixed with a sample obtained by 
the reduction of equilenin with sodium and amyl alcohol.

5.7.9- Oestratrienediol-3(a),17(j3) from 0-Dihydroequi- 
lenin.—The neutral fraction from the reduction of j8-di- 
hydroequilenin with sodium and amyl alcohol3 was purified 
by leaching with cold ether, followed by crystallization 
from dilute acetone. It gave a product crystallizing in 
thick needles, m. p. 179°. It gave a large depression in 
melting point when mixed with the 17(a)-diol.
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Anal. Calcd. for Ci8H2402: C, 79.3; H, 8.9. Found: 
C, 79.4; H, 8.9.

Summary
5,7,9 - Oestratrienediol - 3(a), 17(a) and 5,7,9-

oestratrienediol-3(a), 17(/3) were obtained in the 
non-phenolic fraction from the reduction of a- and 
d-dihydroequilenin with sodium in amyl alcohol. 
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  A u g u s t  8 ,  1 9 3 8

[C o n t r i b u t i o n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  t h e  P e n n s y l v a n i a  S t a t e  C o l l e g e  ]

Sterols. XLVI. The Steroid Content of Cows’ Pregnancy Urine*
B y R u ssell  E. M a r k e r

Although numerous investigations of the ster­
oid content of human and mare urines have been 
described, 1 relatively little work has been done 
with other urines. In order to supply this de­
ficiency we have undertaken to investigate the 
steroids present in the urines of other mammalia. 
A preliminary study2 has revealed the presence 
in stallions' urine of /3-equistanol, an alio-triol, 
C21H36O3, an allo-tetrol, C21H36O4, and a urane- 
triol-3,11,20. A similar preliminary study of 
cows’ pregnancy urine is presented in this paper.

The butanol extract of 200 gallons (760 liters) 
of cows’ pregnancy urine was extracted with 
alkali to remove phenols, and then hydrolyzed 
by steam distillation in the presence of an ex­
cess of strong alkali. From a concentrated 
ethereal solution of the resulting non-volatile 
tar, a crude pregnanediol mixture was obtained. 
Fractional crystallization of the acetate mixture 
from this crude crop yielded the diacetate of 
pregnanediol-3 (a), 20(a), m. p, 179°, and from, 
this the diol was obtained. The soluble acetate 
mother liquor after hydrolysis yielded allo- 
pregnanediol-3(a),20(a). The mother liquor 
from the crude pregnanediol mixture was freed of 
traces of ketones by the use of Girard’s reagent, 
and treated with digitonin. The insoluble digi­
tonide was decomposed, and after treatment 
with bromine this 3(/3)-OH sterol mixture was 
again treated with digitonin. The insoluble 
digitonide gave, after decomposition, allo-pveg- 
nanediol-3(/3),20(a), and the mother liquor from 
this digitonide gave cholesterol. The mother 
liquor from the original digitonin treatment 
yielded the soluble digitonide of /3-equistanol, 
from which the latter was obtained on decom­
position, and an ethereal solution free of 3(/3)-OH

(*) Paper XLV, T h i s  J o u r n a l , 60, 2440 (1938).
(1) These investigations are reviewed by Marker, T h i s  J o u r n a l , 

60, 1725 (1938).
(2) Marker, Lawson, Rohrmann and W ittle, ibid., 60, 1555 (1938).

sterols. After the latter was separated into hy­
droxylated and non-hydroxylated fractions by 
means of the acid succinates, the non-hydroxyl­
ated fraction was distilled in a high vacuum, and 
yielded a hydrocarbon, C28H58, m. p. 63°. The 
carbinol fraction was epimerized with sodium in 
boiling xylene, and then treated with digitonin. 
The insoluble digitonide yielded a/fo-pregnane- 
diol-3(/3),20(a), which had been formed from 
some &//0-pregnanediol-3 (a) ,20 (a) not removed in 
the original separation of the crude pregnanediol 
mixture. The soluble digitonide yielded /3-equi- 
stanol, which must have been produced by the 
epimerization of a-equistanol originally present. 
The mother liquor from the digitonides, contain­
ing no 3(/3)-OH sterols, was distilled in a high 
vacuum, and sirupy fractions collected at 115- 
150° and 150-200°. Since these fractions could 
not be crystallized readily, they were oxidized 
with chromic acid. The higher boiling fraction 
gave no definite products, while the lower boiling 
fraction gave an aliphatic acid, Ci8H3602, m. p. 
55°, suggesting the presence of an aliphatic pri­
mary alcohol in the original urine extract.

The isolation from cows’ pregnancy urine of 
the three pregnanediols, in about half the amounts 
present in human pregnancy urine, lends further 
support to the theory of the interrelationships 
of the sex hormones advanced in a paper of this 
series.1 The occurrence of both the /3- and a- 
equistanols in cows’ pregnancy as well as in stal­
lions, urine2 and in mares’ pregnancy urine3 but 
not in human pregnancy urine seems to indicate, 
as suggested earlier,2 that their presence may be 
traced to the herbivorous diet of these animals. 
The hydrocarbon C28H58, m. p. 63°, has been found 
to occur in human pregnancy urine,4 in stallions’ 
urine,4 and in mares’ pregnancy urine4 as well as

(3) Marker, Rohrmann and W ittle, ibid., 60,1561 (1938).
(4) Unpublished results from this Laboratory.
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in cows’ pregnancy urine. Apparently other 
hydrocarbons are also present in some of these 
sources, for Hart and Northrup5 found heptaco- 
sane, C27H56, m. p. 59°, and a hydrocarbon, 
C25H52, m. p. 52-54°, in large amounts in human 
pregnancy urine. Likewise, we find that the 
hydrocarbons in human and mares’ pregnancy 
urine are rather complex mixtures. The acid, 
C18H36O2, m. p. 55°, has been obtained by the 
oxidation of carbinol fractions from human4 and 
mares’ pregnancy urine4 as well as from cows’ 
urine. Besides the compounds discussed above, 
evidence has also been obtained for the presence 
in cows’ pregnancy urine of polyhydroxysteroids, 
but in quantities too minute for investigation. 
A more exhaustive study on a much larger quan­
tity of urine is in progress, and the results of this 
investigation will be reported later.

We wish to thank Dr. Oliver Kamm and Parke, 
Davis and Company for their generous support 
of this work.

Experimental Part
The butanol extract of 200 gallons (760 liters) of cows’ 

pregnancy urine after removal of the phenolic fraction was 
hydrolyzed by steam distilling for three hours with an 
excess of aqueous 20% sodium hydroxide solution. The 
tarry product was filtered and washed with water. The 
residue was dissolved in a minimal amount of hot methanol 
and one liter of ether was added. The methanol was 
removed by several washings with water, and the ether 
was evaporated to 50 cc. The solution was cooled in ice- 
salt and the crystals collected and washed with a small 
amount of cold acetone. The resulting product, wt. 6.2 
g., was treated in methanol with Norite and then crystal­
lized from methanol and acetone to give a product melting 
unsharply at 215-228 0.

Pregnanediol-3(a),20(a) and a//o-Pregnane<fiol-3(a), 
20(a).—The crystalline product above was refluxed for 
thirty minutes with 35 cc. of acetic anhydride. The 
solution was cooled to 0 °, and filtered. The product thus 
obtained was crystallized from methanol and melted at 
179°. A mixture with pregnanediol diacetate gave no 
depression in melting point. Upon hydrolysis with alco­
holic potassium hydroxide it gave pregnanediol-3 (a),20- 
(a), m. p. and mixed m. p. 242°.

Anal. Calcd. for C^HaeO*: C, 78.8; H, 11.3. Found; 
C, 78.8; H, 11.4.

The mother liquors from the crystallization of pregnane- 
diol-3(a),20(a) diacetate were evaporated to dryness, and 
the residue hydrolyzed with alcoholic potassium hydroxide. 
The product was then crystallized from methanol, ethyl 
alcohol and acetone. It melted at 240° and gave no de­
pression in melting point when mixed with aWo-pregnane- 
diol-3(a),20(a), but depressed the melting point of preg- 
nanediol-3(a),20(a) to 215-220°.

Anal. Calcd. for C2iH360 2: C, 78.8; H, 11.3. Found: 
C, 78.6; H, 11.3.

The filtrate from the original pregnanediol(a),(a) mix­
ture was treated in ethanol with Norite and filtered. The 
ketones were removed by the use of Girard’s reagent. The 
non-ketonic fraction in alcohol was mixed with a solution of 
20 g. of digitonin in 500 cc. of 95% alcohol, and the solution 
diluted to one liter. After standing overnight, the digito­
nide was filtered. When dry, it weighed 10 g. This digi­
tonide was dissolved in 75 cc. of pyridine by heating on a 
steam-bath for fifteen minutes, and the solution poured 
into 500 cc. of ether and filtered. The pyridine was re­
moved from the filtrate by shaking with dilute hydro­
chloric acid, the ether evaporated, and the residue, 2.2 g., 
sublimed in a high vacuum, taking the fraction distilling at 
110-200°. This sublimate was dissolved in ethanol and 
enough bromine added at 0 ° to give a faint yellow color. 
Then an excess of 1% digitonin solution was added. The 
solution was filtered the next day. From the filtrate was 
obtained, after debromination in the usual manner, 320 
mg. of cholesterol, m. p. 146°, which gave no depression in 
melting point when mixed with an authentic sample.

The digitonide was dried and then decomposed by heat­
ing for thirty minutes on a steam-bath with 30 cc. of dry 
pyridine. Ether was added and the digitonin filtered. 
The pyridine was removed from the ether solution, and the 
solvent was evaporated. The residue, after crystallization 
from dilute acetone, melted at 215°. Mixed with preg- 
nanediol-3(a),20(a) and a//o-pregnanediol-3(a),20(a) it 
gave a depression in melting point. When mixed with 
a//o-pregnanediol-3(j3),20(a) it gave no depression in 
melting point.

Anal. Calcd. for C21H36O2: C, 78.8; H, 11.3. Found: 
C, 78.7; H, 11.3.

/3-Equistanol.—The mother liquor from the original 
digitonin precipitation of the /5-sterols was concentrated to 
50 cc. and one liter of ether added. The digitonin-digito- 
nide mixture was filtered and the dried product treated in 
the usual way with pyridine. The product thus obtained 
was sublimed in a high vacuum at 120-150 °. After crys­
tallization from a mixture of acetone and methanol, the 
sublimate gave a product melting at 132-134°. When 
mixed with equistanol obtained from mares’ pregnancy 
urine or from stallions’ urine it gave no depression in 
melting point; yield 1.2 g. of crude product.

The a-Sterol Fraction.—The filtrate from the digitonide 
from which the equistanol was obtained was evaporated to 
dryness and then dried by distilling benzene from it. The 
residual sirup was heated for thirty minutes with 10 g. of 
succinic anhydride and 15 cc. of pyridine. Ether was 
added and the pyridine was removed by shaking with 
hydrochloric acid. The acid-succinates were removed by 
shaking with sodium carbonate solution. The ether layer 
was reserved for investigation of the non-hydroxylated 
material. The alkaline solution was acidified and the 
succinate then hydrolyzed with alcoholic potassium hy­
droxide. The carbinol mixture was extracted with ether 
and the ether removed to give sirupy carbinols. Five and 
three-tenths grams of this sirup was refluxed with 10 g. of 
sodium and 150 cc. of xylene for eight hours, the excess 
product extracted with ether and washed well with water. 
The solvent was removed and the residue dissolved in 95%(5) Hart and Northrup, T h is  Journal, 57 , 2726 (1935).
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alcohol and 5 g. of digitonin dissolved in 200 cc. of hot 
ethanol was added. After standing overnight, the digito­
nide was filtered, dried, and decomposed by warming 
with pyridine in the usual manner. The product thus 
obtained was distilled in a high vacuum, collecting the 
portion distilling below 200°. This fraction was crystal­
lized from methanol to give a/&?-pregnanediol-3( 0),20(a); 
m. p. and mixed m. p., 214°.

The digitonin mother liquors were evaporated to about 
30 cc. and 500 cc. of ether added. The digitonide was 
filtered, dried and then decomposed with pyridine. The 
crude product was distilled and crystallized from metha­
nol. It proved to be /3-equistanol, m. p. 133°. This was 
formed by the epimerization of a-equistanol, as the /3-form 
had been remo ved previously.

The filtrate from the equistanol digitonide was evapo­
rated to dryness and sublimed invacuo. Two fractions were 
taken, one at 115-150° and the other at 150-200°. The 
lower boiling fraction after separation of some crystalline 
pregnanediol-3(a),20(a) was oxidized in acetic acid with an 
equal weight of chromic acid for thirty minutes. The 
oxidation mixture yielded mostly acidic material, and only 
a very small neutral fraction. The acidic fraction was 
extracted with ether and removed from the ethereal solu­
tion with sodium carbonate solution. Acidification of the 
alkaline solution yielded a crystalline acid which was re­
crystallized from ethanol to a constant m. p., 55°. Calcd. 
for Ci8H3602: neut. equiv., 284; found, 277.

Anal. Calcd. for Ci8H3602: C, 75.9; H, 12.7. Found: 
C, 76.2; H, 12.9.

Although polyhydroxy sterols probably belonging to the

cortical series were present, the quantities were too minute 
for separation from the small amount of urine processed.

Hydrocarbon Fraction.—The ether soluble material from 
the preparation of the succinates of the sterols was distilled 
in vacuo. The portion distilling at 80-110° was dissolved 
in acetone and methanol was added. It was allowed to 
stand for two days at room temperature in an unstoppered 
flask. The crystalline material was recrystallized from 
acetone to give a product of m. p. 63 °. Molecular weight 
calcd. for C28H68, 394; found (Rast), 393. It gave no 
depression in inelting point with a hydrocarbon isolated 
from human pregnancy urine.

Anal. Calcd. for QjsHj*: C, 85.3; H, 14.8. Found: C, 
85.2; H, 14.6.

Summary
An investigation of the sterols present in cows' 

pregnancy urine gave pregnanediol- 3  (a) , 2 0  (a), 
a/Zö-pregnanediol-3 (a),2 0 (a), and n/Zo-pregnane- 
diol-3(£),20(a), in approximately one-half the 
quantities present in human pregnancy urine. 
^-Equistanol was also isolated, and the presence 
of a-equistanol was demonstrated. The carbinol 
fraction upon oxidation gave an acid of the ali­
phatic series with a molecular formula of Ci8- 
H36O2. There was also isolated a hydrocarbon 
of the aliphatic series melting at 63° and having 
the molecular formula C28H58.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  A u g u s t  8, 1938

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

Infrared Absorption Studies. VI. Association in the Acid Amides and Oximes1
B y A. M. B u sw e l l , W. H. R o d ebu sh  and  M. F. R oy

Structure of Acid Amides.—The classical 
structures assigned to amides and N-substituted 
amides are

O
H11 /

R—C—N<

Oil
r —c —N<<

However, certain reactions of the amides, e. g.> 

alkylation, indicate that compounds of the first 
two types above may have the alternative tauto­
meric structures

OH OH

R—<!>=NH and R—i = N —R
(1) These studies are carried out with the aid of a grant from the 

Rockefeller Foundation. The main problem is the mechanism of 
hydration of biological substances ( “bound water”)- The present 
paper (VI) presents data on the absorption spectra of relatively sim­
ple organic nitrogen compounds whose functional groups resemble 
those found in proteins. Previous publications from this Laboratory 
dealing with association are II, J . Chem. Phys., 5, 501 (1937), and 
V, T h i s  J o u r n a l , 60, 2239 (1938).

in that two isomeric reaction products are ob­
tained in each case. Reactions of this type led 
to the belief that the amides probably existed in 
tautomeric equilibria of the two forms.

0
II /H  __ ^ OH

R—C—N< I
VH ^ R—C = N —H

0

T r/H  __ OH
' i

R—0 = N R

Attempts have been made to settle the question 
as to which of the two forms prevails by a study 
of the physical properties. Various authors2 have 
found that the ultraviolet absorption spectrum 
indicates either tautomerism or the enolic form. 
Most of this work was in alcoholic solution but

(2) Ramart-Lucas and Gaunfeld, Ball. soc. chim., [5] 4, 478 
(1937).
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T a b l e  I

A c i d  A m i d e s

Amide
Molal

concn.®

Cell
length,

cm.

Acetamide 0.001 10.18 3.30
CH3CONH2 .002 (s) 5.07 3.30

w-Valeramide .002 10.18 3.45
C4H9CONH2 .004 5.07 3.45

.008 (s) 2.53 3.45

.002 10.18 3.47
w-Cyclohexylacetamide .008 5.07 3.47

CHsCONHCeHn .032 0.640 3.47
.128 .1582 3.47
.512 .0374 3.47

Acetanilide .001 10.18 3.38
CHsCONHCeHs .008 (s) 1.262 3.38

Benzanilide .0035 (s) 2.53 3.25
C6H6CONHCeH5

N,N-Diphenylacetamide .008 1.262 3.38
CH3CON (CeH,),

N,N-Diphenylbenzamide .008 1.262 3.25
CjHsCON (CeH,),

N,N-Dimethylacetamide .008 2.53 3.39
CH„CON(CH3)2

CH
K u K

Absorption maxima*» 
N H

H K  m K
Others 
K  m K

7.5 2.925 27 2.83 27 3.145 10
7.5 2.925 27 2.83 29 3.145 17

41 3.37 68 2.92 23 2.83 26 3.14 19
41 3.37 70 2.92 23 2.83 24 3.14 27
43 3.37 67 2.92 22 2.83 25 3.14 40
46 3.40 73 2.90 19 2.97 7
46 3.40 73 2.90 17 2.98 8
46 3.40 73 2.90 16 2.99 23
47 3.40 72 2.90 13 3.02 64 3.23 18
47 3.40 76 2.90 5 3.04 79 3.23 34

8 3.26 24 2.90 24
10 3.26 29 2.90 26 2.97 15
31 2.86 26

4 3.25 29

40

52

a (s) indicates a nearly saturated solution.
6 fi is the wave length of the absorption. K  is the molal absorption coefficient.

Herzberg and Kölsch3 have reported that the va­
por of formamide shows no absorption character­
istic of N—H or C = 0 . Data upon dipole mo­
ments and the Raman spectrum do not appear to 
offer any conclusive evidence upon this point. 
It is always possible, of course, to account for the 
reaction products assuming either formula to be 
correct. The only chance for a final decision 
upon the question would appear to be the deter­
mination of the characteristic infrared absorption 
due to hydrogen in the region from 2.6 to 3.6 ju. 
No report of any work in this region has ap­
peared in the literature. Some results have been 
obtained in the region of the first overtone, which 
are however necessarily difficult to interpret.

The situation in regard to the oximes is some­
what similar to that of the amides. There are 
two structures which are compatible with the 
chemical evidence.

R R  O
I I t

G = N —O—H C—N—H
I I

R ' R '

There is of course a possibility of tautomerism and 
the final decision as to structure must be made 
from a study of physical properties. Here again 
Freymann and Freymann4 have studied the in­
frared absorption in the region of the harmonics

(3) G. Herzberg and R. Kölsch, Z . Elecklrochem., 39, 672 (1933).
(4) M. and R. Freymann, Bull. soc. chim., [5] 4, 944 (1937).

with results which indicated the presence of the 
hydroxyl group.

Experimental
The infrared spectrograph used for this work 

has been described in previous publications in this 
series. The compounds used in this work were 
prepared and carefully purified in this Laboratory 
by Mr. J. R. Downing. The data in every case 
represent the ratio of the absorption of a solution 
in carbon tetrachloride to the absorption of the 
pure solvent. The molal absorption is calculated 
as given by the formula

and the product c X d is maintained constant for 
each compound in order to avoid deviations from 
Lambert's law. The chief difficulty was the low 
solubility of amides and oximes in carbon tetra­
chloride. The higher homologs were found to be 
somewhat more soluble. For those amides for 
which no curve is shown the data for the principal 
absorption peaks are included in a table. Curves 
are given for all of the oximes which were studied.

The Amides.—The high melting and boiling 
points of the amides have long been recognized as 
evidence for a high degree of association. Kum- 
ler5 has pointed out that this evidence as well as 
that of cryoscopic data point to a marked differ-

(5) W. D. Kumler, T h i s  J o u r n a l , 57, 600 (1935).
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ence in the behavior of the amides when the hy­
drogens attached to the nitrogen are replaced by 
alkyl groups. This evidence points to hydrogen 
bonding as the mechanism by which association 
takes place. Recently Zellhoefer, Copley and 
Marvel6 have found that the solubility of chloro­
form varies in the different amides in such a way 
as to agree closely with the degree of association 
to be expected.

Fig. 1.-—Propionamide: (1) 0.002 M  in 10.18-cm. 
cell. (2) 0.004 M  in 5.07-cm. cell. (3) 0.008 M in 
2.53-cm. cell.

The first curve shown, Fig. 1, is that for propi­
onamide which because of somewhat greater solu­
bility permits a greater range of concentration 
than acetamide. The C-H absorption at 3.34 jx 
remains constant over the concentration range 
while a marked variation with concentration is 
shown in the region of N-H absorption and there 
is no indication of any O-H absorption. One 
may say, therefore, that in the ordinary amides 
in carbon tetrachloride solution there is no tend­
ency toward enolization. The NH2 group may 
be expected to show modes of vibration similar 
to that of the water molecule.7 There are two 
modes involving the stretching of the N-H bonds 
which are infrared active. One of these is sym­
metric with respect to the hydrogens and one 
anti-symmetric. In water these frequencies are 
at 2.67 and 2.76 ji, respectively. Here we find 
the N-H frequencies at 2.83 and 2.92 jx. As the 
concentration is increased the association through 
hydrogen bonding increases and the absorption

(6) G. F. Zellhoefer, M. J. Copley and C . S. Marvel, T h is  
J o u r n a l , 60, 1337 (1938); also an article to  appear soon.

(7) E. F. Barker and W. W. Sleator, J .  Chem . Phys., 3, 660 (1935).

at 3.15 jx characteristic of hydrogen bonded N-H 
increases. The unbonded N-H peaks are re­
duced in intensity but otherwise unmodified. 
The solubility is limited so that the association is 
not complete at the highest concentration obtain­
able but one cannot doubt that at higher con­
centrations in another solvent for example, the 
absorption characteristic of the unbonded N-H 
would disappear completely.

This behavior is perhaps best accounted for by 
assuming that when the molecule enters a poly­
mer both hydrogens are involved in the bond 
formation. Benzamide does not show any par­
ticular difference except that the relative inten­
sity of the two peaks in the N-H absorption is al­
tered. The intensities depend indirectly upon 
the dipole moments associated with the N-H 
bonds and also the angle between them, and these 
are evidently slightly altered by the introduction 
of the phenyl group. The C-H absorption at 
3.25 jx which is characteristic of aromatic mole­
cules appears to vary somewhat, but this may be 
due to the overlapping N-H bond peak. The ab­
sorption curves for N-ethyl acetamide in Fig. 3 
show interesting variations from those for the 
unsubstituted amides. The C-H peak is the 
same as before and only a single peak is to be ex­
pected for the N-H absorption and this appears 
as might be expected intermediate in position be­
tween the two peaks of Fig. 1. The peak at 3.22 jjl 

may be assumed to correspond to the peaks at
3.15 jx in the other cases and hence to represent 
the hydrogen bonded N-H but the peak at
3.03 jx corresponds exactly to that of a hydrogen 
bonded hydroxyl. Furthermore, the great in­
crease in intensity is strongly suggestive of a 
hydroxyl which absorbs more strongly than does 
an N-H group. We believe therefore that this 
absorption indicates the presence of the enolic 

OH
form | . This form only exists

CH3C = N C 2H 5
in the polymer at higher concentrations since 
there is no absorption in the region 2 .8  jx which 
would be characteristic of unbonded hydroxyl. 
It may be said therefore that at higher concentra­
tions N-ethylacetamide is largely associated and 
that a considerable fraction (one-half or more) of 
the molecules so associated exist in the enolic 
form. I t should be noted of course that N,N- 
dimethylacetamide shows no absorption except 
that due to C-H and no physical behavior indi­
cating association.
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To summarize we may say that while the or­
dinary amides show a strong tendency toward as­
sociation (much greater than the alcohols at low 
concentration) the monosubstituted amides show 
a smaller tendency, and the disubstituted amides 
do not associate at all. This conclusion is con­
firmed by the various physical properties, cryo­
scopic behavior, behavior as a solvent, etc. In 
the case of the unsubstituted amides the dielectric 
constant and other properties suggest the forma­
tion of polymers of indefinite molecular weight, 
similar to those which occur in the alcohols. In 
the monosubstituted amides the tendency toward 
association is less strong and one may assume 
that a considerable fraction of the molecules are 
associated to form dimers. Dr. M. J. Copley 
of this Laboratory informs us that the solubility 
of chloroform in N-ethylacetamide could be ac­
counted for by assuming the pure liquid to consist 
largely of dimers.

While there are certain well-recognized condi­
tions necessary for enolization to take place in a 
molecule, we believe that one which has not been 
sufficiently emphasized is that the shift of the mo­
bile hydrogen usually involves the formation of a 
hydrogen bond. An isolated amide molecule in 
carbon tetrachloride has no opportunity for form­
ing a hydrogen bond. (The case would of course 
be different if the solvent were alcohol.) Dr.
M. J. Copley has suggested to us that if a dimer 
is formed with bonds N -H -0 similar to the car­
boxylic acids

R 1
NH O

/  \
RC CR

\  /
0  HN

Ri
then by a shift of hydrogens the structure

Ri
1
N HO

/  \
RC CR

\  /OH N
I

Ri
is easily obtained and the second structure may 
easily be the more stable. I t must be remem­
bered that our evidence shows that enolization 
takes place only in the associated molecules and 
it is only in the dimers with N-H —* O bonds that 
a simple mechanism has been suggested. In a 
chain polymer, for example, enolization would

involve a molecular rearrangement equivalent to 
ionization of the hydrogen, which is hardly to be 
expected to take place in a carbon tetrachloride 
solution. In the absence of other suggestions as 
to the mechanism of enolization one is forced to 
assume the existence of dimers in the monosub­
stituted amides and, as has been said above, this 
assumption is favored by the other known prop­
erties of these substances in the liquid state. 
Any attempt to explain why the unsubstituted 
amides do not form dimers or if they.do form 
these, why these dimers do not enolize, would of 
course be highly speculative. One of course may 
reason by analogy with formic acid where in the 
pure liquid the dimers give way to polymers, pre­
sumably because of the bonding action of the hy­
drogen attached to carbon. In an unsubstituted 
amide the Ri groups shown above would be re­
placed by hydrogens and it is easy to suggest ways 
in which these additional hydrogens might inter­
fere with the formation of stable dimers. It 
should be noted of course that there is a slight 
absorption at 3.03 n in Figs. 1 and 2 suggestive of 
a slight tendency toward enolization. One may 
predict that the reactions of the acid amides will 
under comparable conditions confirm the hypothe­
sis of enolization that has been proposed above.

Fig. 2.—Benzamide: (1) 0.0005 M  in 10.18-cm. 
cell. (2) 0.001 M  in 10.18-cm. cell. (3) 0.002 M  in 
5.07-cm. cell.

It should be noted that the essential group in the 
N-substituted amides is the same as that of the 
peptide linkage in the proteins, viz.

O H

- U - A -
I

The absorption curve of gelatin8 shows such
(8) A. M- Buswell, Karl Krebs and W. H. Rodebush, T h ïS
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striking similarities that one can scarcely doubt 
that precisely the same type of hydrogen bonding 
is present in both cases. One would assume, of 
course, that the hydrogen bonding occurs as a 
cross linkage between two polymeric chains or 
perhaps between parts of the same chain.

Wave number, cm.--1.
Fig. 3.—N-Ethylacetamide: (1) 0.002 M  in 10.18- 

cm. cell. (2) 0.008 M  in 5.07-cm. cell. (3) 0.032 M  
in 0.640-cm. cell. (4) 0.128 M  in 0.1582-cm. cell.
(5) 0.512 M  in 0.0374-cm. cell.

The Oximes.—In order to avoid complications 
which might arise from possible geometrical isom­
erism, only symmetrical ketoximes were stud­
ied. In Figs. 4, 5, 6 and 7 the absorption curves 
are given at various concentrations for the follow­
ing compounds.
Acetoxime (CHa^CNOH

c h 2—c h 2

Cyclohexanone oxime CH2 CNOH

CH2—CH2
Benzophenone oxime (CeHg^CNOH

O NOHO

The oxime of dimethyl triketone CH3—C-C-----C—CH3
O NOH O

The oxime of diphenyl triketone C6H&C—C-----C—CeHg
J o u r n a l , 59, 2603 (1937). One of us (M. F. R .) has called attention 
to the fact that the enolized dimer should dissociate into enolized 
monomers. This does not happen and the hypothesis of enoliza­
tion cannot be considered as fully substantiated until the absence of 
the enolic form in the monomers is accounted for.

Fig. 4.—Acetoxime: (1) 0.001 M  in 10.18-cm. cell. 
(2) 0.004 M m  10.18-cm. cell. (3) 0.016 M in2.53-cm. 
cell. (4) 0.064 M  in 0.640-cm. cell.

The absorption peak at 2.76 n in Figs. 4, 5 and 6 
is clearly indicative of the hydroxyl group which 
is to be expected in the usually accepted formula 
for oximes. There is no indication whatever of 
an N-H absorption. As the concentration is in-

Fig. 5.—Cyclohexanone oxime: (1) 0.0178 M  in 
10.18-cm. cell. (2) 0.0285 M  in 0.640-cm. cell. 
(3) 0.1139 M  in 0.1582-cm. cell.
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Fig. 6.—Benzophenone oxime: (1) 0.002 M  in
10.18-cm. cell. (2) 0.008 M  in 2.53-cm. cell. (3) 
0.032 M  in 0.640-cm. cell.

creased the “association peak” characteristic of 
hydrogen bonding appears at about 3.0 just as in 
the alcohols.9 All this is quite to be expected. 
The startling thing about these curves is that the 
molal absorption due to C-H increases with in­
creasing concentration in spite of the fact that the 
product of concentration times cell length was 
maintained constant. This behavior has been 
noted already in the case of benzamide which 
shows C-H absorption and we are by no means 
certain how to account for it. There is of course 
the possibility that the oximes form unsymmetri- 
cal dimers so that all C-H vibrations remain ac­
tive. (In a symmetrical dimer as acetic acid 
only the anti-symmetric C-H vibrations are ac­
tive.) Under these conditions because of the 
augmented dipole moment, the change in moment 
associated with transition might be increased 
sufficiently to account for the increased absorp­
tion. A simpler explanation of course of the in­
creasing C-H absorption is that the absorption 
due to the hydrogen bonding overlaps the C-H 
region. In view of the acidic character of the 
oximes, this is a reasonable assumption. In the 
carboxylic acids the absorption extends over a

(9) A. M. Buswell, V. D eitz and W. H. Rodebush, J . Chem. Phys., 
5, 501 (1937).

very broad interval. The unbonded hydroxyl fre­
quency of the oximes is at 2.77 jut which is very near 
the unbonded hydroxyl wave length of acetic acid.

Fig. 7.—A. Oxime of dimethyl triketone: 0.002 
M  in 10.18-cm. cell. B. Oxime of diphenyl tri­
ketone: 0.002 M  in 10.18-cm. cell.

In all of the results so far we have no direct 
evidence as to whether the bonding is to oxygen or 
nitrogen (N-H —» O or N-H —» N) since either 
is generally possible. In an attempt to distin­
guish between these possibilities the absorption 
for the two triketone oximes was measured, Fig. 7. 
Here while the solubility is too low to permit of 
much association, there is reason to believe that 
the absorption at 2.95-2.97 /x is indicative of in- 
termolecular hydrogen bonding which is pre­
sumably OH —> O. The absorption at 2.79 is of 
course the unbonded hydroxyl and there is no 
evidence of chelation.

Summary
Infrared absorption has been studied for a num­

ber of acid amides and oximes. Association due 
to hydrogen bonding is observed and in the case of 
monosubstituted amides association is accompa­
nied by a considerable amount of enolization. At­
tention is called to the striking similarity of the 
absorption due to association in the substituted 
amides and that due to the peptide group in gelatin. 
U rbana , I l l in o is  R e c e iv e d  J u l y  11, 1938
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Photo-voltaic Effects in Grignard Solutions

By A n n a  J a n e  H a r r is o n ,1 D o r o t h y  N ig h t in g a l e  a n d  R. T. D u f f o r d
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It has previously been reported that metallic 
electrodes in ether solutions of Grignard com­
pounds form a voltaic cell and that the potential 
difference between the electrodes changes when 
one or both electrodes are illuminated.2 Both 
electrodes may be made from the same metal or 
from different metals. An extensive list of met­
als and a number of both aliphatic and aromatic 
Grignard compounds have been investigated.3 
In all cases both the dark voltage and the photo­
voltaic response were only roughly reproducible 
or completely non-reproducible. Several cases, 
however, indicated that the magnitude and direc­
tion of the response might be dependent upon the 
Grignard compound.

This investigation was undertaken in an at­
tempt to obtain reproducible results so that this 
effect might be used in the study of homologous 
series of organic groups. Magnesium amalgam 
electrodes were studied first since these would 
have a liquid surface which could be changed by 
shaking and since magnesium would be present to 
establish equilibrium with the ions of the Grig­
nard compound.

Experimental.—Each cell was kept in a separate com­
partment of a black light-proof box and was illuminated 
through a small window by a thousand-watt lamp. The 
temperature was controlled by a water-bath and the volt­
age was measured by a potentiometer which was sensitive 
to a few tenths of a millivolt. Ordinary laboratory re­

(1) Abstract of a dissertation presented by Anna Jane Harrison in 
partial fulfilment of the requirements for the degree of Master of 
Arts at the University of Missouri.

(2) Dufford, Nightingale and Gaddum, T h i s  J o u r n a l , 49, 1858 
<1927),

(3) Dufford, J . Phys. Chem., 34, 1544 (1930); 35, 988 (1931); 37,
709 (1933),

agents were used. All organic compounds were dried over 
calcium chloride and all liquids were distilled. The ether 
was dried over and distilled from sodium. Freshly sanded 
magnesium ribbon was used both in the reactions and as 
electrodes.

The apparatus shown in Fig. 1 was filled with nitrogen 
and kept closed as much as possible while 15 mg. of fluore- 
none, 25 cc. of ether and 5 cc. of saturated sodium amalgam 
were placed in B and 5 cc. of 1% magnesium amalgam and 
25 cc. of the Grignard solution in C. The Grignard com­
pound had been synthesized previously in a nitrogen 
atmosphere. Concentrations ranged from one-half to two 
molar. The magnesium amalgam had been made in a 
partial vacuum and the sodium amalgam under dry 
kerosene. The cell was again filled with nitrogen, evacu­
ated, and openings b and c sealed. After shaking for 
several hours, the sodium fluorenone produced in B was 
decanted into the cell, A, and after standing for a t least 
two hours to allow complete drying,4 was returned to B. 
After rinsing A several times with ether distilled from B, 
this side bulb was sealed off. The Grignard solution and 
the electrode material were transferred to the cell and C 
sealed off. Electrical connections were made to the 
magnesium amalgam through very fine platinum ribbon 
which had been worked into a section of glass tubing a t the 
bottom of each arm of the cell. Mercury contacts were 
made on the outside. W ith the exception of the lower part 
of one arm, the cell was well covered with black friction 
tape so tha t only one electrode could be exposed to light.

Similar cells were constructed with metallic magnesium 
electrodes. These electrodes were suspended by a plati­
num wire from the platinum connection through the glass 
at the top of the cell. The platinum-magnesium connec­
tion was high enough to be above the solution in the cell. 
In these cells, the Grignard compound was synthesized in 
the side bulb after the apparatus had b*een sealed. In 
order to avoid any possible reaction between the sodium 
fluorenone and the magnesium electrodes, the cell was 
dried with ether distilled from the sodium fluorenone solu­
tion rather than by transferring sodium fluorenone into 
the cell. After the sodium fluorenone side bulb, B, had 
been removed, a mixture of the Grignard reagent and excess 
alkyl halide was transferred into the cell to allow the alkyl 
halide to react with the magnesium electrodes for a short 
time to ensure a clean electrode surface. The Grignard 
solution was then returned to its side bulb and ether dis­
tilled into the cell to rinse it. The cell was filled with 
Grignard reagent and the reaction bulb removed. Both 
types of cells were prepared with phenylmagnesium 
bromide and with ethylmagnesium bromide.

Results.—Typical results obtained are given 
in Fig. 2. In this the potential difference in milli­
volts is plotted against the time in minutes. The 
sign is that of the electrode in the untaped arm

(4) Bent and Irwin, T h i s  J o u r n a l , 58, 2072 (1936).
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with respect to the electrode in the taped arm. 
An arrow pointed upward indicates the beginning 
and an arrow pointed downward the end of the ex­
posure to light. All cells containing the magne­
sium amalgam electrodes gave a zero dark voltage 
with the exception of occasional temporary varia­
tions of the order of a millivolt Curve A shows 
the effect of light on the untaped arm. The 
illuminated electrode became positive with re­
spect to the dark electrode to the extent of almost 
2  mv. and then decreased slightly. Curve B 
shows the effect produced in the 
same, cell by focusing the light on 
the taped arm instead of the un­
taped arm. The latter was unpro­
tected from the large amount of dif­
fused light. The response was in the 
opposite direction and somewhat 
larger. These responses must, there­
fore, be due to heating effects rather 
than any direct effect of the light.
Similar curves of greater magnitude 
( 1 2  to 2 0  mv.) were obtained, when 
no water-bath was used. The curves 
were reproducible and after illu­
mination ceased the voltage became 
smaller until zero was reached.
Similar responses were obtained by 
placing the two arms of the cell in 
two water-baths which were not at 
the same temperature. Cells con­
taining metallic magnesium elec­
trodes gave the same type of results 
as is shown by curves C and D. In 
these the heating effect was slightly 
greater in the untaped arm than in 
the taped arm. This might be ex­
pected, however, since absorption 
was taking place on the electrode 
surface in one case and on the cell wall in the other 
case. Responses of this type will be referred to 
as no photo-voltaic effect.

Cells containing magnesium electrodes, which 
had not been cleaned with the reaction mixture 
but had been dried with ether distilled from the 
sodium fluorenone, showed variable dark voltages 
and variable photo-voltaic responses. For the 
most part these responses to light were rather 
large as is shown by curve E. The illuminated 
electrode always became positive with respect to 
the dark electrode. Responses of this magnitude 
could not be produced by temperature changes.

Both the dark voltage and the light sensitivity 
could be destroyed by opening the cell and adding 
a few drops of the corresponding organic halide or 
by simply allowing the cell to stand for several 
days. The phenylmagnesium bromide solutions 
in two of these cells in which the photo-voltaic 
sensitivity had been destroyed by adding phenyl 
bromide were returned to the reaction bulbs. 
The Grignard solutions were kept cold with dry 
ice and ether while the cells were filled with oxy­
gen, which had not been dried. After fifteen

minutes the apparatus was evacuated and closed. 
After rinsing with ether distilled from the reaction 
flasks, the cells were filled. Both cells showed 
variable dark voltages and photo-voltaic responses. 
One such response is shown by Curve F. The 
Grignard solutions were clear and gave no evi­
dence of having been oxidized. The dark voltage 
and the light sensitivity were destroyed in one 
cell by the addition of phenyl bromide and in the 
other by allowing it to stand.

Discussion.—A surface film appears, to be 
necessary for light sensitivity in the case of magne­
sium electrodes. Presumably, this film is re­

Fig. 2:—Curves A and B show the response of magnesium amalgam 
electrodes with the light focused on the untaped electrode (A) and on the 
taped electrode (B). Curves C and D are the same for magnesium electrodes 
which have been cleaned by the reaction with the organic halide. Curve E 
shows the response to light obtained with magnesium electrodes which had 
not been “cleaned.” Curve F gives the response to light of cleaned mag­
nesium electrodes which had been exposed to oxygen. An arrow pointed 
upward indicates the beginning and an arrow pointed downward the end of 
the exposure to light. In all cells one electrode was protected from light by 
tape. The sign of the voltage is that of the electrode in the untaped arm 
with respect to the electrode in the taped arm.
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moved by the reaction of the organic halide with 
the adjacent atoms of magnesium. If the film is 
magnesium hydroxide its disappearance on stand­
ing might be explained by the reaction with the 
magnesium bromide from the Grignard equilib­
rium to produce basic magnesium bromide which 
is soluble in ether.

Summary
(1 ) Magnesium amalgam electrodes gave zero 

dark voltage and no light sensitivity with ether 
solutions of either phenylmagnesium bromide or

ethylmagnesium bromide. (2) Magnesium elec­
trodes which had been cleaned by reacting with 
the organic halide gave the same results. (3) 
Magnesium electrodes which had not been cleaned 
in this manner showed variable dark voltages and 
variable photo-voltaic responses. Both of these 
could be destroyed by adding the organic halide 
or by allowing the cell to stand for several days.
(4) “Cleaned” magnesium electrodes were made 
sensitive to light by exposure to oxygen.
C o l u m b ia , M o . R e c e iv e d  J u n e  23, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  J o h n s  H o p k in s  U n i v e r s i t y ]

The Addition of Sulfur, Hydrogen Sulfide and Mercaptans to Unsaturated
Hydrocarbons

B y  S. O. J o n e s1 and  E . E m m et  R e id

There have been many investigations of the 
action of sulfur and hydrogen sulfide on unsatu­
rated hydrocarbons2 and a few on the addition of 
mercaptans3 but so many points have not been 
cleared up that further study seemed desirable.

Curiously enough the end-products are much 
the same whether an unsaturated hydrocarbon 
is treated with sulfur, hydrogen sulfide or a mer­
captan. Thus with ethylene, sulfur gives hy­
drogen sulfide which reacts with more ethylene 
to form ethyl mercaptan which then adds to more 
ethylene to form ethyl sulfide.

Our results help to explain the presence of 
ethyl, i-propyl and other mercaptans and the 
corresponding sulfides in petroleum distillates but 
do not account for the presence of methyl mer­
captan and methyl sulfide.

The Action of Sulfur.—Quite different results 
are obtained from the reaction with sulfur ac­
cording to the conditions and whether free sulfur 
or a compound which readily liberates sulfur is 
used. When ethylene was passed over pyrites at 
350° about 1 % of thiophene was isolated along 
with hydrogen sulfide and ethyl mercaptan, while 
when it was bubbled through sulfur at 325° much 
hydrogen sulfide was formed along with 3 % of 
ethyl mercaptan and small amounts of carbon di­
sulfide and ethyl sulfide. We found it advan-

(1) Taken from the Ph. D. dissertation of S. O. Jones, R. J. Rey­
nolds Tobacco Co. Fellow, The Johns Hopkins University, June, 1936.

(2) Mailhe and Renaudie, Compt. rend., 195, 391 (1932); Duffey, 
Snow and Keyes, Ind . Eng. Chem., 26, 91 (1934).

(3) Posner, Ber., 38, 646 (1905); Nicolet, T h i s  J o u r n a l , 57, 1098 
(1935).

tageous to use ethyl tetrasulfide as a sulfur donor. 
This is a liquid which mixes well with organic com­
pounds and decomposes on heating, giving off 
what may be assumed to be atomic sulfur. The 
proportions were calculated on the basis of the 
tetrasulfide going down to the disulfide. A note­
worthy difference is that with it, appreciable 
yields of the cyclic sulfides were obtained.

When ethylene was bubbled slowly through 
ethyl tetrasulfide kept at about 150°, the main 
product isolated was ethyl mercaptan with some 
ethyl sulfide and in addition some ethylene sulfide. 
The results of heating several hydrocarbons in a 
bomb with ethyl tetrasulfide are given in Table I.

T a b l e  I
Hydrocarbons with E t2S4, 10 hrs. a t 180°

Hydrocarbon Mercaptan
Yields of products, %----------------

Sulfide Cyclic sulfide
Ethylene 5 18 1
Propylene 6 20 15
Heptene-1 20
Octene-1 19
Cyclohexene 8 8

The mercaptans, except from ethylene, and sul­
fides were all secondary.

The Addition of Hydrogen Sulfide.—The 
addition of hydrogen sulfide was effected by heat­
ing in the bomb for ten hours at 180°. Sulfur 
was added as a catalyst for without it there was 
little if any addition. The results are given in 
Table II. The sulfur is found on the secondary 
or tertiary carbon atom in accordance with Mar- 
kownikow’s rule.
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T a b l e  II
Addition of hydrogen sulfide, 10 hrs. a t 180°

---------Yields of products, %-
Hydrocarbon Mercaptan Sulfide

Ethylene 11 80
Propylene 7 90
«-Butylene 23 6
Octene-1 9 35
Cyclohexene 7 5

The addition takes place according to Mar- 
kownikow’s rule. In all cases the mercaptan that 
is first formed adds to a second molecule of the 
hydrocarbon to form the sulfide. In the case of 
the simple unsaturates this second reaction must 
be rapid as compared to the first addition as little 
of the mercaptans is left over. /-Butyl and cyclo- 
hexyl mercaptans evidently do not add so readily 
to the hydrocarbons.

The Addition of Mercaptans.—The unex­
pected observation was made in the course of our 
experiments that peroxides influence the mode of 
addition of mercaptans to unsaturates just as 
Kharasch4 found that they influence the addition 
of hydrogen bromide. When we heated ethyl 
mercaptan with propylene we obtained ethyl i- 
propyl sulfide, but with octylene the product was 
ethyl 72-octyl sulfide. The propylene had never 
been exposed to the air while the octylene had been 
stored for some time in a partly filled bottle and 
gave a strong test for peroxides. By adding 
ethyl mercaptan to propylene in the presence of 
added peroxides, we obtained ethyl n-propyl sul­
fide.

It has been observed by Posner and Nicolet3 

that thiophenol and ^-thiocresol add to unsatu­
rates contrary to Markownikow’s rule. We have 
verified this in a large number of cases, but by 
using freshly distilled thiophenol and ^-thiocre- 
sol we were able to reverse the mode of addition. 
Kharasch4 observed that ^-thiocresol was not 
effective as an anti-oxidant unless it was freshly 
distilled. It appears that only very small amounts 
of peroxides such as are usually present in the 
hydrocarbon or in the />-thiocresol itself are suf­
ficient to influence the addition of mercaptans 
while for hydrogen bromide much larger amounts 
are required. In the absence of catalysts scarcely 
any addition takes place even on heating for 
twenty-four hours at 180°. Sulfur catalyzes the 
normal addition and peroxides the abnormal. 
It is difficult to suppress the abnormal addition 
entirely. Into each of 3 tubes of 2-cc. capacity

(4) Kharasch and Hannum, T h i s  J o u r n a l , 56, 712 (1934).

were placed 0.25 g. of ^-thiocresol and 0.4 cc. of 
tridecene. The ^-thiocresol had been distilled 
recently in vacuo and the tridecene had just 
been distilled over sodium. To the first tube 
was added a trace of ascaridole, to the second a 
trace of sulfur and nothing to the third. After 
the usual heating the product in the first tube was 
solid and on recrystallization gave 0 .3  g. which 
melted at 39.9°, the melting point of ^-thiocresyl 
w-tridecyl sulfide made from w-tridecyl bromide 
in the usual way. From the liquid products 
in the other two tubes it was possible to isolate
0 .0 1  and 0.08 g., respectively, of the sulfide melt­
ing at the same point.

In a number of experiments the products were 
identified by their boiling points and by oxidation 
to known solid sulfones but for positive proof of 
structure unsaturated hydrocarbons5 and mer­
captans were chosen that would give known crys­
talline sulfides which previously had been pre­
pared from the potassium salt of the mercaptans 
and the normal alkyl bromides.6 The tubes were 
of 2 -cc. capacity and the hydrocarbon was in 
slight excess. The heating was for ten hours and 
180°. The results given in Table III show con­
clusively that the abnormal addition took place 
with these hydrocarbons which had been exposed 
to air for some weeks.

In another series tridecylene was added to 
dimercaptans.7 The results are given in Table
IV.

In one experiment lauryl mercaptan was added 
to allyl lauryl sulfide Ci2H25SCH2CH=CH2 and 
the product was Ci2H25S(CH2)3SCi2H25, m. p. 
47°, proved by melting point and mixed melting 
point to be identical with that from lauryl bro­
mide and trimethylene mercaptan.

Experimental
Ten moles of ethylene bubbled a t the rate of 50 cc. per 

minute through a 25-cm. layer of sulfur in a vertical tube 
kept a t 325° gave much hydrogen sulfide. The 25 cc. of 
condensate gave 15 g. of ethyl mercaptan, b. p. 34-37°, 
Hg(SEt)2, m. p. 76°, 2 g. of carbon disulfide and 3 g. of 
ethyl sulfide, b. p. 91-92°, E t2SHgCl2, m. p. 76.5°. Five 
moles passed a t the rate of 20 cc. per minute through a 20- 
cm. column of ethyl tetrasulfide a t 140-150° give 30 g. of 
condensate, largely ethyl sulfide but containing 10 g. of 
ethyl mercaptan Hg(SEt)2, m. p. 76°, and 1.5 g. of ethylene 
sulfide,8 b. p. 54-57°, S calcd. 53.36, found 53.09 and 53.12.

(5) Prepared by Kozacik and Reid, ibid., 60, 2436 (1938).
(6) The alkyl bromides were those described by Meyer and Reid, 

ibid., 55, 1574 (1933).
(7) Hall and Reid, unpublished results.
(8) Delépine, Bull. soc. chim., 733, 03 (1923).
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T a b l e  III
M e l t in g  P o in t s  a n d  A n a l y s e s  o f  S u l f id e s  O b t a in e d  b y  A d d it io n  C o m p a r e d  w it h  T h o s e  o f  S y n t h e t ic  S u l f i d e s

By
Mercaptan * Unsaturate Sulfide

Synthetic 
M. p., °C.

addition 
M. pM °C. Calcd.

—Sulfur, %---------------v
Found

CeHsSH CH3(CH2 )8CH=CH 2 C6H6S(CH2 ),oCH3 33.8 33.8 12.13 11.90 11.93
£-CH3C6H4SH CH3(CH2 )8CH=CH 2 CH3C«H4S(CH2 ),oCH3 29.8 29.8 11.52 11.58 11.49
0 -C1oH7SH CHs(CH2 )8CH=CH 2 C,oH7S(CH2 )10CH3 46.8 46.8 1 0 . 0 0 1 0 . 0 1 1 0 . 1 0

C72H26SH CH3(CH2 )8CH=CH 2 C12H26S(CH2 ),oCH3 37.2 37.2 8.99 9.14 9.10
CeHeSH CH3(CH2 ),oCH=CH 2 C«H6S(CH2 ),2CH3 43.8 43.9 10.95 10.69 10.78
p-CH3CcH4SH CHs(CH2 )10CH=CH 2 c h 3c3h 4s ( c h 2 ),2c h 3 40.2 40.2 10.46 10.57 10.40
/9 -C10H7SH CH3(CH2 )10CH=CH 2 CioH7S(CH2 ),2 CHj 54.6 54.5 9.36 9.10 9.21
c 12h 26s h CHs(CH2 )10CH=CH 2 C12H28S(CH2 )12CHs 39.2 39.8 8.35 8.33 8.30
C6H6SH CH3 (CH2 )12CH=CH 2 C6H5(CH2)i4 CH3 51.0 51.1 10.07 10.07 1 0 . 0 1

£-CH3C6H4SH CH3(CH2 )12CH=CH 2 CH3C6H4S(CH2)l4CH3 48.0 48.8 9.58 9.83 9.60
/?-C10H7SH CHs(CH2 )13CH=CH 2 CioH7S(CH2 )14CH3 . 61.0 60.9 8.65 8.39 8.45
Ci2H25SH CH3(CH2 )1 2CH=CH 2 C12H26(CH2)»CHs 49.2 49.2 7.77 7.60 7.62
CeHeSH CH3(CH2 )hCH=CH 2 C6H5S(CH2 )16CHa 57.6 57.6 9.20 8.91 8.98
p-CH3C6H4SH CH3(CH2 )iiCH=CH 2 CH3CtH4S(CH2)I6CHs 56.0 55.8 8.84 8.70 8.65
/8 -C]oH7SH • CH3(CH2 )14CH=CH 2 C„>H7S(CH2 ),eCH3 6 6 . 2 6 6 .2 8.29 8 . 1 0 8.19
c 12h 25s h CH3(CH2 )hCH=CH 2 Ci2H26S(CH2 ),«CHs 53.6 52.1 7.25 7.10 7.13
c 6h 5s h CH3(CH2 )16CH=CH 2 C6H6S(CH2 )l8CH3 62.4 60.5 8.49 8.28 8.35
p -c h 3c 6h 4s h CH3(CH2 )16CH=CH 2 CH3C6H4S(CH2 )18CH3 61.0 59.5 8 .2 1 8.08 8 . 1 2
0 -C1OH7SH CH3(CH2 )1 6CH=CH 2 CioH7S(CH2 )18CH3 71.2 70.0 7.52 7.32 7.40
c 12h 25s h CH3 (CH2 )i6CH=CH 2 Ci2H23S( CH2 )i8CHa 53.2 6.84 6.80 6.75

T a b l e  I V

M e l t in g  P o in t s  a n d  A n a l y s e s  o f  S u l f id e s  O b t a in e d  
b y  A d d it io n  o f  T r id e c e n e  to  D im e r c a p t a n s  a n d  
M e l t in g  P o in t s  o f  S y n t h e t ic  S u l f id e s . R  =  W-C13H 27

Mercaptan Sulfide
Syn­

thetic
B y ad­
dition

Sulfur, % 
Calcd. Found

HS(CH2)2SH RS(CH 2)2SR 64 63 .9 13.98 13.69 13.75
HS(CH2)3SH RS(CH 2)sSR 53 53 13.37 13.30 13.36
HS(CH2)4SH RS(CH2)4SR 56.2 56 .2 13.17 13.47 13.10
HS(CH2)5SH R S(CH 2)6SR 57 .4 57.3 12.80 12.70 12.65
HS(CH2)6SH RS(CH2)6SR 59.2 59.2 12.45 12.50 12.40
HS(CH2);SH RS(CH 2) 7SR 60 .4 60 .4 12.13 12.10 12.09
HS(CH2)sSH RS(CH2)8SR 61.2 59 .4 11.81 11.91 11.99
HS(CH2)9SH RS(CH2)9SR 63 .8 63 .8 11.51 11.62 11.44
HS(CH2)ioSH RS(CH 2)ioSR 64.2 64 .2 11.23 11.01 11.19
HS(CH2)hSH RS(CH 2)iiSR 66.6 65 10.96 10.80 10.74
HS(CH2) i2SH RS(CH .)i2SR 67 .0 6 5 .5 10.71 11.01 10.89
HS(CH2)isSH RS(CH2)i8SR 73.6 73 9 .31 9.21 9.25

This was identical with a preparation by the method of 
Delépine.

All other experiments unless otherwise stated were made 
by heating in a steel bomb for ten hours a t 180°. From 
30 g. of propylene and 45 g. of ethyl tetrasulfide we ob­
tained: 1 g. of carbon disulfide, 3 g. of i-PrSH, Hg(z-PrS)2, 
m. p. 62°; 21 g. of i-Pr2S, b. p. 118-121°; oxidized to sul- 
fone, m. p. 36.4°; 2-Pr2S0 2, m. p, 36°,9 and 10 g. of cyclic 
propylene sulfide, S calcd. 43.26, found 43.14. Under the 
same conditions, substituting sulfur for the ethyl tetra­
sulfide, the same products were found except that there was 
none of the cyclic sulfide.

Isobutylene, 14 g., and 23 g. of ethyl tetrasulfide in the 
bomb eight hours a t 160° gave 1 g. of carbon disulfide, 5 g. 
of ethyl disulfide and a mixture of unsaturated hydrocar­
bons from which no sulfur compounds could be isolated.

From 27 g. of heptene-1 and 15 g. of E t2S4, we obtained 
5 g. of carbon disulfide, 2 g. of ethyl disulfide, and 10.5 g.,

(9) Delépine, Compt. rend., 172, 158 (1921).

b. p. 140-170°, from which, by extraction with potassium 
hydroxide solution, heptane-thiol-2, b. p. 163-165°, w25d 
1.4459, was obtained, agreeing with the data in the litera­
ture. There was much carbonization.

From 56 g. of octene-1 and 45 g. of E t2S410 g. of octylene 
was recovered along with 8 g. of carbon disulfide, 5 g. of 
ethyl disulfide and 30 g. of which half was hydrocarbon and 
half octane thiol-2. This was identified by treating it with 
octadecyl bromide, the resulting C8H17SC18H37 had m. p. 24° 
and was identical with that made from authentic octane- 
thiol-2; «-C8H17SC18H37, m. p. 42.6°. There was much 
carbonization.

Cyclohexene, 82 g., and 32 g. of sulfur gave 6 g. of carbon 
disulfide and 15 g. of cyclohexyl mercaptan, b. p. 153- 
155°, S calcd. 27.60, found by I titration 27.45 and 27.49. 
Five runs were made using in each the same amount of 
cyclohexene with 93 g. of ethyl tetrasulfide, equivalent 
to 32 g. of sulfur. The products, united and fractionated, 
gave 34 g. of carbon disulfide, 105 g., b. p, 80-84°, of chiefly 
unreacted cyclohexene, 45 g., b. p. 154-155°, of cyclohexyl 
mercaptan and 50 g., b. p. 180°, of cyclohexene sulfide. 
This had d \  0.9466, d2\  0.9274; w25d  1.4881; S calcd. 
28.10, found 28.00 and 28.05%. Besides these there were 
15 g. of ethyl disulfide, b. p. 151-154°, and 40 g. of ethyl 
trisulfide, b. p. 85° a t 15 mm.

Addition of Hydrogen Sulfide.—From 28 g. of ethylene 
and 34 g. of hydrogen sulfide liquefied in the bomb, with 
5 g. of sulfur, there were obtained 7 cc. of ethanethiol, b. p. 
34-7°, and 77 cc. of ethyl sulfide, b. p. 90.5-93°.

From 21 g. of propylene, 17 g. of hydrogen sulfide and 5 
g. of sulfur, we obtained 2.5 g., b. p. 57-60°, which gave 
Hg(s-PrS)2, melting a t 62°, and 25 g., b. p. 117-121°, oxi­
dized to sulfone, m. p. 35.5°, j-Pr2S02 melting a t 36°. 
This was repeated after thoroughly cleaning the bomb and 
leaving out the sulfur catalyst. The liquid product was only 
3 cc., b. p. 60-180°, and contained mercaptan and sulfide.
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From 14 g. of isobutylene, 8.5 g. of hydrogen sulfide and 
3 g. of sulfur we obtained 6 g. of /-butyl mercaptan, b. p. 
65-67°, S calcd, 35.56, found by I titration 35.48 and 
35.44, and 6 g., b. p. 115-160°, of /-butyl sulfide. This 
was refractionated, 1.8 g., b. p. 72° a t 71 mm., Sealed, for 
/-Bu2S 21.92, found 21.63 and 21.76. The remainder was 
hydrocarbons.

From 46 g. of octene-1, 17 g. of hydrogen sulfide and 3 g. 
of sulfur were recovered 20 g. of octylene and 5 g., b. p. 89° 
a t 30 mm., identified as octane-thiol-2, w25d 1.4480. 
Titrated with I, found S, 21.69 and 21.78, calcd. 21.92. 
With octadecyl bromide it gave a sulfide melting at 24°. 
The sulfide fraction boiled a t 281-283 0.

From 82 g. of cyclohexene, 34 g. of hydrogen sulfide and 
3 g. of sulfur, 40 g. of cyclohexene was recovered along with 
8 g. of the mercaptan, b. p. 153-155°, and 4 g. of the sulfide, 
b. p. 180° at 50 mm., S calcd. 16.17, found by Br titration 
16.08 and 16.01, n25u 1.50473, sulfone m. p. 126°.

Addition of Mercaptans.—All runs were made in a steel 
bomb for ten hours at 180°. Small samples for Tables III 
and IV were sealed in glass tubes which were surrounded 
in the bomb by a liquid of the proper vapor pressure. The 
solid sulfides from these were recrystallized from alcohol.

From 20 g. of thiophenol, 8 g. of propylene and 1 g. of 
sulfur were obtained 1 g, of /-PrSH, boiling at 57-59°, 2 g. 
of /-Pr2S boiling at 118-120° and 12 g. of /-PrSPh which 
gave a liquid sulfone, w-PrS02Ph, m. p. 46°.

From 28 g. of ethylene and 62 g. of ethanethiol with 3 g. 
of sulfur the yield of diethyl sulfide was 93% but without 
the sulfur catalyst there was no condensation, Propylene 
and ethyl mercaptan did not combine without the catalyst 
but from 3 g. of sulfur, 21 g. of propylene and 31 g. of 
ethanethiol, 44 g. of /-PrSEt boiling a t 103-104°, 4 g. of 
PrSEt boiling a t 115-117° and 4 g. of /-Pr2S boiling at 
120-121 ° were obtained. From 21 g. of the same propyl­
ene mixed with 61 g. of oetene-2, 3 g. of ascaridole and 
62 g. of ethanethiol the products were: 2 g. of /-PrSEt, 
b. p. 103-110°; 25 g. of n-PrSEt, b. p. 115-117°; sulfone, 
m. p. 25°; and 13 g. of EtSOct, b. p. 102-103° a t 11 mm.; 
sulfone, m. p. 68°.

Starting with 56 g. of octene-1 containing peroxides and 
31 g. of ethanethiol we obtained 14 g., b. p. 145-154° a t 100 
mm., of which 75% was n-octyl SEt, and 14 g., b. p. 154-

156°, pure w-octyl SEt identified as sulfone, m. p. 68°. 
The same materials with the addition of 4 g. of hydro­
quinone gave only 4 g. of sulfide which was not increased 
by twenty-four hours of heating. When the same were 
heated with 4 g. of sulfur the products were 5 g., b. p. 109 ° 
a t 70 mm„ of octane-thiol-2; 50 g., b. p. 145-147° a t 100 
mm., of 5-octyl ethyl sulfide of which the sulfone was a 
liquid; and 5 g., b. p. 281-283°, 175° at 20 mm. of di-s- 
octyl sulfide; and 5 g., b. p. 281-283°, 175° a t 20 mm. of 
di-5-octyl sulfide.

Cyclohexene, 7 cc., and ethanethiol 5 cc. were sealed in a 
glass tube which was surrounded in the bomb by a like 
mixture containing hydroquinone. From the sealed tube 
5 cc. of cyclohexyl SEt was isolated but there was no reac­
tion in the outside mixture. Two runs were made with 
half mole each of these reactants. With sulfur as catalyst 
the yield was 60% and with peroxides 40%.

Ethyl mercaptan, 0.5 mole, and 0.25 mole of w-butyl- 
acetylene with 2 g. of sulfur were heated. Fractionation of 
the product gave 4 g., b. p. 133°, and 16 g., b. p. 95-110° at 
150 mm. The first of these took up 2Br2 and gave 2HBr 
on hydrolysis, showing the presence of 1 = and 1 S. The 
other took up 2Br2 and gave 4HBr, showing the presence 
of 2 S. The constitutions of these were not determined.

Summary
1. Sulfur strips hydrogen from unsaturates 

even to form hydrogen sulfide a part of which adds 
to the double bond producing a mercaptan which 
adds to more of the unsaturate to give a sulfide.

2. The addition of hydrogen sulfide takes place 
readily and follows Markownikow’s rule. Sulfur 
is an effective catalyst.

3. Mercaptans add to double bonds in accord­
ance with Markownikow’s rule if peroxides are 
eliminated or sulfur used as a catalyst. In the 
presence of peroxides the abnormal addition 
takes place. The amount of peroxide required is 
small.
B a l t im o r e , M d . R e c e iv e d  A u g u s t  6, 1938
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Polyazines. II. The Reaction of Hydrazine Hydrate with Acetylacetone, Acetonyl-
acetone, and Benzil1»2

B y  B ernh ard  G. Zimmerman3 a n d  H . L. L ochte

The reaction between the two bifunctional types 
of compounds, diketones and hydrazine hydrate, 
should generally yield polyazines which are formed 
by continued condensation of ketone and hydra­
zine. Cyclic compounds are formed directly only 
in those special cases which lead to the formation 
of 5- or 6-membered rings.4,5 Four- and seven- 
membered rings apparently are formed in such 
cases only rarely and then in small yield.

Kinetic theory and probability considerations 
lead us to predict that in cases in which there is 
simultaneous formation of both cyclic and open 
chain compounds, the yield of cyclic products 
can be increased by working in very dilute so­
lutions.6

A previous communication5 on the reaction 
between diacetyl and hydrazine hydrate showed 
that the main product obtained is a polyazine of 
the type
H2N—N =C ( CH3) [C(CH3)= N —N=C(CH3) ]nC(CH3)==0

The present paper presents results obtained with 
several other diketones.

The reaction between acetonylacetone and hy­
drazine hydrate was first studied by Gray,7 who 
isolated two crystalline products. Equimolecu- 
lar amounts of the reactants yielded a 12-mem- 
bered ring compound to which he assigned the 
formula

H H

CH3—C—N—N—C—c h 3
11 II

H—C C—H

H—C C—H

CHs—<1—N—N—C—CHS
I I

H H

while the reaction between two moles of ketone 
and three of hydrazine hydrate yielded the azine-
hydrazone

(1) Based on part of a dissertation submitted by B. G. Zimmer­
man in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy at the University of Texas, June, 1937.

(2) Presented at the 95th meeting of the American Chemical So­
ciety at Dallas, Texas, April 18-22, 1938.

(3) Present address: General Aniline Works, Inc., Grasselli, N. J.
(4) Carothers, Chem. Rev., 8, 358 (1931).
(5) Zimmerman and Lochte, T h is  J o u r n a l , 58, 948 (1936).
(6) Ruggli, A nn ., 392, 92 (1912).
(7) Gray, J . Chem. Soc., 79, 682—686 (1901).

H2N—N =C ( CH3)—CHg—CH2—C( CH3)= N —N =C -
* (CH3)CH2—CH2C(CH3)= N —n h 2

The direct formation of a 12-membered ring in a 
concentrated solution, as reported by Gray, is 
unexpected; but Gray gave not only complete 
analyses which are of no value as a means of 
differentiating between the cyclic and open chain 
polymeric structure, but also reported derivatives, 
solubility in various solvents, and made mo­
lecular weight determinations. Gray, however, 
did not report a melting point for this crystalline 
12-membered ring. Molecular weights found 
agreed closely with those required for the 12-mem­
bered ring. Smith and McCoy8 also obtained the 
same substances, but gave no additional informa­
tion.

In view of Gray’s results a number of attempts 
were made to repeat his work, but experiments 
under conditions reported by Gray, as well as in 
very dilute solution in which the yield of such a 
compound should have been better, failed to re­
veal any crystalline substance that could be iden­
tified as Gray’s compound.

Gray’s directions yielded a viscous oil which 
remained liquid for months. Analysis of a frac­
tion boiling at 114-115° at 2 mm. agreed with re­
sults obtained by Gray, as did cryoscopic mo­
lecular weight determinations in benzene. Even 
after careful fractionation of the liquid, no crys­
talline 12-membered ring could be isolated.

Dilute solutions yielded in all cases mainly
3,6-dimethylpyridazine which has been prepared 
in a number of different ways, but Gray,7 Smith 
and McCoy,8 and Paal and Ubber9 all agreed that 
it could not be prepared by direct reaction between 
acetonylacetone and hydrazine hydrate. Ap­
parently, the only essential difference between 
their experiments and ours lay in the fact that 
our work was done in very dilute solution. About 
3% yield of a crystalline polymer of the type
H2N2C(CH3)CH2 [CH2C(CH3)==N—N==C-

(CH3)CH2]^ Iir-C H 2C(CH3)0

also could be isolated from the same dilute solu­
tion. In benzene solution, the azine-hydrazone

(8) Smith and M cCoy, Ber., 35, 2169 (1902).
(9) Paal and Ubber, ibid., 36, 497 (1903).
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of Gray was obtained in excellent yield. In con­
centrated solutions, using no solvents and heating 
on a steam-bath for two weeks, only a black tar, 
from which no crystalline products could be 
isolated, was obtained.

The reaction of benzil, diacetyl, and acetylace- 
tone with benzil dihydrazone yielded only mixed 
polyazine resins. No definite structure could be 
assigned to these resins.

Two crystalline azines, the mono- and diazine, 
were isolated from the reaction between benzil 
monohydrazone and diacetyl.

As expected, acetylacetone and hydrazine hy­
drate yielded only the 5-membered ring, 3,5-di- 
methylpyrazole; no polymeric substance could 
be isolated as a by-product.

According to Curtius,10 benzil monohydrazone 
decomposes in an aqueous solution to yield the 
four-membered ring

C6H6—C = N
I I

C6H5—C = N

All attempts to isolate such a 4-membered ring 
were unsuccessful.

Experimental
Condensation of Acetonylacetone with Hydrazine Hy­

drate in Dilute Solution.—Ninety-seven grams of aeetonyl- 
acetone and 42.5 g. of hydrazine hydrate were dissolved in 
5 liters of water, and heated on a steam-bath for six weeks.

The crystals that separated on evaporating most of the 
water and cooling were filtered off and recrystallized four 
times from a large volume of 50% alcohol. Except for 
slight solubility in ethanol, the white crystals were in­
soluble in all common solvents; m. p., softens at 260° and 
melts a t 276 ° with decomposition.

•Anal. Calcd. for 0 = C (C H 3)—CH2[CH2— C(CH8) =  
N—N = C (C H 3)—CH2 —CH2C( CH3 )= N —N H2: C,
65.41; H, 9.10; N, 25.39; mol. wt., 20,366. Found: C, 
65.28; H, 9.08; N, 25.42; mol. wt., micro Rast camphor, 
9.314 mg. of product dissolved in 84.40 mg. of camphor 
showed a depression in the freezing point of 0.200°, mol. 
wt., 21,836. Check determinations indicated molecular 
weights from 18,000 to 22,000.

Picrate.—This separated as shiny yellow crystals when 
a dilute alcoholic solution of picric acid was added to a 
hot alcoholic solution of the polymer. Recrystallized 
from much ethanol, it melted a t 170-176° with decomposi­
tion.

Anal. Calcd. for n — 184: N, 20.63. Found: N, 
20.62.

Platinic Chloride Salt.—An orange-yellow crystalline 
salt formed when a 10% solution of platinum chloride yvas 
added to a hot alcoholic solution of the polymer. The 
salt was washed with water, alcohol, ether, and dried; 
m. p. 260-266° dec.

(10) Curtius, J . prakt. Chem., [2] 39, 131 (1899).

Anal. Calcd. fo rn =  184: Pt, 31.00. Found: (micro) 
Pt, 30.89, 30.93.

Hydrochloride.—Five-tenths gram of the polymer was 
dissolved in hot alcohol and dry hydrogen chloride passed 
in. The resulting white salt melts a t 200-201° with de­
composition to a red mass.

Anal. Calcd. for n — 184: Cl, 24.10. Found: Cl, 
24.07.

The hydrochloride is very soluble in water. Neutrali­
zation equivalent (calcd. 146.5, found 146.7) corresponds 
to the structural unit of the polymer.

Each of these salts has thus resulted from reaction with 
each structural unit.

3,6-Dimethylpyridazine.—The filtrate from the polymer 
was fractionated a t 40 mm. in a stream of hydrogen. The 
40-200° fraction was then fractionated at 37 and 31 mm. 
The fraction boiling at 119-122° at 31 mm. was then re­
fractionated a t 2 mm. The main fraction boiling at 64° 
at 2 mm. solidified on cooling. After further purification, 
it melted a t 34-35 °. Complete analysis of the base as well 
as the analysis and properties of the picrate, platinic chlo­
ride, and hydrochloride agreed with those reported by Paal 
and Koch.11 The platinum chloride was found to con­
tain either one or four molecules of water of crystallization.

Gray’s Azine-Hydrazone (Ci2H i4N6).—This compound 
reported by Gray was obtained when 10 cc, of acetonylace­
tone was dissolved in 300 cc. of benzene and 15 cc. of hydra­
zine hydrate added with shaking for one hour. After 
numerous recrystallizations from ethanol it melted at 136- 
137° (Gray reported 132°).

Benzil Monohydrazone and Diacetyl.—Six and five- 
tenths grams of benzil and 2.5 g. of diacetyl dissolved in 
125 cc. of alcohol were refluxed for eighteen hours. On 
cooling, the yellow crystals which formed were filtered off 
and recrystallized from alcohol; m. p., 85.8°.

Anal. Calcd. for C isH ^O a: C, 73.94; H, 5.25;
N, 9.59; mol. wt., 292. Found: C, 74.01; H, 5.69; 
N, 9.67; mol. wt. (ebullioscopic in benzene), 285.

On continued refluxing of the filtrate, a second yellow 
product was isolated. After recrystallization from ben­
zene, the melting point was found to be 238.3° with de­
composition.

Anal. Calcd. fór C32H26N4O2: C, 77.07; H, 5.26; N, 
11.24; mol. wt., 498. Found: C, 77.29; H, 5.49; N, 
11.17; mol. wt. (micro Rast camphor), 505.

3,5-Dimethylpyrazole.—This compound was prepared 
according to the directions of Rosengarten12 and Dedi- 
chen13 and the filtrate examined for polymeric by-products, 
but none could be isolated. This compound was found to 
be satisfactory as a selective inhibitor for some micro­
organisms.14

Molecular Weight Determinations.—In the course of 
attempts to determine the molecular Weight of these mod­
erately high molecular weight polyazines, it was observed 
that the molecular weight appeared to increase with con­
centration of the polymer in benzene in spite of the fact 
that the solutions appeared to be perfectly clear up to the

(11) Paal and Koch, Ber., 37, 4385 (1904).
(12) Rosengarten, A nn ., 279, 238 (1894).
(13) Dedichen, Ber., 39, 1848 (1906).
(14) Zimmerman and Lewis, U. of Texas, unpublished results.
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Fig. 1.—Molecular weight-concentration
curves.

point a t which the benzene started to freeze. Figure 1 
shows results obtained with three different resins. Mean­
while Staudinger and co-workers15 reported similar dif-

(15) Staudinger and co-workers, Ber., 68 2313 (1935).

Acuities with polymers, and offer an explanation for this 
observed increase in molecular weight with an increase in 
concentration.

Summary
Acetonylacetone and hydrazine hydrate react 

to yield 3,6-dimethylpyridazine, the azine-hydra- 
zone of Gray, and an insoluble crystalline poly- 
azine.

The 12-membered ring of Gray could not be 
isolated under any conditions.

Benzil dihydrazone reacts with benzil, di­
acetyl, and acetylacetone to yield resins.

The 4-membered ring, formed by the decom­
position of benzil monohydrazone, of Curtius 
could not be isolated.

Acetylacetone and hydrazine hydrate yield
3,5-dimethylpyrazole without polymeric by­
product.

Cryoscopic molecular weight determinations of 
polyazines with benzene as solvent yield values 
that appear to increase with concentration of 
polymer.
A u s t i n , T e x a s  R e c e iv e d  J u n e  4, 1938

[C o n t r ib u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  t h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

The Reducing Action of Primary Grignard Reagents

By Frank C. Whitmore, A. H. Popkin, J.

The reducing action of /-butylmagnesium 
chloride on trimethylacetyl, isobutyryl, n-butyryl1 
and /-butylacetyl2 chlorides has been reported 
already. Similar studies have now been made to 
find the effect of branching, in both the Grignard 
reagent and the carbonyl compound, on the 
yields of the reduction products.

^-Butylmagnesium bromide and trimethyl­
acetyl chloride produced neopentyl alcohol in 
27% yield together with a 69% yield of w-butyl- 
/-butylcarbinol representing a total yield of 96% 
of the reduction products. In the case of /-butyl­
magnesium chloride, the yield of neopentyl al­
cohol was 95% with a 1% yield of di-/-butyl~ 
carbinol.

Several other reactions of the Grignard reagent 
were studied next with emphasis on the by­
product obtained. Excess ^-butylmagnesium

(1) Greenwood, Whitmore and Crooks, T h i s  J o u r n a l , 60, 2028 
(1938).

(2) Whitmore and Heyd, ibid., 60, 2030 (1938).

i. Whitaker, K. F. M attil and J. D. Zech

bromide gave the usual products with acetyl 
chloride, ethyl acetate, acetaldehyde and 2- 
hexanone and, in addition, the by-products 
indicated

CH3COCI — ^ 8 % CH3CH2OH
13% CH3CHOHC4H9 

CH3C02C2H6 — >- 3% CHsCHOHCiHs 
CHsCHQ — >  18% CH3CH2OH
CHsCOC4H9 — =- 9% CH3CHOHC4H9

The preparation of a series of tertiary car­
binols for subsequent dehydration studies in­
volved the addition of methylneopentyl ketone to 
some primary Grignard compounds. With ethyl­
magnesium bromide, evidence of a trace of methyl- 
neopentylcarbinol was obtained but its identity 
was not established positively. This reduction 
product was identified when higher Grignard re­
agents were used. The yields of methylneopen- 
tylcarbinol were 5.5% using n-propylmagnesium 
bromide, 5.7% using ^-butylmagnesium bromide
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and 3.4% using ^-amylmagnesium bromide. The 
conditions of concentration and temperature dur­
ing the addition of ketone in the preparations of 
the neopentylcarbinols were approximately iden­
tical.

An attempt to isolate neopentyl alcohol from 
the action of ^-butylmagnesium bromide on ethyl 
trimethylacetate was not successful. The only 
reduction product isolated was n-butyl-/-butyl- 
carbinol, present in 40% yield. This verified the 
observation of Leroide.3 As had been observed 
previously,4 the addition of ethyl trimethyl­
acetate to ^-butylmagnesium chloride in ether 
produced no reaction, the recovery of the ester 
being quantitative. There was indication, how­
ever, of a reaction at elevated temperatures and 
studies are now in progress employing di-n-butyl 
ether and benzene as solvents. Because of the 
unusual stability of ethyl trimethylacetate toward 
the tertiary Grignard reagent and its reactivity 
toward ^-butylmagnesium bromide, an investiga­
tion is being made of its behavior toward iso- 
propylmagnesium bromide.

There is the possibility that 2-hexanol might 
appear as a result of acetaldehyde formation due 
to peroxidation of the ether.5»6 Careful studies 
indicate that this is not the source of the 2- 
hexanol in the present experiments.

Experimental
Description of Apparatus.—A description of the columns 

employed is given because of the importance of fractiona­
tion in this work. The fractionating columns were of the 
total condensation, variable take-off type7 containing 
single turn, 4-mm. glass helices as packing.8 The dimen­
sions are reported as length of packing space and internal 
diameter of the column: Column 1 ,62 X 0.9 cm.; II, 90 X
1.5 cm.; I l l ,  110 X 1.5 cm.; IV, 68 X 1.5 cm.; V, 58 X
1.1 cm.; VI, 46 X 0.9 cm.; VII, 77 X 1.4 cm.; VIII, 
48 X 0.9 cm.; IX , 27 X 0.5 cm.; X, 47 X 0.9 cm.; XI, 
64 X 1.2cm.; X II, indented, 110 X 1.4cm.

Reaction of w-Butylmagnesium Bromide with Tri- 
methylacetyl Chloride.—Trimethylacetyl chloride, b. p. 
58° (150 mm.), n 20D 1.4126, was prepared in 87% yield 
from thionyl chloride (Eastman Kodak “practical”) and 
trimethylacetic acid, b. p. 158° (725 mm.), m. p. 34°. n- 
Butylmagnesium bromide was obtained by treating 97 g. 
(4 moles) of magnesium with 548 g. (4 moles) of w-butyl 
bromide, b. p. 99-100° (724 mm.), n n v  1.4400, and 1400 
cc. of anhydrous ether. The undiluted acid chloride was 
added during one hour. The Grignard complex was de­

(3) Leroide, A n n . chim., [9] 16, 354 (1921).
(4) Conant and B latt, T h is : J o u r n a l , 51, 1227 (1929).
(5) Clover, ibid., 44, 1107 (1922).
(6) Pierotti and Stewart, ibid., 59, 1773 (1937)
(7) Whitmore and Lux, ibid., 64, 3451 (1932).
(8) Wilson, Parker and Laughlin, ibid., 55, 2795 (1933).

composed with ice, extracted with ether and the ether re­
moved, b. p. 34° (726 mm.), using column IV. The resi­
due was then placed under column VI and fractions 1-5 
were collected, 26.2 g., b. p. 42-105° (726 mm.), n 29d 
1.3693-1.3718. Fractions 6-12, 24.1 g., b. p. 110-111.5°, 
were solid at room temperature. Of these, fractions 7 and 
12 yielded phenylurethans melting a t 112-113° which did 
not depress the m. p. when mixed with the known phenyl­
urethan of neopentyl alcohol. The yield of neopentyl 
alcohol based on acid chloride was 27 %, Fractions 13 and 
14, 2.7 g., 36-71° (16 mm.), n 20D 1.4042-1.4190, were the 
intermediate fractions between the two reduction products. 
Fractions 15-25, 99.8 g., b. p. 71° (15 mm.), n 29x> 1.4319- 
1.4321, gave a phenylurethan melting at 64.5-65.5° which 
gave no depression on mixing with an authentic sample of 
the same derivative of n  -buty 1-2-butylcarbinol. The 
yield of the secondary carbinol as reduction product was 
69%. A residue of 4.5 g., n 2Qd 1.4329, was pure n-butyM- 
butylcarbinol, the weight representing the operating hold­
up in column VI. A careful search gave no trace of 2- 
hexanol. I t had been suggested that the secondary alcohol 
might be a product of acetaldehyde formation from per­
oxide in the ether.

Reaction of w-Butylmagnesium Bromide with Acetyl 
Chloride.—w-Butylmagnesium bromide was prepared from 
685 g. (5 moles) of w-butyl bromide, b. p. 99° (732 mm.), 
1450 cc. of dry ether and 122 g. (5 moles) of magnesium. 
Acetyl chloride (“practical” Eastman Kodak Co. product) 
was purified by distillation, b. p. 52° (737 mm.), from dry 
dimethylaniline. The addition of 157 g. (2 moles) of the 
undiluted acetyl chloride to the above Grignard reagent, 
concentrated by boiling off one liter of ether, was completed 
in one hour and twenty minutes. The complex was de­
composed with ice, extracted with ether and the ether 
removed through column IV. The reaction mixture was 
fractionated through column VI to give: 1,4.9 g., b. p. 34- 
64° (736 mm.), n29D 1.3579; 2-3, 8,9 g., 64-78°, 1.3672- 
1.3800; 4, 3.2 g., 78-86°, 1.3944; 5, 8.8 g., 79-115° (727 
mm.), 1.4011; 6-8, 13.0 g., 115-116.5°, 1.4022-1.4032; 
9-10, 10,2 g., 120-134°, 1.4047-1.4118; 11-13, 22.5 g., 
134-139.5°, 1.4152-1.4169; 14, 8.6 g., 139.5-145°, 15-20,
53.5 g., 35-74° (14 mm.), 1.4181-1.4278 ; 21-23, 51.9 g,, 
85-101 ° (12 mm.), 1.4351-1.4362; residue 8.2 g.

Fraction 1 was largely ether; 2 and 3 represented an 8% 
yield of ethyl alcohol as identified through the a-naphthyl- 
urethan, m. p. and mixed m. p. with an authentic sample,
78.5-79°. Fractions 4 and 5 contained water layers. 
Fractions 6-8 were identified as w-butyl alcohol by the a- 
naphthylurethan, m. p. and mixed m. p. with an authentic 
derivative, 70-71 °. Fractions 9 and 10 gave no test for 2- 
hexanone on treatment with 2,4-dinitrophenylhydrazine, 
They probably consisted of 2-hexanol and ra-butyl alcohol. 
Fractions 11-13 were identified as 2-hexanol by oxidation 
of a sample to the corresponding ketone with an aqueous 
acid dichromate solution and the formation of the 2,4- 
dinitrophenylhydrazone, m. p. and mixed m. p,, 106-107°. 
Fractions 14 and 15 were probably mixtures of 2-hexanol 
with the decenes formed by the dehydration of some of the 
methyl-di-w-butylcarbinol during the fractionation.

Fractions 16-20 proved to be mainly olefins from the 
dehydration of methyl-di-ra-butylcarbinol. They ap­
proached the values b. p. 97 ° (84 mm.) and n29d 1.4295.
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Fractions 21-23 were methy 1-di-w-butylcarbinol, the 
constants of a known sample of which were b. p. 100° (24 
mm.), « 20d  1.4349.

Reaction of «-Butylmagnesium Bromide with Ethyl 
Acetate.—Ethyl acetate was purified by treatment of 
commercial ethyl acetate (Eastman Kodak Co.) with 
phosphorus pentoxide and fractionation through column V, 
b. p. 74° (737 mm.), «20d 1.3722. «-Butylmagnesium 
bromide was prepared using 1465 g. (10.6 moles) of «-butyl 
bromide, 258 g. (10.6 moles) of magnesium and 1750 cc. of 
dry ether. The addition of the ethyl acetate, 440 g. (5 
moles), in 700 cc. of dry ether was completed in ten hours. 
The products were isolated as usual and fractionated 
through column IV to give: 1, 17.3 g., 35-55° (737 mm,), 
«20d 1.3592; 2-4, 88.0 g., 75-76°, 1.3731-1.3688; 5, 8.7 g., 
37° (24 mm.), 1.4037; 6, 16.3 g., 58° (24 mm.), 1.4160; 
7, 32.8 g., 62.5-100° (24 mm.), 1.4304; 8-17, 513.4 g., 100° 
(24 mm.), 1.4348-1.4351.

Fractions 1-5 contained ether, ethyl alcohol and un­
reacted ethyl acetate. Fraction 6 was identified as 2- 
hexanol (3% yield) by oxidation to the ketone and prepara­
tion of a 2,4-dinitrophenylhydrazone, m. p. and mixed m. 
p., 106-107°. Treatment of fraction 6 with 2,4-dinitro- 
phenylhydrazine before oxidation gave no evidence of the 
presence of 2-hexanone. Fraction 7 contained methyl-di- 
«-butylcarbinol with some 2-hexanol as impurity. Frac­
tions 8-17 represented a 64% yield of the tertiary car­
binol which gave a 90% yield of decenes, b. p. 69° (27 
mm.), « 20d  1.4294, when refluxed with anhydrous copper 
sulfate.

Reaction of «-Butylmagnesium Bromide with Acetalde­
hyde.—«-Butylmagnesium bromide was made from 685 g. 
(5 moles) of «-butyl bromide, 121.5 g. (5 moles) of mag­
nesium and one liter of dry ether. After boiling off 400 cc. 
of ether, 88 g. (2 moles) of acetaldehyde, b. p. 22-23° a t 
720 mm. (purified by distillation of 500 g. of a technical 
grade Eastman Kodak Co. product to which had been 
added 4 g. of hydroquinone), was added. The addition 
complex was decomposed with ice and an excess of sulfuric 
acid. The layers were separated and the aqueous layer 
extracted again with ether. The final water layer was 
distilled through column IV. After the dissolved ether 
had been collected at 34°, a fraction, 15.4 g., b. p. 75-90°, 
which yielded an «-naphthylurethan, m. p. and mixed m. 
p., 78.5-79°, corresponding to that for ethyl alcohol, was 
obtained. A second fraction 90-99°, on drying, also gave 
an a-naphthylurethan corresponding to ethyl alcohol. 
The weight of fractions 1 and 2 after drying was 21.4 g., or 
approximately 18% yield.

The ether was removed from the ethereal extracts of the 
reaction products through column IV and the products 
were fractionated through column V to give: 1, 8.4 g., 42- 
75° (727 mm.), «20d 1.3622; 2-4,11.9 g., 75-134°, 1.3940- 
1.4100; 5-6, 66.4 g., 136°, 1.4144-1.4147; residue 28 g. 
Fraction 1 contained a small amount of ethyl alcohol as 
identified by its a-naphthylurethan. Fractions 5 and 6 
contained the normal product, 2-hexanol.

Reaction of «-Butylmagnesium Bromide with 2-Hexa- 
none.—-Dehydrogenation of 3 kg. of Eastman “Technical”
2-hexanol yielded crude 2-hexanone which was fractionated 
through column II  into 67 fractions of approximately 40 g. 
each. The best fractions were combined and refraction­

ated through column V. Addition of 200 g. (2 moles) of 
purified 2-hexanone, b. p. 125° (732 mm.), «20d 1.4010 to
4.5 moles of filtered «-butylmagnesium bromide in 2 liters 
of ether was completed in one hour with the liberation of 
0.15 mole of olefin. The reaction mixture was decom­
posed with ice, the ether layer decanted, and the aqueous 
layer steam distilled. The aqueous layer of the distillate 
was extracted with ether and the total ethereal solutions 
combined for removal of ether through column X II. The 
residual products were then fractionated through column I 
to give: 1-12, 33.1 g., 45° (125 mm.) -8 0 °  (98 mm.), 
« 20d  1.4051-1.4079; 13-16, 18.1 g., 80° (87 mm.) -8 2 °  
(24 mm.), « 2°d  1.4138-1.4186; 17-33, 343 g., 95° (20 mm.) 
-7 8 °  (3 mm.), 1.4331-1.4358.

Fractions 1-12 were refractionated through column VI 
to give: 34-36, 10.1 g., 105-111° (739 mm.), « 20d  1.4060- 
1.4008; 37-41, 19.3 g., 116-118°, 1.4017-1.4030; residue, 
5 g. Fractions 37-41 were unreacted 2-hexanone, 2,4- 
dinitrophenylhydrazone, m. p. and mixed m. p., 106- 
107°.

Fractions 13-16 were refractionated through column IX  
to give: 42-44, 3.1 g., 131-133.5° (739 mm.), 1.4068- 
1.4150; 45-50, 7.8 g., 135-136°, 1.4160-1.4162; residue, 
0.9 g.

Fractions 42-50 and the residue of tha t fractionation 
were identified as 2-hexanol by oxidation with an acid di­
chromate solution and formation of a 2,4-dinitrophenyl­
hydrazone for 2-hexanone, m. p. and mixed m. p., 106- 
107°. A portion of fraction 48, 1.7 g., gave no test for 2- 
hexanone with 2,4-dinitrophenylhydrazine prior to oxida­
tion.

Reaction of «-Butylmagnesium Bromide with Ethyl 
Trimethylacetate.—Ethyl trimethylacetate, b. p. 116.5° 
(735 mm.), « 20d  1.3912 was prepared by the action of 
ethyl alcohol on trimethylacetyl chloride. «-Butyl­
magnesium bromide was prepared using 97 g. (4 moles) of 
magnesium, 548 g. (4 moles) of «-butyl bromide and 1600 
cc. of ether. On completion of Grignard formation, 400 
cc. of ether was distilled off and 130 g. (1 mole) of undiluted 
ethyl trimethylacetate was added to the concentrated 
Grignard solution during one-half hour. The complex 
was decomposed with ice, extracted with ether and after 
removal of the ether through column IV the products were 
fractionated through column VI to give: 1- 2, 4.3 g., 32- 
110° (741 mm.); 3-4, 4.2 g., 111-116°; 5-6, 7.9 g., 43-63° 
(11 mm.), « 20d  1.4150-1.4208 ; 7, 7.2 g., 64.5° (11 mm.), 
1.4250; 8-13, 57.5 g., 65.5-67° (11 mm.), 1.4295-1.4310; 
14-22,99.6 g., 105.5-107° (11 mm.), 1.4488.

Fractions 3-4 were identified as «-butyl alcohol by the 
a-naphthylurethan, m. p. and mixed m. p., 70-71 °. Frac­
tions 8-13 represented a 40% yield of «-butyl-/-butyl- 
carbinol which gave a phenylurethan melting a t 65-66°. 
Fractions 14-22 were di-«-butyl-£-buty lcarbinol in 50% 
yield. Based on a density determination of a representa­
tive fraction, d204 0.8498, the molecular refraction was 
found to be 63.16; calcd. 63.76.

Fractions 5-6 were investigated for 2-hexanol as a 
possible product of peroxide and aldehyde formation in the 
ether but no ce-naphthylurethan was obtained, nor did 
oxidation with acid dichromate solution yield any evidence 
of 2-hexanone. Fraction 7 was impure di-«~butyl-*- 
butylcarbinol.
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Addition of Methyl Neopentyl Ketone to Ethylmag­
nesium Bromide*—The methyl neopentyl ketone9 used 
in this and subsequent reactions had a b . p. range of 122- 
124° (725-730 mm.) and w20d 1.4035-1.4040. The Grig­
nard reagent was prepared from 121 g. (5 moles) of mag­
nesium, 545 g. (5 moles) of ethyl bromide (Eastman Kodak 
Co. “practical” ), and 1 liter of ether. The addition of 353 
g. (3.1 moles) of ketone was completed in four hours. The 
complex was decomposed with ice, the mixture extracted 
with ether, and the ether removed through column XII. 
The products were fractionated through column X I at 
reduced pressurè to minimize dehydration of the tertiary 
carbinol. A salt-ice trap and a solid carbon dioxide-ace­
tone trap were used in series to condense the low boiling 
material evolved as gases when the pressure was lowered: 
1, 5.2 g., 40-48° (176 mm.); 2, 3.8 g., 42° (93 mm.); 3, 
2.9 g., 35° (18 mm.), w20d 1.4284; 4, 6.8 g., 66° (18 mm.), 
1.4315; 5-18, 359 g., 44° (4 mm.), 1.4335-1.4375. The 
trap condensed 29.1 g. of liquid which, on fractionation 
through column X, gave 26.5 g. of ether and a residue, 19, 
of 1.9 g. The 23.2 g. collected in the salt-ice trap gave a 
residue, 20, of 2.1 g. after the ether had been removed 
through column X. Fraction 4, above, on distilling 
through column X, gave 21, 3 g., 115° (739 mm.), 1.4240 
which was combined with fractions 3, 19 and 20 to give on 
distillation through a semi-micro fractionating column 
(43.5 X 0.6 cm.): 22, 1.1 g., 90-115° (744 mm.), 1.4160; 
23, 1.0 g., 130-145°, 1.4288; residue, 6 drops. Since no 
derivative could be made for 23 using «-naphthyl isocya­
nate, no methylneopentylcarbinol was found.

Fraction 22 gave no indication of the presence of 5-butyl 
alcohol as a by-product of peroxide and aldehyde formation 
in the ether. Fractions 5-18 represented methylethylneo- 
pentylcarbinol.10

Addition of Methyl Neopentyl Ketone to w-Propyl- 
magnesium Bromide.—w-Propylmagnesium bromide was 
prepared from 553 g. (4.5 moles) of w-propyl bromide, b. p. 
70-71° (735 mm.), n 20D 1.4344, 109 g. (4.5 moles) of mag­
nesium and one liter of ether. The addition of 342 g. (3 
moles) of methyl neopentyl ketone was completed in three 
hours. The complex was decomposed with ice, extracted 
with ether which was then removed through column X II, 
and the products fractionated through column V to give: 
1, 27.1 g., 37-87° (728 mm.), n20d 1.3850; 2, 5.2 g., 20.5° 
(13 mm.). Dehydration of the tertiary carbinol made 
fractionation difficult. The remainder was dried with 
anhydrous potassium carbonate, then fractionated through 
column X I using a salt-ice trap and a solid carbon dioxide- 
acetone trap in series to give: 3-7, 101.8 g., 35-56° (14 
mm.), 1.4232-1.4260; 8-13, 42.6 g., 62-73° (14 mm.), 
1.4280-1.4352; 14-20, 74.1 g., 74-75° (14 mm.), 1.4367- 
1.4371; 21-23, 32.8 g., 85-97° (14 mm.), 1.4528-1.4590; 
residue, 26 g.; trap, 2.9 g.

Fractions 8-13, fractions 32-39 and the residue of the 
refractionation (below) represented 106 g. (0.76 mole) of 
olefin.

Fractions 14-20 contained 77 g. (0.49 mole) of methyl-w- 
propylneopentylcarbinol.

(9) M ethyl neopentyl ketone is one of the products of the chromic 
acid oxidation of diisobutylene. The experimental details of its 
preparation will be discussed in a later paper.

(10) Previously prepared by K. C. Laughlin of this Laboratory*.

Fractions 1, 2, 3-7 and the contents of the traps were 
dried over anhydrous sodium sulfate, and fractionated 
through column X  to give at 741 mm. pressure: 24-28,
33.5 g., 35-132°, 1.3630-1.4130; 29-31, 16.6 g., 132-140°,
l. 4170-1.4218; 32-39, 39.4 g., 142-150°, 1.4237-1.4260; 
residue 25 g. Fractions 29-31, gave the 3,5-dinitroben­
zoate of methylneopentylcarbinol, m. p. and mixed m. p., 
95°. This was confirmed by the «-naphthylurethan,
m. p. 86-87 °, which likewise did not depress in m. p. when 
mixed with the «-naphthylurethan of methylneopentyl­
carbinol.

Fractions 24-29 were refractionated through column X, 
in an attem pt to isolate possible 2-pentanol. Fractions 
40-44, 17.2 g., 35-116° (738 mm.), 1.3655-1.3920; 45-47, 
1.8 g., 116-126°, 1.4006-1.4050 ; 48-52, 15.4 g., 126-145°, 
1.4090-1.4245; residue 4.1 g. were obtained. Fractions 
45-47 gave no 2-pentanol. The rapid absorption of 
bromine with liberation of hydrogen bromide in fractions 
44-52 indicated the presence of unchanged methylneo- 
pentyl ketone.

Based on boiling point and refractive index curves, the 
total yield of methylneopentylcarbinol was 5.5%.

Addition of Methyl Neopentyl Ketone to w-Butylmag- 
nesium Bromide.—The addition of methyl neopentyl 
ketone, 342 g. (3 moles), to 3.17 moles of w-butylmagne- 
sium bromide, was completed in two hours. The products 
were isolated in the usual fashion and fractionated through 
column XI, using salt-ice and dry ice-acetone traps, to 
give: 1-7, 44.9 g., 28° (187 mm.) -7 8 °  (9 mm.), 1.3900- 
1.4354 ; 8-19, 325 g., 78-79° (9 mm.), 1.4400; 20-23,40.5 
g., 125° (6 mm.), 1.4572-1.4590; residue 8.2 g., wt. in 
traps, 91 g.

Fractions 8-19 represented a 62% yield of methyl-w- 
butylneopentylcarbinol.

The 91 g. collected in the traps left 10.1 g. after removal 
of ether. This was combined with fractions 1-7 and re- 
fractionated at 739 mm. through column X  to give: 24-31,
30.6 g., 48-136°, 1.3820-1.4168; 32-33, 7.1 g., 137°, 
1.4180-1.4190; 34,2.4 g., 145°, 1.4225; residue, 3 g.

Fraction 32 gave a quantitative yield of the «-naphthyl- 
urethan of methylneopentylcarbinol, m. p. 86-87°, when 
treated with «-naphthyl isocyanate indicating the presence 
of methylneopentylcarbinol as reduction product and the 
absence of 2-hexanol in detectable quantities. The same 
fraction gave a 3,5-dinitrobenzoate which, on one crystal­
lization, melted a t 95-95.5° corresponding to the deriva­
tive of methylneopentylcarbinol, again indicating the 
purity of the fraction. Both derivatives were confirmed 
by mixed melting points with authentic samples. Boiling 
point and refractive index curves showed a 5.7% yield of 
methylneopentylcarbinol as reduction product.

Addition of Methyl Neopentyl Ketone to w-Amylmag- 
nesium Bromide.—The addition of 342 g. (3 moles) of the 
ketone to 3.75 moles of the Grignard reagent was completed 
in two and one-half Tiours. The products were isolated in 
the usual fashion and fractionated through column X I to 
give: 1-6, 39.4 g., 55° (31 mm.) -4 8 °  (16 mm.), 1.4080- 
1.4150; 7-8, 12*3 g., 48-49° (16 mm.), 1.4215-1.4245; 9- 
17, 105 g., 79-81 ° (16 mm.), 1.4340-1.4350; 18-30, 222 g., 
92° (8 mm.), 1.4425; 31-32, 16.4 g., 103-109° (6 mm.), 
1.4540-1.4587; residue, 43 g. The traps used in this 
fractionation condensed 41 g. of low boiling material which
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contained 9.6 g. after removal of ether through column X. 
This was combined with fractions 1-6 to give through 
column X: 33-36, 14.8 g., 35-122° (750 mm.), 1.3542- 
1.4040; 37-39, 10.3 g., 122-132°, 1.4040-1.4140; 40-41,
6.6 g., 136 °, 1.4158-1.4170; residue, 3.5 g.

The residue above, 37-39, and fractions 7-8 were com­
bined and fractionated through column X to give 5.0 g. of 
methylneopentylcarbinol, w20d 1.4175-1.4195, which gave 
an «-naphthylurethan, m. p. and mixed m. p., 86-87°. 
This was checked with a 3,5-dinitrobenzoate, m. p. and 
mixed m. p., 95-95.5°. This sample, together with the
6.6 g. of fractions 40-41, represents a 3.4% yield of re­
duction product. Attempts to find 2-heptanol were un­
successful. Fractions 9-17 contained dodecenes (0.63 
mole) and fractions 18-30 contained methyl-^-amylneo- 
pentylcarbinol.

Summary
1. The yields of reduction products from the 

action of 72-butylmagnesium bromide on acetyl 
chloride and trimethylacetyl chloride are reported.

2. Reductions involving 72-butylmagnesium 
bromide with ethyl acetate, acetaldehyde and 2- 
hexanone are also described.

3. The reducing actions of ethyl-, 72-propyl-, 
72-butyl- and 72-amyl-magnesium bromides with 
methyl neopentyl ketone are reported.

4. No evidence was found that ether per­
oxide was the source of the carbinols.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  29, 1938

[C o n t r ib u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

The Action of Primary Grignard Reagents on /-Butylacetyl Chloride
By F r a n k  C. W h it m o r e , A. H. P o p k in , J. S. W h it a k e r , K. F. M a t t il  a nd  J. D. Ze c h

The reduction of trimethylacetyl chloride to 
neopentyl alcohol in 95% yield1 and /-butylacetyl 
chloride to neopentylcarbinol2 in 1% yield when 
treated with /-butylmagnesium chloride has been 
reported. The results of the present investiga­
tion agreed with these observations, the action of 
ethyl-, ^-propyl-, 72-butyl- and 72-amylmagne- 
sium bromides on /-butylacetyl chloride giving no 
evidence for the formation of neopentylcarbinol in 
detectable quantities. In view of the yields of 
primary alcohol obtained by the reduction of 
isobutyryl-, 72-butyryl- 3 and pivalyl chlorides 
using /-butylmagnesium chloride and of acetyl 
chloride using 72-butylmagnesium bromide,4 it is 
possible that the primary, secondary or tert­
iary character of the groups attached to the a- 
carbon of the acid chloride may have a more pro­
nounced influence on the extent of reduction than 
has the branching of the chain. This possibility 
is being studied.

No reduction product was isolated when /- 
butylacetyl chloride was added to ethylmagnesium 
bromide, but similar addition to 72-propyl, 
72-butyl and 72-amylmagnesium bromides pro­
duced the corresponding secondary carbinols in 
24.4, 20.5 and 19.3% yields. The chief products 
were the expected tertiary alcohols, although

(1) Greenwood, Whitmore and Crooks, T h is  J o urn al , 60, 2028 
(1938).

(2) Whitmore and Heyd, ibid., 60, 2030 (1938).
(3) Greenwood, Whitmore and Crooks, ibid., 60, 2028 (1938).
(4) Whitmore, Popkin, Whitaker, M attil and Zech, ibid., 60, 2458 

(1938).

the recognized instability of such higher molecular 
weight tertiary carbinols was again evidenced in 
the partial dehydration of di-72-propylneopentyl-, 
di-72-butylneopentyl- and the complete dehydra­
tion of di-72-amylneopentylcarbinols during frac­
tionation at reduced pressure.

Pure 72-propyl-, 72-butyl- and 72-amylneopentyl- 
carbinols were required for identification of the 
reduction products obtained. The action of 
aluminum isopropylate in isopropyl alcohol on 
72-propyl, 72-butyl and 72-amyl neopentyl ketones 
produced the desired secondary carbinols in 92, 
93 and 89% yields, respectively. The ketones 
had been prepared in excellent yields by the action 
of the appropriate Grignard compound on 
/-butylacetamide.5

Experimental
Addition of 2-Butylacetyl Chloride to Ethylmagnesium 

Bromide.—The Grignard solution was prepared from 
545 g. (5 moles) of ethyl bromide, b. p. 36° (730 mm.), 
n2QD 1.4240, magnesium and 1.5 liter of dry ether. Addi­
tion of 182 g. (1.3 moles) of 2-butylacetyl chloride, b. p. 68° 
(100 mm.), w20d 1.4226, prepared in 86% yield from the 
action of thionyl chloride on the acid, was completed in 
seventy-five minutes. The complex was decomposed with 
ice, extracted with ether and the product, on removal of 
solvent using column X II, was fractionated through 
column X I,6 to give: fraction 1, 2.6 g., b. p. 35-78° (740 
mm.), n™d 1.3770-1.4010; 2, 7.7 g., 50° (10 mm.), 1.4370;

(5) A detailed description of the synthesis of branched aliphatic 
ketones from the acid amide and Grignard reagent is in preparation.

(6) The fractionating columns used have already been described, 
Whitmore, Popkin, W hitaker, M attil and Zech, T h i s  J o u r n a l , 60 
2458 (1938).
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3-12, 89.4 g., 62-64° (10 mm.), 1.4390-1.4400; 13-14,
29.1 g., 76-93° (9 mm.), 1.4440; residue 7.3 g.

Fraction 1 contained ethyl alcohol; 3,5-dinitrobenzoate, 
m. p. and mixed m. p. 91-92 °.

Fractions 3-14 were diethylneopentylcarbinol, d204 
0.8352, M R: calcd. 50.0, obsd. 49.8. Dehydration of the 
carbinol took place even on standing.

The constants for ethylneopentylcarbinol7 are b. p. 150- 
152° (735 mm.), n 20D 1.4250. Attempts to find this 
carbinol in the reaction mixture were not successful. 
Similar attem pts to identify neopentylcarbinol also were 
unsuccessful.

Addition of /-Butylacetyl Chloride to w-Propylmag- 
nesium Bromide.—Addition of 228 g. (1.7 moles) of 
/-butylacetyl chloride, b. p. 79° (150 mm.), n20d 1.4212 to 
4.5 moles of w-propylmagnesium bromide in 1.5 1. of ether 
was completed in one hour and forty minutes. The addi­
tion complex was decomposed with ice, extracted with 
ether and the product fractionated through column X I to 
give (using 2 solid carbon dioxide traps): 1-8,137.3 g., 20° 
(120 mm.) - 6 2 °  (13 mm.), n20d 1.4142-1.4230; 9-13, 
104.4 g., 62° (13 mm.) - 8 8 °  (9 mm.), 1.4330-1.4410; 
residue, 19 g.; traps, 85 g. The trap condensate gave 7.5 
g. of residue after removal of ether and this, together with 
fractions 1-8, through column X  gave: 14, 2.4 g., 40-82° 
(733 mm.), 1.3780; 15-16, 4.1 g., 86-96°, 1.3825-1.3970; 
17-19, 4.9 g., 135-172°, 1.4156-1.4200 ; 20-23, 22.9 g., 
172°, 1.4220-1.4290; 24-25, 10.5 g., 172°, 1.4340-1.4345; 
26-34, 46.0 g., 58-60° (10 mm.), 1.4300-1.4315; 35-37, 
30.0 g., 58-59° (8 mm.), 1.4320-1.4330; residue, 1 g.

Fractions 9-13, on refractionation through column X, 
gave: 38, 55 g., 62-64° (10 mm.), 1.4325; 39-43, 44.8g., 
64° (10 mm.), 1.4330-1.4332, d2\  0.7759; 44-46, 18.3 g., 
66-90° (10 mm.), 1.4340-1.4385; 47-48, 8.4 g., 94-96° (10 
mm.), 1.4429, d2\  0.8376; 49-50, 5.1 g., 108-110° (10 
mm.), 1.4390-1.4400; residue, 3.2 g.

Fractions 15-16 were identified as w-propyl alcohol by 
the m. p. and mixed m. p. of the 3,5-dinitrobenzoate, 74- 
74.5°.

Fractions 20-23 and 26-34 represented a 24.4% yield of 
w-propylneopentylcarbinol, phenylurethan, m. p. and 
mixed m. p. 82°.

Fractions 24, 25 and 35-43 were dodecenes obtained by 
dehydration of the tertiary carbinol. Fractions 47-48 
were di-w-propylneopentylcarbinol. Anal. Calcd. for 
C12H26O: C, 77.4; H, 14.0. Found: C, 77.2; H, 13.9. 
All attem pts to identify neopentylcarbinol failed.

Addition of /-Butylacetyl Chloride to w-Butylmagnesium 
Bromide.—The addition of 228 g. (1.7 moles) of /-butyl­
acetyl chloride to 4.5 moles of w-butylmagnesium bromide 
in 1.5 1. of ether was completed in one hour and thirty-five 
minutes. The product was isolated in the usual manner to 
give through column X I: 1-14, 83 g., 26-82° (14 mm.), 
1.4024-1.4352; 15-21, 43 g., 87-112° (8 mm.), 1.4391- 
1.4400; 22-24, 132.3 g., 112° (8 mm.), 1.4415-1.4424; 
residue, 9 g. The solid carbon dioxide trap contents, 95.0 
g., were largely ether. Fractions 1-21 contained water, 
indicating dehydration.

The trap condensates, on removal of ether, yielded 17 g. 
which on combining with fractions 1-14 gave through 
column X : 25-28, 11.3 g., 35-75° (733 mm.), 1.3540-

1.3680; 29-41, 47.2 g., 102-190°, 1.3840-1.4291; 42-49,
31.2 g., 190-200°; 1.4300-1.4390; residue, 3.4 g.

Fractions 15-24 were refractionated through column X 
to give: 50, 6.7 g., 90° (8 mm.), 1.4385; 51-53, 23.1 g., 90° 
(8 mm.), 1.4400-1.4403; 54-61, 84.0 g., 101-110° (8 mm.), 
1.4415-1.4458; 62-64, 35.8 g., 112-113° (8 mm.), 1.4460; 
65, 10.2 g., 113° (8 mm.), 1.4469; residue, 2 g.

Fractions 29-41, on refractionation through column X, 
gave: 66-69, 6.5 g., 74-108° (735 mm.), 1.3807-1.3980; 
70-74, 10.0 g., 109-113°, 1.4010-1.4050; 75-76, 3.2 g., 
113-186°, 1.4170-1.4250; 77-81,19.0 g., 186-190°, 1.4260-
l. 4300; residue, 1 g.

Fractions 42-49 and 77-81 represented 54.9 g. (0.35 
mole), 20.5% yield of ^-butylneopentylcarbinol, a- 
naphthylurethan, m. p. and mixed m. p., 70-70.5°.

Fractions 51-53 were olefins obtained by the dehydra­
tion of di-w-butylneopenty lcarbinol, d20* of olefins was 
0.7824; M R , calcd. 66.38; obsd. 66.12.

Fractions 62-64 contained di-w-butylneopentylcarbinol 
d204 0.8320; MR, calcd. 68.5; obsd. 68.59. Dehydration 
followed on standing.

Fractions 70-74 were n-butyl alcohol, phenylurethan,
m. p. and mixed m. p., 62.5-63 °. All attempts to identify 
neopentylcarbinol failed.

Addition of /-Butylacetyl Chloride to w-Amylmagnesium 
Bromide.—The addition of 200 g.‘(1.5 moles) of /-butyl­
acetyl chloride to 4.1 moles of w-amylmagnesium bromide, 
completed in one hour and twenty minutes, yielded a crude 
product which gave through column X I: 1-4, 43.9 g., 42- 
87° (15 mm.), 1.4140-1.4280 ; 5-7, 36.5 g., 90° (15 mm.) 
-9 2 °  (10 mm.), 1.4310-1.4316; 8-11, 36.7 g., 92-107° 
(10 mm.), 1.4340-1.4348; 12-18, 186.3 g., 118-130° (13 
mm.), 1.4442-1.4460; residue, 5 g.; trap contents, 59 g. 
Fraction 1-7 contained water, indicating dehydration.

The trap condensate yielded 5.1 g. which was combined 
with fraction 1. Repeated fractionation of all the fractions 
using column X  gave: 19, 1.4 g., 35-113° (733 mm.), 
1.3530; 20-24, 19.9 g., 113-136°, 1.4132-1.4170 ; 25, 3.7 
g., 50-90° (13 mm.), 1.4260; 26-32, 54.5 g., 90-93° (10 
mm.), 1.4302-1.4350; 33, 8.0 g., 90-112° (10 mm.),
l .  4410; 34-39,147.7 g., 118° (10 mm.), 1.4450, d2\  0.7856, 
MR  for the hexadecenes; calcd. 75.62; obsd. 75.70; resi­
due, 12.7 g., 1.4452.

Fractions 20-24 were n-amyl alcohol, phenylurethan,
m. p. and mixed m. p., 48°.

Fractions 26-32 were w-amylneopentylcarbinol, phenyl­
urethan, m. p. and mixed m. p., 60-61°. The yield, esti­
mated from the boiling point and refractive index curves, 
was 19.3%.

Fractions 34-39 were 0.71 mole of olefins from the de­
hydration of di-w-amylneopentylcarbinol. No evidence 
was obtained for the presence of neopentylcarbinol.

Preparation of w-Propylneopentylcarbinol.—ra-Propyl 
neopentyl ketone, 39 g. (0.27 mole), b. p. 111-112° (150 
mm.),8 was heated for twenty-four hours under column VI 
with 32.6 g. (0.15 mole), of aluminum isopropylate in 300 
cc. of dry isopropyl alcohol, the acetone being removed as 
formed. The reaction mixture was treated with ice and 
excess hydrochloric acid, extracted with ether and the 
product, on removal of the solvent, fractionated through 
VI to give: 1-2, 1.7 g., 80-84.5° (29 mm.), 1.4193-1.4243;

(7) Prepared by C. I. Noll, this Laboratory. (8) Prepared by H. C. Crafton, this Laboratory.
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3-7, 35.5 g., 85° (29 mm.), 1.4260; residue, 0.8 g. Frac­
tions 3-7 were a 92% yield of w-propylneopentylcarbinol. 
Anal. Calcd. for C9H20O: C, 75.0; H, 14.0. Found: C, 
74.5; H, 14.5. The phenylurethan had m. p. 82°.

Preparation of ^-Butylneopentylcarbinol.—«-Butyl neo­
pentyl ketone, b. p. 69° (13 mm.), n2®d 1.4204, d2(*4 0.8143, 
was prepared in 77% yield by the action of w-butylmag- 
nesium bromide on /-butylacetamide, m. p. 132 °. Heating 
of 26.7 g. (0.17 mole) of the ketone with 20.4 g. (0.1 mole) 
of aluminum isopropylate in 120 cc. of dry isopropyl alco­
hol was conducted for twenty-four hours with the removal 
of acetone, during the course of the reaction, through 
column VI: 1-2, 3.1 g., 90-99° (30 mm.), 1.4254-1.4300;
3-5, 22.2 g., 95° (24 mm.), 1.4308, d2h 0.8212; residue, 2.0 
g. Fractions 3-5 represented a 93% yield of ra-butylneo- 
pentylcarbinol. Anal. Calcd. for C10H22O: C, 75.9; H, 
13.9. Found: C, 75.7; H, 14.1. The «-naphthylurethan 
had m .p. 70-70.5°.

Preparation of w-Amylneopentylcarbinol.—w-Amylneo- 
pentyl ketone, b. p. 86° (13 mm.), w20d  1.4247, d204 0.8184, 
was prepared in 60% yield from w-amylmagnesium bro­
mide and 2-butylacetamide. Heating of 51 g. (0.25 mole) 
of aluminum isopropylate in 400 cc. of dry isopropyl alco­
hol with 90 g. (0.53 mole) of the ketone for thirty-three

hours gave a crude carbinol which, on fractionation through 
column VI, gave: 1-2, 3.4 g., 80-94° (12 mm.), 1.4271- 
1.4326; 3-12, 80.7 g., 96° (13 mm.), 1.4338, d2\  0.8225. 
Fractions 3-12 represented an 89% yield of w-amylneo- 
pentylcarbinol. Anal. Calcd. for C11H24O: C, 76.7; 
H, 14.0. Found: C,76.9; H, 14.0. Phenylurethan,m. p.
60.5-61°; «-naphthylurethan, m. p. 63-63.5°.

Summary
1. The action of w-propyl-, #-butyl- and n- 

amylmagnesium bromides on ^-butylacetyl chlo­
ride produced, together with the expected tertiary 
carbinols and olefins, w-propylneopentylcarbinol 
in 24.4% yield, ^-butylneopentylcarbinol in 20.5% 
yield, w-amylneopentylcarbinol in 19.3% yield, re­
spectively. No reduction product could be iso­
lated when ethylmagnesium bromide was used.

2. The preparation and physical constants of 
w-propylneopentyl-, w-butylneopentyl-, and n- 
amylneopentylcarbinols have been reported.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u n e  29, 1938

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

Studies in the Phenanthrene Series. XXI. Morpholino Alcohols Derived from
Phenanthrene1

B y  E r i c h  M o s e t t i g , F o r r e s t  W. S h a v e r  a n d  A l f r e d  B u r g e r

As part of a systematic search for substances 
with central narcotic action, which, eventually, 
might replace morphine, we have synthesized in 
previous years a large variety of amino alcohols 
derived from phenanthrene.2 Dr. N. B. Eddy at 
the University of Michigan has shown3 that some 
of these phenanthryl amino alcohols produce in 
the cat marked analgesia and a physiological pic-

(1) (a) The work reported in this paper is part of a unification of 
effort by a number of agencies having responsibility for the solution 
of the problem of drug addiction. The organizations taking part 
are: The Rockefeller Foundation, the National Research Council, 
the U. S. Public Health Service, the U. S. Bureau of Narcotics, the 
University of Virginia, and the University of Michigan, (b) Com­
munications X IX  and X X  of this series have been submitted to the 
Journal o f Organic Chemistry.

(2) (a) M osettig and van de Kamp, T h i s  J o u r n a l , 55, 3448
(1933); (b) Burger and M osettig, ibid., 56, 1745 (1934); (c) van de 
Kamp and M osettig, ibid., 57, 1107 (1935); (d) M osettig and
Burger, ibid., 57, 2189 (1935); (e) van de Kamp and M osettig, ibid., 
58, 1568 (1936); (f) Burger and Mosettig, ibid., 58, 1570 (1936); 
(g) Burger and M osettig, ibid., 58, 1857 (1936); (h) van de Kamp, 
Burger and M osettig, ibid., 60, 1321 (1938); (i) Burger, ibid ., 60, 
1533 (1938).

(3) (a) Eddy, J .  Pharmacol., 55, 419 (1935); (b) Eddy, ibid., 
(Proc.) 54, 140 (1936); (c) M osettig, Eddy and co-workers, “ At­
tempts to  Synthesize Substances with Central Narcotic and, in Par­
ticular, Analgesic Action,” Supplement 138 to the U. S. Public 
Health Reports, Government Printing Office, Washington, D. C., 
in press.

ture very like that of morphine. Furthermore, a 
distinct interdependence of degree of analgesic 
action and nature of the tertiary amino group 
became evident when, in the various groups of 
amino alcohols, individual members differing only 
in the basic group were compared. Thus, for 
example, the diethylamino derivatives of types I 
and II are superior to the dimethylamino deriva­
tives.4

Extension of these studies to morpholino al­
cohols (I-VI) seemed justified, in order that com­
parison with the corresponding diethyl and piperi- 
dino compounds might be made.

The preparation of the various amino alcohols 
proceeded quite normally except that in the cata­
lytic hydrogenation of 2-morpholino-l-keto-l,2,-
3,4-tetrahydrophenanthrene the two diastereoi- 
someric forms (A and B) of the corresponding 
amino alcohol (type III) were formed. We have

(4) Such regularities have been observed also in the dibenzofuran 
series [Eddy, J . Pharmacol., 58, 159 (1936); M osettig and Robinson, 
T h i s  J o u r n a l , 57, 2186 (1935); Robinson and M osettig, ibid., 58, 
688 (1936)] and in the carbazole series [Ruberg and Small, ibid., 60, 
1591 (1938)].
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65 No. Derivatives of phenanthrene

1 2- (2-Morpholino- 1 -oxo-ethyl) -a
2 -Hydrochloride6
3 2- (2-Morpholino-l-hydroxy-ethyl) -c
4 -Hydrochloride**
5 3- (2-M or pholino-1 -oxo-ethyl) -e
6 -Hydrochloride
7 3-(2-Morpholino-l-hydroxy-ethyl-
8 -Hydrochlpride/
9 2- (3-Morpholino-l-oxo-propyl)

10 -Hydrochloride6
11 2-(3-Morpholino-1 -hy d roxy -p ropy l) -*1
12 -Hydrochloride*
13 2-(3-Morpholino-l-acetoxy-«-propyl)-H CP
14 3 - (3-Morpholino-1 -oxo-propyl) -k
15 -Hydrochloride*
16 3-(3-Morpholino-1-hydroxy-rc-propyl)-
17 -Hydrochloridem
18 3- (3-Morpholino-1 -acetoxy-w-propyl) -HCP
19 3-Me thoxy-9 - (2-morpholino-1 -oxo-ethyl) -HCP
20 3-M ethoxy-9- (2-morpholino-1 -hydroxy-ethyl) -HCP

Appearance
Light yellow plates 
Light yellow plates 
Colorless 
Colorless leaflets 
Light yellow 
Light yellow needles 
Colorless leaflets 
Colorless leaflets 
Colorless leaflets 
Colorless leaflets 
Colorless 
Needles
Colorless plates 
Colorless leaflets 
Colorless prisms

Colorless 
Colorless prisms 
Yellow
Glittering leaflets

Derivatives of 1,2,3,4-tetrahydrophenanthrene
21 2-Morpholino-l-keto-p
22 -Hydrochloride
23 2-Morpholino-l-hydroxy-(A)®
24 -Hydrochloride
25 2-Morpholino-l-acetoxy-HCl (A)
26 2-Morpholino-1 -hy droxy- (B)
27 -Hydrochloride
28 2-Morpholino-1 -hydroxy- (B i)
29 2-Morpholino-l-acetoxy-HCl (Bi)
30 2-Morpholinomethyl-l-keto-
31 -Hydrochloride7-
32 2-Morpholinomethyl-l-hydroxy-
33 -Hydrochloride®
34 3-Morpholino-4-keto-*
35 -Hydrochloride
36 3-Morpholino-4-hydroxy -
37 -Hydrochloride1*
38 3-Morpholino-4-acetoxy-HCl
39 3-Morpholinomethyl-4-keto-HCT'
40 3-Morpholinomethyl-4-hydroxy-HCl

Yellow clusters 
Colorless 
Colorless needles 
Colorless

Stout prisms 
Colorless
Colorless flat plates

Glittering plates 
Colorless prisms 
Colorless prisms 
Stout prisms 
Colorless needles 
Colorless 
Colorless prisms 
Whetstone-shaped 
Colorless needles 
Prisms
Colorless flat plates



Solvent M. p., °C. Formula
Carbon, % Hydrogen, % 

Calcd. Found Calcd. Found

MeOH 154-156 C20Hi9O2N 78.65 78.49 6.28 6.30
MeOH-Et20 268, dee. c 20h 20o2n c i 70.25 70.32 5.90 6.05
MeOH 129-131 C20H2iO2N 78.13 78.06 6.89 6.67
MeOH-Et20 244-245, dec. C2oH220 2N Ol 69.84 69.61 6.46 6.35
MeOH 136.5-137.5 C20Hi9O2N 78.65 78.44 6.28 6.13
MeOH-Et20 237, dec. c 20h 20o2n c i 70.25 69.95 5.90 6.03
MeOH 115-117 C2oH2i0 2N 78.13 78.18 6.89 6.56
M eOH-Et2D 214, dec. c 20h 22o2n c i 69.84 69.59 6.46 6.32
MeOH 120-130 C2iH2i0 2N 78.95 79.34 6.63 6.39
MeOH 224-226, dec. C2iH220 2NC1 70.86 71.15 6.24 6.19

98-100 C2iH230 2N 78.46 78.30 7.22 7.36
MeOH-Et20 177-179, dec. C2iH240 2NC1 70.46 70.18 6.76 6.99
M eOH-Et20 253, dec. CmHmOsNCI 69.05 69.36 6.56 6.84
MeOH 114-116 C2iH2i0 2N 78.95 78.96 6.63 6.75
M eOH-Et20 207-208, dec. C2iH220 2NC1 70.86 71.06 6.24 6.22
MeOH 83-86 C2iH230 2N 78.46 78.36 7.22 7.32
MeOH-Et20 172-174, dec. C2iH240 2NC1 70.46 70.72 6.76 6.80

226-227, dec. c 23h 26o3n c i 69.05 69.44 6.56 6.74
M eOH-Et20 240-242, dec. C2iH220 3NC1 Nitrogen, 3.77 3.72
MeOH~Et20 217-219, dec. c 21h 24o3n c i 67.44 67.04 6.47 6.52

Me2CO 141-171, dec. CigHigOjjN 76.83 77.04 6.81 6.81
EtOH- E t20 230-231, dec. CisH^OaNCl Nitrogen, 4.41 4.62
EtOH 179-180 CisHaiOaN 76.28 75.90 7.48 7.70
EtOH 245, dec. Ci8H220 2NC1 67.57 67.39 6.94 6.68
EtOH—E t20 189, dec. c 20h 24o3n c i 66.36 66.70 6.69 6.65
EtOH 139-140.5 C18H2100N 76.28 76.16 7.48 7.52
EtOH—Et20 252-253, dec. Ci8H220 2NC1 67.57 67.43 6.94 7.33
EtOH 153-154 Ci8H2i0 2N 76.28 76.28 7.48 7.71
MeOH-Et20 208-210, dec. c 20h 24o3n c i 66.36 65.72 6.69 7.10
Dil. MeOH 121 Ci9H2i0 2N Nitrogen, 4.75 4.77
EtOH 182-183, dec. Ci9H220 2NC1 Nitrogen, 4.22 4.26
EtOH 120-121 Ci9H230 2N 76.72 76.82 7.80 7.73
EtOH 230-240, dec. Ci9H240 2NC1 68.33 68.36 7.25 6.96
Dil. MeOH 127-128 Ci8Hi90 2N Nitrogen, 4.98 5.08
MeOH-Et20 227-228, dec. Ci8H20O2NC1 68.00 68.38 6.35 6.21
MeOH 185-186 Ci8H2i0 2N 76.28 76.45 7.48 7.36
EtOH 238-240, dec. Ci8H220 2NC1 67.57 67.24 6.94 7.52
EtO H -Et20 203-204, dec. c 20h 24o3n c i Nitrogen, 3.87 4.00
E t0H ~Et20 170-172, dec. Ci9H220 2NC1 Nitrogen, 4.22 4.40
EtOH—Et20 173, dec. Ci9H240 2NC1 68.33 68.62 7.25 7.07
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a To a solution of 5 g. of 2-w-bromoacetylphenanthrene2a 
in 40 ml. of dry benzene was added 3.5 g. of morpholine 
(n 20D 1.4547), and the mixture was allowed to stand over­
night. I t  was diluted with ether, the solution was washed 
with water, and the solvent was evaporated under reduced 
pressure; yield 89%.

6 The hydrochloride was obtained by adding an ethereal 
solution of hydrogen chloride to an acetone solution of the 
free base.

c Liberated from No. 4 with sodium hydroxide solution 
and extracted into ether.

d A suspension of 4 g. of No. 2 and 0.16 g. of platinum 
oxide in 160 ml. of ethanol absorbed the required amount 
of hydrogen in about ten hours. The catalyst was filtered 
out and the solvent was evaporated under reduced pres­
sure. The residue was dissolved in acetone, the acetone 
solution was diluted with ether, and allowed to crystallize; 
yield 75%.

e Obtained like No. 1, by employing 8.3 g. of 3-co-bromo- 
acetylphenanthrene, 40 ml. of benzene, and 5.6 g. of 
morpholine. The amino ketone was purified through the 
hydrochloride; yield 85%.

s Prepared like No. 4; yield 70%.
9 A mixture of 3 g. of 2-acetylphenanthrene,61 g. of para­

formaldehyde, 2 g. of morpholine hydrochloride (prepared 
by neutralizing morpholine with alcoholic hydrogen chlo­
ride and precipitating the salt with ether), and 12 ml. of 
isoamyl alcohol was boiled under reflux for six minutes. 
The amino ketone hydrochloride precipitated out within 
this time, and the precipitation was completed by addition 
of ether to the cooled reaction mixture. The free base was 
liberated from the salt with ammonium hydroxide, and 
extracted into ether. The ether solution was washed with 
water. The base was purified by sublimation in an oil- 
pump vacuum, and crystallization; yield 73%.

h Prepared from No. 12 and purified by sublimation in 
an oil-pump vacuum.

* Prepared like No. 4; yield 63%.
3 A suspension of 0.3 g. of the amino alcohol in 5 ml. of 

dry pyridine and 1 ml. of acetic anhydride was allowed to 
stand for forty-eight hours. The solvent was evaporated 
under reduced pressure, the residue was washed with 
acetone and recrystallized.

k Prepared from No. 15.
1 Prepared like No. 9, except that the hydrochloride, as 

precipitated from the reaction mixture, was purified by 
crystallization; yield 76 %.

m Prepared by catalytic hydrogenation of No, 15; yield 
82%.

n Ten and two-tenths grams of 3-methoxy-9-w-bromo- 
acetylphenanthrene2b was allowed to react with 7.5 g. of 
morpholine in 50 ml. of benzene for one hour. The mix­
ture was extracted with water, the benzene solution was 
dried, evaporated in a vacuum, and the oily residue was 
converted to the hydrochloride in acetone solution; yield 
82%.

° Prepared by catalytic hydrogenation of No. 19 (metha­
nol, platinum oxide) ; yield 70%. The free base could 
not be obtained crystalline.

p Nine grams of l-keto-2-bromo-l,2,3,4-tetrahydrophe- 
nanthrene2d and 7.5 g. of morpholine were allowed to react 5

(5) M osettig and van de Kamp, T h i s  J o u r n a l , 52, 3704 (1930).

in 30 ml. of benzene for forty-eight hours. The red mix­
ture was extracted with water and a crystalline residue was 
obtained by evaporation of the benzene layer; yield 55%.

* Seventeen and five-tenths grams of No. 22 in 400 ml. of 
methanol and 0.5 g. of platinum oxide absorbed approxi­
mately the calculated amount of hydrogen in a week. The 
mixture of crystalline hydrochlorides was converted to the 
bases, m. p. 95-127°; yield 16 g. This mixture was dis­
solved in 100 ml. of hot ethanol and allowed to crystallize. 
The first crop (A) was filtered when the temperature of the 
solution had reached 30°. Another crop (B) was obtained 
by allowing the filtrate to crystallize slowly. The base A 
was recrystallized from ethanol three times to the constant 
m. p. 179-180°; yield 1 g. The hydrochloride was 
formed from the base in acetone suspension with ethereal 
hydrogen chloride. The acetyl derivative was obtained by 
the action of acetic anhydride in pyridine solution. The 
base B was recrystallized from ethanol three times to the 
constant m. p. 139-140.5°; yield 1 g. In  a second experi­
ment, similarly, two bases were obtained. The one was 
base A of m. p. 179-180°, the other one melted at 153-154° 
(Bi). A new determination of the melting point of B 
showed that this compound had changed, in the meantime, 
to the higher-melting form.

r Prepared by the Mannich reaction, by heating to 
boiling a solution of the reactants (10 g. of 1-ketotetra- 
hydrophenanthrene, 12 g. of paraformaldehyde, and 7 g. of 
morpholine hydrochloride) in 50 ml. of isoamyl alcohol for 
four minutes. The crude hydrochloride was washed with 
acetone; yield 41 %.

* Prepared by catalytic hydrogenation of No. 31; yield
94%.

* Prepared like No. 21 by allowing 3-bromo-4-keto-
1,2,3,4-tetrahydrophenanthrene to react with morpholine 
in benzene solution; yield 63%.

u Prepared by catalytic hydrogenation of No. 35; yield
68%.

v Six grams of 4-keto-l,2,3,4-tetrahydrophenanthrene 
was boiled with 4.2 g. of morpholine hydrochloride, 7.2 g. 
of paraformaldehyde, and 24 ml. of isoamyl alcohol for 
twenty-five minutes. The reaction mixture was worked 
up in the usual manner; yield 30%.

never observed in our previous work the simul­
taneous formation of diastereoisomeric amino 
alcohols under analogous conditions. When a 
noble metal catalyst is employed in the reduction 
of amino ketones, generally only one of the two 
possible amino alcohols is formed, while in the 
sodium amalgam reduction both forms may be 
obtained.6

The possibility that one of the two compounds 
A or B is a hexahydro derivative cannot be ex­
cluded entirely, since, because of lack of material, 
we did not attempt to demonstrate the isomerism 
by converting A and B to identical desoxy com­
pounds.

(6) See Hyde, Browning and Adams, ibid., 50, 2287 (1928), and 
Mannich, Borkowsky and Wan Ho Lin, Arch. Pharm., 275, 54 (1937). 
See also Shriner and Teeters, T h i s  J o u r n a l , 60, 936 (1938),
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All of the amino alcohols that have been tested in a decrease of analgesia in the ratio from 2:1 to 
so far (Nos. 4, 8, 20, 24, 27, 33, 37, 40 of the ac- about 8:1. 
companying table)7 show only low analgesic ac- Summary
tion or none at all. In the instances where a The synthesis of a series of morpholino alcohols 
comparison with analogous diethylamino and from 2-acetylphenanthrene, 3-acetylphenan- 
piperidino compounds was possible, it became threne, 3-methoxy-9-acetylphenar threne, 1-keto- 
apparent that replacement of the diethyl or pi- tetrahydrophenanthrene and 4-keto-tetrahydro- 
peridino group by the morpholino group resulted phenanthrene is described.

(7) Eddy, unpublished results. UNIVERSITY, VIRGINIA RECEIVED JULY 9, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p t , o f  C h e m ic a l  E n g in e e r in g , U n i v e r s it y  o f  C in c in n a t i , a n d  t h e  R e s e a r c h  L a b o r a ­
t o r ie s  o f  T h e  W m . S . M e r r e l l  C o m p a n y ]

An Investigation of the Effect of Chemical Structure on Local Anesthetic Action
of Diothane Analogs1
By E l s ie  M. W a l t e r 2

Most local anesthetics in general use contain 
a benzene ring somewhere in their structure. In 
fact, many early experimenters claimed that a 
compound must contain a benzoyl group to ex­
hibit anesthetic action. In 1925, Gilman and 
Pickens3 studied the effect of various aromatic 
rings on the anesthetic action of procaine. They 
prepared the furan, thiophene, and pyrrole ana­
logs of procaine. Their results indicate that the 
order of decreasing activity is benzene > pyrrole 
> thiophene >  furan >  methyl. More recently, 
however, Phatak and Emerson4 prepared various

(1) From a thesis in partial fulfilment of the requirements for the 
degree of Chemical Engineer, University of Cincinnati, June, 1938.

(2) Present address: Institutum  Divi Thomae, Cincinnati, Ohio.
(3) H. Gilman and R. M. Pickens, T h is  J o urn al , 47, 245 (1925).
(4) N . M. Phatak and G. A. Emerson, J . Pharmacol., 58, 174 

(1936).

alkyl esters of 2-furoic acid where the alkyl var­
ied from methyl to amyl. They found that all 
of the compounds possess local anesthetic action 
which increases with the size of the alkyl from 
methyl to amyl. The amyl furoate has approxi­
mately the same activity as cocaine. I t was 
pointed out by the authors that the correspond­
ing benzoates show either incomplete or no anes­
thetic action.

Since very little work has been done on the 
effect of substituting various aromatic rings for 
the benzene ring in the structure of local anes­
thetics, it was decided to prepare some furan 
analogs of Diothane (piperidinopropanediol di- 
phenylurethan hydrochloride5) and compare their

(5) T. H. Rider, T his J o ur n a l , 52, 2115 (1930); T. H. Rider and
E. S. Cook, J . Pharmacol., in press.
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physiological action with that of the correspond­
ing benzoyl compounds. The difuroate, diben­
zoate, diacetate, dicinnamate, and difuranacry- 
late of piperidinopropanediol were prepared and 
tested pharmacologically. The dibenzoate was 
previously reported by Pyman.6 The remaining 
compounds have not been reported before.

Experimental
l-Piperidinopropane-2,3-diol dibenzoate was prepared 

from l-piperidmopropane-2,3~diol and benzoyl chloride by 
the Schotten-Baumann reaction according to the method 
of Pyman,6 but it was recrystallized from petroleum ether 
instead of alcohol. The piperidinopropanediol used in all 
the reactions was made from the previously described 
specially purified piperidine.7 The dibenzoate formed 
needle-like white crystals, m. p. 64-65°, uncorr., as reported 
by Pyman.6 The hydrochloride was prepared by dis­
solving the free base in ether and introducing gaseous hy­
drogen chloride. The gummy, white hydrochloride on 
washing with anhydrous ether became solid and was 
ground to a fine white powder; m. p. 126-130°, uncorr.

Anal. Calcd. for C22H260 4NC1: Cl, 8.78. Found: Cl, 
8.84.

l-Piperidinopropane-2,3-diol difuroate was prepared 
from piperidinopropanediol and furoyl chloride in the same 
manner as the dibenzoate. The ester was decolorized 
with charcoal in ether solution. I t  was precipitated as a 
fluffy white solid by evaporating the ether solution to a 
small volume and adding petroleum ether. I t can also be 
crystallized from ether in white needle-like crystals; m. p. 
73-74°, uncorr. The hydrochloride was prepared in the 
same manner as the dibenzoate hydrochloride; m. p. 163- 
164.5°, uncorr.

Anal. Calcd. for C18H220 6NC1: Cl, 9.19, Found: Cl, 
9.28.

l-Piperidinopropane-2,3-diol diacetate was prepared 
by slowly adding with stirring 32 g. (0.2 mole) of piperi­
dinopropanediol to 45 g. (0.44 mole) of acetic anhydride 
kept in an ice-bath. After the addition was completed, 
the mixture was heated to 75° and then allowed to stand at 
room temperature for about five hours. After neutralizing 
with sodium carbonate in an ice-bath, the ester was ex­
tracted with ether and the solution was dried over sodium 
sulfate. After removing the ether, the diacetate remained 
as a colorless oil which becomes orange upon exposure to 
light and air. The hydrochloride was prepared in the usual 
manner and stored in a desiccator, since the ester hydrolyzes 
readily on exposure to moisture; m. p. 128-133°, uncorr.

Anal. Calcd. for Ci2H220 4NC1: Cl, 12.68. Found: 
Cl, 12.80.

l-Piperidinopropane-2,3-diol dicinnamate could not be 
prepared by the Schotten-Baumann reaction because of 
the hydrolysis of cinnamoyl chloride. An attempt to 
produce it from the diacetate by the Perkin reaction failed 
also. Condensation of the alcohol and acid chloride was

(6) F. L. Pyman, J . Chem. Soc., 93, 1793 (1908).
(7) E. S. Cook and T .  H. Rider, T h i s  J o u r n a l , 59, 1739 (1937);

T. H. Rider and E. S. Cook, ibid., 59, 1741 (1937); E. S. Cook,
ibid., 59, 2661 (1937).

successful in benzene but the resulting ester did not crys­
tallize and could not be completely freed of benzene. Con­
densing the acid chloride and the alcohol without a solvent 
was the most satisfactory method.

Seven grams (0.044 mole) of cinnamoyl chloride was 
melted and 3.2 g. (0.02 mole) of piperidinopropanediol 
were added slowly with stirring. The material formed a 
clear yellow viscous mass. After cooling and washing with 
numerous portions of dry ether and standing for several 
days under ether the crude hydrochloride crystallized. 
This was purified by neutralizing with the theoretical 
quantity of 5% sodium hydroxide, extracting with ether, 
precipitating with 2 N  hydrochloric acid, and regenerating 
the free base with sodium hydroxide. The hydrochloride 
was prepared by treating the free base, in absolute ether, 
with hydrogen chloride gas, freeing from excess hydro­
chloric acid by washing with ether, and crystallizing from 
water; m. p. 159-161°, uncorr.

Anal. Calcd. for C26H30O4NCk Cl, 7.78. Found: Cl,
8 . 10.

l-Piperidinopropane-*2,3-diol difuranacrylate was pre­
pared similarly to the dicinnamate. Furanacrylic acid 
was prepared according to the method of Gibson and Kahn- 
weiler8 and was converted into the acid chloride according 
to the method of T. Sasaki.9 Three and two-tenths grams 
(0.02 mole) of piperidinopropanediol was added slowly 
with stirring to 6 g. (0.044 mole) of melted furanacryloyl 
chloride. The crude hydrochloride was a very viscous 
light brown oil. The free base, obtained by neutralizing 
the hydrochloride with the theoretical amount of sodium 
hydroxide, extracting with ether, and decolorizing with 
charcoal, was also a heavy viscous oil. The purified 
hydrochloride was obtained similarly to that of the di­
cinnamate and was a colorless oil when first prepared but 
became colored in a few hours. I t  has resisted attempts to 
crystallize it.

Anal. Calcd. for C^H^OeNCl: Cl, 8.14. Found: Cl, 
8.19.

Pharmacological.—The following table roughly 
evaluates the strength of the compounds as local 
anesthetics. The tests were made with a solu­
tion of the hydrochlorides in distilled water. The 
time in minutes required for the production of 
sensory anesthesia in the exposed sciatic nerve of 
the frog, and the duration of anesthesia after one- 
minute application of the solution to the cornea of 
the rabbit are given.

Concn.,

Frog
sciatic
onset,

Rabbit cornea 
Onset, Duration,

Ester % min. min. min.
Dibenzoate 1 2 2 7
Difuroate 1 4 2.5 4
Diacetate 1 No action
Dicinnamate <1 2 2.5 6-7
Difuranacrylate 1 1.5 8-8.5
Difuranacrylate 2 1.5 13
Procaine 1 Incomplete

(8) H. B. Gibson and C. F. Kahnweiler, A m . Chem. J .,  12, 314 
(1890).

(9) T. Sasaki, Biochem. Z ., 25, 272 (1910).



Oct., 1938 A d d it io n  R e a c t io n s  o f  U n s a t u r a t e d  « - K e t o n ic  A c id s 2469

The dibenzoate caused irritation of the eye. 
The dicinnamate caused a milky film to appear 
over the cornea, sloughing of the tissue, and about 
twelve hours later, marked conjunctival irritation 
and swelling of the eyelids. The difuroate and 
the difuranacrylate seemed to have a lachryma­
tory effect, but caused very little, if any, irri­
tation of the eyes. There was considerable 
difficulty in obtaining a solution of the dicinna­
mate. A few drops of hydrochloric acid were 
used to produce the 1% suspension for testing on 
the cornea, and a 25% solution of propylene gly­
col was required to produce the 1% solution for 
testing on the sciatic nerve of the frog.

It will be seen that the dibenzoate was more ac­
tive than the difuroate, which agrees with the 
findings of Gilman and Pickens.3 However, 
introduction of a double bond appears to reverse 
this order, the difuranacrylate being more active 
than the dicinnamate. In the furan series, the 
introduction of the double bond gave an ex­
pected increase in activity, the furanacrylate being 
twice as active as the furoate. A similar increase 
in activity is not found on comparing the dicin­
namate with the dibenzoate, but this may have

been due to the low solubility of the dicinnamate 
and the precipitation on application to the eye. 
The dicinnamate showed rapid penetration when 
applied to the nerve. As was expected, the 
diacetate was inactive. The furan compounds 
have the advantage over the benzene analogs of 
being more soluble and less irritating.

Acknowledgment.—The author wishes to ex­
press her sincere appreciation for the advice, 
criticism and assistance given her by Drs. Elton
S. Cook of the Institutum Divi Thomae, Robert
S. Shelton of the Wm. S. Merrell Co., and E. F. 
Farnau of the University of Cincinnati. The 
author wishes to thank Mr. N. M. Phatak for the 
pharmacological tests.

Summary
The diacetate, dibenzoate, difuroate, dicin­

namate, and difuranacrylate of piperidinopro­
panediol were prepared. The results of the 
pharmacological tests indicate that the furan ring 
has a favorable effect on anesthetic action. It 
apparently increases the solubility and decreases 
the irritation in this series of compounds. 
C in c in n a t i , O h io  R e c e iv e d  J u l y  23, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  B a r n a r d  C o l l e g e ]

Addition Reactions of Unsaturated Alpha-Ketonic Acids. V
B y  M a r ie  R e im e r  a n d  E l iz a b e t h  C h a s e

Earlier papers in this series1 have shown that 
the behavior of the unsaturated side-chain of 
benzalpyruvic acid is influenced strongly by 
methoxyl groups in different positions in the 
benzene ring: the stability of the dibromo addi­
tion products, the tendency to formation and the 
stability of hydrates, the color of the compounds 
alone and in solution in concentrated sulfuric 
acid show decided variation in the different com­
pounds. Most striking is the fact that a methoxyl 
group in the para position entirely inhibits the 
photochemical reaction so conspicuous a char­
acteristic of benzalpyruvic acid and its esters2 
and noticeable to a less degree with the o- and 
the m-methoxy-substituted acids. Because of 
the prevalence of methoxyl groups in natural 
products and because of differences in activity

(1) No. IV, Reimer, Tobin and Schaffner, T h i s  J o u r n a l , 57, 
211 (1935).

(2) Reimer, ibid., 46, 783 (1924).

noticed when methoxyl replaces hydrogen in sev­
eral different classes of compounds,3 it becomes 
of interest to determine whether the blocking of 
the sunlight reaction is a function of the p-meth­
oxyl group, as such, or whether and to what ex­
tent other groups in the para position in the ben­
zene ring have the same effect. Such studies 
are now under way in this Laboratory.

The present paper deals with benzalpyruvic acid 
in which there is a methyl group in the para posi­
tion. The methyl group was chosen because of 
certain well-known similarities in the influence of 
methyl and methoxyl: the effect on orientation 
in the benzene ring, on ease of substitution and on 
the coupling reaction,4 for example. These, 
however, are influences of these groups on hy­
drogen of the ring. In reactions involving a side- 
chain wide differences have been described, not­

es) Cf. Reimer, ibid., 48, 2454 (1926).
(4) V. Auwers and Borsche, Ber., 48, 1716 (1915).
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ably the greater effect of the methoxyl over that 
of the methyl group on dissociation into free 
radicals of hexaarylethanes5 and of phenylated 
hydrazines6 and the increased “migration apti­
tude” of the anisyl group.7 In the case here 
studied differences have been noted. The p- 
methylbenzalpyruvic acid adds bromine readily 
to form a dibromide more stable than that of the 
^-methoxy compound but less so than that of the 
unsubstituted acid. I t forms an unstable hy­
drate: that of benzalpyruvic acid is stable while 
the ^-methoxy acid forms no hydrate. The 
methyl substituted acid is slowly affected by sun­
light. The color changes with sulfuric acid are 
not so marked as with the methoxy acid. In all 
these reactions the effect of the methyl group is 
seen to be intermediate between that of methoxyl 
and of hydrogen in the para position.

Experimental Part
4-Methylbenzalpyruvic acid was prepared by mixing

17.6 g. (0.2 mole) of pyruvic acid with 24 g. (0.2 mole) of 
toluic aldehyde and adding slowly, with stirring, 55 cc, 
(0.23 mole) of a 25% solution of potassium hydroxide in 
methyl alcohol. The temperature was kept at about 10 °. 
Toward the end of the reaction a yellow color developed 
and the yellow condensation product crystallized out. 
After standing overnight, this was filtered and washed with 
methyl alcohol and with ether; yield of pure product, 95%. 
From a cooled, saturated aqueous solution of this potassium 
salt-, hydrochloric acid precipitated an acid which crystal­
lized from boiling benzene in bright canary yellow plates 
melting at 127°. The acid is fairly soluble in boiling 
water, more soluble in the usual organic solvents.

Anal. Calcd. for CuHioO»: C,69.47; H, 5.26. Found: 
0,69.86; H, 5.37.

If the acid is allowed to crystallize slowly from dilute 
aqueous solution it separates in long shining yellow needles 
which soften about 80° and melt 100-110°. The needles 
rapidly become opaque and then melt a t 127°. This loss 
of water is so rapid that no significant analyses could be 
obtained.

On exposure of the pure acid to the sunlight, the odor of 
£-tolualdehyde is a t once apparent showing oxidation of 
the acid at the ethylenic linkage. The yellow color of the 
acid fades slowly. After several weeks* exposure the pale 
tan amorphous product was dissolved in benzene, the 
sirupy solution filtered and allowed to evaporate a t room 
temperature. From the dark shellac-like mass which re­
sulted none of the original acid nor any other crystalline 
product eould be separated. I t  is undoubtedly a mixture 
of oxidation and polymerization products. The acid is 
perfectly stable in the dark.

The methyl ester of ^-methylbenzalpyruvic acid, pre­
pared readily by dissolving the acid in a small volume of

(5) Gomberg and Buchler, T h i s  J o u r n a l , 45, 207 (1923).
(6) Wieland and Lecher, A n n ., 381 , 206 (1911); Ber., 45 , 2600 

(1912).
(7) Bachmann and Móser, T h i s  J o u r n a l , 54, 1124 (1932).

cold methyl alcohol saturated with hydrochloric acid, 
crystallized from boiling methyl alcohol in slender pale 
yellow needles melting a t 81 °.

Anal. Calcd. for C12Hi20 3: C, 70.56; H, 5.88. Found: 
C, 70.70; H, 6.16.

After long exposure of the ester to bright sunlight 
about one-half was regained unchanged. The residue was 
a heavy reddish oil, evidently a mixture of products like 
that obtained from the acid.

The ethyl ester, prepared in the same way, did not crys­
tallize from the alcohol-acid mixture. When the reaction 
mixture was poured into iced sodium carbonate solution 
an oil separated which quickly solidified. The solid sepa­
rates from a slightly warmed concentrated solution of 
ethyl alcohol to which a few drops of water have been added 
in light yellow shining plates melting a t 44-46 °. From a 
more dilute solution it crystallizes slowly in stiff yellow 
needles of the same melting point.

Anal. Calcd. for Ci3H i40 3: C, 71.56; H, 6.42. Found: 
C, 71.22; H, 6.53.

Reactions with Bromine

4-Methylbenzalpyruvic Acid Dibromide, CH3C6H4CHBr- 
CHBrCOCOOH.—To the pyruvic acid dissolved in iced, 
dry chloroform, one molecular proportion of bromine was 
added drop by drop. The decolorization was rapid. 
Toward the end of the reaction the dibromo addition 
product separated out as a nearly white, granular solid, 
which, after washing with cold chloroform, melted a t 145- 
147°. A further quantity was obtained from the filtrates: 
yield 84%. The compound can be crystallized from ben­
zene but a purer product is obtained by adding an equal 
volume of low boiling ligroin to the warm benzene solution.

Anal. Calcd. for CnHi0O3Br2: C, 37.71; H, 2.86.
Found: C, 37.76; H, 3.73.

The methyl ester of the dibromo acid may be prepared 
by dissolving the acid in the smallest possible quantity 
of methyl alcohol, saturated with hydrogen chloride or 
with an ethereal solution of diazomethane. I t  separates 
from methyl alcohol in shining plates melting at 86-87 °.

Anal. Calcd. for Ci2Hi20 3Br2: C, 39.56; H, 3.29.
Found: C, 39.64; H, 3.53.

/3-Bromo-4-methylbenzaipyruvic Acid, CH3C6H4C H =  
CBrCOCOOH.—On boiling the dibromo acid for a few 
minutes with water and allowing the filtered solution to 
cool, crystals of the unsaturated acid separated in colorless 
needles. The compound does not crystallize with water 
as do the corresponding bromo-^-methoxyl- and the un­
substituted bromobenzalpyruvic acids. I t  separates from 
boiling benzene in fine, colorless needles melting a t 182°.

Anal. Calcd. for CnH90 3Br: C, 49.07; H, 3.34.
Found: C, 48.90; H, 3.28.

The methyl ester cannot be prepared by action of methyl 
alcohol and hydrogen chloride. This is also the case with 
all other /3-bromobenzalpyruvic acids so far studied. I t 
is obtained readily by action of diazomethane in ethereal 
solution. I t  separates from boiling methyl alcohol in 
colorless crystals melting a t 77°.

Anal. Calcd. for Ci2Hn0 3Br: C, 50.88; H, 3.88.
Found: C, 50.91; H, 3.75.
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Oxidation of /3-bromo-4-methylbenzalpyruvic acid in
dilute alkaline solution with a slight excess of hydrogen 
peroxide gave in good yield the corresponding bromo- 
methylcinnamic acid. The acid separates from hot ethyl 
alcohol or from benzene in long, fine, shining needles with 
a characteristic asbestos-like texture. After repeated 
crystallization the substance melts a t 192°. This is the 
melting point of the bromo-4-methylcinnamic acid de­
scribed by Gattermann8 and listed in Beilstein9 as a- or /?- 
bromo-4-methylcinnamic acid. The acid prepared as just 
described from the j8-bromo ketonic acid must be a- 
bromo-4-methylcinnamic acid. In  order to test its iden­
tity  with Gattermann’s acid the latter was prepared from 
^-methylcinnamic acid.

4-M ethylcinnamic acid was obtained readily by hydro­
gen peroxide oxidation of 4-methylbenzalpyruvic acid dis­
solved in a 1 % solution of sodium carbonate. After stand­
ing overnight the yellow color of the ketonic acid had dis­
appeared and dilute acid precipitated from the solution an 
almost quantitative yield of the methylcinnamic acid. I t 
crystallized from methyl alcohol in colorless, stocky crys­
tals melting at 198-199 ° and readily formed a methyl ester 
melting a t 58p. When bromination was carried out in 
boiling carbon bisulfide solution, as described by Gatter­
mann, a dibromo addition product separated on cooling. 
This melted with decomposition a t 192°, and, on treatment 
with a 25% solution of potassium hydroxide in methyl 
alcohol, yielded an unsaturated bromo acid melting also at 
192°, all as described by Gattermann. This acid crystal­
lized from benzene in shining silky needles with an asbes­
tos-like texture. A mixed melting point determination 
proved the acid identical with that obtained by oxidation 
of jS-bromo-4-methylbenzalpyruvic acid. This acid, there­
fore, described in Beilstein as a- or /3-bromo-4-methyl- 
cinnamic acid, is the a-bromo acid.

Its methyl ester, prepared by use of diazomethane, sepa­
rates slowly from ether in large flat plates melting a t 36- 
37°.

Anal. Calcd. for CnHn02Br: C, 51.76; H, 4.31.
Found: C, 51.66; H, 4.54.

The methyl ester of the 4-methylcinnamic acid di­
bromide (192°) separates from methyl alcohol in shining 
prisms melting a t 101 °.

Anal. Calcd. for CnH^C^B^: C, 39.28; H, 3.57.
Found: C, 39.62; H,3.88.

When the bromination of 4-methylcinnamic acid was 
carried out slowly in iced chloroform in the usual way, 
about one-third of the product had crystallized out by the 
time the last drops of bromine were added. This product, 
after washing with cold chloroform, consisted of fine shin­
ing crystals melting with slow decomposition a t 180-182°. 
Repeated analyses of samples from different preparations

(8) Gattermann, A n n ., 347, 358 (1906).
(9) Beilstein, (ed. IV), Vol. IX , p. 617.

showed the substance to contain a little more than one-half 
the amount of bromine for the dibromo addition compound 
so that it was thought to be impure a-bromo-4-methyl- 
cinnamic acid. Heating the substance with potassium 
acetate in methyl alcohol, however, yielded an oil with a 
strong odor of bromostyrene, and, as the only acid product, 
the original unbrominated 4-methylcinnamic acid. The 
substance, melting 180-182°, is then a mixture of 4-methyl­
cinnamic acid and a dibromo addition product which is 
decomposed completely by treatment with potassium ace­
tate. As Gattermann’s 4-methylcinnamic acid dibromide, 
melting a t 192°, gives a quantitative yield of a-bromo-4- 
methylcinnamic acid under the same treatment and even 
when warmed with a 25% solution of potassium hydroxide, 
this substance formed by reaction of bromine in cold 
chloroform must be an isomeric dibromide. Such a com­
pound was postulated by Gattermann to account for his 
poor yield of dibromide. We have been no more successful 
than he in obtaining the substance in pure condition.

The chloroform filtrates from this reaction deposited 
about a 50% yield of the 192° dibromo addition product.

Reactions with Excess of Bromine
When ^-methoxybenzalpyruvic acid3 was treated with 

bromine in methyl alcoholic solution for the purpose of 
forming the methyl hypobromite addition product, no such 
reaction took place. The products were found to be fi- 
bromoanisalpyruvic acid accompanied by its methyl ester 
brominated in the ring. For purposes of comparison this 
experiment was repeated with 4-methylbenzalpyruvic 
acid. The products were in large yield j3-bromo-4- 
methylbenzalpyruvic acid. A small amount of impure 
residues on oxidation in hot solution of potassium perman­
ganate gave terephthalic acid. There had been, then, no 
bromination in the ring.

By direct action of excess of bromine in boiling carbon 
bisulfide solution or on long standing at room temperature, 
there was also no ring substitution. These experiments 
show a very definite resistance to bromination in the ring 
when methyl instead of methoxyl is present in the para 
position to the unsaturated side-chain.

Reaction with Concentrated Sulfuric Acid.—-The yellow 
color of 4-methylbenzalpyruvic acid and of its methyl and 
ethyl esters changes rapidly in solution in concentrated 
sulfuric acid to a reddish-orange then to deep red and fin­
ally to a dark brown color. The bromine compounds, all 
colorless, change to a greenish-yellow and finally to a faint 
violet. None of the colored products compare in brilliancy 
with those of the methoxy-substituted compounds.

Summary
For purposes of comparison with other para- 

substituted benzalpyruvic acids, the para methyl - 
benzalpyruvic acid has been studied.
New Y o r k , N. Y, R e c e iv e d  J udy 12, 1938
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Tyrosinase is generally defined as the enzyme 
which catalyzes the aerobic oxidation of certain 
monohydric phenols such as tyrosine and p- 
cresol, and ortho-dihydric phenols such as cate­
chol and its derivatives. In attempting to iso­
late the enzyme in a highly purified form, or to 
determine its relative amounts in tissues, a satis­
factory method for its quantitative estimation be­
comes necessary.

Two principal methods have been used in the 
past to determine its activity. One involves the 
determination by chemical means of either the 
rate of disappearance of the substrate, or the 
rate of formation of some of the reaction products. 
The other depends on manometric measurements 
of the rate of oxygen uptake by the enzyme-sub­
strate system. The latter is the simpler and is 
sufficiently accurate if conditions are such that 
the rate of oxygen absorption remains constant 
for about half an hour. Due to its simplicity 
the manometric appears to be the favored meth­
od. As substrate catechol has been used by Rich­
ter,1 Kubowitz,2 and Keilin and Mann.3 Grau- 
bard and Nelson4 preferred to use ^-cresol in 
place of catechol, because the rate of oxidation 
is slower and tends to remain constant over a 
longer period of time. They used the Warburg 
form of respirometer5 with flat-bottomed 50-cc. 
reaction flasks, the apparatus being run at about 
90 complete oscillations per minute; tempera­
ture 25°. The reaction mixtures consisted of 4 
cc. of 0.1% p-cresol, a desired volume of the en­
zyme solution, 2 cc. of phosphate (0.2 M )-citrate 
(0.1 M) buffer, and sufficient water to make the 
final volume in the reaction flask 8 cc.; pH of 
the reaction mixture was 6.2. The unit of en­
zyme activity was defined as the amount of en­
zyme needed to induce the above system to ab­
sorb oxygen at the rate of 10 cu. mm. per minute. 
Their best preparations of tyrosinase had a dry 
weight of about 0.1 mg. per unit of activity. 
With preparations of this degree of purity, they

(1) D. Richter, Biochem. J .,  28, 901 (1934).
(2) Kubowitz, Biochem . Z., 292, 221 (1937).
(3) D. Keilin and T. Mann, Proc. Roy. Soc. (London), 125B, 187 

(1938).
(4) M. Graubard and J. M. Nelson, J . Biol. Chem., 112, 135 (1935).
(5) M. Dixon, “Manometric M ethods,” University Press, Cam­

bridge, 1934.

fpund that the rate of oxygen uptake was directly 
proportional to the amount of enzyme used, pro­
vided the latter was in the range of 0.5 to 2 units.

Since then methods of purifying tyrosinase prep­
arations have been improved greatly so that prep­
arations are now available having a dry weight 
of 0.0015 mg. per unit of activity. In the case 
of these highly purified preparations of tyrosinase 
the Graubard and Nelson method was found to 
be no longer satisfactory, due to the occurrence of 
considerable inactivation of the enzyme.

In working with highly active preparations of 
tyrosinase it also was observed that inactivation 
often occurred when the solutions were diluted. 
Saul and Nelson6 observed a similar loss in 
activity when highly purified preparations of 
yeast invertase, having a pH value on the acid 
side of the optimum pH 4.5, were diluted. When, 
however, a little protein was added to the enzyme 
solution, either before or after dilution, this ab­
normal decrease in activity almost vanished. 
With this influence of added protein in mind, gela­
tin was added to dilute solutions of highly puri­
fied tyrosinase preparations, and large increases, 
often several hundred per cent., in activity were 
noted. When sufficient ^-cresol was used in the 
reaction mixture the new value for the activity re­
mained constant throughout a wide range of dilu­
tions.

It will be noticed by means of curves IV and 
V in Fig. 2 that an increase in added gelatin from 
1 to 5 mg. furnishes no additional protection to 
the enzyme against inactivation. Since in both 
instances only half (600 cu. mm.) of the theoreti­
cal total oxygen uptake (3 atoms, 1244 cu. mm.) oc­
curred it is evident that it is not possible to over­
come the inactivation entirely by adding gelatin, 
and if the oxidation of the ^-cresol is to be car­
ried to completion, more enzyme would have to be 
used. The protein contained in the enzyme prep­
aration seems also to exert to some extent an in­
fluence on the activity similar to that exerted by 
gelatin. Thus the data for curve VI in Fig. 2 
were obtained by using 2.5 times as much tyrosi­
nase preparation (no gelatin added) as in the ex­
periment represented by Curve I. Yet the ac-

(6) Saul and Nelson, J . Biol. Chem., I l l ,  95 (1935).
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Fig. 1.— Showing change in activity of a tyrosinase preparation 
(Psalliota campestris) on dilution, and the influence on the activity  
when 5 mg. of gelatin was added to the reaction mixtures (modified 
Graubard and Nelson method). The increase in activity up to a 
dilution of 30 times the original volum e was probably due to lack 
of sufficient oxygen. The activity was determined by taking mano­
metric readings of the oxygen uptake at five-minute intervals. 
Usually a lag occurred in the rate of oxygen uptake at the beginning 
of the reaction. This was especially true in the case of more highly 
purified preparations. For this reason the rate of oxygen uptake 
was allowed to increase gradually until a maximum value was 
reached. The maximum rate remained practically constant for 
thirty to sixty minutes and was used in the calculation of the activity 
in terms of units, as defined by Graubard and Nelson. Tempera­
ture 25°. pH  of reaction mixture 7.0. 1 unit of preparation used
had a dry weight of 0.005 mg.

tivity calculated on the basis of Curve VI was
0.3 unit compared to roughly 0.05 unit when cal­
culated by means of Curve I. In other words, by 
using 2.5 times as much enzyme the activity was 
increased about 6 times. Likewise, Curve VI 
shows a total oxygen uptake (220 cu. mm.) which 
is about 10 times the total oxygen uptake in the 
case of Curve I (18 cu. mm.), thereby indicating 
less inactivation when more enzyme was used. 
The addition of 0.1 mg. of gelatin (Curve III) 
brought the initial rate of oxygen uptake nearly 
up to the maximum value, obtained when 1 mg. 
of gelatin was used (Curve IV). This explains 
why Graubard and Nelson were able to get

T able I
Activity units

Protein per cc.
No protein 0 .1 8
Gelatin 5 mg. .70
Egg albumin 5 mg. (before dialysis) .40
Egg albumin 5 mg. (after dialysis) .70
Serum albumin 5 mg. .69
Hemoglobin 5 mg. .74
Casein (saturated soln.) .73
Oxglobin 5 mg. (before dialysis) .05
Oxglobin 5 mg. (after dialysis) .69
Catalase (coned, preparation) .67
Ivory soap 5 mg. .23
Gum arabic 50 mg. .67
Agar-agar 1 mg. .30

Fig. 2.— Showing the effect of different amounts of gelatin on the 
activity of tyrosinase. M g. of gelatin present in the reaction 
mixtures contained in Warburg flasks: I, 0.0; II, 0.01; III, 0.1;
IV, 1.0; V, 5.0. All reaction flasks contained same amount of 
enzyme, 4 mg. of i>-cresol, pH  7.0 and amounts of gelatin indicated. 
Total volume 8 cc. Temperature 25°. Activity determined as 
described in legend of Fig. 1. Theoretical oxygen uptake for 4 mg. 
of i>-cresol (3 atoms of oxygen) =  1244 cu. mm. Curve VI differs 
from Curve I in that twice as much enzyme preparation was used, 
but no gelatin just as in the case of Curve I.

activities roughly proportional to the concentra­
tion of enzyme used, since their most active prepa­
ration had about 0.1 mg. of protein per unit.

Just why gelatin exerts a protective action on 
the activity we are unable to state. Almost any 
protein, in the native or denatured condition, seems 
to have much the same effect as shown in Table I.

A comparison of four different brands of gelatin 
gave similar results. Ivory soap had very little 
effect on the enzyme’s activity, whereas agar- 
agar did cause a noticeable increase of about
0.12 unit. It was not possible to use a greater 
amount of agar due to its tendency to form a gel. 
Gum arabic in amounts of 0.1 mg., which is com­
parable to the amount of protein necessary for 
maximum protection, exerted practically no in­
fluence on the enzyme’s activity. Only by using 
large amounts, 50 mg., was it possible to obtain an 
effect comparable to that of 0.1 mg. of protein.

Table II
Showing the Influence  of pH  on the A c t iv it y  o f  
T yrosinase {Psalliota campestris) in  the Presence o f  5 

Mg. of Gelatin , T emperature 25°
pH  of reaction mixture 4 .0 4 .5 5 .0 5 .5 6 .0
Activity, units per cc. 0 .0 0.20 0.55 0.69 0.76
pH  of reaction mixture 6 .5 7 .0 7 .5 8 .0
Activity, units per cc. 0.81 0.88 0.90 0.88
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From the data in Table II it will be observed 
that the change in rate of oxygen uptake is quite 
marked in the more acid range of pH but ap­
proaches a maximum around pH 7. Beyond pH 
7 there is danger of autoxidation and for this rea 
son pH 7 is the better hydrogen ion concentra­
tion for determining activity of tyrosinase toward 
^>-cresol, rather than pH 6.2 originally used by 
Graubard and Nelson. Furthermore, the above 
data indicate no optimum pH value for the en­
zymatic oxidation of ^-cresol, which is not in line 
with results reported by Graubard and Nelson. 
Due to an oversight the last-named investigators 
failed to mention the use of borate buffer in the 
more alkaline range. Since then this buffer has 
been shown to exert a retarding influence on the 
rate of oxygen uptake, and thus explains the ap­
parent optimum pH. Narayanamurti and Rama- 
swami Ayyar7 also reported an optimum pH 
value of 6.5 in the oxidation of tyrosine by tyro­
sinase (from the bean Dolichos lab lab). They 
also used borate buffer for the more alkaline pH 
range.

The data in Table III show that there is a grad­
ual increase in oxygen uptake with increase in 
concentration of ^-cresol used. Changing the 
rate of oscillation of the Warburg apparatus to 
more than 90 complete oscillations did not influ­
ence the rate of oxygen uptake.

(7) D. Narayanamurti and Raraaswatni Ayyar, J . Indian Inst. 
Science, 12, 109 (1929).

T a b l e  III
S h o w in g  t h e  I n f l u e n c e  o f  C o n c e n t r a t io n  o f  ^ -C r e s q l  

o n  t h e  R a t e  o f  Ox y g e n  U p t a k e  

Temperature 25°. pH. of reaction mixture 7.0. Same 
amount of enzyme used in all experiments. 5 mg. gelatin. 
Reaction volume 8 cc.
£-Cresol, mg. 0 .0  1 .0  2 .0  3 .0  4 .0  5 .0
Activity, units per

cc. .0  0 .36 0 .58 0 .72  0 .83 0.94

In the light of the results obtained in this study 
it was decided to modify the method of Graubard 
and Nelson as follows. Reaction mixture: 1 
cc. of an aqueous solution containing 4 mg. of 
^-cresol, added to the reaction mixture from the 
side-arm of the reaction flask at zero time; 2 cc. 
of (0.1 M) citrate-(0.2 M) phosphate buffer solu­
tion (pH of reaction mixture, 7.0); 1 cc. of an 
aqueous solution containing 5 mg. of gelatin; 
1 cc. of enzyme solution and sufficient volume of 
water to make total reaction volume 8 cc.

Summary
1. The importance of protein concentration in 

the determination of the activity of highly puri­
fied preparations of tyrosinase has been pointed 
out.

2. The method of Graubard and Nelson for 
determining the activity of tyrosinase toward 
p-cresol has been modified to conform to the in­
fluence of protein.
N e w  Y o r k , M. Y. R e c e iv e d  J u n e  25, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  <

On the Nature of the

B y  M ark  H . A dam s

In the literature on oxidases from the time of 
Bpurquelot to the present, tyrosinase has been 
generally considered capable of performing two 
quite distinct oxidative functions: one, the intro­
duction of a hydroxyl group ortho to the already 
existing hydroxyl in certain monohydric phenols; 
and two, the oxidation of certain ortho-dihydric 
phenols to the corresponding ortho-quinones. 
Several theories have been proposed to account 
for these two types of activity. Onslow1 favored 
the view that tyrosinase is really a catechol oxi­
dase, and that the oxidation of the monohydric

(1) M. W, Onslow, “The Principles of Plant Biochem istry/’ 
University Press, Cambridge, 1931, p. 138.

>f  C h e m is t r y , Columbia U n i v e r s i t y ]
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phenols is due to a secondary reaction in which 
e-quinones serve as the oxidizing agent. Richter2 
states "The oxidation of ^-cresol therefore ap­
pears to be essentially a secondary oxidation in 
which the formation of an quinone is involved, 
rather than a direct oxidation of the cresol.” 
Keilin and Mann3 also believe that the mono- 
phenolase activity is due to the catechol oxidase 
(polyphenolase) plus some "factor” probably of 
the o-quinone type as suggested by Onslow. 

Against Onslow’s theory may be cited the
(2) D . Richter, Biochem . J .,  28, 901 (1934).
(3) -D. Keilin and T. Maim, Proc. Roy. Soc. (London), 12§B, 187 

(1938).
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experience of Pugh,4 who obtained from slugs 
(Arion ater) an oxidase which catalyzes the oxida­
tion of catechol but not ̂ -cresol. If the oxidation 
of ̂ -cresol is dependent on ö-quinones, then a mix­
ture of this enzyme and homoquinone should 
bring about the oxidation of the ^-cresol. This 
however, was found not to be the case. Workers 
in these Laboratories have had similar experience. 
When the oxidase from sweet potatoes {Batatas 
batatas), which also brings about the oxidation of 
catechol but not ^-cresol, was added to a mixture 
of catechol and ^-cresol, only the catechol was 
oxidized.

The oxidation of catechol when catalyzed by 
tyrosinase is very rapid, and when the rate of 
oxygen uptake is measured by means of the 
Warburg form of respirometer, difficulty is often 
encountered in securing accurate readings. If 
the rate of oxidation is reduced by using less en­
zyme, then considerable inactivation of the en­
zyme is apt to occur, especially in the case of the 
more highly purified preparations. Richter and 
Kubowitz5 as well as others have ascribed the 
inactivation of the enzyme to presence of ö-benzo- 
quinone formed in the oxidation of the catechol. 
To avoid inactivation, Richter carried on the 
oxidation of the catechol in the presence of rea­
gents such as aniline which react with the quinone 
as it formed and thereby prevent its action 
on the enzyme. Kubowitz, on the other hand, 
oxidizes the catechol in the presence of a reducing 
system, thereby changing the quinone as it is 
formed back to catechol. An objection to 
Kubowitz’s reducing system, which consists of 
hexosemonophosphate, Negelein’s Zwischen Fer­
ment and Coferment II, is that very few labora­
tories have it on hand. Richter’s use of aniline 
is not satisfactory since Wagreich and Nelson6 
have shown that even in the presence of aniline 
considerable inactivation is apt to occur.

Graubard and Nelson (unpublished) have shown 
that although tyrosinase is without action on 
hydroquinone, it can be made active if a small 
amount of catechol is added. This is readily 
understood since the oxidation-reduction system 
of catechol-ö-benzoquinone has a higher poten­
tial than the system hydro quinone-^?-benzo qui­
none. The o-benzoquinone being reduced by the 
hydroquinone back to catechol, causes the latter

(4) C. E. M. Pugh, Biochem. J .,  24, 1442 (1930).
(5) Kubowitz, Biochem. Z ., 292, 221 (1937).
(6) H . Wagreich and J. M . Nelson, J . Biol. Chew.., 115, 459 

(1936).

to play the role of an oxygen carrier. In a sense 
the hydroquinone can be looked upon as serving 
the same purpose as the reducing system used by 
Kubowitz, but having the advantage of being 
more generally available. Furthermore, the en­
zyme seems to suffer less inactivation when the 
catechol-hydroquinone system is used. Judging 
from Kubowitz’s data, his rates of oxygen up­
take remained constant for only ten to fifteen 
minutes, while when catechol-hydroquinone is 
used the rates remain constant for over half an 
hour.

The activity of tyrosinase preparations with 
respect to catechol was determined by the use of 
the Warburg form of respirometer7 using 50-cc. 
flasks and 90 complete oscillations per minute; 
temperature 25°. Reaction mixtures consisted 
of 1 cc. of an aqueous solution containing 5 mg. 
of hydroquinone and 0.1 mg. of catechol (added 
from the side-arm of the flask at zero time). In 
the flask were: 2 cc. of (0.1 M) citrate-(0.2 M) 
phosphate buffer {pH of reaction mixture 7.0); 
1 cc. of aqueous solution containing 5 mg. of gela­
tin; enzyme solution and sufficient water to make 
the total volume equal to 8 cc. The amount of 
enzyme required to cause the rate of oxygen 
uptake to equal 10 cu. mm. per minute was de­
fined as one “catechol unit.” The rate of oxygen 
uptake was usually directly proportional to the 
amount of oxidase used, provided the enzyme 
had been purified sufficiently to remove the 
naturally occurring substrates, and the amount 
of enzyme was less than two catechol units. 
As would be expected, the amount of catechol 
used affects the rate of oxygen uptake. The 
data represented in Fig. 1 were obtained by using 
5 mg. of hydroquinone and amounts of catechol 
varying from 0.01 to 0.3 mg. It will be noted 
that beyond 0.1 mg. of catechol the increase in 
the rate of oxygen uptake tends toward a maxi­
mum, and explains why the mixture of 0.1 mg. 
of catechol and 5 mg. of hydroquinone was se­
lected for use in the method described above.

When a tyrosinase preparation also contains 
laccase, then obviously this method for deter­
mining the activity of tyrosinase toward catechol 
is no longer applicable. The presence of laccase 
can be detected readily since such preparations 
catalyze the oxidation of hydroquinone when 
no catechol is present.

(7) M . Dixon, “Manometric M ethods/'’ University Press, Cam­
bridge» 1934.
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Fig. 1.—Showing the change in rate of oxygen 
uptake when varying amounts of catechol were 
used in the presence of 5 mg. of hydroquinone.

The addition of gelatin was found to be neces­
sary in measuring the activity of tyrosinase prep­
arations toward catechol, just as it was found 
necessary in the ^-cresol method described in the 
previous paper. In one instance the addition of 
gelatin caused a 50% increase in the rate of oxi­
dation of the catechol-hydroquinone reaction 
mixture. The effect of the gelatin varies with 
the purity and concentration of the enzyme.

Since the use of the catechol-hydroquinone 
mixture as a substrate depends on the oxidation 
of catechol, while the method described in the 
previous paper involves the oxidation of £-cresol, 
it was decided to compare the activities of dif­
ferent tyrosinase preparations with respect to the 
two substrates. In Table I are given the relative 
catechol and ^-cresol activities for preparations 
of tyrosinase obtained from different sources. 
The activities toward catechol were obtained by 
using that amount of tyrosinase solution equal 
to 1 unit when ^-cresol served as the substrate.

T a b l e  I

Source
Activity toward 

£-cresol
Activity toward 

catechol-hydroquinone
Ladarius piperatus 1 unit 0.08 unit
Irish potato 1 unit .67 unit
Puff ball 1 unit . 05 unit
Psalliota campestris 1 unit . 64 unit
Sweet potato 0 .0  unit 1.00 unit

I t is evident from the values given in the table 
that the tyrosinases from the various sources are 
not identical. On the basis of one £-cresol unit, 
the potato and Psalliota campestris enzymes are 
roughly eight to ten times as active toward cate­
chol as are the enzymes of the puff ball and 
Ladarius piperatus.

Several possible explanations for these dif­

ferences in activities toward the two substrates 
suggest themselves: first, that each source yields 
a tyrosinase which is unique (if this were the case 
then the relative activity of the enzyme toward p~ 
cresol as compared with that toward catechol 
should remain unchanged during any number 
of purification processes); second, that the ty­
rosinase preparations in reality consist of a mix­
ture of two enzymes, one acting on ^-cresol, or 
perhaps on both ^-cresol and catechol, the other 
acts exclusively on catechol; third, that some 
accompanying substance, non-enzymatic in nature, 
as suggested by Keilin and Mann, enables the 
catechol oxidase to bring about the oxidation of 
the ^-cresol.

To test the first and third possibilities a tyro­
sinase preparation (Psalliota campestris) was 
subjected to series of purification operations: 
precipitation with acetone, precipitation with 
ammonium sulfate, adsorption to kaolin and 
alumina, foreign proteins removed by gentle 
heat, and thorough dialysis against distilled water 
at frequent stages during the process. The ac­
tivities with respect to the catechol-hydroqui­
none mixture and to ^-cresol were measured at 
the different stages of purification and the ratios 
of the two activities are given in Table II.

Table II
Showing loss in catechol activity in contrast to loss in p- 

cresol activity when a tyrosinase preparation from the 
common mushroom was subjected to the following purifica­
tion.

Catechol units/Stage of purification -̂cresol units
After first acetone precipitation 3 .2
After second acetone precipitation 2 .2
After ammonium sulfate precipitation 2 .5
After adsorption to kaolin 1.6
After adsorption to alumina 1 .5
Highly purified preparation 0 .64

The data in Table II show that by this par­
ticular method of purification it is possible to 
increase relatively the ratio of the ^-cresol ac­
tivity to the catechol activity about five times. 
Keilin and Mann, on the other hand, using a 
somewhat different procedure in purifying their 
tyrosinase (polyphenolase) preparation (also 
from Psalliota campestris), obtained a highly 
purified preparation very low in ^-cresol activity 
compared to its catechol activity.

In adsorbing the tyrosinase to alumina, men­
tioned above, an insufficient amount of the latter 
was used, thereby leaving some of the enzymatic 
activity still remaining in the residual solution.
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The activity in the latter solution was found to 
have five catechol units to each ^-cresol unit, 
instead of 1.5 catechol to one ^-cresol unit in the 
case of the material adsorbed to the alumina. 
In other words, the activity toward the ^-cresol 
appears to be more readily adsorbed to the alu­
mina than the part which brings about the oxida­
tion of the catechol. By repeating the treatment 
with insufficient alumina, it was possible to ob­
tain, as shown by the data in Table III, prepa­
rations very high in catechol activity compared 
to the activity toward ^-cresol.

T a b l e  III
Showing the preferential adsorption of the activity 

toward ^-cresol by alumina at pH  5.

Orig. crude prepn.

-̂Cresol 
units per cc.

43

Catechol units per cc.
53

Catechol units 
-̂cresol units

1.3
After first 13.5 30 2 .2

ad­ second 5 .3 22.5 4.3
sorp­ third 2 .0 17.4 8 .7
tions fourth 0.58 5.4 9.3

Likewise, it was possible to increase the ac­
tivity toward ^>-cresol more than toward catechol 
by eluting that part of the tyrosinase preparation 
which was adsorbed to alumina. For this pur­
pose a series of adsorptions, followed by elutions 
by means of secondary sodium phosphate, were 
performed and solutions were obtained having 
as high as 3 ^-cresol units to one catechol unit, 
whereas the original solution contained about 
4 7>-cresol units to 5 of the catechol units. Fur­
thermore, the substance responsible for the p- 
cresol activity did not pass through a dialyzing 
membrane, and was completely precipitated from 
solution when the latter was made 0.6 saturated 
with ammonium sulfate.

The facts that the activity toward ^-cresol 
can be concentrated by absorption techniques 
relatively more rapidly than the activity toward 
catechol, that it does not dialyze through semi- 
permeable membranes, and that it is completely 
precipitated by ammonium sulfate, all point 
toward the probability that the aerobic oxidation 
of ^-cresol is catalyzed by an enzyme different 
from the one which brings about the oxidation of 
catechol.

As further support for this view may be cited 
the effect of gentle heat. A tyrosinase prepara­
tion containing 73 catechol units and 11.5 p- 
cresol units, or 6.4 catechol to 1 ^-cresol unit, 
was heated for five minutes at 60°. The catechol

activity dropped to 6.5 units and the ^-cresol ac­
tivity to 0.3 unit, making the ratio of the two 
activities 22 catechol units to 1 ^-cresol unit, 
thus showing that activity toward ^-cresol suf­
fered more inactivation than the activity toward 
catechol.

If the catalytic activity toward ^>-cresol were 
due to some non-enzymatic factor plus catechol 
oxidase, as is believed to be the case by some, then 
the addition of catecholase to a solution of tyrosi­
nase preparation from the wild mushroom, 
Ladarius piperatus, which is rich in ^-cresol ac­
tivity and poor in catechol oxidase, thereby con­
taining a relatively high concentration of the 
factor, should cause an increase in the 7>-cresol 
activity greater than the sum of ^-cresol activities 
of the two preparations. The data given in 
Table IV, however, show that the activities of 
the two preparations were just additive and 
mutually independent.

T a b l e  IV

Units

1 cc. L a d a r iu s  
piperatus

1 cc. Psalliota 
campestris

1 cc. 
each

prepn. prepn. prepn.
Catechol 0.10 1.47 1.56
^-Cresol 1.05 0.23 1.26

To make certain that the lack of increase in the 
^-cresol activity could not be ascribed to the 
Ladarius piperatus preparation containing a 
“factor” not suitable for enabling the catechol 
oxidase, obtained from Psalliota campestris, to 
oxidize ^-cresol, experiments like those corre­
sponding to the data in Table IV, were repeated 
using two preparations both from Psalliota cam­
pestris. Again the two activities were additive 
and independent of each other.

T a b l e  V

Units

1 cc. Psalliota  1 cc. Psalliota 
campestris campestris 

No. L No. 70

1 cc. of 
each 

prepn.
Catechol 0.52 1.44 1.90
p- Cresol 1.03' 0.24 1.22

Prepn. No. L heated at 60° for 5 min.
Catechol 0.27 1.44 1.65
^-Cresol .15 0.24 0.43

Prepn. No. L acidified to below
pH  3.5 for 5 min.

Catechol 0 . 0 1.44 1.40
^-Cresol .0 0.24 0.28

Furthermore, if the activity toward p-oxoso 
is due to some “factor” plus catechol oxidase 
then a preparation that had been inactivated 
should regain its activity toward ^-cresol on the
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addition of some active catechol oxidase. To test 
this possibility preparation No. L was inactivated 
both by heat and with acid, after which it was 
added to preparation No. 70 and the activities 
again measured. In neither instance was there 
any indication of a non-enzymatic factor which 
operated with the catechol oxidase in bringing 
about the oxidation of ^-cresol.

If there is a “factor” which together with cate- 
cholase catalyzes the aerobic oxidation of mono- 
hydric phenols, such as ^-cresol, it is not nonen- 
zymatic, since it has so many properties common 
to enzymes. Thus it is adsorbable to alumina 
and kaolin, completely precipitated by ammo­
nium sulfate, does not pass through semiper- 
meable membranes, is heat labile, readily in­
activated by acid, and by methods generally em­
ployed in the purification of enzymes it has been 
possible to separate it partially from catechol oxi­
dase.

It should be mentioned that so far the adsorp­
tion to alumina and kaolin has failed to affect 
the ratio of catechol oxidase to the activity re­
sponsible for the oxidation of />-cresol in the case 
of tyrosinase preparations obtained from the 
wild mushrooms, Lactarius piperatus and the 
common pasture puff ball, Calvatia cyathiformis. 
Both of these preparations were rich in activity

toward ^-cresol and poor in catechol oxidase.

Summary
1. The ratio of the activities toward catechol 

and ^-cresol in tyrosinase preparations from the 
common mushroom, Psalliota campestris, can be 
varied by adsorption of the enzymes to alumina 
and kaolin.

2. By means of partial adsorption it is pos­
sible to obtain preparations in the residual solu­
tion rich in catechol oxidase and poor in activity 
toward ^-cresol.

3. The ratio of the activity toward ^-cresol 
to that toward catechol was greater in the elutate 
from the adsorption than in the original solution.

4. The activity toward ^-cresol possesses prop­
erties common to enzymes in general. It is heat 
labile, inactivated by dilute acids, does not pass 
through semi-permeable membranes, and can be 
precipitated from solution by ammonium sulfate.

5. The catechol activity and the activity 
toward ^-cresol are mutually independent.

6. Sö far attempts to affect the ratio of the 
catechol and ^-cresol activities of tyrosinase 
preparations from the mushroom, Lactarius pi­
peratus and the puff ball, Calvatia cyathiformis, 
have been unsuccessful.
N e w  Y o r k , N. Y. R e c e i v e d  J u n e  25, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i s t r y  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  W a s h i n g t o n ]

Reactions of Sodium and Potassium on Acid Chlorides
B y  Ir w in  A. P e a r l , T h eo d o r e  W . E v a n s  a n d  W ill ia m  M. D e h n

In a prior article1 it was reported that diphenyl- 
carbamine chloride treated with sodium in boil­
ing toluene yielded tetraphenyloxamide. Further 
work now has shown conclusively that the re­
action follows the more interesting course to form 
tetraphenylurea and carbon monoxide.2 That 
tetraphenyloxamide was not first formed in the 
reaction was proved by the following experiments. 
Tetraphenyloxamide, prepared from diphenyla- 
mine and oxalyl chloride by the method of Stolle,3 
was treated with atomized sodium in boiling 
toluene under the same conditions as was the 
diphenylcarbamine chloride. No tetraphenylurea

(1) Evans and Dehn, This Journal, 52, 3645 (1930).
(2) Hammerich [Ber., 25, 1826 (1892)] reported the reaction of 

ditolylcarbamine chloride with sodium in ether to give the oxamide 
derivative.

(3) Stolle, ibid., 46, 3916 (1913).

could thus be found, or from tetraphenyloxa­
mide by heating for two hours at 195°. The 
reaction can be explained in the following man­
ner

/yO /O N a
(C6H5)2NC< -j- 2Na — >  (C6H5)2N— C< ----->

X C1 I X C1
Na

(C6H5)2N—-Na +  CO +  NaCl
(C6h 5)2n - -;n £ T J : I |- - c—n (c6h 5)2 — >

o
(C6H5)2N—C—N(C6H5)2 +  NaCl

o
Proof of this type of mechanism was obtained by 
treating diphenylcarbamine chloride with an ex­
cess of sodium in toluene and obtaining sodium 
diphenylamine in the residue. These observa­
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tions led to a study of the reaction of sodium and 
potassium on other acid chlorides.

Sodium reacts with benzoyl chloride in anhy­
drous ether solution to give ethyl benzoate as the 
main product. This reaction, with other metals, 
was reported by Varvoglis.4 However, sodium 
or potassium reacts with benzoyl chloride in dry 
xylene to give benzoic anhydride and sodium chlo­
ride. This unique reaction, in which oxygen is ob­
tained from the atmosphere, can be explained in 
the following simple manner 
2C6H5C ^ O  +  2 K — >

/ K , _ _____ _ - 2KC1
C6H5C f-0  «K 4- Cl]—C—CeHs---------->\ C1,-------- , ||

o
o

CeHs—C— O— C— C6H5 — >- C6H6— C—O—C—C6H6
II II II II

O 0 0
In like manner phthalyl chloride and succinyl 

chloride react with potassium or sodium in dry 
xylene to give phthalic anhydride and succinic 
anhydride in 70 and 60% yields, respectively. 
p-Toluenesulfonyl chloride reacts with potassium 
to give di-^-tolyldisulfone and potassium chloride 
according to the following 
2CH3— C6H4—S 0 2C1 +  2K  —

CH3-—CeHU—SO2—SO2— CeKh—CH3 -j- 2ICC1

Experimental
Preparation of Tetraphenylurea.—To a mixture of 

atomized sodium in toluene was added one mole of di­
phenylcarbamine chloride and this mixture was boiled for a 
short time. The precipitated sodium chloride was fil­
tered off and large, jewel-like crystals, in 66% yield, sepa­
rated from the cooled filtrate. Recrystallization from 
toluene gave crystals melting at 182-183°. A mixed 
melting point with pure tetraphenylurea, prepared by the 
method of Michler and Zimmermann,5 showed no depres­
sion. The gas evolved during the reaction was collected 
and analyzed. It proved to be carbon monoxide. Fur­
ther proof that this compound is the urea and not the 
oxamide was obtained by the analytical data. In the 
prior paper there was given only the nitrogen value, which 
agreed equally well with either compound.

Calcd. %  
for (C«H6NCO)2 (C6H6N)2CO Found
C 79.6 82.4 82.3
H 5.1 5.5 5.9
N 7.1 7.7 7.5
O 8.2 4.4 4.3 diff.

(4) Varvoglis, Ber., 70, 2391 (1937). This author treated acid 
chlorides in absolute ether with a large number of metals. Of all the 
metals tried, only iron and zinc were effective, and these yielded 
ethyl esters of the respective acids. On the basis of this work, potas­
sium and sodium probably would have been predicted to be without 
action.

(5) Michler and Zimmermann, ibid., 12, 1166 (1879). These au­
thors prepared the urea by treating diphenylcarbamine chloride with 
diphenylamine.

Reaction of Diphenylcarbamine Chloride with Excess 
of Sodium.—Diphenylcarbamine chloride was added to an 
excess of atomized sodium in boiling toluene for thirty 
minutes. The mixture was filtered and well washed with 
toluene. The filtrate and washings were evaporated to a 
small volume and, upon cooling, yielded crystals of tetra­
phenylurea melting at 182-183 °. Part of the sandy pre­
cipitate from the original filtration was treated with water. 
Diphenylamine melting at 60-52° separated. The rest 
of this sandy precipitate was treated with benzoyl chlo­
ride and, after warming, washed well with dilute sodium 
carbonate solution; recrystallizing from alcohol yielded 
crystals of benzoyldiphenylamine melting at 176-177°. 
When potassium was substituted for sodium in this ex­
periment, the same results were obtained.

Reaction of Benzoyl Chloride and Sodium in Anhydrous 
Ether.—A mixture of 1.1 g. of atomized sodium in 50 cc. 
of dry xylene was decanted and after washing with ab­
solute ether the sodium was covered with 50 cc. of absolute 
ether. To this mixture was added 7 g. of benzoyl chlo­
ride. The flask was stoppered and allowed to stand for 
ten days with occasional shaking. The contents were 
then filtered and the ethereal filtrate was evaporated. A 
residue of 6.5 g. of ethyl benzoate boiling at 210-213 ° was 
obtained.

That ethyl benzoate was not formed by the reaction of 
benzoyl chloride with absolute ether was proved by a mix­
ture of the two without sodium. The benzoyl chloride was 
recovered quantitatively with no trace of ethyl benzoate.

Reaction of Benzoyl Chloride and Potassium in An­
hydrous Xylene.—Two grams of potassium was atomized 
in 50 cc. of dry xylene and allowed to cool. To this was 
added 7 g. of benzoyl chloride and the mixture was heated 
occasionally for two days. After disappearance of all the 
potassium, the potassium chloride was filtered off and the 
xylene filtrate was evaporated on the steam-plate. A 
heavy oil was obtained and, on standing, this yielded light 
colored crystals. After drying on a porous plate and re­
crystallizing from ether, they melted at 41-42°. A mixed 
melting point with pure benzoic anhydride showed no de­
pression.

Reaction of Phthalyl Chloride and of Succinyl Chloride 
with Potassium and Sodium.—A mixture of 10.1 g. of 
phthalyl chloride and 4.0 g. of atomized potassium in 100 
cc. of xylene was heated to boiling and allowed to stand for 
three weeks. The potassium chloride was filtered off and 
the filtrate yielded 5.3 g. (70%) of phthalic anhydride. 
Recrystallization from benzene gave white needles melting 
at 130-131°. A mixture with pure phthalic anhydride 
melted at the same temperature.

Six grams of succinyl chloride and 2 g. of sodium were 
treated in the same manner for eight weeks. A yield of
2.5 g. (60%) of succinic anhydride melting at 116-118° 
was obtained. Recrystallization from absolute alcohol 
yielded crystals melting at 118-119°. A mixture with 
pure succinic anhydride melted at the same temperature.

Reaction of ^-Toluene sulf onyl Chloride with Potassium 
or Sodium.—To a mixture of 4 g. of atomized potassium 
and 100 cc. of warm xylene was added gradually 19 g. of 
^-toluenesulfonyl chloride. The vigorous reaction taking 
place after each addition was allowed to subside before 
the next addition. After all the chloride was added the
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mixture was allowed to cool. All the potassium had dis­
appeared and the reaction mixture was thick with pre­
cipitate. The mixture was filtered and the precipitate 
was dried. The precipitate was treated with water and 
extracted with ether. The ethereal extraction upon evapo­
ration yielded 3 g. of crude di-^-tolyldisulfone melting at 
214-218°. Recrystallization from benzene yielded crys­
tals melting at 220-221 °.

Summary
1. Diphenylcarbamine chloride and sodium 

or potassium yield tetraphenylurea and carbon

monoxide with the intermediate formation of 
sodium or potassium diphenylamine.

2. Benzoyl chloride and sodium or potassium 
in anhydrous ether yield ethyl benzoate.

3. Acyl chlorides with sodium or potassium 
in xylene yield acid anhydrides.

4. ^-Toluenesulfonyl chloride yields di-£-tolyl- 
disulfone when treated with sodium or potassium 
in xylene.'
Seattle, Washington Received July 1 1 ,  1938

[Contribution from the Department of Chemistry, St. Peter’s College ]

The Catalytic Properties of Charcoal. II. Further Studies on the Indophenol
Reaction

B y  J a m e s  F .  O ’B r i e n , V in c e n t  T k a c  a n d  C l a u d e  S ch w o b

The unusual factors encountered in a previous 
study of the activity of charcoal in catalyzing the 
hydrogen peroxide oxidation of a mixture of a- 
naphthol and ^-phenylenediamine at pH 4.5 to 
form indophenol1 prompted us to continue our 
studies of this interesting reaction.

Two aspects of this oxidation particularly sug­
gest further investigation. What is the cause 
of the decrease in yield of the indophenol after 
one-half minute? What is the role of the char­
coal in these oxidative reactions ? In the present 
paper we attempt to give a partial answer to the 
first question. The third paper of this series will 
treat of certain findings relative to the second 
question.

We first repeated the original work1 under 
carefully controlled conditions, using a so-called 
“pure” sucrose charcoal. At both 30 and 40° 
we confirmed our former findings, the yield being 
at a maximum at one-half minute and then de­
creasing to a value which remained constant after 
seven minutes. As before, the indophenol was 
found to be strongly adsorbed by the charcoal so 
that the latter and the filtrate were analyzed sepa­
rately. Figure 1 shows the amount of indophe­
nol present at various times. The charcoal 
furnished the bulk of the indophenol (curve 1), but 
a definite peak at one-half minute shows in the 
filtrate curve (curve 2).

The ratio of the total yields of the reaction at 
40° to those of the reaction at 30° at correspond­
ing times gives us a series of numbers which are

(1) Paper I, Schwob, T his Journal, 58, 1115 (1936).

Table I
Time, min. Temp, coeff. E, cal.

0.25 1.083 1400
.5 1 . 1 3 8 2300

1 1 .19 8 3300
2 1.2 38 3900
4 1.2 39 3900
7 1.2 39 3900

14 1 .2 4 1 3900
28 1.245 4000

akin to temperature coefficients (Table I). It will 
be noticed that these ratios increase linearly with 
time until, after two minutes, they approach a 
constant value. A rough calculation of the ap­
parent energies of activation for these reaction 
times was made by substituting these coefficients 
in the Arrhenius equation. It is to be emphasized 
that Hinshelwood2 and others have pointed out 
that such a substitution cannot give the true 
energy of activation for a heterogeneous reac­
tion. It is interesting to note, however, that the 
values obtained for E  as well as for the tempera­
ture coefficients show that two distinct processes 
are going on in this reaction, one predominating 
in the first two minutes, the second one after that. 
The energy of activation was likewise determined 
for the uncatalyzed formation of indophenol at 
30 and 40° (Fig. 1, curves 5 and 6), and found to 
be approximately 5000 cal.

The progressive increase in the value of E  for 
the catalyzed reaction suggests either of two 
possibilities: the charcoal suffers poisoning as the

(2) Hinshelwood, "The Kinetics of Chemical Change in Gaseous 
Systems," The Clarendon Press, Oxford, 1933, p. 348, et seq.
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Fig. 1.—Curve 1, indophenol obtained 
from charcoal at 30°; curve 2, indophenol 
in the filtrate (30°); curve 3, total yield at 
30°; curve 4, total yield at 40°; curve 5, 
yield at 30° in the absence of charcoal; 
curve 6, yield at 40°, no charcoal. The 
maximum yield in curve 4 is approximately 
5% of the theoretical.

reaction progresses, or the indophenol is destroyed 
by a secondary reaction. Were the former true 
it seems likely that the amount of indophenol 
present would not decrease with time but, rather, 
would increase owing to the uncatalyzed reaction. 
The gradual destruction of indophenol remains as 
the only possibility consistent with the experi­
mental facts, and we believe, on the strength of 
the following work, that this destruction not only 
takes place, but that the presence of charcoal is 
necessary. If this last is true, the addition of 
some charcoal-inhibiting agent When the reaction 
has proceeded one-half minute should prevent 
any subsequent falling off in yield.

The inhibitors tested were amyl alcohol and 
potassium cyanide, added when the reaction had 
progressed exactly one-half minute. As seen in 
Fig. 2, curve 2, the addition of amyl alcohol poi­
soned the charcoal to some extent, resulting in a 
constant yield much greater than that of the un­
inhibited reaction. The addition of potassium 
cyanide (Fig. 2, curve 3) completely stopped the 
destruction of indophenol and permitted a gradual 
increase in yield. This indicates that the removal 
of the charcoal from the field of action by means 
of cyanide not only prevents the destruction of 
indophenol but allows its formation to proceed at

the same rate as the uncatalyzed reaction (compare 
the latter portion of this curve with Fig. 1, curve 5).

What is the nature of this catalyzed destruction 
of indophenol? Recently, other investigators,3 
working on the catechol-tyrosinase reaction, ob­
tained results similar to ours when insufficient 
enzyme was used to promote the oxidation of 
catechol, an effect which they attributed to sec­
ondary reactions between catechol and quinone. 
We felt it necessary to determine whether a simi­
lar condition would account for our results, that 
is, whether the reaction which destroys the indo­
phenol involves excess reagents. Reducing the 
substrate concentration to one-quarter of the 
value used in former experiments, a curve was 
constructed for the reaction at 30° (Fig. 2, 
curve 4). The filtrate yields were negligible. 
Multiplying the constant value (1.38 mg.) ob­
tained here by four to permit direct comparison 
with the other curves gives a constant yield value 
of 5.5 mg. This shows that in the presence of suf­
ficient charcoal we have the apparent anomaly of 
lessened indophenol destruction. This can only 
be interpreted as proof that excess reagents are 
involved in the destruction of indophenol. Con­
versely, with substrate concentrations double those 
of the original experiments, final indophenol yields 
were obtained which were much lower than those 
formerly obtained.

Fig. 2.—Curve 1, same as curve 3, Fig. 1; 
curve 2, effect of amyl alcohol; curve 3, 
effect of potassium cyanide; curve 4, one- 
quarter concentrations; curve 5, double 
concentrations.

Hence, we are led to believe that the indophe­
nol destruction is catalyzed by charcoal and in-

(3) Dawson and Nelson, T h is  J o u r n a l , 60, 250 (1938).
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volves a reaction with excess reagents (a-naph- 
thol, ^-phenylenediamine, and/or hydrogen per­
oxide). In fact, we found that indophenol 
adsorbed on charcoal is destroyed more rapidly 
when suspended in dilute hydrogen peroxide 
containing either a-naphthol or ^-phenylenedia- 
mine than in the presence of peroxide solution 
only. Although, due to the difficulty of ob­
taining a sufficiently concentrated solution of 
pure indophenol in water, these experiments are 
at best qualitative, they are in good agreement 
with the above work.

What is the role of the peroxide? The cata­
lytic effect of charcoal in promoting the oxidation 
by air or oxygen of many chemical individuals is 
well known. It was thought desirable to inves­
tigate the indophenol reaction in the absence of 
hydrogen peroxide, using air as the oxidant. 
This is analogous to the action of the enzymes 
known as oxidases as distinguished from peroxi­
dases, and we consequently favor the use of the 
name “oxidase action" to denote this particular 
catalytic role of charcoal.

Fig. 3.— Curve 1, total indophenol yield at p H  4.5; 
curve 2 , p H  6.5; curve 3, p H  7.5.

We first performed an experiment at pH 4.5 
and 20°. The curve obtained (Fig. 3, curve 1) 
bears a striking resemblance to the peroxidase 
curves. Hence, we are inclined to think that the 
same factors predominate whether hydrogen 
peroxide or oxygen be the oxidant. Among these 
factors, the disappearance of indophenol is es­
pecially interesting. If peroxide is one of the 
substances involved in the disappearance of the 
dye, air must be an equally good reagent. How­

ever, if we consider the results of the quarter con­
centration peroxidase experiment (Fig. 2, curve 
4), it becomes evident that neither peroxide nor 
oxygen is of as great importance in the destruc­
tion of indophenol as the other reagents. In that 
experiment, reducing the amount of a-naphthol 
and ^-phenylenediamine without reducing the 
quantity of peroxide and having the reaction 
mixture fully exposed to air, resulted in compara­
tively little destruction of indophenol.

Variation in the hydrogen-ion concentration in 
the oxidase experiments led to results which are 
worth noting. The data concerning pH changes 
presented here apply only to oxidase action since 
it is probable that, due to the well-known catalase 
properties of charcoal, some oxidase action is 
likely to take place during the peroxidase reac­
tion,4 resulting in data difficult of interpretation. 
Moreover, the peroxidase reaction at pH's higher 
than 4.5 does not lend itself readily to kinetic 
study due to its rapidity.

A decrease in acidity to pH 6.5 in the oxidase 
reaction led, as was expected, to an increased 
yield of indophenol (Fig. 3, curve 2). More 
important, however, is the shape of the curve, two 
maxima now being evident, one at three-quarters 
of a minute, the other at four minutes. These 
results prompted us to increase further the pH 
to 7.5. Again an increased yield was noted, and 
again a second maximum appeared, but at eight 
minutes instead of four (Fig. 3, curve 3).

While performing these experiments, it was noted 
that ten or twelve seconds after the start of the 
reaction a deep red color (indophenol) appeared 
throughout the reaction mixture, only to disappear 
in three or four minutes. The presence of char­
coal in suspension tends to obscure this color, but 
it is plainly visible by means of transmitted light.

These observations, while scarcely sufficient as a 
basis for theorizing, nevertheless have tempted us 
to formulate the following explanation as a working 
hypothesis to guide further experimentation.

We believe that each oxidase curve is of the 
same type, and. is the resultant of two actions, 
reaching a maximum simultaneously or nearly 
so at pH 4.5, but successively at a higher pH. 
Let us consider the latter curves. The charcoal 
in. some way activates the oxygen in solution,5

(4) That this combined catalase-oxidase action is not the sole 
catalytic effect in the peroxidase reaction has been pointed out previ­
ously,1 and will be discussed more fully in Paper III of this series.

(5) This activation of oxygen by charcoal is suggested by ex­
periments to be described in the next paper of this series.
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and perhaps one or more of the reagents, so as to 
make possible a fast reaction in the body of the 
solution. This reaction, as evidenced by the 
red color, reaches a peak in a few seconds, at 
which point the indophenol produced is adsorbed 
by the charcoal, and begins to undergo degrada­
tion by reacting with the excess reagents under the 
catalytic influence of the charcoal. A second 
reaction on the charcoal surface now becomes 
dominant and the indophenol produced is ad­
sorbed quickly. This second reaction, sensitive 
to hydrogen-ion concentration, produces the 
second rise in the curve. However, as the in­
dophenol accumulates, the rate of destruction 
increases and the curve drops again.

We have, as yet, no explanation which we feel 
we can offer for the constancy of the final in­
dophenol yield in all the above reactions. It is 
interesting to note that this value remains con­
stant for at least twenty-four hours in every 
case.

Experimental
The charcoal used in this investigation was prepared 

from reagent-grade sucrose. It was carbonized in porce­
lain casseroles and activated at red heat in silica crucibles 
for fifteen minutes. The ash content was found to be less 
than 0.02%. Constant temperature baths maintained 
the system at 30 or 40 =*= 0.03 or 20 =*= 0.4°. In general, 
the method described in the previous paper1 was used for 
determining the catalytic activity of the charcoal. It  
was noted that the filtrate was not appreciably colored 
upon filtration, but, rather, that the indophenol color 
appeared only after a few minutes. Although a mild

vacuum was used to provide an increased filtering speed, 
we attribute most of the filtrate yield to a reaction between 
excess reagents after and during filtration. Another modi­
fication of the original procedure consisted in using 36 cc. 
(six 6-cc. portions) of toluene to extract the charcoal.

In the oxidase experiments we simply omitted the hydro­
gen peroxide. All buffers were of the citrate type, checked 
by means of a glass electrode.

In the reactions involving inhibitors either 2.0 cc. of a 
2%  solution of amyl alcohol in water, or 0.7 cc. of a 2%  
aqueous solution of potassium cyanide was added one-half 
minute after the start of the reaction. For curves 4 and 
5 in Fig. 2, only the concentrations of the a-naphthol and 
^-phenylenediamine were altered.

A concordance of results of 4 to 5%  was consistently ob­
tained, and each point on the curves represents the average 
of at least three determinations. Near the region of each 
maximum in the curves the time was varied slightly so as to 
fix the point of greatest yield.

Summary
1. The peroxidase activity of charcoal in cata­

lyzing the formation of indophenol has been rein­
vestigated.

2. It now appears that the observed de­
struction of indophenol after one-half minute is 
due to a reaction involving excess reagents and 
catalyzed by charcoal.

3. The oxidase activity of charcoal in the in­
dophenol reaction has been investigated. This 
action is very similar to the peroxidase action. 
It is suggested that the formation of indophenol 
takes place both in solution and on the surface of 
the charcoal.
Jersey City, N. J. Received May 9, 1938

[Contribution from the Chemistry Department, St. Peter’s College]

The Catalytic Properties of Charcoal. III. A Comparison of the Oxidative Proper­
ties of Various Charcoals. The Effect of Charcoal Hydrosols on Hydrogen Peroxide

and Oxygen
B y  J o s e p h  F .  K e e g e l , W il l ia m

1. A Comparison of the Properties of Various 
Charcoals.—This Laboratory has been investi­
gating the properties of charcoal for several 
years.1 We have used mainly purified animal 
charcoal and sucrose charcoal. The findings of 
several investigators2 have suggested the pos­
sibility that other charcoals might be more suitable 
as catalysts. Moreover, it is one of the aims of

(1) I, (a) Schwob, T h is  J o u r n a l , 58, 1115 (1936); II, (b) 
O’Brien, Tkac and Schwob, ibid., 60, 2480 (1938).

(2) (a) Rideal and Wright, J. Chem. Soc., 1813 (1926); (b)
Zylbertal, Biochem. Z., 236, 131 (1931).

L SURUDA AND CLAUDE SCHWOB

this series of investigations to attempt a stand­
ardization in the use of charcoal as a catalyst, a 
need which we believe pressing since, in so far 
as we have noticed, no two investigators have 
used exactly the same charcoal.

Hence, in this phase of the investigation we 
endeavored to find conditions under which char­
coals of various kinds may be prepared in a man­
ner easily duplicated without special equipment. 
Next, we tested these charcoals for catalytic ac­
tivity in decomposing hydrogen peroxide (cata­
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lase action), in promoting oxidations with hy­
drogen peroxide (peroxidase action) and with 
oxygen (oxidase action). For purposes of com­
parison, the same charcoals were tested in stand­
ard adsorption experiments.

Because we wished that the preparation of our 
charcoals be simple, a temperature of only 590 to 
600° was chosen for activation. While this is a 
rather low and certainly not optimum tempera­
ture,3 it gave some excellent charcoals.

Four kinds of charcoal were prepared as sug­
gested by the work of Rideal and Wright.23 These 
were made (a) from pure sucrose (yielding a char­
coal designated as “C-C” charcoal), (b) from a 
sucrose-urea mixture (C-N charcoal), (c) from a 
sucrose-ferric chloride mixture (C-Fe charcoal), 
and (d) from sucrose with the addition of both 
the iron salt and urea (Fe-C-N charcoal).

Catalase activity was determined by measuring 
the rate of evolution of oxygen from an 0.25 molar 
solution of hydrogen peroxide in the presence of 
100 mg, of charcoal. The specific reaction rate 
was calculated from the data by assuming. a 
unimolecular reaction.

The oxidase activity was determined according 
to the method of O'Brien, Tkac and Schwob,lb 
the results reported being the final constant 
yield of indophenol.4 The peroxidase activity, 
reported similarly, was also obtained by methods 
developed in this Laboratory.la,b

In the adsorption experiments two substrates 
were employed, benzoic acid and acetic acid. 
The former was used in the method of Miller,5 
and the latter was used in determining the familiar 
Freundlich adsorption isotherm. Table I summa­
rizes our results.

Table I
Miller Isotherm® Catal. Oxid. Peroxid.

Charcoal test, % K n K  X 104 mg. mg.
C-C 8 .17 0 .17 0.48 9.0 0.063 0 .15
C-N 5.96 .076 .5 1 23 .12 0.45
C-Fe 16 .9 .41 .39 21 .69 1 .3 5
Fe-C -N 10 .9 . 1 1 .60 170 .72 3 .4
° In x /m ii £ where c  — molar concentration at

equilibrium.

A second set of charcoals was then prepared in 
order to test the reproducibility of the char­
coals. Tests showed agreement within 4 to 
9% for most of the properties with the notable

(3) King, J. Chem. Soc., 889 (1935).
(4) The detailed analysis of the oxidase and peroxidase curves 

obtained with these charcoals will be made the subject of a separate 
investigation.

(5) Miller, J. Phys. Chem., 30, 1168 (1926), method (a).

exception of the catalase activities of the C-N 
and C-Fe charcoals, which were approximately 
25% greater for the second batch, and the peroxi­
dase activity of the C-Fe charcoal which was 
15% higher than that of the original batch. 
However, these deviations were not large enough 
to disturb the relations between the various prop­
erties.

It is evident from Table I that the C-Fe char­
coal is the best adsorbent and the C-N one is the 
poorest for both substrates. There seems to be 
no direct relation between adsorptive power and 
catalytic effect since the Fe-C-N charcoal is the 
most active catalyst with the C-Fe one second 
and the unpromoted C-C charcoal poorest. 
What is especially striking is that the various 
charcoals show very much the same order of ac­
tivity for. all three catalytic processes. The one 
exception is the standing of the C-N and C-Fe 
charcoals as regards catalase action. The differ­
ence, however, is very small.

We cannot legitimately theorize with such 
limited data at hand, but we readily are led to 
think that there is some process common to all 
three catalytic actions. On thermodynamic 
grounds we should expect a catalyst good for the 
decomposition of hydrogen peroxide to be equally 
good for its formation. Does this indicate that 
oxidase action involves the formation of a perox­
ide as postulated by Lamb and Elder?6 Then 
what is the function of charcoal in influencing 
reactions in the presence of peroxide? This 
question we attempt to answer in the second part 
of this paper.

2. The Effect of Charcoal Sols on the E. m. f. 
Produced by Hydrogen Peroxide Solutions. 
The Function of Charcoal in Oxidative Reac­
tions.—In order to gain some idea of the role of 
charcoal in the so-called peroxidase reactions it is 
necessary to find some method which will enable 
us to estimate the relative oxidizing power of 
hydrogen peroxide in the presence and absence 
of charcoal. This immediately suggests the 
use of oxidation-reduction potentials. However, 
it has been pointed out that the oxidation-re­
duction potential of peroxide cannot be meas­
ured directly by the usual means.7 Ort and 
his collaborators8 have found that the voltages

(6) Lamb and Elder, T h is  J o u r n a l , 53, 137 (1931).
(7) Bancroft and Murphy, J. Phys. Chem., 39, 337 (1935).
(8) Ort and Bollman, T h is  J o u r n a l , 49, 805 (1927); Ort, ibid., 

50, 420 (1928); J. Phys. Chem., 33, 825 (1929); Clifton and Ort, 
ibid., 34, 855 (1930); Roepke and Ort, ibid., 35, 3596 (1931); Ort 
and Roepke, ibid., 38, 1061 (1934).
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developed in peroxide-sugar solutions are greatly 
affected by certain amino acids. The results of 
this investigation led these workers to the conclu­
sion that an active, easily oxidized form of glucose 
exists in such solutions, but no conclusion was 
drawn as to the effect of the amino acid on the 
hydrogen peroxide.

In the first paper of this seriesla we attempted 
a measurement of the voltages developed in hy­
drogen peroxide solutions in the presence of char­
coal sols in order to determine whether the pres­
ence of colloidal charcoal had any influence upon 
the peroxidase reaction. Although the hy­
pothesis involving the presence of colloidally 
dispersed charcoal has not been found necessary 
to explain our more recent results, the method 
seemed a suitable one for leading us to at least a 
partial answer to the question: what is the func­
tion of charcoal in oxidative processes?

By measuring the potentials developed across 
a bright platinum electrode and a saturated 
calomel electrode immersed in peroxide solutions 
with and without the addition of charcoal sols of 
various kinds, we can determine the specific 
effect of the charcoal upon the peroxide alone, as 
distinguished from any effect upon the reagents 
or products of any reaction we may choose to 
employ to test charcoal activity. The need for 
such work was felt especially in this Laboratory 
when we had to postulate the existence of an ac­
tive form of oxygen in solution in order to ex­
plain the shape of the oxidase curves obtained in a 
previous study .lb

When we attempted to measure the potentials 
of peroxide solutions of different concentrations, 
we obtained widely varying results which were not 
duplicable. The voltages as read directly ranged 
from 0.56 to 0.45 v. for peroxide solutions varying 
between 0.5 and 0.05%. In the presence of 
charcoal sols, however, the voltage was easily 
measured and reproduced. This effect may be 
due to a speeding up of the attainment of equi­
librium in a manner analogous to the effect of 
charcoal on the oxygen electrode.6 Another ef­
fect is noted when the amount of charcoal sol 
added is varied and the concentration of the 
peroxide kept constant at 0.2%. The voltage 
progressively decreases as shown in Fig. 1, which 
also illustrates the irreproducibility of peroxide 
potentials in the absence of sufficient charcoal. 
Similar results were obtained with charcoal 
sols prepared in various ways from a wide va­

riety of “pure” and commercial activated char­
coals. In every case (some 150 experiments) the 
same type curve was obtained.

Fig. 1.— Voltage obtained from 0.2%  
hydrogen peroxide in the presence of 
varying amounts of charcoal hydrosol.
W ith less than one cc. of sol the voltages 
were not duplicable.

In order to prove that it was the charcoal 
surface which produced this effect we studied 
the action of various charcoal poisons. Amyl 
alcohol prevented any dropping off of the voltage, 
and showed marked stabilizing power, giving an 
unvarying and reproducible voltage reading of
0.216 =*= 0.0004 v. in the presence of varying 
amounts of charcoal. Potassium cyanide pro­
duced the same pair of results, but at a reduced 
voltage (0.027 v.). These findings indicate that it 
is an easily poisoned surface of charcoal which ac­
tivates the hydrogen peroxide.

The explanation proposed for the shape of some 
of the oxidase curves obtained in this Labora­
tory115 is based upon experiments which indicate 
that charcoal will have the same effect upon oxy­
gen. If air or oxygen is bubbled through dis­
tilled water a constant voltage is obtained between 
platinum and calomel electrodes after about 
fifty minutes (0.300 v. for oxygen, 0.260 v. for 
air). When the water is replaced by charcoal 
sol the voltages obtained are lower and become 
constant in a shorter time (0.250 v. for oxygen,
0.220 v. for air, in thirty-five minutes).

In view of these findings we believe that char­
coal, independently of its possible effects upon 
the other reagents, has a definite effect upon 
hydrogen peroxide and oxygen, an effect which 
may be made to account in part for the oxidase 
and peroxidase properties of charcoal.
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It may be objected that the peroxidase prop­
erties of charcoal are due solely to a combination 
of catalase and oxidase properties. This cannot 
be the case in the oxidation of uracil by hydrogen 
peroxide in the presence of charcoal9 as shown in 
a previous paper.la There we also stressed the 
fact that colloidal charcoal has definite peroxidase 
activity while lacking marked catalase activity. 
The latter property has now been investigated 
for a large number of charcoal sols. While 44 
cc. of a 0.25 molar solution of hydrogen peroxide 
in a 100-cc. Pyrex flask liberated 3.0 cc. of oxygen 
in twenty minutes, when the water was replaced 
by a wide variety of charcoal sols, the yield of oxy­
gen varied between 3.1 and 4.3 cc., a very small 
increase.

Experimental
Preparation of the Charcoals.— Approximately 190 g. 

of reagent-grade sucrose was suspended in 200 cc. of water 
in a porcelain vessel and heated until charring was com­
plete. After grinding in an agate mortar, the product 
was activated for one hour in porcelain crucibles at 590 
to 600°. Urea was added in the proportion of 5 parts to 
95 of sucrose, while ferric chloride was added to the ex­
tent of 3% . The charcoals containing iron were washed 
repeatedly with distilled water until free from chloride 
before being activated.

Catalase Activity.— This was measured in a 100-cc. 
Pyrex flask, containing 100 mg. of the charcoal to be 
tested, 24 cc. of water, and 20 cc. of £H  7.5 citrate buffer.

(9) Schwob and Cerecedo, T h i s  J o u r n a l , 56, 2771 (1934).

In a side-arm 1 cc. of superoxo! was placed so that tilting  
the flask introduced it into the solution. The oxygen was 
measured in a 10-cc. gas buret while the flask was shaken 
90 times per minute. In testing the charcoal hydrosols, 
the buffer and charcoal were om itted, and either 44 cc. of 
water or of charcoal hydrosol and 1 cc. of superoxol 
were used.

Preparation of the Charcoal Hydrosols.— Two general 
methods were used, the one described in the first paper 
of this series,13 and a new one involving the use of no dilu­
ent or foreign substance.10 Some of the sols were stabil­
ized with gelatin. In all cases the results were qualita­
tively the same as shown in Fig. 1, which represents the  
data for a gelatin protected sol obtained by the sodium  
chloride-grinding method. These sols contained in the  
neighborhood of 0.003 mg. of charcoal per cc.

Electrometric M easurem ents.— This work was per­
formed as described originally13 except that only 4 cc. of
0.5% hydrogen peroxide was used. The results were du­
plicable within 3 m v. if one or more cc- of sol was present.

Summary
1. Several charcoals have been prepared and 

compared in catalase, peroxidase, oxidase and 
adsorptive properties.

2. The charcoals tested stand in the same 
order of activity for all three catalytic processes.

3. By electrometric means charcoal sols have 
been found to cause some activation of hydrogen 
peroxide and oxygen.

4. The catalase activity of the charcoal hy­
drosols prepared has been found to be very slight.

(10) Schwob and Shea, unpublished research.
Jersey City, N . J. Received May 9, 1938

[Contribution from the Research Laboratory of Inorganic Chemistry, Massachusetts Institute of
Technology, N o. 69]

Studies in Organo-silicon Synthesis. I. The Wurtz Reaction with Silicon Chlorides
B y  W a l t e r  C. S c h u m b , J o s e p h  A c k e r m a n , J r ., a n d  C h a r l e s  M. S a f f e r , J r ,

Although numerous alkyl and aryl silanes have 
been prepared, and the field of organo-silicon 
chemistry has been explored extensively by Kipp­
ing and other investigators, it seemed worth while 
in the opinion of the writers to make a compara­
tive study of compounds containing the linkages 
Si-C, Si-Si, and Si-X, leading to further knowl­
edge of the stability of these bonds and of the 
reactivity of substituent groups as affected by the 
nature of the environment of the silicon atom.

The preparation of compounds of the type R4Si 
and R3Si-SiR3, where R may be either alkyl or 
aryl, is generally effected by the Wurtz synthe­
sis from SiX4 and R3SiX, where X is halogen.

In some unpublished work1 it had been deter­
mined that the Wurtz reaction, when applied to 
^-chlorobiphenyl and Si2Cl6, did not lead to the 
formation of hexaxenyldisilane but splitting of the 
Si—Si linkage occurred, and good yields of tetra- 
xenylsilane were obtained. I t was thought of in­
terest, therefore, to determine whether this syn­
thesis would be applicable to the preparation of 
other hexasubstituted disilanes, or whether cleav­
age of the Si-Si bond invariably would result.

The first synthesis tried was the preparation of 
hexaethyldisilane, ^ H s^ S i-S i^ H s^ , which pre­
viously had been prepared by Friedel and Laden-

(1) J. Ackerman, Jr., S. B. Thesis, M. 1. T„ 1936.
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burg2 by the interaction of hexaiododisilane with 
diethylzinc in a sealed tube. Kraus and Nelson3 
also prepared it by the action of sodium on 
(C2H6)3SiBr. By the reaction of sodium and 
hexachlorodisilane, Si2Cl6, with ethyl bromide 
the only product we obtained was tetraethylsi- 
lane, (CgHs^Si; no hexaethyldisilane could be 
isolated. With w-amyl chloride, Si2Cle and so­
dium, tetra-^-amylsilane was formed, a com­
pound hitherto undescribed in the literature, 
which proved to be identical with the compound 
formed from SiCl4, sodium and n-amyl chloride.

As aryl examples, the reaction of Si2Cl6 and 
sodium with chlorobenzene and with ^-chlorobi- 
phenyl gave tetraphenylsilane and tetraxenylsi- 
lane (a new compound), respectively, but no 
hexa-substituted disilanes. Hence it was con­
cluded that hexaalkyl- and hexaaryldisilanes can­
not be prepared from Si2Cl6 by this method of 
synthesis, since the Si-Si bond invariably is rup­
tured, leading to the formation of tetrasubstituted 
monosilanes. I t may be argued that under 
gentler conditions of reaction, such as the avoid­
ance of excess alkali metal, or lower tempera­
tures, fission of the SH3i bond might not occur; 
but we have observed no such cleavage when 
hexaphenyldisilane was treated with excess sodium 
in boiling xylene or benzene for ten hours with or 
without the addition of chlorobenzene, indicating 
that excess of sodium is not the cause of the split­
ting of the Si-Si linkage. At lower temperatures 
the reaction studied merely failed to proceed at a 
noticeable rate.

It seemed of considerable interest to determine 
the effect of employing a compound containing 
the more stable Si-CM3i configuration in the 
Wurtz synthesis. For this purpose, the reaction 
of Si20Cle with sodium and chlorobenzene was 
investigated. Somewhat unexpectedly, tetra­
phenylsilane was found to be the product formed. 
With ethyl bromide, Si20Cl6 and sodium, tetra- 
ethylsilane alone was isolated. Thus the Si-O-Si 
configuration likewise is broken up when it is 
subjected to the Wurtz reaction with alkyl or aryl 
halides.

Further studies in the synthesis of these com­
pounds with the Grignard reagent are in progress.

Experimental
I. Reactions with SiCU. Tetraxenylsilane.— This sub­

stance was prepared according to the method employed in

(2) Friedel and Ladenburg, Ann., 203, 251 (1880).
(8) Kraus and Nelson, T h i s  J o u r n a l , 56, 194 (1934).

the preparation of tetraphenylsilane by Polis4 from 45 g. of 
^-chlorobiphenyl, 10 g. of silicon tetrachloride and 12 g. of 
sodium wire in 250 cc. of anhydrous ether. A yield of 
about 90%  of crude tetraxenylsilane was obtained when 
the ether was evaporated and the remaining solids ex­
tracted w ith hot benzene. T he tetraxenylsilane was re­
crystallized several times from benzene in the form of long, 
glistening, colorless needles w ith 2 mols of benzene of 
crystallization. A t 80° the needles lost benzene and be­
came opaque. The benzene-free product m elts at 274° 
(corr.). I t  is insoluble in water, alcohol, ether, and cold 
benzene. Its solubility in boiling benzene is 5 g. per liter, 
and it is more soluble in hot xylene. W hen rubbed in a 
mortar it becomes electrified.

Anal. Calcd. for Si(Ci2H 9)4: C, 89.9; H , 5.67; Si, 4.39; 
mol. w t., 640. Found: C, 90.0; H , 5.80; Si, 5.0; mol. 
wt. (camphor s. p .), 630.

Tetra-n-amylsilane.— This compound was prepared by  
the interaction of 85 g. of w-amyl chloride, 34 g. of silicon 
tetrachloride and 38 g. of sodium wire in 200 cc. of an­
hydrous ether. The general m ethod followed was that 
employed by Taurke5 in the preparation of tetraisoamyl- 
silane. W hen the crude product was distilled, the largest 
fraction came over between 290 and 320 p, corresponding 
to  a yield of 80%, and after repeated distillation boiled at 
about 30 5 p. The sample was washed with concentrated 
sulfuric acid to remove any silicols or silicones,6 then with  
water, and finally dried with calcium chloride. I t  then 
boiled a t 318° (corr.), dzh  =  0.8252, w25d =  1.4510. The 
purified material is a colorless, odorless oil, soluble in ben­
zene, ether, absolute alcohol, cyclohexane, and xylene. I t  
is practically insoluble in reagent alcohol and in water. It  
is not hydrolyzed in contact w ith water.

Anal. Calcd. for Si(C5H u)4: C, 76.8; H , 14.2; Si, 9.0; 
mol. w t., 312. Found: C, 76.4; H, 14.3; Si, 8.9; mol. 
wt. (cyclohexane s. p.)> 309, 320.

II. Reactions with SizClö.— These reactions were 
carried out in a dry atmosphere w ith 14 g. of SisCU and 20 
g. of sodium wire in 300 cc. of anhydrous ether, together 
with the desired alkyl or aryl halide. The Si2Cl6 used 
boiled at 90° at 125 mm. and m elted from —1 to 0°; the 
absence of any silicon tetrachloride was thus assured. In 
the case of the alkyl silanes the reaction product was ex­
tracted with ether and, after evaporation of the ether, the 
liquids were vacuum distilled to  hinder formation of the 
corresponding silicones (trialkylsilicyl oxides).

Reaction with Ethyl Bromide.— Forty-nine grams of the 
alkyl halide was used with the reactants as described 
above. N o reaction was noted even after several hours of 
refluxing. However, on addition of a few drops of ethyl 
acetate a gentle reaction ensued and was allowed to con* 
tinue w ith warming for three days. (Kipping and Lloyd7 
report similar difficulty in the preparation of tetraethyl- 
silane from silicon tetrachloride, b y  sodium and ethyl 
bromide, obtaining only a small yield.) The ether extract, 
after treatm ent with water to destroy excess hexachloro­
disilane and evaporation of the ether, gave 2 cc. of a color­
less oil. After two fractionations 0.8 cc. was obtained boil­

(4) Polis, Ber., 18, 1540 (1885).
(5) Taurke, ibid., 38, 1661 (1905).
(6) Friedel and Crafts, Ann. chim. phys., 19, 337 (1870).
(7) Kipping and Lloyd, J. Chem. Sec., 79, 456 (1901).



2488 Walter C. Schumb, Joseph Ackerman, Jr ., and Charles M . Saffer, Jr . Vol. 60

ing at 150° (Em ich m ethod)8 (b. p. of tetraethylsilane, 150- 
152°). M ol. weight, calcd., 144; found (cyclohexane 
s. p .), 135, 139. The substance therefore was concluded 
to be tetraethylsilane. N o material boiling higher than 
160 ° was observed, which excludes the formation of hexa- 
ethyldisilane, b. p. 250°.

Reaction with «-Am yl Chloride.— Thirty-five grams of 
«-am yl chloride was used, and a vigorous reaction gave a 
60% yield of a crude oil. On purification this proved to be 
identical with the tetra-«-amylsilane prepared above from 
silicon tetrachloride and «-am yl chloride; b. p. 305-312°; 
mol. wt. calcd., 312; found (cyclohexane s. p.), 302.

Reaction with Chlorobenzene.— Thirty-five grams of 
chlorobenzene was used. The solid reaction products were 
extracted w ith xylene, the melting points of each crystal­
lization fraction rising from 218 to 229 and 231 ° (corr.) 
for the highly purified product. The recorded melting point 
of tetraphenylsilane is 233 ° (corr.). A yield of about 60%  
was obtained. A mixed melting point of the product with  
some pure tetraphenylsilane gave no depression (231°), 
while known mixtures of tetraphenylsilane and hexa- 
phenyldisilane gave marked depressions: mol. wt. calcd. 
for Si(C6H 5)4, 336; found (camphor s. p.), 340, 343.

Reaction with ^-Chlorobiphenyl.— E ighty grams of 
^-chlorobiphenyl, used in a manner similar to the reaction 
of this substance w ith silicon tetrachloride, gave a 60%  
yield of tetraxenylsilane in the form of glistening needles, 
melting at 270° after repeated crystallization. A mixed 
melting point with a known sample of tetraxenylsilane gave 
no depression. The compound was, therefore, character­
ized as tetraxenylsilane.

Anal. Calcd. for Si(Ci2H g)4: C, 89.9; H , 5.67. Found: 
C, 89.7, 89.9; H , 5.63, 5.87.

III. Reactions with SizOCfe.— The Si20Cl6 had been 
prepared by Mr. A. B. Levine in this Laboratory by the  
simultaneous action of chlorine and oxygen upon heated  
silicon, followed by a series of careful fractional distilla­
tions. T he purified substance, m elting at —35°, was 
analyzed for chlorine and silicon, the results being in good 
agreement w ith the theory. 16.5 g. of Si20Cl6 and 20 g. of 
sodium wire were used in each of the following experiments.

Reaction with Chlorobenzene.— Forty-five grams of 
chlorobenzene was used. The purified needles obtained by  
repeated crystallization from xylene and benzene gave a  
product melting at 227° (uncorr.). A yield of approxi­
m ately 60%  was obtained. A mixed m elting point (227°) 
with tetraphenylsilane, m. p. 2 2 8 ° (uncorr.), gave no 
depression.

Anal. Calcd. for Si(C6H 6)4: C, 85.71; H , 6.01; mol. 
w t., 336. Found: C, 85.74; H, 6.17; mol. wt. (camphor 
s. p.), 339, 346, 330.

Thus it is to be concluded that the main product of the 
reaction is tetraphenylsilane. A small amount of material 
from the ether washings of the product gave a melting 
point of 148°, corresponding exactly w ith the recorded 
melting point of triphenylsilicol, (CeHs^SiOH.

Reaction with Ethyl Bromide.— The same sluggish 
reaction was observed as in the case of hexachlorodisilane 
and with silicon tetrachloride. F ifty  grams of ethyl

(8) Emich, Monatsh., 38, 219 (1917).

bromide was used. One cc. of an oil, boiling between 150 
and 158° (Emich method),8 was obtained. No material 
boiling above 165° was found. Molecular weight, calcd. 
for Si(C2H6)4, 144; found, 150, 154. The compound 
therefore was characterized as tetraethylsilane.

IV. Molecular Weight Determinations with Cyclo­
hexane and Camphor.— Cyclohexane, because of its large 
cryoscopic constant and miscibility with alkyl silanes, was 
used in the usual Beckmann freezing point apparatus. 
The molecular weights of the solid compounds (aryl silanes) 
were determined using camphor, in a modification of the 
Rast method.9 A few milligrams of the compound was 
mixed with ten times as much camphor in a small Pyrex 
test-tube. The tube was then sealed off and the sub­
stances melted together in an oil-bath. The solidification 
point can be determined directly, i. e., by observing the 
mixture in the original oil-bath, or by observing the 
solidification point of the substance in a melting point tube. 
The second method was checked to determine whether or 
not sublimation of a small amount of camphor from the 
melting point tube affected the results. The same results 
were obtained in both cases.

V. Silicon Analysis.—The percentage of silicon in the 
compounds was determined by a modification of the 
method described by Marvin and Schumb :10 0.5 gram of the 
sample was introduced from a weighed pipet into a nickel 
crucible half full of a fusion mixture, consisting of sodium 
peroxide and sugar charcoal. More of the mixture was 
added and, after ignition in the usual manner, the sodium 
silicate present in the fusion product was then analyzed, 
the silicon being determined as silicon dioxide.

Summary
1. Hexasubstituted alkyl and aryl disilanes 

and hexasubstituted silicyl oxides could not be 
prepared from hexachlorodisilane and trichloro- 
silicyl oxide, respectively, by the Wurtz synthe­
sis. Instead, the Si-Si linkage invariably was 
broken, leading to the formation of tetrasubsti­
tuted monosilanes.

2. The Wurtz reaction was carried out with 
hexachlorodisilane and ethyl bromide, ^-amyl 
chloride, chlorobenzene and ^-chlorobiphenyl 
yielding, respectively, the tetrasubstituted silanes, 
Si(C2H5)4, Si(w-CöHn)4, Si(CeH5)4 and Si(012119)4. 
No substituted disilanes could be detected.

3. Likewise the Wurtz reaction, applied to tri- 
chlorosilicyl oxide and ethyl bromide or chloro­
benzene, resulted in the breaking of the Si-O-Si 
linkage, giving tetrasubstituted silanes.

4. Tetraxenylsilane and tetra-w-amylsilane 
were prepared from both tetrachlorosilane and 
hexachlorodisilane.
C a m b r id g e , M a s s . R e c e iv e d  J u l y  22, 1938

(9) Rast, Ber., 55, 1051, 3727 (1922).
(10) Marvin and Schumb, T h i s  J o u r n a l , 52, 574 (1930).
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The Ethane Equilibrium
B y  R. N. P e a s e  a n d  A. M. B y e r s , J r .

Storch and Kassel1 have suggested that the 
experimental data on the position of equilibrium
in the reaction

C2H4 +  H2 C2H6
are in error because of the occurrence of side- 
reactions in general, and particularly because the 
alleged presence of propylene has interfered with 
the analytical determination of ethylene. As to 
the latter, a correction would decrease the cal­
culated ethylene concentration, and increase the 
value obtained for the equilibrium constant. 
This would lead to better agreement with quan­
tum-statistical calculations in which free rota­
tion about the C-C band in ethane is assumed.

As a matter of fact, Travers and Hockin2 state 
explicitly that no C3 hydrocarbons are found on 
fractionation of the products. Nevertheless, in 
view of the interest attaching to the question of 
free rotation in ethane, an additional test seemed 
desirable. We have, therefore, carried out a 
series of experiments in which ethane-ethylene- 
hydrogen mixtures were circulated through a re­
action tube at 600°, and the mixture subsequently 
fractionated in a modified Podbielniak still.

The net result was that in no case was a frac­
tion obtained condensing between —88° and room 
temperature which contained more than 10% of 
the total olefin. Moreover, since the paraffin 
hydrocarbon accompanying this was shown by 
combustion analysis to be ethane, it is more 
than likely that at least a part of this residuum 
was ethylene. We therefore feel safe in saying 
that considerably more than 90% of the total 
olefin is certainly ethylene. Similarly we can 
say that no appreciable amount of volatile 
paraffin higher than ethane is present. This 
holds equally for starting material consisting of 
either ethane alone, or ethylene plus hydrogen, or 
of a near-equilibrium mixture of all three.

Although we were not especially interested in 
adding to the already numerous data on the 
equilibrium constant, the results that were ob­
tained may be reported. These appear in Table
I. Our final runs were made at 600° (with close 
temperature control and measurement). There

(1) Storch and Kassel, T h is  Jo u r n a l , 59, 1240 (1937).
(2) Travers and Hockin, Proc. Roy. Soc. (London), 136A, 1

(1932),

is one run starting with pure ethane, one run with 
a 50% ethylene-hydrogen mixture and four runs 
with near-equilibrium mixtures. The times given 
are the total times of circulation. We are not 
prepared to convert these to actual heating times, 
since the method of circulation consisted of 
“thermal siphoning” (flow due to difference in 
density between hot and cold gas) and the con­
stants of the apparatus were not accurately de­
termined. Judging from other equilibrium data, 
our longest time (one hundred and eighty min­
utes) is equivalent to something less than thirty 
minutes of actual heating. About 400 cc. of gas 
was used in each experiment.

T a b l e  I
E q u il ib r iu m  M e a s u r e m e n t s  a t  600 °

Time,min.
Final
press.,
atm. C2h6

Composition, %
C 2H 4 0 h2 ch4 N 2

“KP,”
atm.

E th a n e  side

180 0 .602 6 7 .9 1 5 .3 1 4 .4  1 .0 1 .4 5 1 .2

E th yle n e -h yd ro g e n  side

180 0 .734 2 8 .5 2 0 . 6 4 3 .9  6 .4 0 . 6 4 .3

Near-equilibrium mixtures (C2H 4-H 2 side)

30 0 .858 5 8 .2 19 .5 2 0 .6  0 .7 1 . 0 16.9
60 .968 6 0 .2 16 .8 1 6 .5  5 .4 1.0 2 2 .4

1 2 0 .902 6 4 .8 1 5 .2 17 .3  2 .1 0 . 6 2 7 .3
180 .952 6 3 .2 13 .8 16 .1  5 .1 1 .7 2 9 .9
* “C2H 4” =  total olefin.

The results for the “near-equilibrium” mix­
ture indicate a value somewhat greater than 30 
for the equilibrium constant at 600°. This is in 
good agreement with previous determinations 
(see below).

It is perhaps not generally appreciated that the 
experimental data for the equilibrium constant of 
this reaction are in excellent agreement not only 
among themselves, but also with Third Law cal­
culations based on thermal data alone (except 
for the entropy of hydrogen). Kemp and Pitzer3 
have, to be sure, emphasized the latter point by a 
calculation of the entropy of ethane based on a 
single value of the equilibrium constant. How­
ever, the concordance goes far beyond this.

We may calculate the equilibrium constant 
from thermal data as follows. For AiJ2098, Kis­
tiakowsky finds —32,575 cal. by direct measure-

(3) Kemp and  Pitzer, T h is  J o u r n a l , 69, 276 (1937).
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ment,4 whereas Rossini obtains —32,783 cal. 
from heats of combustion.5 We take Ai72°98 = 
—32,675 =*= 100 cal. as the average value. Heat 
capacities of the three gases between 250 and 
400° A.6 are in agreement with the equation

a CR =  Ar0 +  AViT
=  -  6.77 +  0.0074r

The “conventional” value of AHq is then —30,986 
cal.

Recent experimental measurements of the en­
tropies of ethylene7 and ethane,8 together with the 
statistical value for hydrogen,9 give

C2H4: *5*298 -  52.48 =*= 0 .10  e. u.
=  31.23 =*= 0.01 e. u.

C2H6: S298 -  54.85 =* 0.20 e. u.
AA*2098 =  —28.86 ^  0.20  e. u.

Then
AP5298 =  -24 ,072  cal.

Thp estimated error in this quantity is ±  150 
cal.

For the integration constant, I, in the equa­
tion

A F° =  AH l  -  Ar0r  lne T  -  V, AViT2 +  I T  

one then obtains
I  =  -14 .274

Thus
AF° =  -30986  +  6.77T  lne T  -  0.0037P2 -  14.274T* 

and
logioK -  -  3.408 logwT -f 0.000809T +  3.120

Experimental equilibrium data have been ob­
tained by Frey and Huppke10 at 400, 450 and 
500° using a chromium oxide catalyst; by Vi­
denski and Vinikova11 at 500°, also using a chro­
mium oxide catalyst; by Travers and Pearce12 be­
tween 550 and 620°; and by Pease and Durgan18 
at 600, 650 and 700°.

These data represent altogether about 150 
individual measurements over a 300° tempera­
ture range, and a range of pressures from about
0.5 to 2 atm. Among the experiments are some

(4) Kistiakowsky, et al., T h i s  J o u r n a l , 57, 65 (1935).
(5) Rossini, J .  Research N atl. Bur. Standards, 17, 629 (1936).
(6) Ha: D avis and Johnston, T h i s  J o urn al , 66, 1045 (1934). 

C2H 4 and C2H 6 : Eucken and Parts, Z. physik. Chem,, 20B, 184
(1933) .

(7) Egan and K em p , T h is  J o u r n a l , 59, 1264 (1937).
(8) W itt and Kemp, ibid., 59, 273 (1937).
(9) Giauque, ibid., 52, 4816 (1930).
(10) Frey and Huppke, Ind . Eng. Chem., 25, 54 (1933).
(11) Videnski and Vinikova, J . Gen. Chem. (Moscow), 4, 120

(1934) .
(12) Travers and Pearce, J . Soc. Chem. In d ., 53T, 321 (1932). 

See also Travers and Hockin, Proc. Roy. Soc. (London), 136A, 1 
(1932).

(13) Pease and Durgan, T h is  J o u r n a l , 50, 2715 (1928),

in which equilibrium was approached from either 
side, and also with varying ratios of ethylene to 
hydrogen. As already mentioned, it cannot 
be maintained that the analytical measurements 
are in serious error. There is admittedly the 
possibility that all measured equilibria are dis­
placed by the side-reactions yielding methane 
and liquid products. However, it would be ex­
traordinary if under all the conditions studied 
(especially in the work of Travers and Pearce), 
the displacement should have been of the same 
magnitude. All things considered, therefore, it 
is difficult to see how the experimental deter­
minations can be seriously in error.

The comparison of experimental and theoretical 
values is given in Table II. The agreement is 
very satisfactory. A somewhat better fit would 
be obtained by decreasing slightly the integration 
constant of the free energy equation. However, 
any such change would fall well within the es­
timated uncertainty of =*= 150 cal. in AF%98.

T a b l e  II
E x p e r im e n t a l  a n d  C a l c u l a t e d  V a l u e s  o f  t h e  E q u i­

l ib r iu m  C o n s t a n t

K P =  - X°iH<i ■ - p i -
a tm .

Temp.
°C. °Abs.

K p
Exptl. Calcd. Observer

400 673 12000 12530 F
450 723 1800 2162 F
500 773 420 465 F

320 465 V
550 823 135 121 T
570 843 65.4 73.8 T
590 863 41.0 45.7 T
600 873 32.2 36.6 P
610 883 27.9 29.2 T
620 893 22.4 23.5 T
650 923 12.2 12.6 P
700 973 5.0 4 .8 P

(F =  Frey*; V — Videnski; T =  Travers; P — Pease)

It may be recalled that the entropy data on 
which the free energy equation is based favor a 
high potential barrier against internal rotation in 
ethane.3 The assumption of a low barrier (or free 
rotation) leads to values of K P at 600° which are 
two to three times larger than the experimental.14 
As already indicated, there is no obvious reason 
why the experimental data should be in error 
by anything like this amount.

The question as to whether some gross error 
has been made in the assignment of the seventeen 
normal modes of vibration and the corresponding

(14) Smith and Vaughan, J .  Chem . Phys., 3, 341 (1935); Teller 
and Topley, J . Chem,. Soc., 876 (1935).
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frequencies for the ethane molecule is one which 
the authors are not prepared to discuss. If such 
an error has not been made, there would seem to 
be a flat contradiction between the thermody­
namic data (including heat capacity measure­
ments for gaseous ethane15) on the one hand, and 
on the other, the spectroscopic data as analyzed 
by Bartholomè and Karweil.16 In addition, there 
is the difficulty in accounting theoretically for the 
high potential barrier apparently demanded by 
the thermodynamic data.17

However this contradiction may be resolved, 
the authors wish to emphasize that in dealing 
with the problem the experimental data on the 
ethane equilibrium cannot be ignored.

(15) Kistiakowsky, et al., J .  Chem. Phys., 6, 407 (1938). See, 
however, Hunsman, Z. physik. Chem., 3SB, 23 (1938).

(16) Bartholomè and Karweil, ibid., 39B, 1 (1938).
(17) Eyring, T h i s  J o u r n a l , 54, 3191 (1932).

Summary
Additional experiments on the ethane-ethylene- 

hydrogen equilibrium have been carried out to 
determine whether the presence of volatile hy­
drocarbons higher than ethylene and ethane could 
have invalidated previous analytical work, as 
suggested by Kassel and Storch.1 The evidence 
is that the error is certainly less than 10%, con­
firming the conclusion of Travers and Hockin.2

A comparison of all experimental values with 
values based on the Nernst Heat Theorem (and 
the Third Law) emphasizes the internal consis­
tency of the data.

I t is concluded that there is no good ground for 
ignoring the experimental data on the ethane 
equilibrium in dealing with the question of free 
rotation in the ethane molecule*
P r in c e t o n , N . J . R e c e iv e d  J u l y  1 4 ,  19 3 8

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a t  T h e  O h io  S t a t e  U n i v e r s it y ]

Fluorinated Derivatives of Propane. II
B y Albert L. H enne and Elbert C. Ladd

Three chlorinated derivatives of propane (C3C18, 
CHCI2CCI2CCI3 and CC13CHC1CC13) have been 
synthesized and subjected to fluorination. Three 
monofluorides, three difluorides and two trifluo­
rides have thus been made. These new com­
pounds are described, their structural formulas 
established and the course of the fluorination 
thereby demonstrated.

Extending to the propane series the investiga­
tions which have covered methane and ethane 
compounds is not a mere expansion, because the 
propane molecule offers a new position on its 
center carbon atom, and because the increased 
distance between its ends affects the course of 
the fluorination. As the ultimate purpose is 
the synthesis of fluorinated derivatives of much 
greater length, it is essential to learn the effect that 
the position and the distance of the fluorinated 
groups exert upon the molecule as a whole.

Synthesis.—The heptachloropropanes were 
synthesized by condensing chloroform with 
tetrachloroethyléne, or carbon tetrachloride with 
trichloroethylene, in the presence of aluminum 
chloride. From asymmetrical heptachloropro- 
pane, a treatment with potassium hydroxide gave 
hexachloropropylene, and the latter combined with

chlorine to yield octachloropropane. This method, 
originated by Prins,1 has been improved, as de­
scribed in the experimental part, but it cannot 
be extended to the condensation of fluorinated 
molecules of methane and ethylene, for the reasons 
previously reported.2

The chlorinated propanes were thoroughly puri­
fied before subjecting them to fluorination. This 
precaution was taken because fluorination gives 
only one of the possible isomers at each stage, and 
the isolation of the fluorinated compounds in a 
pure state is much facilitated by starting from 
well-defined material. The fluorination was per­
formed as indicated in the experimental part, but 
the isolation, purification, analysis and descrip­
tion of the new compounds followed the methods 
of preceding papers3 and the results have been 
tabulated.

The reason for describing the fluorination pro­
cedures in detail is that chlorinated propanes may 
Split into one molecule of chlorinated methane and 
one of chlorinated ethylene, which is merely the 
reverse of the condensation reaction by means of

(1) Prins, J . prakt. Chem., [2], 89, 416 (1914).
(2) I ,  Henne and Newman, T h i s  J o u r n a l , 60, 1697 (1938).
(3) Ibid., 56, 1726 (1934); 58, 402, 404, 882, 884, 887, 889 (1936); 

59, 1200, 1400, 2434 (1937).
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which they have been synthesized. Consequently, 
the fluorination products contain compounds 
resulting from the fluorination of the split prod­
ucts, which complicate the separation and affect 
the yields. The fluorinated methane derivatives 
are volatile and escape the field of reaction; the 
other by-products are CCl2= C C l2 and products 
derived therefrom, namely, CCI3CCI3, CC13- 
CCbF, CCI2FCCI2F and CCI2FCCIF2, on the 
One hand, and CHC1=CC12 and its derivatives, 
namely, CHC12CC13, CHC12CC12F and CHC12- 
CCIF2 on the other hand. It should be empha­
sized that this splitting i^ quite important with 
the chlorinated propanes, but vanishes rapidly 
with increasing fluorination of the molecules, as 
is evident from the fact that the by-products are 
related to the starting materials, and not to their 
fluorinated derivatives.

5 10 15

Fig. 1.—Freezing curves. Numbers refer to com­
pounds in Table I. Arrows denote end of stirring.

Determination of Structure.— In the determi­
nation of the structural formulas advantage was 
taken of the fact that fully halogenated com­
pounds are crystalline, in contrast with compounds 
which have hydrogen in the molecule. Even 
with only one hydrogen atom present, the com­
pounds are liquids, and become glassy at very low

temperatures only. It was, therefore, practical 
to substitute the hydrogen by chlorine and isolate 
the resulting fully halogenated compound in a 
state of high purity by alternating fractional dis­
tillation and fractional crystallization. A second 
step of the determination consisted in synthesizing 
three derivatives, CCI3CCI2CO2F, CC13CC12- 
CCIF2 and CCI3CF2CCI3, as described elsewhere.4 
The third step was the reaction with zinc in al­
cohol. This, however, requires qualification.

In general, when a polyhalogenated compound 
is treated with zinc in alcohol, two atoms of 
halogen are removed and a derivative of ethylene 
is formed. It has, so far, been an inflexible rule 
that the heavier halogens are removed preferen­
tially, and an analysis of the zinc salts produced 
is then sufficient to establish the nature of the re­
moved halogens. However, in the present case, 
the situation was complicated by the fact that 
all the resulting ethylenic compounds proved un­
stable, some of them exceedingly so; therefore, 
the procedure had to be modified in order to re­
tain its significance. When the zinc reactions 
were performed, the tests for chloride and fluoride 
ions were made at repeated intervals, as soon as 
the reaction started, and it was found that at that 
stage zinc chloride only was produced. Con­
versely, when the reaction was allowed to proceed 
to completion, it was always found that some fluo­
rine had been removed from the organic molecules, 
and also that much less fluorine than chlorine had 
combined with the zinc; therefore, it was held that 
significance would be attached only to the tests 
performed in the early stages of the zinc reaction, 
when the concentration of reaction products in 
the alcohol was still small, and the decomposition 
of the ethylenic compounds minimized.

Results of the Structure D eterm ination-Syn­
thetic CCI3CCI2CCI2F melts at 97° and is identical 
with the product obtained by fiuorinating C3C18 
(No. 1 in table).

The monofluoride (No. 7) formed from S-C 3H C I 7 

yields zinc chloride only in a treatment with zinc 
in alcohol, and by chlorination in sunlight it gives 
the compound melting at 970. Moreover, it gives 
a mixture of ethylenic compounds boiling over a 
3° range, after treatment with alcoholic potassium 
hydroxide, and this mixture treated with chlorine 
yields the compound melting at 97°, exclusively. 
Its formula is therefore C C I 3C H C I C C I 2F .

(4) T h is  J o u r n a l , 59, 2434 (1937), a n d  p a p e r  now presented fo r 
publication.
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T a b l e  I

Oct., 1938 Fluorinated Derivatives of Propane

M. p., B. p.,
dh

t
No. Compounds °c. °C. t na

1 CCI3CCI2CCI2F 97 .0 236.8
2 CCI2FCCI2CCI2F 2 9 .8 194.2 35 .0 1.79151 1.47191
3 C3CI5FS -  4 .9 152.3 20 .0 1.77023 1.43738
4 CHCI2CCI2CCI2F Glass 210.0 20.0 1.77384 1.50024
5 CHCI2CCI2CCIF2 Glass 168.4 20.0 1.73162 1.45995
6 0-C3HCI4F3 Glass 129.8 20.0 1.69124 1.41767
7 CCI3CHCICCI2F Glass 207 dec. 20 .0 1.76188 1.49836
8 CCI2FCHCICCI2F Glass 167.4 20 .0 1.71720 1.45745
9 CCI3CCI2CCIF2 5 0 .8 193.4

10 CC13C F 2CC13 — 12.9 194.2 20.0 1.8105
11 c c i3c f 2c c i2f A i 8 154.5 20 .0 1.7590

The monofluoride (No. 4) obtained from asym­
metrical C 3H C I 7, treated in the same ways, yields 
ZnCl2 only, is transformed into the compound 
melting at 97° by chlorination, gives, with potas­
sium hydroxide, a single ethylenic derivative 
boiling over a 0.2° range, the chlorination of 
which yields again the derivative melting at 97°. 
Therefore its formula can only be CHFCICCI2- 
CCI3 or CHCI2CCI2CCI2F and a choice can be 
based only on analogy with preceding cases. In 
view of the fact that CC13 groups have always 
been much more easily fluorinated than CHCI2 
groups, and of the fact that the experimental con­
ditions used are regarded as inadequate to attack 
the CHCI2 group, the second formula is adopted.

The difluorides are, without exception, identical 
whether obtained directly, or from the mono­
fluorides. Therefore, one of their fluorine atoms 
is located on an end carbon. By chlorination in 
sunlight, the difluoride (No. 5) from a-C3HCl7 
gives a compound melting at 51°, identical with 
synthetic CCI3CCI2CCIF2. Its formula is there­
fore either CHF2CC12CC13 or CHCI2CCI2CCIF2, 
and the latter is chosen for the reasons given in 
discussing the monofluoride. These reasons be­
come even more convincing when comparing the 
plausibility of a CCIF2 group in contrast to a 
CHF2 group.

The difluoride (No. 8) obtained from S-C3HCI7 
must be CCI2FCHCICCI2F, because it yields zinc 
chloride only, in a zinc treatment, and because its 
chlorination yields a compound melting at 30°, 
identical with the difluoride (No. 2) obtained from 
C3C18. The latter must therefore be CCI2FCCI2- 
CC12F.

The structure of the trifluorides (Nos. 3 and 6) is 
not demonstrated, but can be predicted with 
plausibility. From C3C18, the trifluoride (No. 3) 
should be written CC12FCC12CC1F2, mostly be­
cause it has a relatively high melting point 
(—4°) and the only other possible formula, 
CC12FCC1FCC12F would call for a much lower

n n$ M R d A R f
,-------C l/F ------- -
Obsd. Calcd.

/—Mol. wt.—s 
Obsd. Calcd.

6 .7 6 7 .00 300 303
1.47418 1.48052 45.02 0 .9 8 2 .96 3 .00 289 287
1.43959 1.44510 40.21 1.04 1.65 1.67 268 270
1.50311 1.51012 44.80 0 .6 4 5 .78 6 .00 272 269
1.46241 1.46853 40.09 .95 2 .5 4 2 .50 256 252
1.41967 1.42466 35.27 1.10 1.30 1.33 233 236
1.50105 1.50814 44.94 0 .7 8 6 .1 6 .0 265 269
1.45972 1.46585 40.22 1.02 2 .50 2 .50 252 252

3 .0 5 3 .00 285 287
1.47996 45.00 0 .9 8 3 .00 3 .00 287 287
1.43939 40.46 1.12 1.67 1.67 267 270

e l t i n g p o i n t . Prom S-C3HCI7, t h e t r i f l u o r id e

should be CC12FCHC1CC1F2, mostly because 
the fluorination of a —CHC1— group has never 
been performed with antimony fluoride. It is 
expected that by chlorination in sunlight this 
trifluoride will yield the compound melting at 
— 4°, and thereby prove the structure proposed 
for the trifluoride obtained from C3C18. Finally, 
from a-CsHCb, the trifluoride (No. 6) could be 
either CHC12CC1FCC1F2 or CHC1FCC12CC1F2 
though the ease with which it is obtained mili- 
gates somewhat against the latter formula. By 
chlorination in sunlight, a compound should be 
obtained with a melting point somewhere be­
tween —10 and —15°, as would befit a compound 
written CC13CC1FCC1F2. This is confirmed by a 
preliminary experiment which gave a melting 
point of —13 to —12°.

The above experiments, which are slow and de­
pend on intense sunlight, are under way and will 
be reported together with the preparation of the 
tetrafluorides, which is also under way. It is 
not intended to fluorinate further, as this would 
merely make new compounds, but shed no addi­
tional light on the fluorination course.

Discussion.—The criterion for purity was the 
freezing curve, whenever possible. These curves 
are given and speak for themselves. When the 
compounds formed glasses instead of crystals, the 
Engler distilling range was used, and found to 
be 0.2° or less, except in the case of No. 7, which 
decomposed when distilled at normal pressure 
and gave a 3° range.

The analyses gave rise to the difficulties re­
ported before, which forced the use of the chlor- 
ine/fluorine ratio, instead of the customary per­
centages. The use of this ratio has the disad­
vantage that it is much more affected by small 
experimental errors than are the percentages. 
Nevertheless, the results leave no doubt as to 
the identity of the compounds.

The molecular weights, taken by freezing
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point depression in benzene, gave particularly 
good values. The molecular refraction was 
computed by means of the Lorentz-Lorenz for­
mula. The atomic refraction AR f was obtained 
by subtracting from the molecular refraction the 
required number of carbon increments (2.418), 
chlorine increments (5.967) and hydrogen in­
crements (1.100), and dividing by the number of 
fluorine atoms in the compound considered. The 
atomic refraction increases always with the degree 
of fluorination; it is much more steady in fully 
halogenated compounds than in hydrogen bearing 
derivatives.

Experimental
Preparation of CHCI2CCI2CCI3.—Ten gram molecules of 

tetrachloroethylene, 20 gram molecules of chloroform and 
50 g. of aluminum chloride were placed in a 5-liter round- 
bottomed flask equipped with a reflux condenser and 
heated to gentle boiling during twenty hours. The reac­
tion mixture was cooled and poured into water, washed, 
decanted and dried. A fractional distillation yielded, be­
sides the unreacted material recovered, 6.8 gram molecules 
of a-heptachloropropane, boiling at 163-166° at 90 mm.

Fluorination of CHCI2CCI2CCI3.—Two procedures were 
used, the first to obtain a mixture rich in mono- and di­
fluorides, the second a product rich in di- and trifluorides.

First Procedure.—In a one-liter flask 1160 g. of a- 
C3HCI7 and 740 g. of SbF3Cl2 were placed and vigorously 
stirred so that the temperature of the mixture would never 
exceed 50°. After the mixture had cooled to 30°, it was 
heated slowly to 130-140° and held there for five hours. 
It was then cooled, poured into water, washed with hydro­
chloric acid to remove the antimony salts, then with water 
and dried. These operations gave 907 g. of reaction prod­
ucts containing approximately 60 g. of trifluoride, 315 g. 
of difluoride and 435 g. of monofluoride.

Second Procedure.—In a 3-liter flask 1970 g. of hepta- 
chloride mixed with 1245 g. of SbF3Cl2 was heated to 140- 
150° and held at this temperature for eight hours. The 
subsequent operations were identical with those of the first 
procedure and yielded 1740 g. of crude product which sepa­
rated into 400 g. of trifluoride, and 1000 g. of difluoride, 
approximately. The remainder of the material was com­
posed of ethylenic derivatives, and of fluorinated com­
pounds of ethane, resulting from the splitting of the pro­
pane molecule. The more abundant by-products were 
CC12=CC12, CC13CC12F, CCI2FCCI2F and C2C10.

Preparation of C3Cl8.—Ten gram molecules of CHCI2- 
CCI2CCI3 was placed in a 5-liter flask, equipped with an 
efficient stirrer, and a solution of 600 g. of potassium 
hydroxide in methanol was added dropwise. The heat 
evolved is considerable, and the addition of the hydroxide 
should be slow to avoid splitting the propane molecule. 
After completion of the addition the mixture was stirred 
during an additional hour and then washed with water. 
The hexachloropropylene thus obtained (2300 g.) was 
treated with a slow current of chlorine, in sunlight, and 
with the temperature constantly kept below 50°. When 
crystals of octachloropropane prevented further passage of

the chlorine, the mixture was allowed to stand in sunlight 
until it became snow white. It could then be separated 
by filtration under suction, but this was not done, on ac­
count of the high vapor tension of C3CI8. Fractional dis­
tillation was used instead. The unchlorinated product 
was then returned for a further treatment with chlorine. 
When the operations were conducted with care, and with­
out localized heating, the yields were quantitative.

Fluorination of C3Cls.—Three procedures have been 
used, to obtain mixtures rich in mono-, di- and trifluoride, 
respectively.

First Procedure.—In a round-bottomed flask equipped 
with an air-cooled reflux condenser, 960 g. of C3CI8, 180 g. 
of SbF3 and 40 g. of SbCl5 were heated for eight hours at 
140 °. The following day 30 g. of SbF3Cl2 was added and 
the heating was continued at 140° for another six hours. 
During this treatment, the lower layer containing most of 
the SbF3 gradually liquefied and dissolved in the upper 
layer of organic material. The liquid reaction mixture 
was poured into commercial hydrochloric acid while still 
hot, and washed free of antimony salt. The crude prod­
uct, amounting to 910 g., solidified at room temperature. 
By fractional distillation at 90 mm. it was separated into 
one-half of monofluoride and one-half of unreacted C3Cls.

Second Procedure.—In a round-bottomed flask equipped 
with an air-cooled reflux condenser 1500 g. of C3C18, 560 g. 
of SbF3 and 75 g. of SbCl5 were mixed and heated for five 
hours on a steam-bath. A further quantity of 100 g. of 
SbCl5 was then added in small portions, and the heating 
continued for twenty hours. The reaction mixture, which 
had become progressively homogeneous, was allowed to 
cool before it was poured into aqueous acid, then washed 
and dried. The crude product amounted to 1092 g., from 
which about 750 g. of difluoride was obtained by fractional 
distillation at 90 mm.

Third Procedure.—In a round-bottomed flask equipped 
with an air-cooled reflux condenser 1220 g. of C3C18, 500 g. 
of SbF3 and 75 g. of SbCls were heated on a steam-bath for 
twelve hours. A further portion of 80 g. of SbCb was 
added and heating continued on the steam-bath for two 
hours. The mixture was then cooled, and the liquid layer 
decanted from the crystalline antimony salts into a flask 
equipped with a water-cooled reflux condenser, and 400 g. 
of SbF3Cl2 was added. The reaction was then heated to 
140° without haste, because the fluorination reaction is 
quite active at the start. It is advisable to have a pan of 
ice water ready to chill the mixture if it threatens to escape 
control. After the temperature of 140° had been reached, 
the heating was continued for two hours. Then, after 
complete cooling, the washing, drying and distillation were 
performed as in the preceding cases. The crude product 
amounted to 700 g., and contained about 300 g. of tri­
fluoride.

Preparation of CCI3CHCICCI3.—Trichloroethylene (520 
g.), carbon tetrachloride (1220  g.) and aluminum chloride 
(50 g.) were stirred in a 2-liter flask at 20-30° for forty- 
eight hours. Access of moisture was prevented by thor­
ough drying at the start, by using a mercury seal on the 
stirrer, and by protecting the vent with a calcium chloride 
tube. The reaction mixture was poured cautiously into 
ice water, vigorously shaken, decanted, washed with water, 
dried over calcium chloride and subjected to distillation at
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atmospheric pressure to recover the unreacted materials. 
As soon as this nears completion, the distillation is pursued 
at reduced pressure, with a carbon dioxide trap to stop the 
light boiling compounds. The distillation at 20 mm. gave 
551 g. of chlorinated propane, boiling from 126 to 132°; 
this was a 49% conversion yield. The tar formation 
amounted to 5%, and the remainder of the ingredients 
was recovered unreacted. The reaction did not take 
place at lower temperatures, and resinification increased 
rapidly at higher temperatures. At 70 °, resinification was 
complete. Consequently, the lower conversion yield was 
accepted, and the recovered materials were repeatedly 
re-treated.

Fluorination of CC13CHC1CC13.—Two procedures were 
employed, to obtain products rich in mono- and in di­
fluoride, respectively.

First Procedure.—In a 1-liter round-bottomed flask 500 
g. of s-heptachloropropane, 120 g. of SbF3 and 20 g. of 
SbClg were placed, stirred vigorously for three hours and 
then heated to 70-80 0 for one hour, with stirring continued. 
The mixture was cooled, and its liquid layer, after pouring 
into hydrochloric acid, was washed, dried and distilled at 
90 mm. The crude product amounted to 427 g., of which 
a little more than one-third was monofluoride.

Second Procedure.—Heptachloropropane (916 g.), SbF3 
(520 g.) and SbCl6 (100 g.) were placed in a 1-liter round-

bottomed flask and stirred overnight at room temperature. . 
The mixture was then heated for ten hours on a steam- 
bath, cooled to separate most of the antimony chloride, 
decanted into acid, washed, dried and distilled at 90 mm. 
The crude product amounted to 630 g., of which a little 
more than one-half was the difluoride.

Summary
The syntheses of C3C18, CHCI2CCI2CCI3 and 

CCI3CHCICCI3 have been improved. From these 
compounds, the mono-, di- and trifluorides have 
been obtained by replacement of chlorine atoms 
by fluorine. The formulas of the new deriva­
tives have been established experimentally for the 
mono- and difluorides, and reasoned out for the 
trifluorides. The properties have been tabulated, 
together with those of three additional fluoro- 
chloropropanes which were synthesized inde­
pendently for identification purposes. The course 
of the fluorination has thus been established.
The M idgley F oundation Received July 9, 1938 
Ohio State University 
Columbus, Ohio

[Contribution from the Research Laboratories of the Universal Oil Products Company]

Reaction of Isobutene and Diisobutene with Phenol, with and without Scission of
C-C Linkages

By V. N. Ipatieff, H erman P ines and B. S. Friedman

In previous papers1 it was shown that when 
diisobutene reacts with benzene in the presence 
of sulfuric acid, /-butyl-, ^>-di-/-butyl-, and tri-/- 
butylbenzene are formed. In view of the fact 
that Niederl and Natelson and co-workers2,3 
failed to notice analogous products observed by 
others4 when phenol was treated with diisobu­
tene in the presence of sulfuric acid, it was de­
cided to investigate this reaction.

When Natelson’s3 directions were followed 
closely, the product contained no butylphenol. 
A compound not previously reported, which ap­
pears to be 2,4-di-/-octylphenol [2 ,4-di-(a,a,7 ,7 ,- 
tetramethobutyl) -phenol ], was isolated in ad­
dition to the expected ^-/-octylphenol [p~(a,ar  
7 ,7 ,-tetr amethobutyl)-phenol ].

(1) (a) Ipatieff and Pines, T h i s  J o u r n a l , 58, 1056 (1936); (b) 
Ipatieff and Pines, J . Org. Chem., 1, 464 (1936).

(2) (a) Niederl and Natelson, T h i s  J o u r n a l , 55, 2571 (1933); 
(b) Niederl, Natelson and Beekman, ibid., 53, 272 (1931).

(3) Natelson, ibid., 56, 1584 (1934).
(4) British Patent, 453,335, Aug. 20, 1936; C. A ., 31, 485 (1937). 

Cf. Sm ith and Rodden, T h i s  J o u r n a l , 59, 2353 (1937), who used 
aluminum chloride.

When, however, phenol and diisobutene were 
treated with a large excess of sulfuricacid and the 
temperature allowed to rise to 85%, the product 
was found to contain some ^-/-butylphenol.

The alkylation of phenol with diisobutene in 
the presence of phosphoric acid required a tem­
perature of 150°; and the yield of ^-/-octylphenol 
was quite low. p-t-Butylphenol was isolated and 
identified.

The production of the ^-/-butylphenol could 
have taken place by either of two series of reac­
tions

Diisobutene — >■ 2 z'-C4H8 (A)
Z-C4H8 +  C6H5OH — /-C4H 9-C6H4OH

Diisobutene +  C6H5O H ---->  /-CsHir-CelUOH (B)
C 1 C

p -c —C 5 C—C— C6H4—OH — >  p-t-Ĉ EL̂ —C6H4OH ri­
el c

2,4-(/-C4H9)2C6H3OH

The possibility that reaction could take place 
by (B) is evidenced by the fact that ^-/-octyl- 
phenol heated under pressure to 140° in the pres­
ence of 90% phosphoric acid was cleaved to pro­
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duce both ^-/-butylphenol and 2,4-di-/-butyl- 
phenol. Cleavage also took place at the point of 
attachment of the octyl group to the nucleus, 
yielding phenol and octenes.

The alkylation of phenol with isobutene and 
phosphoric acid at 100° gave good yields of the 
expected products, p-t-butylphenol and 2,4-di- 
/-butylphenol.

Nitration of p-t-butylphenol with hot acetic- 
nitric acids yielded the expected 2,6-dinitro-4- 
/-butylphenol,5 6 but the same reagent effected a 
cleavage of one of the butyl groups in 2,4-di-/- 
butylphenol to form 4,6-dinitro-2-/-butylphenol. 
The structure of the latter compound was estab­
lished by its synthesis from ^-nitrophenol by 
alkylation with isobutene in the presence of phos­
phoric acid, followed by nitration.

The replacement of a tertiary alkyl group by a 
nitro group corresponds to the conversion of 
/-amylphenol6a and /-butylphenol60 into picric 
acid by use of concentrated and fuming nitric 
acids, respectively.

Experimental Part
Phenol and Diisobutene

Experiment A. Small Quantities of Sulfuric Acid.3— 
To a rapidly stirred mixture of one mole each of phenol 
and diisobutene in a flask surrounded by an ice-water bath, 
was added dropwise 2 cc. of 96% sulfuric acid. After the 
mixture had become viscous, the contents of the flask were 
heated to 65° and stirred at that temperature for fifteen 
minutes.

The reaction product was placed along with 4 g. of so­
dium carbonate in a modified Claisen flask and the various 
fractions separated by vacuum distillation. The fraction 
(8 cc.) boiling at 210-215° (29 mm.), n2QD 1.5040, failed to 
crystallize, was soluble in a solution composed of equal 
parts of methanol and 50% aqueous potassium hydroxide. 
It yielded an oil when nitrated. It probably is di-/-octyl- 
phenol.

Anal. Calcd. for C22H380 : C, 83.02; H, 11.94; mol. 
wt., 318. Found: C, 82.53; H, 12.02; mol. wt., 314.

No trace of p-t-butyl- or 2,4-di-/-butylphenols was found.
Experiment B. Large Quantities of Sulfuric Acid.—  

A mixture of two moles each of phenol and diisobutene was 
placed in a flask surrounded with an ice-bath. To this 
was added with stirring 78 g. of 96% sulfuric acid. The 
time of addition was one minute; the temperature inside 
of the flask rose to 85°. After fifteen minutes of stirring 
the temperature fell to 0°. The product was washed with 
water, dried over anhydrous sodium sulfate, and separated 
by vacuum distillation. The fraction (8 cc.) boiling at 
141-152° (26 mm.) consisted chiefly of ^-/-butylphenol, m. 
p. 100° after recrystallization from heptane. Mixed 
melting point with authentic sample was 99-100 0.

(5) Henry and Sharp, J. Chem. Soc., 2434 (1926).
(6) (a) Anschtitz and Rauff, Ann., 327, 211 (1903); (b) Jedlicka,

/ .  prakt. Chem. (2) 48, 98 (1909).

Nitration.—One-half gram of ^-/-butylphenol was 
treated with 2 cc. of a mixture of equal volumes of concen­
trated nitric acid and glacial acetic acid. After five sec­
onds the vigorously reacting mixture was poured onto 
crushed ice. The solid product was separated by filtra­
tion, washed with water; recrystallized from dilute ethanol 
it yielded 2,6-di-nitro-4-/-butylpheuoi, in. p. 95-96°.

Experiment C. Phosphoric Acid.—-Ninety-two grams 
of phenol, 57 g. of diisobutene, and 50 g. of 90% phosphoric 
acid were placed in the glass liner provided with a capillary7 
and heated at 150° for six hours in an Ipatieff type rotating 
bomb. The bomb was charged with 20 atmospheres of 
nitrogen in order to keep the material within the glass liner 
during the run. The product was washed with water, 
dried, and upon distillation in vacuum yielded, besides 
phenol, 22 g. of unreacted diisobutene, 16 g. of p-(a,a,y,y- 
tetramethobutyl)-phenol (b. p. 169-181° (28 mm.), m. p. 
84-85°) and 4 g. of ^-/-butylphenol.

Phenol and Isobutene with Phosphoric Acid.—Iso­
butene was passed into a rapidly stirred mixture of 94 g. of 
phenol and 30 g. of 89% phosphoric acid kept at 100° until 
100 g. was absorbed. The product after being washed 
with water, dried, and distilled under reduced pressure, 
yielded 84 g. (40% yield based on phenol) of ^-/-butyl- 
phenol, m. p. 99-101°, and 62 g. (30% yield based on 
phenol) of 2,4-di-/-butylphenol 143-147° (20 mm.), w20d 
1.5080. The latter solidified only after being seeded with 
some authentic (Eastman) 2,4-di-/-butylphenol; m. p. and 
mixed m. p. 55°.

Nitration of the dialkylated phenol with acetic-nitric 
acid yielded 4,6-dinitro-2-/-butylphenol, yellow plates 
from dilute ethanol; m. p. 123-124°; mixed m. p. with 
specimen prepared from ^-nitrophenol (see below) by 
alkylation and nitration was 122-123°.

Calcd. for CioH120 5N2: C, 50.00; H, 5.00; N, 11.66. 
Found: C, 50.11; H, 5.13; N, 11.35.

£-(tt,a,7 ,7 -Tetramethobutyl)-phenol with Phosphoric 
Acid. (A) At 200°.—One hundred and twenty-two 
grams of £-(<*,a,7 ,y-tetramethobutyl)-phenol, b. p. 170- 
175° (28 mm.), and 25 g. of 90% phosphoric acid were 
heated for five hours at 200° under nitrogen pressure (20 
kg./sq. cm.) in an Ipatieff rotating bomb equipped with a 
glass liner. The product was washed with a small quan­
tity of saturated sodium sulfate solution, dried over 
anhydrous sodium sulfate, and distilled under reduced 
pressure.

The fraction (9 g.) boiling at 62-130° (30 mm.) was ex­
tracted with alkali and found to contain 4 g. of phenol and
7.5 cc. of hydrocarbons. The identity of the phenol was 
established by converting it to 2,4,6-tribromophenol, m. p. 
and mixed m. p. with authentic sample 91-92°. The 
hydrocarbons were separated by distillation into the follow­
ing fractions: 1, 4.3 cc., 100-115°, n20d 1.4189; 2, 1.0 cc., 
115-125°, 1.4233; 3, 0.8 cc., 126-165°, 1.4300; 4, 1.0 cc., 
165-185°, 1.4446. Fraction No. 1 is probably a mixture of 
octenes.

Anal. Calcd. for C8Hi6: C, 85.63; H, 14.37. Found: 
C, 85.74; H, 14.15.

The fraction (32 g.) boiling at 135-143° (28 mm.) was 
extracted with 10% potassium hydroxide. The alkali in-

(7) Grosse. This Journal, 60, 212 (1938).
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soluble material (12 g.) consisted chiefly of 2,4-di-/-butyl- 
phenol identified by conversion into the nitro derivative 
described in the preceding experiment. The alkali soluble 
material, recrystallized from heptane, melted at 101°. 
Mixed with an authentic sample of ^-/-butylphenol, it 
melted at 100-101°.

(B) At 140°.—One hundred grams of p-(ct,cL,y,y-tetra- 
methobutyl)-phenol and 25 g. of 90% phosphoric acid 
heated six hours at 140° in an autoclave under 20 atmos­
pheres of initial nitrogen pressure yielded 2 g. of phenol,
5.6 cc. of hydrocarbons, a 6-g. fraction containing 2,4-di-/- 
butylphenol, and a 12-g. fraction containing ^-/-butyl- 
phenol.

Synthesis of 4,6-Dinitro-2-/-butylphenol.—Fifteen grams 
(0.107 mole) of ^-nitrophenol, 18.6 g. (0.33 mole) of iso­
butene and 17.5 g. of 90% phosphoric acid was placed in a 
glass liner and heated at 100° for four hours in an Ipatieff 
type rotating bomb. All of the isobutene reacted to yield 
a product containing, besides unreacted ^-nitrophenol, a 
tarry substance. The reaction mixture was diluted with 
water and extracted with ether. The ether solution was 
treated with 10% potassium hydroxide; the 2-/-butyl-4- 
nitrophenol was precipitated by bubbling carbon dioxide 
through the yellow alkali solution. The precipitate was 
separated by filtration and washed with water. When 
purified by recrystallization from dilute alcohol (norite), 
it formed colorless flakes, m. p. 138.5-139.5°, yield 15%.

Anal. Calcd. for C10Hi8NO3: N, 7.17. Found: N, 
7.22.

Forty milligrams of the 2-/-butyl-4-nitrophenol was 
heated on a water-bath for two minutes with 0.5 cc. of 
concentrated nitric acid and 1.0 cc. of acetic acid. The 
reaction mixture was diluted with crushed ice and water, 
and the product taken up with ether. The ether solution 
was washed with water and evaporated on a water-bath. 
The residue, recrystallized from dilute alcohol, formed 
yellow plates, m. p. 122-123°; mixed m. p. with a specimen 
formed by nitration of 2,4-di-/-butylphenol was 122-123°. 
Mixed m. p. with picric acid was 95°.

Summary
4-/-Butylphenol and 2,4-di-/-butylphenol have 

been obtained in the alkylation of phenol with 
diisobutene at higher temperatures either with 
phosphoric acid or a large excess of sulfuric acid 
as catalyst.

When p-{aya, y, y-tetramethobutyl)-phenol was 
heated under pressure with phosphoric acid, the 
side chain was cleaved to produce phenol, octenes, 
^-/--butylphenol, and 2,4-di-/-butylphenol.

Phenol was readily alkylated by isobutene in the 
presence of phosphoric acid at 100° to produce 
^-/-butylphenol and 2,4-di-/-butylphenol in 40 
and 30% yields, respectively.
R iv e r s id e , III . R e c e iv e d  J u l y  8 , 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , U n i v e r s it y  o f  S o u t h  C a r o l in a ]

Preparation of Some Lower Alkyl Chlorides from the Corresponding Alcohols Using 
Zinc Chloride and Concentrated Hydrochloric Acid

B y Atherton M. Whaley and J. E. Copenhaver

Because of the importance of the alkyl chlo­
rides, this study was undertaken to determine the 
best procedure for the zinc chloride and hydro­
chloric acid method. This paper deals principally 
with //-propyl, //-butyl and 5-butyl chlorides. 
Excellent reviews of the preparation of alkyl 
chlorides by this method are given by Dehn 
and Davis,1 Norris and Taylor2 and Clark and 
Streight.8 The procedure of Norris and Taylor 
generally has been used and requires six to seven 
hours to produce 64-66% yield of butyl chloride, 
for example, from three moles of butyl alcohol. 
By the method described below, the yield was 
raised to 76-77% and the time shortened to one 
hour.

(1) Dehn and D a v is , T h is  J o u r n a l , 29, 1328 (1907).
(2) Norris and Taylor, ibid., 46, 753 (1924); Org. Syntheses, 5, 27 

(1925).
(3) Clark and Streight, Trans. Roy. Soc. Can., [3] 23, Sec. 3, 

77 (1929).

The above investigators, as well as Guyer, 
Bieler and Hardmier,4 * have found that approxi­
mately two moles of zinc chloride for each mole 
of alcohol, which conclusion was confirmed in 
this investigation. It was found that long con­
tact of the alkyl chlorides with the zinc chloride- 
hydrochloric acid mixture caused decomposition 
and polymerization, and better results were ob­
tained by removing them from the reaction flask 
as soon as formed. Many catalysts have been 
tried by other workers but none seemed to be 
more effective than zinc chloride, hence it has 
been used throughout this investigation.

Experimental
The reaction flask for a one-mole run was a one-liter 

round-bottomed, short-necked flask, attached to an up­

(4) Guyer, Bieler and Hardmier, Helv. Chim. Acta., 20, 1462
(1937).



2498 Atherton M. Whaley and J. E. Copenhaver Vol. 60

right water-jacketed condenser, which acted as a fraction­
ating column. This must be efficient and long enough to 
give ease of control of the reflux. The top of this carried a 
thermometer and a goose-neck connecting an efficient 
downward condenser. This condenser was attached to a 
200-cc. trap, surrounded by an ice-salt mixture, from 
which the hydrogen chloride escaped into a water absorber. 
A second trap, similarly cooled, increased the yield from 3 
5%. Rubber stoppers were used throughout.

Two moles of zinc chloride was dissolved completely in 
two moles of concentrated hydrochloric acid, cooling if 
necessary to prevent the loss of hydrogen chloride. This 
solution and one mole of alcohol were mixed thoroughly in 
the reaction flask and heated on a paraffin-bath. It 
usually required from ten to fifteen minutes for the reaction 
to start, which was determined by vigorous boiling. The 
best average bath temperatures for the three chlorides 
were as follows: «-propyl, 138-140°; «-butyl, 150-155°;
5-butyl, 125-130°. This temperature was kept as low as 
possible to reduce polymerization. By the water in 
the jacket, the reflux temperature was controlled so that it 
was approximately the boiling point of the alkyl chloride 
and never allowed to rise higher than 1-2° above that 
point. For the three chlorides, these temperatures were 
respectively: 45-50, 68-8Ó and 65-69°. When evolution 
of the chlorides slackened, the temperature of the bath was 
raised to 160°. The reaction time averaged from fifty to 
sixty minutes for «-propyl and «-butyl and thirty minutes 
for 5-butyl chloride.

The crude alkyl chloride, which averaged from 90-95% 
yield, was washed with cold water, repeatedly with small 
portions of coned, sulfuric acid5 and finally with very dilute 
sodium carbonate, the latter being added very little at a 
time to prevent emulsions. The alkyl chlorides were 
dried over calcium chloride.6

Distillation was made from a 200-cc. flask with a 23-inch 
(58 cm.) punched-in column, at a rate of one to two drops 
per second and the product collected at a maximum over a 
2° range. The foreshot usually contained some unsatu­
rated derivatives and a slight residue remained in the flask. 
The yields averaged as follows: «-propyl, 70-72%; «- 
butyl, 76-77% and 5-butyl, 83%.

(5) McCullough and Cortese, T h i s  J o u r n a l , 51, 225 (1929); 
Sherrill, ibid., 52, 1982 (1930).

(6) “ Org. Syntheses, John W iley and Sons, New York, N . Y.,
Vol. I, 1921, p. 11.

Discussion
Our results agree with those of Dehn and Davis, 

that all of the zinc chloride must be dissolved 
before the reaction is started and with Norris,7 
that more than 1.25 moles of zinc chloride per 
mole of alcohol is necessary, and, further, that 
too large an excess of hydrochloric acid decreases 
the yield. Too much zinc chloride causes poly­
merization and less prolongs the reaction time. 
Dry-Ice around the receivers produces larger 
crude yields, due principally to dissolved hy­
drogen chloride, i-Butyl alcohol was used in one 
experiment but excessive rearrangement and 
polymerization cut the yield to 10%, the bath 
being held at 130° and the reflux temperature 
at 60-70°. The crude product boiled from 55- 
180°. One three-mole run with n-butyl alcohol 
gave the same consistent percentage yield. It 
was shown that the mechanical loss from washing 
and distilling averaged from 5-8% by running a 
blank on known quantities of propyl alcohol, 
propyl chloride and water. This loss was less 
for butyl chloride because of its lower vapor 
pressure.

The authors wish to express their sincere ap­
preciation to Dr. E. Emmet Reid, Research Ad­
visor at the University of South Carolina, for his 
valuable suggestions and help in the course of this 
investigation.

Summary
A procedure is given for the preparation of n- 

propyl, w-butyl and 5-butyl chlorides, by the zinc 
chloride-hydrochloric acid method, in better 
yields and in a much shorter time than has been 
reported previously.
C o l u m b ia , S. C. R e c e iv e d  A u g u s t  8, 1938

(7) Norris, In d . Eng. Chem., 16 ,184 (1924).
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[Contribution from the Chemical Laboratory of the University of Illinois]

The Alkylation of Naphthalene with Alcohols and Boron Fluoride. The Mechanism
of the Reaction

B y  C h a r l e s  C . P r ic e  a n d  J o se ph  M . C xskow ski

The alkylation of benzene by alcohols in the 
presence of boron fluoride has been reported by 
McKenna and Sowa1 to yield, in addition to 
monoalkylated benzene derivatives, disubstituted 
products in which the second alkyl group entered 
the ring para to the one already present. Since 
this orientation differed from that usually re­
ported for Friedel-Crafts alkylation, the present 
investigation was undertaken to determine 
whether a difference in orientation might exist in 
the case of naphthalene as well. It was of par­
ticular interest to investigate this possibility since 
it might lead to a method for preparing the a- 
alkylnaphthalenes, in contrast to the readily 
available /3-isomers prepared by the Friedel- 
Crafts reaction.

Naphthalene was alkylated smoothly and 
rapidly on passing boron fluoride into a suspension 
of the hydrocarbon in isopropyl, cyclohexyl, t- 
butyl, or benzyl alcohol. The reaction was usu­
ally quite rapid, exothermic and accompanied by 
the development of a color characteristic of the 
alcohol used. This color always faded on wash­
ing with dilute alkali to remove the catalyst. 
The reaction is superior to the Friedel-Crafts re­
action in these instances in that a cleaner product 
is obtained with a larger yield, frequently in a 
much shorter time.

The monoalkylated material, however, con­
sisted chiefly of the /3-isomer except in the case of 
benzyl alcohol, in which case a-benzylnaphtha- 
lene was the chief product, accompanied by a 
small amount of the /3-isomer. Roux2 has re­
ported the preparation of 0-benzylnaphthalene 
from the hydrocarbon and benzyl chloride at 
160°. Even in this case, however, the a-isomer 
results when the reaction is carried out at 90° for 
only a very short time.

Sowa3 has proposed that the mechanism for 
alkylation reactions using boron fluoride as a 
catalyst, with esters and ethers as well as alcohols, 
consists primarily in the formation of an olefinic

(1) M cKenna and Sowa, T h i s  J o u r n a l , 59, 470 (1937).
(2) Roux, A n n . chim. phys., [6] 12, 330 (1887).
(3) (a) M cKenna and Sowa, T h i s  J o u r n a l , 59, 470 (1937); (b )  

M cK enna and Sowa, ibid., 59, 1204 (1937); (c) O’Connor and Sowa, 
ibid., 60, 125 (1938).

hydrocarbon to which the aromatic compound 
then adds under the influence of the catalyst. 
In support of the view is the fact that olefins may 
be condensed with aromatic compounds to form 
the corresponding alkylated product. Slanina, 
Sowa and Nieuwland4 have reported this reaction 
but the boron fluoride was always used in con­
junction with a co-catalyst, the most effective of 
which was sulfuric acid. This acid, of course, 
could readily convert the olefin to the alcohol or 
its sulfate.

Naphthalene was therefore treated with an 
olefin, cyclohexene, in the presence of boron 
fluoride alone. A moderately good yield of /3- 
cyclohexylnaphthalene was obtained, indicating 
that direct, catalytic addition of an aromatic 
compound to an olefin is possible in the presence 
of this catalyst.

Two experimental facts, however, cannot be 
accounted for on the basis of the olefin mecha­
nism. In the first place, it has been found that 
cyclohexanol, which reacts with naphthalene 
readily, can be recovered quantitatively after 
treatment with boron fluoride under conditions 
considerably more drastic than those required for 
alkylation. Not even traces of the olefin were 
detected.

Secondly, the formation of an olefin as an inter­
mediate is impossible in the case of the benzyl 
group, which may be introduced as readily as any 
secondary or tertiary alkyl groups.

It therefore seems quite apparent that the ease 
of reaction is dependent not on the ease of olefin 
formation but on the frequently parallel activity of 
the alcoholic hydroxyl group. It is a well-known 
fact that benzyl and allyl alcohols, the only pri­
mary alcohols condensing readily with aromatic 
compounds, behave in a manner similar to second­
ary and tertiary alcohols in reactions involving 
replacement of the hydroxyl group.

Therefore, a much more likely mechanism for 
the catalytic effect of the boron fluoride may be 
still further weakening of the carbon-oxygen 
bond in the association complex formed between 
the catalyst and the oxygen-containing organic

(4) Slanina, Sowa and Nieuwland, ibid., 57, 1547 (1935).
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molecule. This may be represented by the fol­
lowing scheme in which R represents an alkyl 
group while R ' may be a hydrogen atom, an alkyl 
group or an acyl group.

R' F 
R : Ö : -f B : F

F
R

r ; r

0 :3:1 
F

(itf
F

(I )
R + +

t i

R ; F 
: Ö : B :

F

tions are written as reversible since, at least in the 
case of the Friedel-Crafts reaction, the reversi­
bility is well known.

The ionic nature of this latter reaction seems to 
be a well-established fact. Dougherty5 
suggested that ionization of the alkyl halide 
was a portion of the catalytic effect of alu­
minum chloride.

: R : X :  +  A1C1* : R + -  pCAlCla]-
R : O : B : F 

F
+  R' +

That the bonds to the oxygen are actually weak­
ened in this complex is demonstrated by the fact 
that the boron fluoride-alcohol complexes are 
strong acids, the hydrogen-oxygen bond having 
been weakened so as to become almost entirely 
ionic. Since this bond has been weakened enough 
to ionize it does not seem unreasonable that the 
carbon-oxygen bond might also ionize at least to 
a limited extent.

With mixed ethers the mode of ionization will 
depend on the two alkyl groups present. For in­
stance, benzyl ethyl ether would be expected to 
ionize more readily to give the benzyl ion than the 
ethyl ion. In the case of esters apparently the 
only dissociation is according to (I) since esters 
in the presence of boron fluoride have been re­
ported as alkylating agents but not acylating 
agents.3b

The positive carbonium ion thus produced may 
then be considered to be the active alkylating 
agent. Actually, of course, a free alkyl ion need 
exist only momentarily in the mixture just as a 
free hydrogen ion may have only a fleeting exist­
ence. For convenience, however, we may write 
the reaction using the free ion.4a

:R+ +

H .C H
n ' %CH

H CH
CH

’ H . CH 
:R:C V h

Vr.- /  
h  c h

CH

: R : C
CH

^CH

fr. /
H CH

CH
+ H*

The reagent necessary may not be a free alkyl ion 
as indicated but anything capable of the donation 
of such an ion to the aromatic nucleus. The equa-

(4a) Since the preparation of this paper for publication D ilthey  
[Ber., 71, 1350 (1938)] has suggested this same mechanism for acyla­
tion by the Friedel-Crafts reaction.

Wertyporoch,6 however, did not believe, as 
Dougherty had proposed, that any further 

activation of the aromatic nucleus was necessary. 
Substantiation of this modification of Dougherty's 
views on the reaction is obtained from the kinetic 
study of a Friedel-Crafts alkylation by Ulich and 
Heyne.7 They found definite evidence for the 
formation of the complex between alkyl and metal 
halides and, in fact, were able to derive the equilib­
rium constant for its formation.

C3H7C1 +  m c i3 C3H7CIMCI3
The rate of the alkylation was directly propor­
tional to the concentration of this complex and 
of the hydrocarbon, indicating that any further 
function of the catalyst in activating the latter is 
negligible.

dx/dt =  K ' [C3H7CIMCI3 ] [C6H6 ]
The rearrangements taking place in the alkyl 

radical during either the Friedel-Crafts reaction 
or alkylation with boron fluoride offer no difficul­
ties on the basis of the reaction scheme as out­
lined. The products are always those predicted 
by Whitmore's theory of molecular rearrange­
ments,8 since in every case the electron deficiency 
in the alkyl ion has migrated from a primary to a 
secondary or from a secondary to a tertiary carbon 
atom.

The reaction of the olefins themselves may also 
be accounted for on the basis of the electron 
affinity of boron fluoride or aluminum chloride.

R R
H : C F H:: C ( +)XXXX+  B: F XX
H : C F H : C x BF:

H H
This complex, like the alkyl cation, has a carbon 
atom deficient in a pair of electrons and could re­
act with the unsaturation of the benzene ring in a 
similar manner, even though in this case the ac­
tive intermediate has no resultant charge.

(5) Dougherty, T h i s  J o u r n a l , 51, 576 (1929).
(6) Wertyporoch and Firla, A n n ., 500, 287 (1933).
(7) Ulich and Heyne, Z. Elektrochem., 41, 509 (1935).
(8) Whitmore, T h is  J o u r n a l , 54, 3274 (1932).
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R , x 
H : C( + )

H .
C

CH
% 2H ( - )  !? *  ? . c \  

->  FaB S C S C : C ‘
H H "h - c V b f .

4* !!
C

! -  
• / CH

H H ’ CH
( + ) H ' C ^

CH
I

.CH

CHa— CH-. /C H .
XCH/ ^CH

;Hw CH

t f ' B .  R H . C H
x C 5 C: C ^ CH

H H
(+)C . / '

h CH
CH

+  b f 3

Actually the reversal of the alkylation 
may be considered to be the substitution 
of hydrogen' in place of an alkyl group. 
In 1,3,4-trialkylbenzene the 1- and 3- 
groups both orient the incoming hydrogen 
to the 4-position so this is the alkyl group 
which would most easily be replaced, thus 
forming, of course, the meta-dialkylben- 
zene. Replacement of the 1-alkyl group, 
taking place to a lesser extent, would be 
the source of the ortho-isomer, which is 
not reported in the case of the boron

The final step, after the dissociation of the boron 
fluoride, is merely the a,7 -shift of a proton. Ex­
perimental confirmation of the reversible asso­
ciation of boron fluoride with one pair of electrons 
of an olefinic linkage is anticipated.

This same general mechanism may be used to 
account for the catalytic polymerization of olefins 
with boron fluoride or aluminum chloride. In 
this case the olefin-metal halide complex would 
associate with the double bond of a second olefin 
molecule rather than one of an aromatic ring as 
above.

The mechanism for alkylation and acylation of 
aromatic compounds is thus analogous to that 
for bromination9 which also takes place through 
the intermediate addition of an electron deficient 
ion, the bromine cation, followed by elimination of 
a proton.

It is necessary, however, to account for the fact 
that aluminum chloride leads to the formation of 
predominantly meta as well as ortho and para 
dialkylated material from benzene whereas with 
boron fluoride the para isomer is formed almost 
exclusively. This difference may be due 
to the fact that the Friedel-Crafts reaction 7/ \  
is reversible. When alcohols rather than | |
alkyl halides are used, however, the water 
formed may hydrolyze the catalyst and thus 
prevent reversibility. The formation of a 
meta-dialkylbenzene in spite of the ortho­
para-directing influence of the first group to 
enter may then be accounted for by the 
reaction scheme shown.10

fluoride-alcohol reaction.

Experimental
Alkylation of Naphthalene.—Since the procedures used 

were quite similar, the results for the various alcohols have 
been summarized in Table I. In each instance naphtha­
lene (50 g.) was suspended in the alcohol and boron fluoride 
gas11 was passed in until two layers separated (fifteen to 
thirty minutes). The reaction mixture was allowed to 
stand for periods varying from five minutes to two days 
and then washed with dilute alkali, filtered from any 
starting material which may crystallize (5-10 g.), dried 
and fractionally distilled. The reaction mixtures always 
developed a color dependent on the alcohol used. With 
cyclohexyl the color was red, with tertiary butyl purple, 
with isopropyl green, and with benzyl blue. It always 
faded on addition of alkali to hydrolyze the catalyst.

That the triisopropylnaphthalene should have the same 
boiling point as the 0-isopropyl derivative seems quite 
astonishing but this point was checked several times.

Attempted Dehydration of Cyclohexanol.—Cyclohexanol 
was saturated with boron fluoride and kept at 100 ° for an 
hour and a half but no cyclohexene was formed although 
the temperature was above that required for the alkylation 
of naphthalene in one-third this time. The alcohol-boron 
fluoride complex was decomposed with dilute alkali and 
the alcohol recovered quantitatively. Its identity was

R R
/ \

+  RC1 +  HCl +  RC1
u  u *

| | r C1 HClj'j,

R R
RC1 HCl / S

HCl -f : h c i  +
\ /

R R
IR \ /

R
R

+  RC1

(9) (a) Pfeiffer and Wizinger, A n n ., 461, 132 (1928); (b) Price and 
Arntzen, T h is  J o u r n a l , 60, in p re ss  (1938).

(10) Baddeley and Kenner [J . Chem. Soc., 303 (1935)], have 
suggested this mechanism but claimed their experimental work was 
not in agreement. From 1,2,4-trbw-propylbenzene, on treatment 
with aluminum chloride, they obtained a considerable quantity (35- 
40%) of m-di-ra-propylbenzene as well as the symmetrical trisub- 
stituted derivative. The results were interpreted against the mecha­
nism, however, since the authors claimed (apparently with little ex­
perimental evidence) that the migrating alkyl group had undergone

checked by the preparation of the phenylurethan deriva-

no isomerization. Nightingale and Sm ith (96th M eeting of the 
American Chemical Society, Milwaukee, Sept. 5, 1938) have reported 
that such isomerization does occur during the migration of the butyl 
groups in rearrangements of l,3-dimethyl-4-butylbenzenes. m  
Xylene was one of the prbducts in each case. The experimental 
evidence, therefore, seems entirely in agreement with this mechanism 

(11) The compressed gas was obtained from the Harshaw Chemica 1 
Co., Cleveland, Ohio, and found inost convenient and satisfactory.
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T a b l e  I

A l k y l a t io n  o f  N a p h t h a l e n e  w it h  B o r o n  F l u o r id e  a n d  A lc o h o l s

Alcohol 
Cyclohexyl 

(1.2 moles) 
Tertiary butyl 

(2.3 moles) 
Isopropyl 

(1.5 moles) 
Isopropyl (4 moles) 
Benzyl

(1.1 moles)

Product (yield®)
/3-Cyclohexyl- (63%) 
Dicyclohexyl-6 (9%) 
jS-*-Butyl- (62%) 
Di-/-butyl- (5%) 
jS-Isopropyl- (35%)

Triisopropyl-0 (57%) 
a-Benzyl- (28%) 
/3-Benzyl- (2%) 
Dibenzyl- (15%) 
Tribenzyl- (20%)

200-205

265-275
320-330

(m. p. 58°)/

- M d-
°c. Mm. n^D <f2525 Calcd. Found

190-195 15 1.5973d 1 .020d 69.95 69.7
215-225 7
140-145 13 1.5685 0.979 60.1 58.3
180-185 13
265-270 760 1.5775 .974 55.5 57.5

265-270 760 1.5566 .946 87.15 86.6

Picrate, 
m. p., °C.

100d

99e
154*

1007 
93 y

* Yield calculated on the basis of naphthalene consumed. 6 Mol. wt. calcd. 292; mol. wt. found (ebullioscopically in 
benzene), 291. c Mol. wt. calcd. 254; mol. wt. found 255, 246. Anal. Calcd. for Ci9H26: C, 89.76; H, 10.24. Found: 
C, 89.93; H, 10.62. d Bodroux, Ann. chim. phys., [10] 11, 536 (1927). * Barbot, Bull. soc. chim., [4] 47, 1314 (1930). 
f Roux, Ann. chim. phys., [6] 12, 330 (1887). 9 Fieser and Price, T h is  J o u r n a l , 58,1842 (1936).

tive, m. p. 82 °. This seems to prove that under conditions 
of rapid and easy alkylation no olefin formation occurred.

Cyclohexylnaphthalene from Cyclohexene.—That olefins 
will react with naphthalene in the presence of boron 
fluoride alone, however, was demonstrated by bubbling 
this catalyst through 50 g. of naphthalene in 48 cc. of 
cyclohexene for an hour and a half. No layers separated 
in this case. After standing for a day the mixture was 
washed with water and alkali, 15 g. of naphthalene was 
recovered and the mixture dried and distilled. A yield of 
20 g. (35%) of /3-cyclohexylnaphthalene was obtained. It 
was identified by its physical constants and the melting 
point of its picrate.

Summary
The alkylation of naphthalene with alcohols

using boron fluoride as a catalyst leads to the for­
mation of the /3-alkyl derivatives, with the excep­
tion of benzyl alcohol which yields largely a- 
benzylnaphthalene.

A mechanism for the catalytic effect of boron 
fluoride in aromatic alkylation is proposed involv­
ing the formation of alkyl cations which may then 
react with the aromatic nucleus.

A mechanism is suggested for the formation of 
meta-dialkylbenzene from the alkylation of ben­
zene by the Friedel-Crafts reaction.

Urbana, I l l in o is  R e c e iv e d  J u l y  5, 1938

[C o n t r ib u t io n  fr o m  R o h m  & H a a s  C o m p a n y , I n c . ]

Friedel-Crafts Condensation with Arylalkylene Ether Chlorides
B y  H e r m a n  A l e x a n d e r  B r u so n  a n d  J o h n  W . E a s t e s

While attempting to treat /3-phenoxy-/3'~chloro- 
diethyl ether with anhydrous aluminum chloride 
sSo as to form a possible chain condensation prod­
uct by the elimination of hydrogen chloride from 
a plurality of molecules according to equation (A)

AlCls
CfiHir- O—C2H4—O—C2H4CI— --- >
C6H5~ O—C2H4—O—C2H4(—C6H4—O—C2H4—0 -~ 

C2H4)*—CeH4—O—C2H4—O—C2H4.. .  +  HCl (A)

it was observed that practically no reaction oc­
curred at temperatures as high as 70°, and that the 
starting material could be recovered substantially 
unchanged.

The unusual resistance of the ether linkages to 
splitting by the aluminum chloride, and the fail­
ure of the terminal aHphaticaUy bound chlorine

atom to react with the phenyl nucleus at tem­
peratures of about 50-60°, where Friedel- 
Crafts reactions ordinarily take place with ease, 
suggested the possibility that other typical alky­
lating or acylating agents would condense prob­
ably with the benzene ring according to the cus­
tomary synthesis, so as to alkylate or acylate the 
phenyl nucleus without affecting the ether link­
ages or the terminal chlorine atom.

Such compounds, where the alkyl group is of 
sufficient chain length and of the proper configura­
tion, are intermediates for the synthesis of newer 
detergents and wetting agents, and are of interest 
also in other fields of organic research,1

(1) Bruson, U. S. Patents (a) 2,097,441; .(b) 2,098,203; (c)
2,107,366; (d) 2,107,367; (e) 2,115,250; (f) 2,115,192.
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I t was therefore of interest to try various alky­
lating and acylating agents upon aryloxyalkylene 
ethers of the type R-0-CH 2CH2Cl and R-O- 
CH2CH2- 0 -CH2CH2Cl where R is an aryl nu­
cleus.

I t was found that aromatic ether chlorides of 
this type condensed with acid anhydrides, acyl 
halides, alkyl halides or olefinic compounds in the 
presence of anhydrous aluminum chloride to yield 
the corresponding nuclear acyl or alkyl derivatives 
without any appreciable scission of the ether 
linkages or elimination of the terminal chlorine 
atom.

Phthalic anhydride, for example, condensed 
with /3-phenoxy-/3'-chlorodiethyl ether to give 
/3-chloroethoxyethoxybenzoyl-p-benzoic acid (I). 
Similarly, /3-phenoxyethyl chloride yielded the 
corresponding acid (II). Both are crystalline 
compounds. Attempts to obtain the next higher 
homolog (III) by the use of /3-phenoxyethoxy-(3'- 
chlorodiethyl ether yielded a sirupy acid.
C6H4(COOH)—-CO—C6H4—O—CH2—CH2—O—

CH2CH2CI (I)
C6H4(COOH)—CO—c 6h 4—O—CH2CH2C1 (II)
c 6h 4(c o o h )—c o —- c 6h 4—o —c h 2c h 2—o —c h 2—

CH2—O—CH2CH2CI (III)

The tendency for these compounds to form is 
so great that they may be obtained even when ben­
zene is employed as an “inert” solvent for the 
reactants since no appreciable quantity of benzoyl-
0-benzoic acid is formed under the conditions used.

The introduction of an ortho substituent, 
namely, a chloro, methyl, or methoxy group in the 
phenyl radical of the chloro alkylene ether used, 
did not prevent the condensation from, taking 
place, the corresponding compounds IV, V and 
VI being obtained in crystalline form. However, 
the presence of a para alkyl substituent (methyl) 
prevented the condensation under the same con­
ditions. It is believed therefore that the para 
position to the phenol ether link, is the position 
occupied by the entering phthaloyl group.
C6H4(COOH)—CO—C6H3(C1)—o - c h 2c h 2—o—

CH2CH2C1 (IV)
C6H4(COOH)—CO-CeHsCCHs)—o—c h 2c h 2—o—

CH2CH2C1 (V)
C6H4(COOH)—CO—CeHsCOCHs)—O—CH2CH2—O—

CH2CH2C1 (VI)
The condensation of /3-(2-naphthoxy)-/3'-chloro­

diethyl ether with phthalic anhydride likewise 
yielded the corresponding chloroethoxyethoxy 
naphthoyl c-benzoic acid (VII) in crystalline 
form.

In a similar manner, succinic anhydride and 
maleic anhydride each were condensed with /?- 
phenoxy-'-chlorodiethyl ether to form the corres­
ponding chloroethoxyethoxybenzoylpropionic acid
(VIII) and chloroethoxyethoxybenzoylacrylic acid
(IX) , respectively.
C1CH2CH2—O—CH2CH2—O—C6H4— CO—

CH2CH2COOH (VIII)
C1CH2CH2—O—CH2CH2—O—C6H4—CO—C H =

CH—COOH (IX)

Finally, /3-phenoxy-/3'-chlorodiethyl ether con­
densed with acetic anhydride or acetyl chloride 
to yield chloroethoxyethoxyphenyl methyl ke­
tone (X) and with n-butyl chloride to give butyl- 
phenoxyethoxyethyl chloride (XI), both of which 
were oils. •

The unusual stability of the linkages and the 
terminal chlorine atom in the beta-aryloxy ether 
chlorides of the type R-0-CH 2CH2Cl and R-O- 
CH2CH2-0-C H 2CH2Cl was still more striking 
when attempts were made to alkylate the aroma­
tic nucleus by means of olefins or alcohols.

Diisobutylene condensed readily with /3-phen- 
oxy-/3'-chloro diethyl ether in the presence of con­
centrated sulfuric acid to give the corresponding 
P-(p-t-octylphenoxy)-@'-chlorodiethyl ether (XII), 
which was identical with the product obtained 
by the half etherification of ftjö'-dichlorodiethyl 
ether and p-a, a, 7 ,7 -tetramethylbutylphenol.lb

Furthermore, even at temperatures as high as 
180° it was possible to alkylate the aromatic 
nucleus of these ethers with a long chain higher 
alcohol, in the presence of surface-active siliceous 
clays (“Tonsil”) without appreciable splitting 
off of hydrochloric acid or scission of the ether 
linkages. In this manner, octanol-2 condensed 
with /3-phenoxy-/3'-chlorodiethyl ether to yield
5-octyl phenoxyethoxy-ethyl chloride (X III); 
and lauryl alcohol condensed with /3-phenoxy- 
ethyl chloride to yield dodecylphenoxyethyl 
chloride (XIV). In these compounds the position 
and the configuration of the alkyl groups has not 
been determined.

Experimental
(I) /3-Chloroethoxyethoxybenzoyl-0-benzoic Acid.—(a). 

To a mixture of 50 g. of phthalic anhydride, 90 g. of anhy­
drous powdered aluminum chloride and 250 cc. of carbon 
disulfide in a 1-liter 3-necked flask fitted with a sealed 
stirrer and reflux condenser, there was added gradually 68 
g. of 0-phenoxy-/3 '-chlorodiethyl ether2 while stirring the 
reaction mixture. The temperature was maintained at 
gentle refluxing during the addition and for five hours

(2) Cretcher, Koch and Pittenger, T h is  J ournal., 47, 1174 (1925).
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thereafter, during which time hydrogen chloride was 
evolved copiously. The carbon disulfide was then dis­
tilled off on a water-bath and the residue decomposed with 
250 cc. of 3 N  hydrochloric acid on ice, giving a white pre­
cipitate which was filtered off and dried. It was purified 
by dissolving in 10 % soda solution, filtering and extracting 
the oil impurities from the filtrate with ether. After 
removal of the ether by boiling, the clear, alkaline solution 
obtained was acidified with hydrochloric acid. The 
waxy precipitate which at first formed gradually solidified 
to a hard white mass; yield 72 g., after recrystallization 
from glacial acetic acid. The compound formed colorless 
crystals, m. p. 123-124°.

Anal. Calcd. for CüHitOsCI: C, 62.00; H, 4.91; Cl,
10.18. Found; C, 62.44; H, 4.58; Cl, 10.16.

(b). By adding 45 g. of aluminum chloride in small por­
tions at a time to a solution of 67 g. of /5-phenoxy-/S'-chloro­
diethyl ether and 49 g. of phthalic anhydride in 400 cc. of 
dry benzene while stirring and cooling with tap water, 
stirring thereafter for eight hours at 25-30°, and decom­
posing with ice and hydrochloric acid in the usual manner 
followed by steaming off the benzene, there was obtained 
40 g. of the above chloroethoxyethoxybenzoyl-o-benzoic 
acid, m. p. 124°, and containing 10.09% Cl, indicating 
that no appreciable quantity of benzoyl-<?-benzoic acid 
was formed.

(II) /3-Chloroethoxybenzoyl-ö-benzoic Acid.—A mixture 
consisting of 49 g. of phthalic anhydride and 90 g. of anhyd­
rous aluminum chloride in 200 cc. of carbon disulfide was 
treated with 52 g. of /8-phenoxyethyl chloride as described 
in (la) above and worked up in the same manner. The 
product crystallized from benzene in colorless crystals, 
m. p. 145°.

Anal. Calcd. for CieHisChCl: C, 63.05; H, 4.30; Cl, 
11.65. Found; C, 62.69; H, 4.18; Cl, 10.05.

(IV) 4-(d“Chloroethoxyethoxy)-3-chlorobenzoyl-tf-ben- 
zoic Acid.—Seventy-eight grams of /3-(2-chlorophenoxy)- 
(3'-chlorodiethyl ether was added slowly to a mixture of 49 
g. of phthalic anhydride and 90 g. of anhydrous aluminum 
chloride in 200 cc. of carbon disulfide. The reaction mix­
ture was stirred and heated for five hours on a steam-bath 
under reflux and then worked up as described in (I). The 
product crystallized from glacial acetic acid in colorless 
crystals, m. p. 85°.

Anal. Calcd. for CigH^OsCb: C, 56.38; H, 4.20; Cl,
18.52. Found: C, 56.46; H, 4.37; Cl, 17.5.

(V) 4-( /3-Chloroethoxyethoxy )-3-methylbenzoyl-0-ben- 
zoic Acid.—Seventy-one grams of /3-(2-methylphenoxy)-/3'- 
chlorodiethyl ether was added slowly to a mixture of 49 g. 
of phthalic anhydride and 90 g. of aluminum chloride in 
200 cc. of carbon disulfide and after heating for five hours 
the product worked up as above; crystals, m. p. 87-88.5° 
(from acetic acid).

Anal. Calcd. for Ci9H190 6C1: C, 62.89; H, 5.29; Cl, 
9.79. Found: C, 62.31; H, 5.33; Cl, 10.00.

(VI) 4 -(0 - Chloroethoxyethoxy) - 3 - methoxybenzoyl-o- 
benzoic Acid.—Seventy-seven grams of /?-(2-methoxy~ 
phenoxy)-/? '-chlorodiethyl ether was added gradually to a 
mixture of 49 g. of phthalic anhydride and 90 g. of anhy­
drous aluminum chloride in 200 cc, of carbon disulfide. 
After four hours of boiling on a steam-bath while stirring

under reflux, the product was worked up as above; color­
less crystals, m. p. 188-190 ° (from acetic acid).

Anal. Calcd. for Ci9H190 6C1: C, 60.25; H, 5.07; Cl,
9.37. Found: C, 60.13; H, 4.90; Cl, 9.40.

(VII) (2-/5 - Chloroethoxyethoxy) -naphthoyl - ö - benzoic 
Acid.—Seventy-six grams of $-2-naphthoxy-/3'-chloro­
diethyl ether was added slowly to 49 g. of phthalic anhy­
dride and 90 g. of aluminum chloride in 200 g. of carbon 
disulfide. The mixture was stirred and boiled for six hours 
under reflux and worked up in the usual manner. The 
product was crystallized first from benzene and then from 
glacial acetic acid; colorless crystals, m. p. 125°.

Anal. Calcd. for C22H 190 5C1 : C, 66.25; H, 4.82; Cl,
8.91. Found: C, 66.22; H, 4.63; Cl, 8.84.

(VIII) 4-(/5 - Chloroethoxyethoxy )-benzoyl-/3'-propionic 
Acid.—-To a gently refluxing mixture of 33 g. of succinic 
anhydride, 90 g. of aluminum chloride and 200 cc. of car­
bon disulfide there was added gradually 67 g. of /?-phenoxy- 
{3'-chlorodiethyl ether while stirring. Refluxing was con­
tinued for five hours thereafter. The product was then 
decomposed with ice and hydrochloric acid. After two 
crystallizations from benzene and three recrystallizations 
from ethylene dichloride, the pure compound was ob­
tained in colorless crystals, m. p. 97-98°.

Anal. Calcd. for C14H17O5CI: C, 55.91; H, 5.69; Cl,
11.81. Found: C, 55.94; H, 5.60; Cl, 11.63.

(IX) 4-(/3-Chloroethoxyethoxy)-benzoyl-/8'-acrylic Acid. 
—Sixty-seven grams of /3-phenoxy-(3 '-chlorodiethyl ether 
was treated with a mixture of 33 g. of maleic anhydride and 
90 g. of aluminum chloride in 250 cc. of carbon disulfide for 
five hours. The product was decomposed with ice and 
hydrochloric acid and the crude waxy acid obtained puri­
fied by dissolving in a cold solution of 50 g. of sodium car­
bonate in 1200 cc. of water and filtering. The clear fil­
trate upon acidification with dilute hydrochloric acid gave 
a yellow precipitate of the crude product. This was re­
crystallized from benzene giving pale yellow crystals, 
m. p. 100°.

Anal. Calcd. for CuH^OsCl: C, 56.30; H, 5.06; Cl, 
11.88. Found: C, 56.24; H, 5.05; Cl, 11.45.

(X) j8-(4-Acetylphenoxy)-/5'-chlorodiethyl Ether.—(a). 
A solution consisting of 34 g. of acetic anhydride and 67 g. 
of jS-phenoxy-j8'-chlorodiethyl ether was added slowly to a 
well-stirred mixture of 90 g. of aluminum chloride and 200 
cc. of carbon disulfide cooled in an ice-bath. Stirring was 
continued for one hour in the ice-bath and then for two 
hours at room temperature with occasional cooling when 
the temperature tended to rise. The reaction mixture 
was decomposed with iced 3 N  hydrochloric acid and the 
carbon disulfide distilled off. The residual oil was washed 
and distilled under vacuum. The product came over at 
210- 222° (10  mm.) as a yellow oil.

Anal. Calcd. for C12H 16O5CI: C, 59.36; H, 6.23; Cl,
14.63. Found: C, 60.04; H, 6.09; Cl, 14.30.

(b). The same compound was obtained from 50 g. of 
aluminum chloride in 200 cc. of carbon disulfide treated 
with a mixture of 16.5 g. of acetyl chloride and 67 g. of (3- 
phenoxy-jS'-chlorodiethyl ether.

(XI) /S-Butylphenoxy-/3'-chlorodiethyl Ether.—A solution 
of 31 g. of w-butyl chloride and 67 g. of /3-phenoxy- 
chlorodiethyl ether was added slowly to a stirred mixture of
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45 g. of aluminum chloride and 200 cc. of carbon disulfide. 
The mixture was then refluxed on the steam-bath for six­
teen hours, after which the carbon disulfide was removed 
by distillation. The residue was decomposed with iced 
dilute hydrochloric acid, the oil layer separated, washed, 
and distilled in vacuo. The product distilled over at 170- 
185° (9 mm.) as a colorless oil.

A nal Calcd. for ChH210 2C1: C, 65.45; H, 8.27; Cl,
13.83. Found: C, 66.44; H, 8.02; Cl, 13.35.

(XII) /3 - ( p -  (a,ayy,y - Tetramethylbutylphenoxy)) - 0'- 
chlorodiethyl Ether.—To a solution of 100 g. of /?-phenoxy- 
j8'-chlorodiethyl ether and 56 g. of diisobutylene (b. p. 100- 
104°) there was added dropwise during forty-five minutes 
while stirring and occasionally cooling, 20 g. of 98% sul­
furic acid. The mixture was then stirred for seven hours at 
room temperature and allowed to stand for eighteen hours. 
The thick oil obtained was warmed with 145 cc. of 10% 
sodium hydroxide solution, the oil layer separated, washed 
and distilled in vacuo. The fraction of b. p. 157-167° (1 
mm.) was the desired product; yield 107.5 g. or 68%.

Anal. Calcd. for Ci8H280 2Cl: Cl, 11.34. Found: Cl,
11.68.

(XIII) /3-(s-Octylphenoxy)-/3'-chlorodiethyl Ether.—A 
mixture consisting of 180 g. of /^phenoxy-jS'-chlorodiethyl 
ether, 117 g. of octanol-2 and 20 g. of '‘Tonsil5’ clay was 
heated with stirring for four hours at 160-175° under reflux 
attached to a water trap. The day was then filtered off 
and the s-octylphenoxyethoxyethyl chloride, b. p. 175- 
185° (3 mm.), isolated by vacuum distillation; yield 60%.

A nal Calcd. for Ci8H290 2C1: Cl, 11.34. Found: Cl, 
10.78.

(XIV) 0-Dodecylphenoxyethyl Chloride.—A mixture 
consisting of 56 g. of /S-phenoxyethyl chloride, 66.5 g. of 
lauryl alcohol ahd 15 g. of “Tonsil55 clay was boiled with 
rapid stirring for three and one-half hours under a reflux 
condenser attached to a water trap. The temperature 
gradually rose from 165 to 195° during this period. Heat­
ing was continued for sixteen hours at 180-195°. The 
mixture was then cooled, diluted with toluene and filtered 
hot by means of a Büchner funnel. The filtrate was frac­
tionated under reduced pressure. Dodecylphenoxyethyl 
chloride distilled over at about 185-195° (1 mm.) as a 
colorless oil, the chlorine analysis of which indicated a 
purity of 97.5%.

Summary
Aromatic alkylene ether chlorides or poly- 

alkylene ether chlorides of the type R-(O-alkyl** 
ene)wCl readily undergo Friedel-Crafts nuclear 
alkylation or acylation reactions without splitting 
the ether links, loss of the terminal chlorine atom, 
or appreciable polymeric intercondensation. A 
number of acylations with phthalic, succinic, 
maleic and acetic anhydrides and alkylations with 
butyl chloride, capryl alcohol, diisobutylene and 
lauryl alcohol are described.
Philadelphia, Penna. R eceived August 5, 1938

[Contribution from the Department of Chemistry, Iowa State College]

The Effect of the Composition of the Medium upon the Growth of Yeast in the 
Presence of Bios Preparations. II. The Response of Several Strains of

Saccharomyces Cerevisiae1
By J a m e s  B. L e s h , L. A. U n d e r k o f l e r  a n d  E l l is  I. F u l m e r

In a previous communication from these Labo­
ratories2 data were presented showing that, for 
the one strain of yeast employed, the presence of 
magnesium sulfate markedly increased the growth 
of the yeast in the presence of Bios II or a mixture 
of Bios II and Bios I (i-inositol). The present 
paper deals with the response of several strains of 
Saccharomyces cerevisiae to the above-mentioned 
reagents. While 23 strains of yeast were studied 
during the present investigation, data are pre­
sented here for only the 13 of these which can be 
obtained readily from standard sources: these 
strains are listed in Table I.

(1) This work was supported in part by a grant from the Indus­
trial Science research funds of the Iowa State College for studies on 
the fermentative utilization of agricultural products.

(2) E. I. Fulmer, L. A. Underkofler and J. B. Lesh, This Journal, 
68,1356(1936).

Lucas,3 Williams, Warner and Roehm,4 Wil­
liams and Saunders,5 Stantial6 and Farrell7 have 
noted significant differences among various strains 
of yeast as to their response to various Bios prepa­
rations, but the effect of magnesium sulfate had 
not been considered previously. Magnesium 
sulfate is a customary ingredient of most media 
used for growing yeast. However, the media 
developed in these Laboratories by Fulmer, Nel­
son and Sherwood8 for the growth of yeast in the

(3) G. H. W. Lucas, J .  P h y s .  C h em ., 28, 1180 (1924).
(4) R. J. Williams, M. E. Warner and R. R. Roehm, T h i s  

Journal, 61, 2764 (1929).
(5) R. J. Williams and D. H. Saunders, B io c h e m . J ., 28, 1887 

(1934).
(6) Helen Stantial, T r a n s . R o y . S o c . C a n ., 26, Sec. Ill, 163 (1932).
(7) Leone N. Farrell, ib id ., 29, Sec. Ill, 167 (1935).
(8) E. I. Fulmer, V. E. Nelson and F. F. Sherwood, T his J o u r n a l , 

43, 191 (1921).
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Table X
Key to Strains of Saccharomyces cerevisiae 

(ATCC == American Type Culture Collection) 
Strain

5
6 
7 
9

10
11
16
18
19
22
26
41
42

(Hansen) ATCC No. 4360 
(Type Frohberg) ATCC No, 2334 

(Type Saaz) ATCC No. 2352 
(I Hansen) ATCC No. 2368 

ATCC No. 765 
(Berlin RII) ATCC No. 4099 

ATCC No. 764 
ATCC No. 4132 
ATCC No. 4109 

(Hansen) Univ. 111. No. 2235 
(Hansen) ATCC No. 4923 

ATCC No. 4226 
(Gebrilde Mayer) Fleischmann No. 21.4-40

absence of bios do not contain this salt since it was 
found to be of no advantage. The marked dif­
ference in the response of yeast to bios prepara­
tions added to Clark's medium (used by Miller 
and co-workers) which contains magnesium sulfate, 
and to Medium C or Medium D, which do not, 
led to the study reported in the previous paper.2

The basal medium used in the present investi­
gation was Medium C, developed by Fulmer, 
Nelson and Sherwood,8 and contained per 100 cc.,
0.188 g. of ammonium chloride, 0.100 g. of di­
potassium phosphate and 5 g. of sucrose. Pre­
liminary tests showed the optimum pH (after 
sterilization) to be 6.2. In order to assure the 
proper pH., the medium was made 0.0025 N  
with hydrochloric acid before sterilization. All 
media were sterilized at 15 lb. (1 atm.) pressure 
for fifteen minutes. In all experiments, 25 cc. 
of medium was used in 125-cc. Erlenmeyer flasks. 
The basal medium was made up in concentrations 
five-fourths of that given above. Twenty cc. was 
placed in each flask and made up to 25 cc. by the 
addition of solutions to be tested or of distilled 
water. The concentration of t-inositol (Bios I) 
was 0.032 mg., and that of magnesium sulfate 
100 mg. (0.008 M) per 100 cc. of medium. The 
Bios II, per 100 cc. of medium, was equivalent to
4.0 cc. of the original extract which had been pre­
pared from malt sprouts by the method of Lucas.3

In order to make direct comparisons of the 
cultures it was necessary to standardize the 
method of preparing the inoculum. Since several 
of the strains grew slowly, or not at all, in Medium 
C, the technique of Miller, Eastcott and Macon- 
achie9 was adopted. The cultures were trans-

( 9 )  W. L .  Miller, Edna V . Eastcott and j .  B .  Macotiaohie, T h i s  
J o u r n a l , §5, 1502 (1933).

ferred daily, for four days, in a medium contain­
ing 2% dextrose and 0.5% peptone. The twenty- 
four-hour culture, from the fourth transfer, was 
filtered rapidly on a small sterile filter. The 
yeast was then washed three or four times with 
sterile distilled water and a portion suspended in 
sufficient sterile Medium C so that 1 cc. contained 
the proper number of cells for inoculation of each 
experimental flask. The yeast count in the 
various media was determined by means of a 
Thoma-Zeiss counting chamber after twenty- 
four hours of incubation at 30°. When the count 
= 1 there are 250,000 cells per cc. Inoculations 
were made such that the initial count was one.

In Table II are given the actual counts in the 
Control (Medium C), together with the relative 
counts in the control medium and the control to 
which had been added (a) Bios II, (b) Bios II 
and i-inositol, (c) Bios II and magnesium sulfate 
and (d) Bios II, inositol and magnesium sulfate. 
Growth was also determined in the control to which 
had been added magnesium sulfate, inositol and 
both magnesium sulfate and inositol; since no 
increased growth was obtained over the controls 
the values are not included in the table.

Table II
Relative growth of various strains of Saccharomyces 

cerevisiae in Medium C (control) and in the control to 
which Bios II, inositol and magnesium sulfate had been 
added. (When the count =  1 there are 250,000 cells per
cc.).

Medium
Actual
count

in Bios II
Inositol 
Bios II

MgS04 
Bios II

MgSOi 
inositol 
Bios II

strain control Control control control control control
5 3 1 15 22 10 14
6 2 1 3 5 1 10
7 1 1 11 15 14 19
9 2 1 2 2 4 4

10 5 1 14 21 19 88
11 6 1 4 4 8 19
16 4 1 21 21 25 38
18 10 1 1 2 2 13
19 3 1 1 4 22 27
22 1 1 21 40 46 100
26 12 1 2 2 15 25
41 5 1 3 4 6 14
42 7 1 5 7 4 51

It is at once evident that the various strains of 
yeast show wide differences in response to the 
different media. For convenient comparison the 
various strains may be divided into the following 
three groups:

Group L  The addition of magnesium sulfate 
with Bios II does not give increased growth. 
This group includes strains Nos. 5, 6 and 42. 
With these strains the counts were actually de­
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creased by the addition of the magnesium sulfate.
Group 11. The addition of inositol with Bios 

II does not give increased growth. This group 
includes strains Nos. 9, 11, 16 and 26.

Group III. Growth is increased under the 
conditions given for Groups I and II. These 
include Nos. 7, 10, 18, 19, 22 and 41.

The above data and groupings show that dis­
crepancies in published results of bios studies 
may be due largely to differences in the strains 
of yeast employed and in the composition of the 
medium. For example, if a strain of yeast be­
longing to Group I were grown in a medium con­
taining magnesium sulfate, Bios II would give in­
creased counts in the presence of Bios I (in­
ositol); that is, the complementary effect of

Bios I and Bios II, as described by Miller and 
co-workers, would be demonstrated. If, how­
ever, a strain of Group II or Group III were em­
ployed under the same conditions, the Bios II 
would be potent in the absence of Bios I and their 
complementary effect would not be apparent.

Summary
The effect of Bios IÏ, inositol (Bios I) and mag­

nesium sulfate alone and in combinations on the 
growth of thirteen strains of Saccharomyces cere­
visiae is reported. On the basis of the marked dif­
ferences in response to the different media by the 
various yeast strains they are separated into three 
distinct groups.
Ames, Iowa Received July 15, 1938

[Contribution from the Department of Chemistry, Iowa State College]

The Production of /-Erythrulose by the Action of Acetobacter suboxydans upon
Erythritol

B y  R o y  L. W h is t l e r  a n d  L. A. U n d e r k o f l e r

The use of microorganisms for the production 
of ketose sugars has made possible the extension 
of carbohydrate investigations to include several 
of the rare ketoses which are now easily obtain­
able in pure form. /-Erythrulose was first 
produced from mestf-erythritol by Bertrand1 who 
employed the “sorbose bacterium5' or Acetobacter 
xylinum. Müller, Montigel and Reichstein,2 
using the same organism, recently have converted 
erythritol to /-erythrulose in approximately 
60% yield, and have isolated in. pure form 50% of 
the sugar produced.

The present communication deals with the 
optimum conditions for the production of Z- 
erythrulose by the action of Acetobacter suboxy­
dans upon meso-erythritol, and for the isolation 
of the erythrulose produced. This organism has 
been found to effect practically quantitative con­
version of the alcohol to the sugar in a short 
time. It is of interest to note that, although 
the configuration of the m&S0-erythritol, I, is 
such that the formation of both d- and /-erythru­
lose might be expected, only the Z-erythrulose, 
II, is produced by the organism. No organism

(1) G. Bertrand, C o m p t. r e n d ., 130, 1330 <1000); B u ll .  soc. ch im .,
[3] 23, 681 (1900); A n n . ch im . p h y s . , [8] 3, 181 (1904).

(2) H. Müller, C. Montigel and T. Reichstein, H elv . C h im . A c ta ,  
20, 1468 (1937).

yet studied has been found to oxidize m&so-eryth- 
ritol to ^-erythrulose.

CH2OH 

HO—C—H
I

HO—C—H
I

c h 2o h
I

c h 2o h
I

c= o
I

HO—C—H
I

c h 2o h
II

It was found that Bertrand's1 method of puri­
fication of the /-erythrulose by passage through 
the bisulfite addition compound was not ac­
complished easily since complete removal of the 
sodium bisulfite and recovery of pure unaltered 
sugar was very difficult. Purification by pre­
cipitating the sugar from alcoholic solution 
through the addition of ether and then distilling 
the sirup in a molecular still was found most suit­
able.

Experimental
Methods,—The culture of Acetobacter suboxydans, listed 

as No. 621, was secured from the American Type Culture 
Collection, and is the same culture previously used in 
studies reported from these Laboratories.3’4 The stock 
cultures are carried on yeast extract-glycerol-agar slants. 
The cultures used for inoculations in the present experi­

(3) E. I. Fulmer, J. W. Dunning, J. F. Guymon and L. A. Under­
kofler, T h is  J o u rn al , 58,1012 (1936).

(4) L. A. Underkofler and E. I. Fulmer, ib id . , 59, 301 (1937).
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ments were kept active by transfer each twenty-four hours 
into a medium containing 0.5 g. of yeast extract (Difco 
powdered product) and 3 g. of erythritol per 100 ml. All 
media were sterilized in the autoclave for twenty minutes 
at fifteen pounds (1 atm.) steam pressure, and all cultures 
were incubated at the optimum temperature of 28°. Pre­
liminary studies were made using 10 ml. of medium in 50- 
ml. Erlenmeyer flasks. In each case the inoculum con­
sisted of 3 ml. of the twenty-four hour culture of the organ­
ism per 100 ml. of fresh medium, measured from a sterile 
pipet. All fermentations were run in duplicate, and the 
values reported are the averages for the duplicate deter­
minations. The course of the conversion of the erythritol 
into erythrulose was followed by determination of copper 
reduction values by means of the Shaffer-Hartmann6 sugar 
titration method.

After isolation of erythrulose had been accomplished, an 
equation was derived experimentally which permitted cal­
culation of the yields of erythrulose from the copper reduc­
tion values previously obtained. This equation was ob­
tained as follows: weighed samples of the sirupy eryth­
rulose were diluted and aliquots of 50 ml. heated with 50 
ml. of mixed Fehling’s solutions in 500-ml. uncovered 
Erlenmeyer flasks. The flames were so adjusted as to 
bring the mixtures to a boil in exactly four minutes, boiling 
was continued for exactly two minutes and the flasks 
were then cooled promptly in running water. The cuprous 
oxide was titrated by the Shaffer-Hartmann method. 
All reagents, including the Fehling’s solutions, were made 
up exactly as directed by Shaffer and Hartmann.5 The 
copper reduction values so obtained were plotted against 
weight of erythrulose, giving a straight line for amounts of 
the sugar between 20 and 100 mg. The equation for this 
line is

E  -  0.831 R  +  4.380

where E  represents mg. of erythrulose corresponding to R  
mg. of copper. This equation provides a convenient 
method for the calculation of erythrulose from analytical 
data. Since the erythrulose was recovered as a sirup which 
did not crystallize, the purity was based on the optical 
rotation given by Müller, Montigel and Reichstein.2 Any 
inaccuracy involved here would mean a corresponding 
error in the above equation, which must therefore be con­
sidered subject to revision if a purer product be secured.

The Development of the Medium.—Employing the pro­
portion of yeast extract which previously had been found 
optimum for the production of sorbose from sorbitol and of 
dihydroxyacetone from glycerol,3*4 i .  e., 0.5 g. per 100 ml., 
media were prepared in which the concentrations of eryth­
ritol were varied. After inoculation and incubation, dupli­
cate flasks of each medium were analyzed and the yields 
ascertained after intervals of three, four, seven and thirty 
days. The maximum yields were obtained after four to 
seven days, a slight decrease being sometimes observed 
after thirty days. The yields after seven days with 3, 4.5, 
6, 9, 12, 15 and 18 g. of erythritol per 100 ml. were, respec­
tively, 96, 99, 92, 61, 42, 30 and 18%  of erythrulose.

An investigation on the influence of surface-volume ratio

(5) P. A. Shaffer and A. F. Hartmann, J . Biol. Chem., 45, 365 
(1920).

on the yield of erythrulose was made, employing different 
volumes of medium containing 4.5 g. of erythritol and 0.5 g. 
of yeast extract per 100 ml. in 125-ml. Erlenmeyer flasks. 
Incubation was for four days. When 10, 20, 30 and 40 ml. 
of medium were used, the respective surface-volume ratios 
(sq. cm. area per 1 cc. volume) were 3.18, 1.59, 1.06 and 
0.80, and the yields were 98, 97, 93 and 92% of erythrulose.

From the data it may be concluded that the optimum 
concentration of erythritol in the medium is about 4.5 g. 
per 100 ml., and that maximum yields are obtained when 
the ratio of surface to volume of medium is high. Since 
the conversion of the erythritol to erythrulose was found 
to be practically quantitative in four days under these 
conditions when the medium contained 0.5 g. of yeast 
extract per 100 ml., no attempt was made to improve the 
medium by variation of the concentration of yeast extract, 
by addition of salts or by adjustment of the p H  of the 
medium ( p H  6.1 for the medium as prepared).

The Recovery of /-Erythrulose.—Thirty-five grams of 
yeast extract and 335 g. of meso-erythritol were dissolved 
in distilled water to make 7000 ml. of medium which was 
distributed in quantities of 200 ml. in 2-1. Erlenmeyer 
flasks. The sterilized medium in each flask was inoculated 
with 6 ml. of a twenty-four hour culture of A cetobacter  
su b o x yd a n s  in similar medium, and incubated for nine days 
at 28°. According to the Shaffer-Hartmann titration, 
95% of the erythritol had been converted to /-erythrulose.

To each 2000 ml. of the fermented medium were added 
15 g. each of Norite, calcium carbonate and infusorial earth 
and the mixture was well shaken. The liquid was then 
separated by means of a supercentrifuge. To the recov­
ered liquid was added 10 g. of Norite, the mixture passed 
through the supercentrifuge and the recovered liquid 
again passed through the centrifuge for the third time. 
The light yellow liquid, which was almost free of bacteria 
or other suspended material, was evaporated under re­
duced pressure at 35 ° to a volume of 200 ml. Six hundred 
ml. of absolute alcohol was added with stirring and the 
mixture filtered. The filtrate was evaporated under re­
duced pressure at 30° to a thick sirup of light yellow color, 
[a  ]30d 4-10.0 (c , 2.4 in water). The sirup was taken up in 
alcohol and a small quantity of ether added. On standing 
in the refrigerator 2%  of the original erythritol separated. 
On the addition of a little more ether a small quantity of a 
sirup having a low positive optical rotation separated. 
Further addition of ether precipitated erythrulose as a 
light yellow sirup. This sirup was taken up repeatedly in 
alcohol and precipitated with ether. The resulting sirup 
was distilled in a molecular still at 90-95° to produce a 
colorless sirup, [ a ] 30D + 1 1 .3 1  (c , 4.0 in water). By this 
procedure 87.4% of the erythrulose present in the original 
fermented liquid, as determined by the Shaffer-Hartmann 
titration, could be recovered as a sirup.

Summary
A procedure has been given for the production 

of /-erythrulose by the action ol Acetobacter sub­
oxydans upon raesp-erythritol and for the isolation 
of the sugar from the fermented medium.
A m e s , I o w a  R e c e iv e d  J u l y  23, 1938
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[Contribution from the Division of Agricultural Biochemistry and the Department of Botany, University of
Minnesota]

Analyses of Glacial and Preglacial W oods1

By Willis A. Gortner

Minnesota has been subjected to five glacia­
tions. The Nebraskan glaciation {ca. 700,000-
1,000,000 years ago),2 the Kansan glaciation {ca.
500.000 years ago), the Illinoian glaciation {ca.
175.000 years ago), the Iowan glaciation {ca.
75.000 years ago) and the Wisconsin glaciations. 
The late Wisconsin ice sheet probably retreated 
from the middle part of Minnesota about 20,000 
years ago. The advance must have taken place 
considerably earlier and the Peorian interglacial 
period probably came to an end in northern Minne­
sota 40,000-50,000 years ago.

In each of the interglacial periods forests de­
veloped only to be overridden by the ensuing ice 
sheets. In certain instances the wood from the 
interglacial or preglacial forests has been so pre­
served in the underlying clays as to be readily 
identifiable as to species and to be truly “wood,”
i. e., fossilization had not taken place. The pres­
ent communication deals with the chemical analy­
ses of certain such specimens and supplements 
and extends similar analyses by Mitchell and 
Ritter3 on three fossil woods from gravels of 
Miocene age in California.

Experimental
Materials. Specim en A—Pre-Nebraskan Spruce Wood.

— This wood was secured in sifu in the Nebraskan glacial 
till exposed in a highway cut 1.8 miles east of St. Charles, 
M innesota. Figure 1 shows the specimens which were se­
lected for analysis. All samples selected for analysis 
floated on water and after washing free of clay were dried 
and ground.

Specimen B—Pre-Nebraskan Spruce Wood.—This speci­
men was found in 1932 at a depth of 55 feet on the south 
bank of the Cottonwood River near N ew  Ulm, Minnesota. 
It is shown in Fig. 2.

Specim en C— Peorian (last interglacial) Age Spruce 
W ood.— This was found at the bottom  of a well sunk 
through 17 feet of lacustrine “clay” which formed in the 
bed of glacial Lake Agassiz and 70 feet of glacial till (ground 
moraine of late Wisconsin) in southeastern K ittson County 
near Bronson, M innesota. It is shown in Fig. 2.

Specimen D—Peorian Age Spruce Wood.—This speci­
men was part of a larger “log” found beneath the Wisconsin

(1) Presented before the Division of Cellulose Chemistry at the 
General M eeting of the American Chemical Society, Cleveland, Ohio, 
September, 1934.

(2) (a) G. F. Kay, Bull. Geol. Soc. A  mer., 42, 425-466 (1931); (b)
F. Leverett, U. S. Geol. Survey, Professional Paper 161, 5-39 (1932).

(3) R, L. Mitchell and G. W. Ritter, T h i s  J o u r n a l , 56, 1603-1605
(1934).

gravel stratum at a depth of eleven feet, three miles north 
of Bottineau, North Dakota. It is shown in Fig. 2.

Methods.—The methods used are for the most part those 
recommended by Bray4 with such modifications as were 
necessitated by the nature of the samples. All woods 
were reduced in a Wiley mill to pass a 40-mesh screen. 
Ash was determined on 3-g. samples. The alcohol-ben­
zene soluble portion, pentosans, lignin (72% sulfuric acid 
method), and Cross and Bevan cellulose techniques fol­
lowed procedures previously described.6

Certain of the glacial woods did not respond to the Cross 
and Bevan cellulose methods, since the lignin chloride 
formed a jelly-like mass. Mitchell and Ritter also noted 
this phenomenon in their fossil woods. In the present 
series of analyses the cellulose content of such woods was 
determined by a “ hypochlorite method” in which the sam­
ple was extracted with a sodium hypochlorite solution in 
a centrifuge tube followed by extracting with 3%  sulfurous 
acid, then with water, then with 2 %  sodium sulfite solution 
with repeated extractions, washing and centrifuging until 
a pure white fiber mat of cellulose was obtained. As an 
alternative method the cellulose was hydrolyzed with sul­
furic acid and the resulting glucose determined volumetri-

Table I
Showing the Average Analyses of the Different 

Wood Samples

All Calculations on Basis of Oven-Dry Material

Approximate 
age in years

Modern
white
spruce

0
%

------- ;— Wood analyzed— *-------------------
Peorian Peorian

age age Preglacial Preglacial 
(Speci- (Speci- (Sped- (Speci­
men D) men C) men B) men A) 
40,000 40,000 800,000 800,000 

■ %  % % %
Ash 0.24 2.98 2.37 5.97 10.47
Lignin 29.73 39.03 53.38 79.23 66.41
Pentosans
Alcohol-ben­

9.63 7 .2 1 7 .77 2.23 2.10

zene soly. 1.38 0 .71 1.49 1.07 2.91
Cross and Bevan

cellulose 60.70 42.30 a a a

“ Hypochlorite 
cellulose 

“ Sugar”  cel­

tf

35.07 27.10 b

lulose 65.50 54.75 31.4 5 4.01 12 .21
Holocellulose 70.92 53.79 44.88 13.30 23.68
Total of lignin -j- ash -j- holo-

cellulose 100.89 95.80 100.63 98.50 100.56

a Not run for these three woods, due to formation of a 
lignin-chloride jelly which prevented chlorination or 
washing.

6 No further determinations by this method; lignin- 
chloride jelly formed.

(4) W. M. Bray, Paper Trade J . , 87, 59-68 (1928).
(5) S. I. Aronovsky and R. A. Gortner, Ind . Eng. Chem., 22, 264- 

274 (1930).
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Fig. 1.—-Specimen A, preglacial spruce wood.

cally.® This value was converted to “ cellulose”  by the ap­
propriate factor. All woods were also analyzed for total 
carbohydrates by the “ holocellulose”  method of Ritter 
and Kurth.7

The Experimental Data.—Table I  shows the analytical 
data and includes for comparison purposes parallel analy­
ses of wood from a recently cut white spruce. These data 
represent the averages of closely agreeing triplicate or dup­
licate determinations. The range in duplicate or triplicate 
analyses for the glacial woods was within the limits allow­
able for comparable analyses in the pulp and wood-using 
industries.

Discussion

Ash.—The ash content increases with the 
age of the wood. This is probably due to the in­
filtration of mineral matter during the long peri­
ods that the wood was buried in the earth.

Cellulose.—The trends in “holocellulose” and 
“sugar” cellulose are essentially parallel, al­
though no explanation is available for the marked 
decrease of “sugar” cellulose (4-12%) for the 
preglacial woods which show a holocellulose con-

(6) J. J. Willaman and F. R. Davison, J. Agr. Research, 28, 479- 
488 (1924).

(7) G. F. Ritter and E. F. Kurth, Ind. Eng. Chem., 25, 1250-1253 
(1933).

tent of 13-23%. Possibly the reducing sugars 
titrated were not glucose, or some other change 
had taken place so that other compounds than re­
ducing sugars were formed by hydrolysis of the 
“cellulose” residue. In general, there is a parallel­
ism in the trends shown by all the “cellulose” 
methods, although the absolute values for any 
particular sample are not exactly alike.

Pentosans.-—Pentosans decrease with age in 
about the same ratio as cellulose decreases. Pos­
sibly these residual “pentosans” are in reality 
uronic acids which are calculated as pentosans in 
the methods of analysis. In any event both cel­
lulose and pentosan-like compounds have shown 
remarkable stability.

Lignin.—There is an apparent increase in lig­
nin. This is probably largely the result of a loss 
of other wood constituents and is probably not due 
to an actual increase in lignin per se. Assuming a 
constant lignin value (no change in lignin with 
age of burial) of 30%, there would remain in the 
preglacial woods only 7-15% of the holocelluloses 
and only 9-10% of the pentosans which were 
present when the glacier overthrew and buried
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Fig. 2.—Specimen B, preglacial spruce wood;

the forest. It is therefore evident that lignin, 
or lignin-like complexes, are much more stable 
than are the cellulose-pentosan complexes.

The above analyses and conclusions parallel in 
a remarkable degree the analyses and conclusions 
of Mitchell and Ritter3 in their studies of the fos­
sil pine and cedrus woods of Miocene age. Ap­
parently after being buried for a few hundreds of 
thousands of years wood reaches somewhat of an 
equilibrium with its environment, so that subse­
quent changes take place extremely slowly. Our 
analyses of wood of Peorian age indicate an inter­
mediate degree of alteration.

Acknowledgment.—The writer wishes to thank 
Dr. C. O. Rosendahl, of the Department of Bot­
any, University of Minnesota, for providing and 
identifying all samples of wood, and for assisting in 
the planning and executing of these experiments. 
Sincere thanks are also due Dr. S. I. Aronovsky 
for outlining appropriate laboratory techniques

specimens C and D, Peorian age spruce wood.

and for supervising the analytical operations.

Summary
Two samples of preglacial spruce wood (Pre- 

Nebraskan) and two samples from the Peorian 
interglacial period were analyzed in comparison 
with modern white spruce.

The analyses show an increased ash content 
with age of burial, presumably due to the infiltra­
tion of inorganic salts from the earth. The pen­
tosans and cellulose decrease with increase in age 
of the wood, with lignin showing an apparent in­
crease. It is believed that this lignin increase is 
only apparent and is due to the decrease in the 
cellulosic constituents. Correcting to a constant 
lignin basis, there still remain in the wood which 
has been buried in the earth for 700,000-1,000,000 
years approximately 7-15% of the original “holo- 
celluloses” and 9-10% of the original “pentosans.”
St. Paul, M inn . Received M arch 24, 1938
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[Contribution from the School of Chemistry of the Institute of Technology, University of Minnesota]

The Relation between Equilibrium Constants in Water and in Other Solvents

B y  I. M. K o l t h o f f , J. J. L in g a n e  a n d  W. D. L a r s o n

The equilibrium constants, in two different 
solvents, of a reaction

aA +  bB +  • • • dD +  eE +  • • • (1)

are related to the distribution coefficients of the 
various components between the phases by the 
equation

K ' /K '  «  ITaD*-"/D}>DJ - - -  (2)

In this equation, which was first derived by 
Nernst,1 K f and K" are the equilibrium constants 
in the first and second solvents, respectively, and 
D is the distribution coefficient between the two 
phases of a given reaction component.2

The distribution coefficient of a given compo­
nent is defined as the ratio of the activities of the 
component in the two phases at distribution 
equilibrium. For example, the distribution coef­
ficient of component A is defined by

&A ~  ( a j^Dequil. (3)

in which the superscipts (') and (") refer to the 
first and second phases, respectively.

If reaction (1) involves only uncharged sub­
stances the various distribution coefficients can be 
determined accurately by classical methods, and 
hence an experimental test of eq. (2) can be 
made easily. However, if the reaction involves 
ionic components, such an experimental test is 
much more difficult, because it is impossible to 
determine unambiguously the absolute value of 
the distribution coefficient of a single species of 
ion.

The transfer of a single ionic species between 
two phases would involve a certain amount of 
electrical work in addition to purely mechanical 
work (difference in chemical potential between 
the two phases). The amount of electrical work 
will depend on the difference in the electrical 
potentials of the two phases (phase boundary 
potential), and since this potential difference 
cannot be determined in an exact way, the abso­
lute value of the distribution coefficient of a single 
ionic species never can be evaluated unambigu­
ously. Detailed discussions of this subject have

(1) W. Nernst, Z. physik. Chem., 9, 137 (1892); 13, 531 (1894); 
Ann. Physik, [4 J 8, GOO (1902).

(2) A. E. Hill, in Taylor’s “Treatise of Physical Chemistry,” D. 
Van Nostrand Co., Inc., New York, N. Y., 1936, p. 483.

been given by Guggenheim,3 Brönsted4 and 
Donnan and Guggenheim.5

In an ingenious study of the ionization con­
stants of various acids in water and ethanol, 
Bjerrum and Larsson6 attempted to determine 
the distribution coefficients of individual ionic 
species by measuring the e. m. f. of cells com­
prised of an indicator electrode for the ion in 
question in water and in ethanol. They tried 
to eliminate the potential at the junction of the 
two solvents by the use of concentrated salt 
bridges. Values obtained in this way are ap­
proximate only, because it is impossible to elimi­
nate completely the liquid junction potential.

Fortunately, a knowledge of the absolute values 
of individual ionic distribution coefficients is not 
essential, because it is possible to determine the 
products and quotients of individual ionic dis­
tribution coefficients in an exact way and these 
suffice for the purpose.

From the solubilities Si and s2 of a uni-univalent 
salt AB in two solvents we find

DaDb y'Ay j
Si) ny£ (4)

in which y denotes the activity coefficient.
From the values of the standard electrode po­

tentials of ail ion i in two solvents, the ratio of the 
distribution coefficient of that ion to the distri­
bution coefficient of the hydrogen ion between 
the two solvents is given by the relation

E>' _  £0» =  RT ln ^ 5  (5)r Vi
in which E°f and E0,/ represent the standard 
electrode potentials of the ion i in solvents 1 and 
2, respectively.

In the present study the ionization constants 
of several weak acids in water, methanol and 
ethanol are compared. If pK  represents the 
negative logarithm of the ionization constant, it 
can be shown from equation (2) that

p K ' f — p K f — A p K  =  log D \\D ^  — log Z?ha (6) 

The single primes refer to water, and the double 
primes to alcohol, while the subscripts H, A and

(3) E . A. Guggenheim, J.  Phys. Chem., 33, 842 (1929); 34, 1540 
(1930).

(4) J. N. Brönsted, Z. physik. Chem., 143, 301 (1929).
(5) F. G. Donnan and E . A. Guggenheim, ibid., A162, 346 (1932).
(6) N. Bjerrum and E . Larsson, ibid., 127, 368 (1927).
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HA refer to hydrogen ion, the anion of the weak 
acid and undissociated part of the acid, re­
spectively. The product DKDA was found as 
follows. The solubility of the silver salt of the 
acid was determined in water and in the two alco­
hols. These data gave DAgDA for water-ethanol 
and water-methanol, using equation (4). By 
means of the values of the standard electrode 
potentials of the silver ion in water, methanol 
and ethanol7 the value of the ratio Dn/DAg 
was calculated by equation (5). The product 
of DAgDA by Dn/DAg is DKDA. The value of 
Dha was calculated from the solubility ratios of 
the uncharged acid, allowing for the ionized part 
if necessary, and assuming that the saturated 
solutions behave ideally.

Experimental
Ethanol and methanol (anhydrous commercial products) 

were refluxed óver silver oxide, distilled and dehydrated 
with magnesium by the method of Lund and Bjerrum.8

The density of each lot of alcohol treated in this way 
was determined in a 100-ml. pycnometer with which the 
density of a given sample could be checked to within =*=3 
units in the fifth decimal place. The water content of our 
methanol samples ranged from 0 to 0.03%, while that of 
ethanol varied from 0.01 to 0.07%. The specific conduct­
ance at 25° of the methanol varied from 2.9 to 5.0 X 10“* 
cm.*"1 ohm-1; the range in the corresponding values for 
ethanol was from 0.4 to 1.2 X 10~7 cm.-1 ohm-1. The 
conductance of the alcohol was subtracted from the ob­
served specific conductance where necessary.

The acids used in this study were recrystallized and 
tested for purity.

The silver salts of the acids were precipitated from solu­
tions of the corresponding sodium salts with a slight excess 
of silver nitrate. These precipitates were washed thor­
oughly and recrystallized from hot water. The coarsely 
crystalline products obtained in this way were washed 
with water, then with ethanol, and air dried.

Saturated solutions of these silver salts were prepared in 
conductance cells through which a stream of previously 
dried nitrogen, saturated with the vapor of the solvent, was 
led to provide stirring. When the conductance had be­
come constant, samples of the saturated aqueous solutions 
were withdrawn and analyzed for silver by the Volhard 
method except in the case of salicylate and picrate, where 
the potentiometric method was used. The solubilities in 
ethanol and methanol were determined by the conductance 
method, except in the case of silver picrate solutions which 
were titrated potentiometrically with thiocyanate. The 
conductance cells were of the type used by Kolthoff and 
Willman.9 Their cell constants were determined in the 
usual way.

(7) A. Macfarlane and H. Hartley, Phil. Mag., 13, 425 (1932);
20, 611 (1935).

(8) H. Lund and J. Bjerrum, Ber., 64, 210 (1931).
P  (9) I. M. Kolthoff and A. Willman, T h i s  J o u r n a l , 56, 1008
(1934).

Results
The solubilities of the silver salts in methanol 

and ethanol were computed from the specific 
conductances of the saturated solutions by the 
successive approximation method. For these 
computations it was necessary to know the 
equivalent conductance of the ions of each silver 
salt at the concentrations in the saturated solu­
tions. These values were obtained from the 
equivalent conductances of the corresponding 
alkali salt, of silver nitrate or perchlorate, and of 
the alkali nitrate or perchlorate by means of the 
Kohlrausch relation

A arA “  AtfaA +  A a8N03 “  ANaNOs

The required values for the alkali salts in ethanol 
were taken from the work of Goldschmidt,10 
and those for silver nitrate, silver perchlorate, 
alkali nitrates, and alkali perchlorates in ethanol 
from the data of Barak and Hartley.11 The 
necessary data for the alkali nitrates and silver 
nitrate in methanol were taken from the results 
of Frazer and Hartley,12 and those for sodium 
salicylate in methanol from the measurements of 
Goldschmidt and Aas.13

There are no data in the literature for the con­
ductances of the alkali nitrobenzoates and ben­
zoates in methanol; accordingly, they were 
measured in this study. These results are given 
in Table L

Table I
Equivalent Conductance of Some Alkali Salts in 

Methanol at 25°

Concn. 
m X 10*

Potassium
o-nitro-

benzoate

Potassium
w-nitro-

bcnzoate

Potassium
^-nitro-

benzoate
Sodium
benzoate

2.00 89.6 79.3 82.5
4.00 88.5 78.7 81.6 78.2
6.00 87.7 78.3 81.0 77.9
8.00 87.1 77.9 80.5 77.6

10.0 86.5 77.5 80.1 77.0
12.0 . . . . 75.8
14.0 . . . . 75.4
16.0 85.0 76.7 78.7 75.1
20.0 84.1 75.8 77.9 74.4

The solubilities of the silver salts were computed 
by assuming, as a first approximation, that the 
equivalent conductances of the ions in the satu­
rated solutions were the same as at infinite dilu­
tion. Using the approximate value of the solu­
bility so obtained, the values of the equivalent

(10) H. Goldschmidt, Z. physik. Chem., 99, 116 (1921).
(11) M. Barak and H. Hartley, ibid., A165, 272 (1933).
(12) J. E. Frazer and H. Hartley, Proc. Roy. Soc. (London), A109, 

351 (1925).
(13) H. Goldschmidt and F. Aas, Z. physik. Chem., 112, 423 

(1924).
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Table II
Solubilities of Several Silver Salts in Water, Methanol, and Ethanol at 25 °

Silver salt
Sp. cond. X 10® 

Methanol Ethanol Water
—-S ol ubility------

M ethanol Ethanol
W ater-

M ethanol
W ater-
Ethanol

Benzoate 5.77 0.79 0,0162° 0.000723 0.000237 259 2410
o-Nitrobenzoate 15.9 2.05 ,0426 .00204 .000653 437 4260
m-Nitrobenzoate 4.21 0.72 .00500 ,000567 .000197 77 645
p-Nitrobenzoate 8.07 1.46 .00894 .00108 .000438 69 416
Salicylate 5.08 1.10 .00442 .000569 .000310 61 205
Picrate 73.4 .0475 .0354 .0349 1.80 1.85
(Iodate) (0.0015) .000177* ( <  10 ~6) . . . . . .

“ I. M. Kolthoff and W. Bosch, J. Phys. Chem., 36,1685 (1932). 
b I. M. Kolthoff and J. J. Lingane, ibid., 42,133 (1938).

conductances of the ions at that concentration 
were computed with the aid of the Kohlrausch 
rule. Successive approximations were made in 
this way until a constant value for the solubility 
was obtained. A summary of the results is 
given in Table II. The solubilities are given in 
moles per liter.

In order to compute the ionization constants of 
the acids in methanol and ethanol from those in 
water by means of equation (6), it was necessary 
to know the distribution coefficients of the un­
charged acids. Also, for comparison of the cal­
culated and observed values of the ionization con­
stants in the alcohols, it was necessary to have 
directly determined values of these constants in 
the alcohols. The required data are available in 
the literature, except the solubilities and dissocia­
tion constants of the three nitrobenzoic acids in 
methanol.

These solubilities were determined by titrating 
samples of the saturated solutions, after dilution 
with water, with standard baryta solution, using 
phenolphthalein as indicator.

Bright and Briscoe14 determined the acidity 
constants of the nitrobenzoic acids in water- 
methanol mixtures, and extrapolated the values 
to 100% methanol. These constants given by 
Bright and Briscoe, together with the value of the 
ionization constant of benzoic acid in Table IV, 
give 7.4, 8.0, and 8.1, respecitvely, for the values 
of pK  for 0-, m- and p-nitrobenzoic acids. Since 
the extrapolation involves an uncertainty, and the 
measurements involve an interphase potential, 
the ionization constant of o-nitrobenzoic acid was 
determined by us by the conductivity method. 
The calculation was made in the classical way by 
means of the Ostwald dilution formula. Since 
the ionic strength of the solutions was very small,

(14) W. L. Bright and H. T . Briscoe, J . Phys. Chem., S7, 787 
(1933).

no correction was applied for the activity of the 
ions.15

For the calculation of the degree of dissocia­
tion, a, values of the equivalent conductance of 
the acid at infinite dilution were calculated in the 
usual way from conductance data for the potas­
sium salt of the acid (Table I), hydrochloric 
acid,16 and potassium chloride.17 The values 
obtained are given in Table III. The average 
value of K  of 6 X 10~8 or a pK  of 7.22 corre­
sponds reasonably well with the value 7.4 com­
puted from the acidity data of Bright and Briscoe. 
In Table III, k is the specific conductance, A the 
equivalent conductance, and a the degree of 
dissociation.

Table III
Ionization Constant of ö-Nitrobenzoic Acid in 

Methanol at 25°
Concn.(molar) * x lo® A a  X 104 K X 108
0.1520 1.76 0.116 6.4 6.2

.1025 1.44 .140 7.7 6.1

.0755 1.19 .158 8.7 5.8
Average 6.0

A summary of the solubility and ionization 
constant data for the various acids at 25° in 
water, methanol, and ethanol is given in Table
IV. The solubilities, s, are given in moles per 
liter of solution. K  represents the ionization 
constant.

With these data it is possible to compute pK  
values for the several acids in methanol and eth­
anol by means of equation (6), and to compare 
them with the experimental values. The results 
are given in Table V. The data needed for the 
calculations are given in the previous tables. The 
distribution coefficients of the un-ionized part of

(15) (a) M . S. Sherrill and A. A. Noyes, T h is  J o u r n a l , 48, 1861 
(1926); (b) M. Randall and C. F. Failey, Chem. Rev., 4, 291 (1927).

(16) D . M. M urray-Rust and H. Hartley, Proc. Roy . Soc. (Lon- 
don), A126, 84 (1929).

(17) G. Carrara, Gazz. chim. ital., 26, I, 119 (1896).
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T a b l e  IV
Ionization Constants a n d  Solubilities of Several Acids in Water, M ethanol, and Ethanol a t  25 °

Water Methanol E thanol
Acid s K  X 104 5 K  X 10» S K  X 10»

Benzoic 0.0279® 0.661® 3.16' 0.379* 2.91" 0.037*
ö-Nitrobenzoic .0442® 61.2® 2.99" 60" 2.81* 3.8*
w-Nitrobenzoic .0204* 3.38* 3.46» 10* 3.50* 0.673*
^-Nitrobenzoic .0016* 3.98* 0.200" 7.95* 0.138* 1.2*
Salicylic .0160® 10.6® 2.57' 13.2* 2.31* 2.2*
Picric . 0578® 1600d 0.628" 155000' 1750003

a Ref. 15b. * Ref. 6. ‘ “International Critical Tables,” Vol. IV, 1928, p. 253. d I. M. Kolthoff, “Saure-Basen
Indicatoren,” Verlag von J. Springer, Berlin, 1932. 6 A. Seidell, “Solubilities of Inorganic Compounds,” Vol. I, D. Van 
Nostrand, New York, N. Y., 1919, p. 134. f Results obtained by L. S. Guss in this Laboratory. 0 Results obtained by 
the authors. h Goldschmidt and Mathiesen, Z. physik. Chem., 119, 439 (1926). * Goldschmidt and Aarflot, ibid., 117, 
312 (1925). i Goldschmidt, Z. physik. Chem., 91, 46 (1916). k Computed from the measurements of Bright and Briscoe, 
ref. 14. L. S. Guss in the laboratory found 25 X 10 “9 for the ortho-, 5.0 X 10 “9 for the meta- and 4.0 X 10~8 for the 
^-nitrobenzoic acid.

T a b l e  V
Ionization Constants in Methanol and Ethanol from 

D istribution Data

Acid P ha p K r
p K "

calcd.
p K * 

exptl.
Ethanol

Benzoic 17350 0.00914 4.2 10.4 10.4
o-Nitrobenzoic 30600 .0109 2.2 8.7 8.4
m-Nitrobenoic 4640 .00500 3.5 9.5 9.2
^-Nitrobenzoic 2990 .00720 3.4 9.0 8.9
Salicylic 1475 .00537 3.0 8.4 8.7
Picric 13.3 0.8 3.8

Methanol
Benzoic 1050 0.00841 4.2 9.3 9.4
o-Nitrobenzoic 1770 .0103 2.2 7.4 7.2-7.6
w-Nitrobenzoic 315 .00514 3.5 8.3 8.0-8.3
^-Nitrobenzoic 280 .00480 3.4 8.1 8 .1-8 .4
Salicylic 247 .00482 3.0 7.7 7.9
Picric 7.3 .0 2 1 0 0.8 3.5 3.8

and ethanol, respectively, were used. The values
3.99 and 7.15 for Du/D Ag were found for water- 
methanol and water-ethanol, respectively.

Discussion.—From the results in Table V it is 
seen that the calculated values of pK  are in fair 
agreement with the experimentally determined 
ones. The differences between the two are no 
larger than the uncertainties in the experimentally 
determined constants and in the various assump­
tions and approximations which have been made. 
The agreement is of the same order as that ob­
tained by Bjerrum and Larsson6 in ethanol.

Acknowledgment.—We are indebted to the 
Graduate School of the University of Minnesota 
for a grant which enabled us to carry out this 
investigation.

the acids, DHA, were computed from the solubility 
data for the acids, assuming that the activity 
coefficients for the uncharged molecules were 
unity in all three solvents. The values of DUA in 
water were corrected for the amount of dissocia­
tion. The values of D^DA needed for these cal­
culations were obtained by multiplying the values 
of DAgDA given in Table II by DK/DAg. These 
latter values were computed from the standard 
electrode potentials of silver in the three solvents 
by means of equation (5). In water, the value
0.7996 v.18 for the electrode potential of silver 
and the values 0.7647 v. and 0.7497 v. in methanol

(18) J. J. Lingane and W. D. Larson, T h i s  J o u r n a l , 58, 2647 
(1936).

Summary
It has been pointed out that the product and 

the quotient of the distribution coefficients of 
ions between two solvents can be determined in 
an exact way. When these values are known it is 
possible to calculate equilibrium constants in one 
solvent from the known values in water.

The ionization constants of six acids in methanol 
and ethanol were calculated from distribution data 
and the values of the constants in water. The 
values calculated in this way were found to be in 
fair agreement with the experimentally determined 
ionization constants in methanol and ethanol.
Minneapolis, Minn . Received M ay 4, 1938
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Ionization Constants of Acid-Base Indicators in Methanol
By I. M. K olthoff and L. S. Guss1

The equilibrium constant in a buffer system 
containing a small amount of an acid-base in­
dicator is given by the expression

,  ^  { a I h ) { a A )  ^  c l h  c A  / i b / a  ^  K  f i b  / a  m  

( a h ) ( a B )  c h c B f u h  f u  / b  W  

in which a denotes the activity of the component, 
c the concentration, l b the basic form and / a the 
acid form of the indicator, A and B the acid and 
basic forms of the buffer, K ’ the thermodynamic 
equilibrium constant, while K  is the corresponding 
and experimentally determinable concentration 
“constant,” the value of which varies with the 
ionic strength of the solution. By extrapolating 
the values of K  found at small ionic strengths 
to an ionic strength of zero, the value of K f is 
found. This method of evaluation of K ' is simi­
lar to that used by Guggenheim and Schindler2 
in aqueous solutions.

In sufficiently dilute solution, the limiting 
Debye-Hückel expression gives the relation be­
tween activity coefficient and ionic strength. 
In methanol at 25°, this becomes

lo g  /ion — 2 . 0 ( 2 )

In the range in which the limiting expression is 
applicable, equation 1 gives us

p K ' = pK — log = p K -  4.0(zia -  za ) V m (3)

where zIa and zA are the charges of the indicator 
acid and the buffer acid, respectively. If the 
values of pK  are plotted against the square root 
of the ionic strength, the slope of the curve should 
be 4(sIa — zA) in the range where the limiting 
expression holds. Table I lists values of this 
slope for various types of indicator and buffer 
acids.

T a b l e  I

V a l u e s  o f  4 .0 (s ia  — z a )

T ype of buffer acid
----- -—Type of indicator acid
Cation Uncharged Anion

Cation 0 . 0 - 4 .0 - 8 .0
Uncharged 4.0 0 . 0 - 4 .0
Anion 8.0 4.0 0 . 0

Having obtained by extrapolation the value of 
pKj the thermodynamic ionization constant, Ki>

(1) From the dissertation submitted by L. S. Guss to the Graduate 
School of the University of Minnesota in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, May, 1938.

(2) E. A. Guggenheim and T. D. Schindler, J . Phys. Chem., 38, 
543 (1934).

of the indicator can be calculated if the dissocia­
tion constant of the acid, K Ai is known since 

pKi = pK' +  pKA
Although there are many data in the literature 
on the acidity constants and concentration ioni­
zation constants of acids in methanol, only few 
studies have been carried out at sufficiently small 
ionic strengths to allow the determination of the 
thermodynamic ionization constant. In the pres­
ent work, the values of Goldschmidt and co­
workers,3 who determined the constants by the 
conductivity method, have been adopted as the 
most reliable values. The constant of veronal, 
which is not given in the literature, has been de­
termined by the colorimetric procedure described 
in this paper, using the pKi value which has been 
found previously in another buffer. In a similar 
way, the ionization constants of other acids in 
methanol have been determined.

Experimental
Reagents.—A good grade of synthetic methanol free of 

aldehydes was dehydrated by the method of Lund and 
Bjerrum4 followed by distillation over sulfanilic acid to re­
move traces of alkaline impurities. The density of the 
final product was measured with a 100 ml. pycnometer. 
Freshly distilled products gave values of d25* 0.78651. 
No sample whose density was above 0.78661254 was used, 
the latter value corresponding to less than 0.04% water. 
The presence of a trace of water has a negligible effect on 
indicator equilibria in buffered solutions.

The sulfonphthaleins were furnished through the cour­
tesy of Hynson, Westcott and Dunning and were used 
without further purification. Thymolbenzein was ob­
tained from a collection of the late Dr. W. R. Orndorff of 
Cornell University. Other indicators were purified by 
conventional methods.

Lithium chloride was precipitated from a saturated solu­
tion in methanol by hydrogen chloride, then fused in 
platinum in an atmosphere of hydrogen chloride. Sodium 
bromide and sodium nitrate were recrystallized from water 
and dried to constant weight at 110°. All other reagents 
were purified by conventional methods.

Sodium methoxide solutions were prepared by dropping 
pure sodium into methanol and, after solution was com­
plete, diluting up to the desired strength. Solutions of 
acids were prepared by weight and checked by titration 
with sodium hydroxide. Solutions of lithium chloride and

(3) H. Goldschmidt and H. Aarflott, Z. physik. Chem., 117, 317 
(1925); H. Goldschmidt and E. M athiesen, ibid., 119, 453 (1926); 
H. Goldschmidt and F. Aas, ibid., 112, 429 (1924).

(4) H. Lund and J. Bjerrum, Ber., 64B, 210 (1931); see also N . 
Bjerrum and L. Zechmeister, ibid., 56B, 894 (1923).
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sodium bromide were prepared similarly and checked by 
titration with silver nitrate.

Method.—Accurately measured volumes of a solution 
of the suitable buffer acid and of sodium methoxide were 
introduced into a test-tube to give an intermediate color 
to the indicator investigated. If desired, a certain amount 
of a neutral salt was added to obtain a certain ionic 
strength, then 0.05 ml. of 0.04% indicator solution and the 
mixture made up to 5.0 ml. with methanol. The fraction 
of the indicator in the alkaline form was then measured 
by the method of Gillespie5 and the value of pK  calculated 
from the ratio of the concentration of acid and basic forms 
of the indicator and the composition of the buffer. These 
values were then plotted against the square root of the 
ionic strength, and extrapolated to zero concentration, 
using the limiting Debye-Hückel expression for the final 
extrapolation.

Results.—For example, a solution was 0.02 
N  in benzoic acid, 0.0199 N  in sodium benzoate,
0.20 M  in lithium chloride and 0.01% in brom 
cresol green (added as the sodium salt). The 
ratio of clh/c l& was found to be 0.96 and the 
ratio of cB/cA in the buffer was 0.99. Hence 

K  -  0.96/0.99 «  0.975 

and pK  = 0.01.
As an illustration, in Table II are listed the 

data obtained in a study of the behavior of brom 
phenol blue in salicylate buffers. The results of 
other determinations have been summarized in 
Table III. The values of pK  given were obtained 
by interpolation from curves in which pK  was

T a b l e  II
B r o m  P h e n o l  B l u e  i n  S a l ic y l a t e  B u f f e r

S alt
^Salicylate added CSalt V? c B /c A c lh /c h P K

0.00036 0.019 3 .34 0 .43 0.89
.00036 .019 5 .9 .725 .91
.0005 .022 3 .34 .43 .89
.0009 .030 3 .34 .47 .85
.0009 .030 5 .9 0 .8 2 -0 .7 3 0 .86-0 .91
.0022 .047 3.34 0.54 0.79
.0022 .047 5 .9 .925 .80
.0056 .075 3 .34 .61 .74
.0056 .075 5 .7 1 .0 0 -1 .0 8 0 .76 -0 .72
.012 .11 2 .0 3 0 .5 4 -0 .5 9 .5 8 - .54
.014 .12 3 .34 0 .67 0.70
.014 .12 5 .9 1.38 .63
.016 .13 8 .4 2 .33 .56
.006 NaNOa 0.003 .095 2 .04 0 .43 .68
.006 NaNOa .006 .11 2 .04 .49 .62
.006 NaNOa .015 ,145 2 .0 4 .54 .58
.006 NaNOa .024 .175 2 .04 .615 .52
.006 NaNOa .030 .19 2 .04 .67 .49
.006 NaNOa .045 .225 2 .04 .67 .49
.006 NaNOa .060 .26 2 .0 4 .67 .49
.006 NaNOa .090 .31 2 .0 4 .725 .45
.006 LiCl .014 .14 2 .04 .47 .64
.006 Li Cl .027 .18 2 .04 .54 .58
.006 LiCl .041 .22 2 .04 .67 .49
.006 LiCl .069 .275 2 .04 .67 ,49
.006 LiCl .137 .38 2 .0 4 .695 ,47
.006 T/iCl .274 .53 2 .0 4 .725 .45

(5) L. J. Gillespie, T h is  J o urn al , 42, 742 (1920).

plotted against the square root of the ionic 
strength. The first column gives the values ob­
tained on extrapolating to zero ionic strength. 
The superscripts refer to neutral salts in the solu­
tion, 1 referring to lithium chloride, 2 to sodium 
bromide and 3 to sodium nitrate.

0 0.2 0.4 0.6 0.8
Square root of ionic strength.

Fig. 1.—Brom cresol green in O, tartrate,
3 , benzoate, and ©, ammonium buffers.

The behavior of various indicator-buffer sys­
tems is shown more clearly in the figures. Figure 
1 shows the behavior of brom cresol green in its 
alkaline range in various types of buffers. This 
behavior is typical of the sulfonphthaleins. For 
convenience, p K —pK r has been plotted against 
the square root of the ionic strength. In Fig. 2, 
the behavior of the azo indicators, methyl yellow 
and methyl orange is illustrated. Figure 3 shows 
the behavior of methyl red in its two color change 
intervals. Figure 4 illustrates the two color 
changes of thymolbenzein and of thymol blue in 
its acid range.

Discussion
1. The sulfonphthaleins in their alkaline 

range approach the behavior predicted on the 
basis of the limiting Debye-Hückel expression, as 
the ionic strength approaches zero. This is 
evidenced by the slope of the lines given in Fig.
1. With increasing ionic strength, the pK  values 
vary in some regular way. With buffers of the 
type A-B -  (A is an uncharged acid, B" is the
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Table III
Values of p K  in Various Indicator-B uffer Systems

Indicator Buffer 0.0 0.002 0.005 0.01
--------Ionic

0.02
: strengths 

0.05 0.1 0.2 0.3 0.5
Brom phenol blue Salicylate 1 .0 0 .8 0 .75 0 .7 0.651

.6 3
.9

O.5 1 3 0.4513 0.4518

Brom phenol blue o-Nitrobenzoate 1 .3 1.1 1 .0 1 .0 .85 .81 .751 0.751
Brom phenol blue ra-Nitrobenzoate 0 .6 0 .45 0 .35 0 .3 .25 . I i .05» . 0 1 . 0 1

Brom phenol blue ^-Nitrobenzoate .5 .3 .25 .2 .1 . 0 1 -  .051 -  .11 -  .11
Brom cresol green Benzoate .4 .25 .2 .15 .112 .0512 .O»2 . 0 1 2 . 0 1 2 O.O12

Brom cresol green Acetate .15 .0 -  .1 -  .15 -  .212 — . 2 1 2 -  .251
-  . 3 2

-  .552

— . 3 1 2 -  .3512 -  .3512

Brom cresol green Stearate -  .2 -  .35 -  .4 -  .45 -  . 5 2 -  .552 -  .6 2 - . 6 2 -  .6 2
Brom cresol purple Benzoate 1.9 1.7 1.65 1 .6 1.55 1.452 1.42 I . 4 2 I . 4 2 1 . 4 5 2

Brom cresol purple ^-Aminobenzoate 1.05 0 .9 0 .85 0 .8 0 .7 0.652 0 .6 2 0 . 62 0 .6 2 0 .6 2
Brom thymol blue Veronalate - 0 . 3 -  .45 -  .5 -  . 62 -  . 652 -  .72 -  . 7 2 -  . 7 2 -  . 652 -  .S 2

-  .651 -  .751 -  .751 -  . 8 1 -  .851 -  . 8 5 1 -  .851
Phenol red Veronalate .1 -  .05 -  .15 -  .2 -  .3
Thymol blue Veronalate 1 .3 1.2 1.1 1.05 1 .0 .951 . 9 1 .851 . 8 5 1 .851
Thymol blue Phenolate 0 .0 - 0 .1 5 - 0 .2 5 - 0 . 3 5 - 0 . 4 5 -  .551 -  .651
Thymol blue Trichloroacetate -  .2 -  .2 -  .2 -  .2 -  .2 - 0 .2 1 - 0 .2 1
Brom thymol blue Succinate 1 .0 1.05 1.05 1.05 1 .1 1.152 1.22 1.252 1.252 I . 3 2

1.251 1.31 1.351 1.351 1.41
Brom cresol green Tartrate - 0 . 1 - 0 . 0 5 0 .0 0 .0 5 0 .1 0.151 0.251 0.351 O. 4 1

Brom cresol green Ammonium - 0 . 9 - 1 . 3 - 1 . 5 5
Brom phenol blue Anilinium 2 .9 2 .5 2 .3 2 .15 1.951 1.751 I . 5 1 1.31 1.151
Methyl orange Trichloroacetate - 1 . 1 - 1 . 1 - 1 . 1 - 1 . 1 - l . l i - I .O 5 1 - I . O 12 -0 .8 5 1 2 - O . 8 1 2 - O . 7 5 1 2
M ethyl red Benzoate - 0 . 2 - 0 . 2 - 0 . 2 - 0 . 2 - 0 . 2 - O . I 5 1 -O .O 5 2 .O12 . 1 1 2 .251*
M ethyl red Trichloroacetate -  .8 -  .7 -  .65 -  .6 -  .55 -  .451 -  . 3 1 -  . I i . 0 1 .151
M ethyl yellow Trichloroacetate - 1 . 5 - 1 . 3 5 - 1 . 3 - 1 . 2 5 - I . I 5 1 - I . O 12 -  .951 -  .751 -  .651 -  . 5 1

-  .752 -  .552 -  .452 -  . 4 2
Neutral red Salicylate 0 .3 0 .45 0 .55 0 .6 0 .7 5 0.9512 I . 2 1 2 1.451

1.552
1 .6 2 1.752

M ethyl yellow o-Chloroanilinium .0 .0 .0 .0 . 0 1 . 0 1 .0» 0 . 0 1 0 . 0 1 0 . 0 1
Methyl orange o-Chloroanilinium -  .15 -  .15 -  .15 -  .15 -  .2 -  .2 -  .2 2 -  .252 -  .22 -  .22
Thymolbenzein Trichloroacetate - 1 . 4 - 1 .2 5 - 1 . 1 - 1 .0 2 -  .92 -  . 7 2 -  . 5 5 2

Thymolbenzein Veronalate 0 .4 5 0.45 0 .45 0 .4 5 1 . 5 1 .61 . 7 5 1 .751

corresponding univalent anion base), a limiting 
slope of —4 is obtained. With increasing ionic 
strength, the pK  values decrease less than de­
manded by the limiting expression. This is to 
be expected as the latter in methanol will only be 
valid at very small ionic strengths. When the

0 0.2 0.4 0.6 0.8 1.0
Square root of ionic strength.

Fig. 2.—O, Methyl orange and ©, methyl 
yellow in trichloroacetate .buffer.

ionic strength has become of the order of 0.06, the 
pK  values remain practically constant with in­
creasing ionic strength. This behavior is typical 
of all of the sulfonphthaleins and can be inter­
preted on the basis of the structures of the sul­
fonphthaleins as originally proposed by Lund6 and 
supported by the work of Schwarzenbach.7 Ac­
cording to Lund, the structural changes of a sulfon- 
phthalein in its various color change intervals is 
represented by

/CeKUOH
C 6 H 4 ( S 0 3 - ) + C <  5 :

x C6H4OH 
Acid form

/C 6H4OH 
c 6h 4(S03“) +c< ;

X C 6H40 "  
Yellow form

x C6H40 -  
, C«H4(S08-)+C<

x c 6h 4q -
Alkaline form

Thus, the yellow form is a hybrid ion with one 
extra negative charge and the alkaline form a hy­
brid ion with two extra negative charges. Bjer­
rum8 postulated that the charges on a hybrid ion 
are sufficiently displaced that, in a fairly concen­
trated solution, it behaves as two ions. Giintel-

(6) H. Lund, / .  Chem. Soc., 1844 (1930).
(7) G. Schwarzenbach, Helv. Chim. Acta, 20, 490 (1937), et seq.
(8) N . Bjerrum, Z. physik. Chem., 104, 147 (1923).
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0 0.2 0.4 0.6 0.8
Square root of ionic strength.

Fig. 3.—Methyl red in O, benzoate and 
Q, trichloroacetate buffers.

berg and Schiödt9 showed that the behavior of 
methyl orange with varying ionic strength could 
be explained by such a hypothesis. The same 
reasoning should apply to any highly charged ion, 
with widely displaced charges. Thus, we might 
assume that at higher ionic strengths the elec­
trical work required to build up n individual 
charges will be n times as great as that required 
to build up a single charge. In the yellow form 
of the sulfonphthaleins, n is equal to 3 and in the 
alkaline form, equal to 4. At high ionic strengths, 
we then may write the following relation for the 
activity coefficient

-  log f n  =  — n log/] (4)

in which fi is the activity coefficient of a univalent 
ion.

For univalent ions in fairly concentrated solu­
tions, the Debye-Hückel expression might be 
written

~  log f i  -  ƒ( V m) +  B  ( 5 )

where B is some function of the ionic strength. 
It seems fair to assume that B  will be of the same 
magnitude for ions of a conjugate acid-base sys­
tem. Applying the above to the sulfonphthaleins 
in buffers of the type A-B™ at higher ionic 
strength, we find

pK  =  p K 1' -  log f -  -f- lo g / -  -  log A  +  log/o 
-  pK v -  3 log f i  -f 4 log/i -  log fi «  pK" (6)

(9) E. Gtintelberg and E. Schiödt, Z . physik . Chew.. 135,393 (1928).

1.0

0.8

0.6

1
^  0.4

0.2

0

0 0.2 0.4
Square root of ionic strength. 
Fig. 4.—Thymolbenzein in

O, veronalate, and ©, trichloro­
acetate and 3, thymol blue in 
trichloroacetate.

in which pK ,r is not the true thermodynamic con­
stant since the relation in equation 4 will not 
permit extrapolation down to infinite dilution. 
According to the above interpretation, pK  be­
comes constant at relatively high ionic strengths, 
which is in agreement with experimental re­
sults.

The above considerations are also of practical 
importance. If the pK  values of sulfonphthaleins 
in various alcohols are determined in buffer solu­
tions of the type A-B~ with an ionic strength of 
about 0.1, the result of a 5- to 10-fold dilution will 
be a very small effect upon the pK  measured. 
Extrapolation of those data to an ionic strength 
of zero, however, would lead to an erroneous re­
sult. Kolthoff,10 who investigated the sulfon­
phthaleins in ethanol, has applied such an extra­
polation. From this discussion, it is clear that 
his data need correction.

In buffers of the type A™-B ,̂ the pK  values 
of the sulfonphthaleins should become constant 
and independent of the ionic strength when the 
latter is very small. Actually, this was found 
to be the case with brom cresol green in bitartrate - 
tartrate buffers at ionic strengths below 0.001. 
When the ionic strength becomes greater than

(10) I. M. Kolthoff, J .  Phys. Chem., 35, 2732 (1931).
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this, the pK  values increase. This is in agree­
ment with the above considerations.

The tremendous effect of the ionic strength upon 
the pK  values in buffers of the type A+-B is also 
in agreement with the predictions based on the 
above discussion. At low ionic strengths, the 
curve has the slope of — 8 required by equation 3 
(see Fig. 1). At higher ionic strengths, the 
theory of individual charges seems again appli­
cable.

The behavior of thymol blue in its acid range 
is in agreement with the structure proposed by 
Lund. The pK  values found in trichloroacetate 
buffer were found to be constant up to an ionic 
strength of 0.1.

2. In connection with what has been said of 
the sulfonphthaleins, the behavior of thymol­
benzein in its two color changes is of interest. 
On the basis of the work of Lund and Schwarzen­
bach, the structural changes may be represented 
by

/ C ioH 13O H  / C I0H 12O H
c 6h 6+ c <  c 6h 6+ c <

x C.10H ,2O H  \ C ioH ,20 -

Acid form Yellow form
C 10H i2O  ~

CioHi20“"
Alkaline form

In its acid range, in a buffer of the type A-B~, we 
would have

pK  = p K ’f -  log A  +  log ƒ+ ~  l o g / .  +  log/o 

At small ionic strengths, this leads to 
pK  -  p K ' +  4 V m

The slope of 4 actually was observed in trichloro­
acetate buffers. At high ionic strengths, we would 
expect to find pK  = pK ,f and independent of fi. 
Although the slope did increase, it still had a 
positive value at an ionic strength of Ö.126.

In the alkaline range, with the same type of 
buffer, the following relation should hold at higher 
ionic strengths
pK  = pK" -  log A  +  log f t  -  lo g /-  +  log/o -  PK*

Actually the pK  was found to be constant up to 
an ionic strength of about 0.01. Above this, pK  
increased. More work should be done in order to 
interpret the behavior of the benzeins at higher 
ionic strengths.

3. The behavior of azo indicators and of 
neutral red in buffers of the type A-B~ is in agree­
ment with the postulates given in the introduction 
of this paper. The slope of the pK  line of methyl

yellow against the square root of the ionic strength 
in trichloroacetate buffers and of neutral red in 
salicylate buffers approaches the value calculated 
on the basis of the limiting Debye-Hückel ex­
pression (Table I and Fig. 2). At greater ionic 
strengths, the pK  values of both indicators in­
crease less than calculated on the basis of the 
limiting expression, which is to be expected since 
the latter disregards ionic diameter. With both 
indicators, the deviations are greater with lithium 
chloride than with sodium bromide.

The behavior of methyl orange in trichloro­
acetate buffer (Fig. 2) is explained readily by the 
hybrid character of the acid form of the indicator. 
At small ionic strengths, the pK  values become 
constant, but pK  increases at greater ionic 
strengths. In the latter case we have 
pK  =  pIC  — lo g  ƒ +  -f* lo g  ƒ _  — l o g / -  +  lo g /o  = pK"  —

2 log A
While the behavior of methyl yellow in 0-chloro- 
anilinium buffer is quite normal, the behavior of 
methyl orange in the same buffer is abnormal. 
A limiting slope of pK  against the square root of 
the ionic strength of 4 was expected, but as seen 
from the data in Table III, the pK  was found to be 
sensibly independent of ionic strength. Whether 
this result is to be attributed to a specific interac­
tion between methyl orange and the buffer has 
not been investigated.

Methyl red has two color changes, in the acid 
range from red to orange and in the alkaline range 
from orange to yellow. The latter corresponds 
to the color change in water from so-called Red II 
to yellow, but is less pronounced in methanol. 
In the acid range (trichloroacetate buffer), the 
change of the pK  at small ionic strengths is similar 
to that of methyl yellow and neutral red (see 
Fig. 3), but at higher ionic strengths the pK  does 
not increase as much as that of other indicators. 
In the alkaline range (benzoate buffers), the pK  
becomes constant at small ionic strengths and in­
creases at larger ionic strengths. The salt effect 
is almost identical with that of methyl orange in 
trichloroacetate buffer. The salt effects in the 
acid and alkaline ranges are best explained on the 
assumption that the orange form (comparable with 
Red II in water) is present as a neutral amino 
acid and not as a hybrid ion. This behavior is in 
agreement with the change of the indicator con­
stant, pKi, on going from water to methanol. 
The pKi of methyl red in water is 5.0, and in 
methanol (pK i^), 9.2. The change of 4.2 cor-
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T a b l e  I V
E f f e c t  o f  W a t e r  o n  I n d ic a t o r  E q u il ib r ia  in  B u f f e r

S ol utions

Buffer Indicator

clh/cla
In pure With 1% 

methanol water
Trichloroacetate Methyl yellow 2 .3 3 2 .3 3
Trichloroacetate Methyl orange 1 .5 0 1 .5 5
Benzoate Brom cresol green 1 .1 3 1 .2 2
Veronalate Brom thymol blue 0 .6 4 0 .6 1 5
Veronalate Brom cresol purple 0 .4 3 0 .4 1
Veronalate Phenol red 1 .0 0 1 .0 0
Succinate Brom cresol purple 0 .9 2 0 .8 2

gaard-Rasmussen and Reimers11 arrived at the 
conclusion that the Red II form of methyl red or 
the orange form in alcohol has the amino acid 
and not the hybrid ion structure. Kolthoff12 and 
Thiel13 came to the opposite conclusion from a 
consideration of the salt effect in water. In 
agreement with the former conclusion is the fact 
that the temperature has hardly any effect on the 
intermediate color of methyl red in a benzoate 
buffer in water or in methanol. If the orange

T a b l e  V

D is s o c ia t io n  C o n s t a n t s  o f  I n d ic a t o r s  i n  M e t h a n o l

Buffer p K x  p K fIndicator

Tropeoline 00 
Methyl yellow 
Thymolbenzein (1) 
Methyl orange 
Methyl red (1) 
Thymol blue (1) 
Neutral red 
Neutral red 
Brom phenol blue 
Brom phenol blue 
Methyl red (2) 
Brom cresol green 
Brom cresol purple 
Brom thymol blue 
Phenol red 
Thymolbenzein (2) 
Thymol blue (2)

Acid

o-Nitrobenzoic
ra-Nitrobenzoic
^-Nitrobenzoic
Acetic
Stearic
p -Am inobenzoic 
Veronal 
Veronal 
Phenol
0-Chloroanilinium
0-Chloroanilinium
Anilinium
Ammonium
Bitartrate
Bisuccinate
Bisuccinate
Biphthalate

Hydrogen chloride
T richloroacetate
Trichloroacetate
Trichloroacetate
T richloroacetate
T richloroacetate
Salicylate
Acetate
Salicylate
Benzoate
Benzoate
Benzoate
Benzoate
Veronalate
Veronalate
Veronalate
Veronalate

Indicator

Brom phenol blue 
Brom phenol blue 
Brom phenol blue 
Brom cresol green 
Brom cresol green 
Brom cresol purple 
Brom cresol green 
Brom cresol purple 
Thymol blue 
Methyl yellow 
Methyl orange 
Brom phenol blue 
Broth cresol green 
Brom cresol green 
Brom cresol purple 
Brom thymol blue 
Brom cresol purple

4 . 9 - 1 . 5
4 . 9 - 1 . 4
4 . 9 - 1 . 1
4 . 9 - 0 . 8
4 . 9 -  .2
7 . 9 -  .3
9 . 6 5 - 1 . 4
7 . 9 1 . 0
9 . 4 - 0 . 4
9 . 4 -  . 2
9 . 4 .4
9 . 4 1 .9

1 2 . 7 - 0 . 3
1 2 . 7 4- .1
1 2 .7 .4 5
1 2 . 7 1 . 3

8 . 9 1 .3
8 . 9 0 . 6
8 . 9 .5
9 . 8 .15
9 . 8 -  .2

1 1 .3 1 .0 5
9 . 8 - 2 . 8

1 1 .3 - 1 . 4
1 4 .0 0 . 0
3 . 4 .0
3 . 8 -  .1 5
8 . 9 2 . 9
9 . 8 —0 . 9
9 . 8 -  .1

1 1 .3 -  .1
1 2 .4 1 .0
1 1 .3 - 0 . 3 5

^ l(M e O H ) PKi (H20)
2 . 2 2 . 0
3 . 4 3 . 2 5
3 . 5
3 . 8 3 . 4 5
4 . 1 2 . 3
4 . 7 1 .6 5
8 . 2 7 . 4
8 . 2 5 7 . 4
8 . 9 4 . 1
9 . 0 4 . 1
9 . 2 5 . 0
9 . 8 4 . 9

1 1 .3 6 . 4
1 2 .4 7 . 3
1 2 . 8 8 . 0
1 3 .1 5
1 4 .0 9 . 2

p K A p K A ( U i O )

7 . 6 2 . 2
8 . 3 3 . 5
8 . 4 3 . 4
9 . 6 5 4 . 7 5

1 0 .0
1 0 .2 5 4 . 8
1 2 .6 7 . 4
1 2 .7 7 . 4
1 4 .0 9 . 9

3 . 4 3 . 2 5
3 .9 5 ? 3 . 2 5
6 . 0 4 . 6

1 0 . 7 9 . 2 5
9 . 9 4 . 5 5

1 1 . 4 5 . 6
1 1 . 4 5 . 6
1 1 .6 5 5 . 4

T a b l e  VI
D is s o c ia t io n  C o n s t a n t s  o f  S o m e  A c id s  i n  M e t h a n o l

p K i p K '

responds to that of an uncharged carboxylic acid. 
On the other hand, the behavior of methyl orange 
in this respect (3.5 in water, 3.8 in methanol) in­
dicates conclusively the hybrid ion structure of 
the acid form. From their work on the indicator 
constants in water-ethanol mixtures, Bagges-

form had a hybrid structure the color should shift 
to a yellow on increasing the temperature.

4. The effect of small amounts of water
(11) H. Baggesgaard-Rasmussen and F. Reimers, D ansk. Tidsskr. 

Farm., 7, 225 (1933).
(12) I. M. Kolthoff, Rec. trav. chim., 44, 68 (1925).
(13) A. Thiel, A. Dassler and F. Wülfken, Ber., 56, 1667 (1923).
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should be negligibly small as long as the concen­
tration of the water is not great enough to affect 
the properties of the solvent appreciably. From 
a large number of experiments, a few examples 
of which are listed in Table IV, it is seen that the 
presence of 1% water in a buffer solution hardly 
affects the indicator-buffer equilibrium.

In Table V is given a summary of the values of 
the negative logarithms of the ionization con­
stants of indicators, pKi, at an ionic strength 
of zero. The values, naturally, are no more 
reliable than the pK.A values from which they 
were calculated. The pKi of Tropeoline 00 has 
been obtained from experiments in dilute hydro­
chloric acid solutions in methanol, which will be 
reported in a subsequent publication.

In Table VI is given a list of the pKh values 
of various acids at = 0, which were calculated 
from the extrapolated pK' values and the pKi 
values of Table V.

Summary
1. Thermodynamic ionization constants of a 

number of indicators and of acids have been de­
termined in methanol, and the effect of ionic 
strength studied.

2. The behavior of the sulfonphthaleins and 
thymolbenzein is in agreement with modern views 
of their structures.

3. In agreement with Baggesgaard-Rasmus- 
sen and Reimers, it was found that the behavior of 
methyl red is best explained on the basis of the 
existence of the free amino acid form, and not of 
the hybrid form, although the salt effect is not 
entirely accounted for by this interpretation.

4. The behavior of other indicators is in agree­
ment with present concepts. At very small ionic 
strengths, the salt effect can be accounted for 
quantitatively by the limiting Debye-Hückel 
expression.
M in n e a po l is , M i n n . R ec eiv ed  A u g u s t  5, 1938
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Specific Heats and Heat of Fusion of Tellurium Tetrachloride
B y  K. J. F r e d e r ic k  a n d  J. H . H i l d e b r a n d

A calculation of the internal pressure of tellu­
rium tetrachloride by the senior author1 shows that 
this tetrachloride differs from all others in the 
magnitude of its molecular field, which is near to 
that of iodine. It is to be expected, therefore, 
that solutions of these two substances with each 
other should be nearly ideal, provided that they 
do not react and that the former does not have a 
more or less ionic field, which may prove to be 
the case. The freezing point diagram for this 
system is now being constructed in this Labora­
tory. In order to evaluate the data, however, it 
is necessary to have reliable figures for the specific 
heats and heats of fusion. Data for iodine re­
cently have been reported by us2 and this paper 
presents similar results for tellurium tetrachlo­
ride, for which no determinations of the quantities 
are to be found in the literature.

Preparation and Purification of Sample.—The 
material used was purified by fractional distilla­
tion, the final fraction distilling at a mean tem­
perature of 390° under atmospheric pressure. Its

(1) J. H. Hildebrand, “Solubility of Non-Electrolytes/* Reinhold 
Publishing Corp,, New York, N . Y ., 1936.

(2) Frederick and Hildebrand, This J o u r n a l , 60, 1436 (1938).

melting point was 224.1°. The purified material 
was enclosed in small Pyrex glass capsules, evacu­
ated before sealing. The capsules had an ex­
ternal diameter of 12 mm., an internal diameter 
of 10 mm,, and a length of approximately 6 cm. 
The ratio of weight of tellurium tetrachloride to 
weight of glass was about 1.4. Two different 
capsules were prepared and each one was used in a 
considerable number of the runs. The average 
free space in the capsules was 1.7 cc. Calcula­
tions indicate that the tellurium tetrachloride 
vapor in the capsules was a negligible factor.

Method.—The apparatus and method used in 
these determinations were the same as described 
in the account of the work with iodine. The 
higher melting point of the tellurium tetrachloride 
necessitated further calibration of the thermo­
couple in the furnace and the melting point of tin 
was used for this purpose.

Results and Discussion.—The value of the 
heat capacity of the calorimeter was 11.3 =*=
0.4 cal. per degree. Runs on the Pyrex glass 
used in making the capsules showed that its 
specific heat for the interval 25-250° could be
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expressed within =±= 0.3% by the 
equation
Cp =  0.186 +  5.5 X 10"50 ~  25) +

1.15 X 10-60 -  25)2
The results of the runs made on solid 73 
and liquid tellurium tetrachloride are 
given in Table I. The column headed 2 
h-H298.i represents the number of calo- X 
ries evolved in cooling one mole from 3  
the temperature in the other column ^ 
down to 25°. The data listed in the & 
tables are plotted in Fig. 1.

The two values obtained for the solid 
just below the melting point are ab­
normally high due to some pre-melting.
If these two are neglected, the rest of 
the results for the solid range follow a 
linear relationship within experimental 
error. The slope of this line is the molal heat ca­
pacity of solid tellurium tetrachloride in the inter­
val 25-224.1° and is 33.1 =*= 0.3 cal. per mole. A 
straight line was also found to fit the data for 
liquid tellurium tetrachloride within experimental 
error. This gives a molal heat capacity of liquid

T a b l e  I

100 150
Temperature, 

Fig. 1.

200 2 5 0

Temp.,
°C.

H-H298.1,
cal./m ole

Solid
Temp.,

°C.

H—H298.1,
cal./m ole

Liquid
5 1 .0 6 8 4 7 .3 2 2 6 .2 0 11 ,204 .7
7 1 .1 0 1 4 9 1 .3 2 2 7 .8 0 11,312.9
8 4 .3 2 1 9 2 0 .6 2 2 9 .0 3 11,366.3
9 7 .9 1 2 3 3 1 .3 2 3 3 .2 8 11 ,604.4

116 .9 4 3 0 1 0 .3 2 3 8 .6 3 11,879.1
126 .7 2 3 3 9 9 .8 2 4 4 .4 0 12,224.1
148 .36 4 1 1 0 .5 2 4 9 .3 6 12 ,510 .4
1 68 .10 4 7 0 5 .5 2 5 6 .8 5 12,964.7
184 .63 5 2 6 3 .8 2 6 3 .1 0 13 ,169.2
1 9 0 .6 5 5 4 6 6 .3
2 0 4 .8 2 5 9 8 0 .5
2 1 6 .1 0 6 4 1 0 .3
2 2 1 .6 0 6 7 2 0 .0

tellurium tetrachloride of 55.0 =±= 0.5 cal. per 
mole for the interval 224.1-265°.

The heat of fusion of tellurium tetrachloride at 
the melting point is 4510 =*= 30 cal. per mole. 
The entropy of fusion is 9.07 cal. per degree. This 
agrees excellently with the entropies of fusion of 
silicon tetrachloride, 9.08; titanium tetrachloride, 
9.00; tin tetrachloride, 9.11; obtained by Latimer.3

Summary
Employing the method of mixtures, the heat of 

fusion of tellurium tetrachloride at the melting 
point was found to be 4510 =*= 30 cal. per mole, 
the molal heat capacity of solid tellurium tetra­
chloride in the interval 25-224.1°, 33.1 =*= 0.3 cal. 
per mole, and the molal heat capacity of liquid 
tellurium tetrachloride in the interval 224.1- 
265°, 55.0 =*= 0.5 cal. per mole.
B e r k e l e y , C a l i f . R e c e iv e d  M a y  31 , 1938

(3) W. M. Latimer, T h i s  J o u r n a l , 44, 90 (1922).
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The Distribution of Minute Amounts of Material between Liquid Phases

B y  D. C. G r a h a m e  a n d  G. T. S e a b o r g

I t frequently happens in chemical investigations 
that a knowledge of the behavior of very small 
amounts of material in solution, either alone or 
accompanied by larger amounts of other sub­
stances, becomes of considerable importance. 
Particularly in the use of radioactive substances 
as indicators for chemical investigations or in the 
identification of newly discovered artificially 
prepared radioactive isotopes is it desirable to 
know what chemical behavior may be expected of 
minute quantities of radioactive matter in the 
absence of appreciable amounts of its inactive 
isotopes. The work of Fajans, Paneth, Hahn and 
others1 has led to the formulation of rules con­
cerning the adsorption or coprecipitation of 
minute amounts of material upon precipitates 
formed under various conditions. Studies of this 
sort lead to qualitative conclusions only and do 
not permit any very accurate prediction as to the 
behavior of untried substances. It seemed likely, 
on the other hand, that minute amounts of ma­
terial would distribute themselves between liquid 
phases in a simple manner owing to the absence 
of adsorption phenomena so characteristic of the 
solid phase. It could not be foretold, of course, 
whether the walls of the containing vessel or the 
dust particles inevitably present in the solution 
would exhibit sufficient adsorption of the micro­
component to influence the experimental results.

I. Partition of Gallium Chloride between 
Ether and Hydrochloric Acid

Experimental Details.—Ether (99.5%) was dried with 
anhydrous calcium chloride and metallic sodium, then dis­
tilled in an all-glass still (b. p. 34.4 =»= 0.2°). Hydro­
chloric acid, 6 N, was distilled in an all-glass still and 
shaken with ether to remove possible traces of gallium 
chloride. Chemically pure zinc chloride was dissolved in 6 
N  hydrochloric acid and freed from gallium by repeated 
extractions of gallium chloride with fresh ether prepared 
as above. The solution so prepared was evaporated to 
remove hydrochloric acid, redissolved in doubly-distilled 
water and electrolyzed between a carbon cathode and 
platinum anode to give a thin deposit of gallium-free zinc. 
The zinc was bombarded in air with 8.0 Mev deuterons 
from the Berkeley cyclotron to form, among other things, 
radioactive isotopes of gallium. From the intensity of the

(1) A summary and discussion of these investigations is found in
H ahn’s “ Applied Radiochemistry, ’ ’ Cornell University Press, 
Ithaca, N . Y., 1936.

radioactivity produced ('^10‘“2 millicuries of sixty-eight 
minute gallium) we estimate that the amount of gallium 
formed was about 10 ~12 g.2 The sample of zinc containing 
this gallium was dissolved in 6 N  hydrochloric acid (pre­
pared as above) and shaken with 25 cc. of ether, whereby 
most of the radio-gallium was extracted as gallium chlo­
ride.

This ether extract was shaken several times with 6 N  
hydrochloric acid (saturated with ether) to remove traces 
of zinc chloride from the ether solution after which the dis­
tribution ratio of the gallium chloride remaining in the 
ether was determined in the following manner. To the 
ether solution in a cylindrical separatory funnel an ap­
proximately equal volume of 6 N  hydrochloric acid (satu­
rated with ether) was added. The mixture was brought to 
a temperature of 20.0 =*= 0.1° in a water thermostat and 
shaken thoroughly to establish equilibrium between the 
liquid phases. After the volumes had been marked, the 
aqueous layer was drawn off very carefully into a second 
separatory funnel and shaken again at 20° with an equal 
volume of ether already in equilibrium with 6 N  hydro­
chloric acid. The two ether extracts thus obtained were 
evaporated to dryness on shallow copper trays of identical 
size and shape which could be placed in a reproducible 
manner under a Lauritsen type quartz fiber electroscope or 
under a thin-walled Geiger-Mfiller counter. In order to 
obtain a fairly uniform deposit on the copper trays, a few 
drops of alcohol were added to the ether during the evapo­
ration process and the solution was rocked back and forth 
by hand during the final stages of the evaporation. Gentle 
heating hastened the evaporation, but the solution was not 
boiled.

The ratio of the intensities of the radiations from 
the radioactive gallium on the trays gave a measure of the 
relative amounts of gallium chloride present in the two 
ether extracts. From this ratio and a knowledge of the 
volumes of the ether and aqueous phases, it was possible 
to calculate by a method of successive approximations the 
distribution ratio of the gallium chloride between the two 
liquid phases. Because of the extreme thinness of the de­
posits on the trays self-absorption of the radiation by 
the body of the sample did not need to be considered in 
most instances. In certain experiments, however, the 
amount of material present in the trays was sufficient to 
absorb an appreciable fraction of the /8-particles emitted 
by the sample. In such cases the relative intensities were 
estimated with a Geiger counter under conditions such 
that only -y-rays were detected. The counting rate was 
then practically independent of the thickness of the sam­
ples over the range of thicknesses used.

Results.—There are two known isotopes of 
gallium formed by the bombardment of zinc with 
deuterons, with half-lives of sixty-eight minutes

(2) This estimate also takes into account the fact that other 
isotopes of gallium (radioactive and non-radioactive) are formed 
during the bombardment.
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and eighty-three hours, respectively. Both were 
observed in these experiments (in addition to 
another which will be mentioned later), and since 
a distribution coefficient for gallium chloride 
could be obtained from either, measurements were 
made with one or the other or both. The results 
obtained are presented in Table I. Column 2

T a b l e  I

D is t r ib u t io n  R a t io  o f  G a l l iu m  C h l o r id e  b e t w e e n  
E t h e r  a n d  HCl ( ~ 6  N)

Expt.
Initial concn. 

of GaCL Half-life
Distribution 

ratio K
1 ~ i c r 12 68 min. 18.1
2 ~ 1 0 “12 83 hr. 19.0
3 ~ 1 0 “12 68 min. 17.5
4 0.0016 83 hr. 16.9

gives the approximate molal concentration of 
gallium chloride in the ether phase of the first 
extract. Column 3 gives the half-life of the radio­
active body on which the experiment was con­
ducted, and column 4 gives the distribution 
coefficient, K, expressed as the ratio of the molal 
concentration in the ether phase to that in the 
aqueous phase in equilibrium at 20°. The prob­
able error in the distribution coefficient, esti­
mated from the internal consistency obtained in 
duplicate runs, is about =*=10%. Experiment 4 
differed from the others in that 7 mg. of gallium 
chloride was added to the radioactive sample at 
the beginning of the experiment. The result so 
obtained indicates that the distribution of gallium 
chloride between ether and hydrochloric acid 
is the same at extremely low concentrations of 
gallium chloride as at ordinary concentrations.

II. Distribution of Manganous Chloride 
between Ether and Hydrochloric Acid

Experimental Details.—A solution in ether of man- 
ganese-and-cobalt-free ferric chloride was prepared by dis­
solving sublimed ferric chloride in ether and extracting 
manganese and cobalt by repeatedly shaking the solution 
with fresh, triply-distilled (in Pyrex) 6 N  hydrochloric 
acid. The experiments to be described show that such a 
procedure really does reduce the concentration of manga­
nous chloride and cobalt chloride to extremely low values. 
The purified ether solution was irradiated with fast neu­
trons from the Berkeley cyclotron to form, among other 
things, very small amounts (^ 10~ 15 g.) of radio-manga­
nese. This ether solution (volume, 82 cc.) was then 
shaken with two 13-cc. samples of triply-distilled 6 N  
hydrochloric acid, and great care was exercised to avoid 
contaminating the second hydrochloric acid extract with 
any of the first extract that may have escaped removal 
from the separatory funnel. From the behavior of manga­
nese chloride in ordinary amounts, one would expect that 
99.97% of the radio-manganese would appear in the first

hydrochloric acid extract. To test this, the hydrochloric 
acid extracts were purified as follows, and their activity 
measured with a Geiger counter. Ferric chloride was re­
moved from the two extracts by shaking with ether. 
Manganese chloride and monosodium hydrogen phosphate 
were added to each solution to serve as carriers for the 
subsequent precipitations and concentrated nitric acid 
was added to oxidize to phosphate any radio-phosphorus 
in the solution. (Radio-phosphorus and radio-chlorine 
were always present as a result of the action of neutrons on 
the chlorine originally present.) Phosphates were then 
removed by precipitation as (NH4)3P04T2Mo03 and 
manganese was recovered as MnO(OH)2 by the action of 
sodium hydroxide and bromine water. A further purifica­
tion of the MnO(OH)2 was effected by dissolving it in an 
acidified solution of hydrogen peroxide and reprecipitating 
from concentrated nitric acid with potassium chlorate.

Results.—Measurements on the radioactivity 
of the two manganese samples showed that nearly 
all of the radio-manganese appeared in the first 
extract. Nevertheless, a very slight activity 
(0.7% of that in the first extract) appeared in the 
second extract, which was not to be expected 
from the extremely small distribution coefficient 
of manganese chloride between ether and 6 N  
hydrochloric acid (see below). It seems very 
probable, however, that traces of radio-silicon 
(half-life two and four-tenths hours) formed from 
the walls of the vessel may have entered the solu­
tion and been precipitated in part along with the 
manganese dioxide. Because of this uncertainty 
the conclusion to be drawn from this experiment 
is only qualitative. Thus, minute amounts of 
manganese chloride may be extracted from ether, 
at least qualitatively, in the same manner as 
manganese chloride in larger amounts.

It may be remarked, however, that the ether 
used to remove the ferric chloride from the first 
hydrochloric acid extract showed no detectable 
radio-manganese, a result to be expected if 
minute amounts behave in the same manner as 
larger amounts.

III. Distribution of (NH4)2Co(SCN)4 
between Water and Amyl Alcohol

Experimental Details.—Cobalt-free ammonium thio­
cyanate solution was prepared by shaking a 40% solution 
of the c. p . salt several times with doubly-distilled 5-amyl 
alcohol. This procedure removed any cobalt which might 
be present, together with about half of the ammonium 
thiocyanate.

Cobalt-free iron was deposited in a thin film on a pure 
silver plate by electrolyzing (with a platinum anode and a 
silver cathode) a water solution of cobalt-free ferric chlo­
ride prepared as before. A scrupulously clean porous 
alundum cup prevented excessive diffusion of chlorine 
from the anode to the cathode. The film of iron so formed
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was bombarded in air with deuterons to form radio-cobalt 
with a half-life of eighteen hours, together with small 
amounts of radio-manganese, radio-iron, and long-lived 
radio-cobalt isotopes. The silver plate on which the iron 
was deposited also became strongly radioactive due to the 
formation of short-lived silver isotopes and due to the for­
mation of a radio-cadmium isotope (half-life 7.2 =*= 0.5 
hrs.) heretofore observed only from the action of protons 
on silver. Part of the iron film was dissolved, after bom­
bardment, with pure 6 N  hydrochloric acid. The acid 
evidently reached the silver backing in places, for radio­
cadmium, dissolved from the surface of the silver, was de­
tected easily in all of the samples. To the solution of iron 
in hydrochloric acid, doubly-distilled (in Pyrex) 6 N  nitric 
acid was added to oxidize ferrous iron, the solution was 
shaken with ether to remove the iron, evaporated to dry­
ness, and taken up in ammonium thiocyanate solution pre­
pared as described above. The distribution coefficient 
(between this solution and pure doubly-distilled 5-amyl al­
cohol (b. p. 118.0 =*= 0.5°) of the minute amounts of (NHUV 
Co(SCN)4 thus formed (~ 1 0 “12 g.), was determined in 
substantially the same manner as that described above for 
gallium chloride. One difference lay in the fact that the 
two amyl alcohol extracts were finally shaken with dilute 
ammonium hydroxide solution which brought the radio­
cobalt back into the aqueous layer. This was at once a 
convenience and a further test of the principle under con­
sideration. In these extractions, of course, relatively large 
amounts of ammonium thiocyanate are transferred along 
with the ammonium cobaltothiocyanate.

Results.—The results so obtained are pre­
sented in Table II. Experiment 6 was identical 
with 5 except that ordinary pure iron, containing

T a b l e  II
D is t r ib u t io n  R a t io  o f  (N H .i)2C o ( S C N )4  b e t w e e n  5- 
A m y l  A l c o h o l  a n d  A q u e o u s  A m m o n iu m  T h io c y a n a t e

S olution
Initial concn. Distribution

Expt. of C0 CI2 ratio K

5 ^ 1 0 -!2 1 0 .9
6 ~ i o - 5 1 0 .0 5

traces of cobalt, was used for the bombardment. 
Within the limits of the experimental error the 
results are the same, indicating again that very 
low concentrations of matter behave in partition 
processes like the same substances at ordinary 
concentrations.

The samples obtained in experiment 5 were 
found to contain appreciable amounts of radio­
cadmium (7.2 =*= 0.5 hr.), and an approximate 
value for the distribution ratio of cadmium be­
tween s-amyl alcohol and ammonium thiocya­
nate solution was obtained (K = 0.15). Quali­
tative experiments with inactive cadmium salts 
in ordinary amounts showed a similar behavior.

The chemical identity of the seven and two- 
tenths-hour period here obtained was established

by separating cadmium, manganese and cobalt 
from a new sample by adding carriers for the 
radio-elements and precipitating each in a con­
ventional manner. The seven and two-tenths- 
hour period was found in the cadmium precipi­
tate, and its radioactive properties were sub­
stantially the same as those reported by Ridenour, 
Delsasso, White and Sherr,3 who produced this 
radioactive body by bombarding silver with 
protons.

IV. Distribution Ratios of Several Metallic 
Halides between Ether and Hydrochloric Acid

Since the hydrochloric acid used in the experi­
ments listed in Table I had been shaken with 
ether several times, its quantitative composition 
was not accurately known. A series of experi­
ments was performed in which the composition of 
the two phases could be easily and accurately 
reproduced. In these experiments the concen­
tration of the substance whose distribution ratio 
was being measured was always small, but no 
effort was made to remove all traces of the ele­
ment before the bombardment.

Experimental Details.—Hydrochloric acid of known 
concentration (standardized with anhydrous sodium car­
bonate) was shaken with an equal volume, at 20 °, of dried 
ether. The heat of mixing was removed by cooling in a 
thermostat at 20 °, and the two liquid phases were used at 
the compositions thus obtained. Experiments with gal­
lium chloride were made in the manner already described 
except that traces of gallium originally present in the c. p . 
zinc chloride were not removed before bombardment. 
Measurements on ferric chloride were made in the presence 
of 0.01 M  inactive iron. Experiment 14 with cobaltous 
chloride was made from a very active sample of long-lived 
radio-cobalt in which inactive cobalt was also present to 
the extent of about 10 “7 mole per liter of solution. The 
ether and aqueous phases were evaporated and compared. 
Experiment 15 was carried out in the same manner with 
two and six-tenths-hour radio-manganese and the result 
checked by colorimetric experiments with inactive manga­
nous chloride.

Results.—The results of these experiments are 
presented in Table III. The distribution ratio, 
K , for gallium chloride is seen to reach a maxi­
mum at about 5.5 N  as originally reported by 
Swift.4 His values do not agree very well with 
those in Table III, however, perhaps because his 
method of preparing the ether-saturated hydro­
chloric acid differed from that used in the present 
research. Experiments 12 and 13 were carried 
out in order to determine whether any marked

(3) Ridenour, Delsasso, W hite and Sherr, Phys. Rev., 53, 770 
(1938).

(4) Swift, T h i s  J o u r n a l , 46 , 2375 (1924).
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T a b l e  III
D is t r ib u t io n  R a t io s  o f  S e v e r a l  M e t a l l ic  H a l id e s  

b e t w e e n  E t h e r  a n d  H y d r o c h l o r ic  A c id  a t  20 °
Expt. Subst. Half-life [HCl], N K

7 GaCh 83 hr. 6.50 10,6
8 GaCl3 83 hr. 6.00 35.8
9 GaCl3 83 hr. 5.50 53.8

10 GaCl3 83 hr. 5.00 52.2
11 GaCl3 83 hr. 3.97 4.9
12 FeCls 47 da. 6.00 31
13 FeCls 47 da. 5.00 23
14 CoCl2 Long 5.5 ~ 1 0 “4
15 MnCla 2.6 hr. 6.0 ~ 1 0 “4

difference existed between the distribution ratios 
of ferric and gallium chlorides. Although ex­
perimental difficulties rendered the results from 
ferric chloride rather uncertain, there appears to 
be a marked difference between the results ob­
tained for the two trichlorides. The somewhat 
anomalous behavior of ferric chloride in distribu­
tion processes noted by Dodson, Forney and Swift5 
was observed in these experiments, and was taken 
into account in calculating the distribution coef­
ficients given in Table III. No elements other 
than iron were found to display anomalous be­
havior of this sort.

The completeness with which cobaltous chlo­
ride and manganous chloride may be held in the 
aqueous layer during an extraction is shown by 
the results of experiments 14 and 15. The 
values of K  obtained in these two experiments 
may be regarded as upper limits.

Discussion.—It has been shown at ordinary 
concentrations that the activity coefficient of an 
ion in aqueous solution is determined by the 
ionic strength of the solution surrounding it and 
not by its own particular concentration. The 
results presented in Tables I and II may be con­
sidered as experimental evidence supporting this 
proposition at extremely low concentrations, 
since the ionic strength was essentially the same 
at the two concentrations studied. In the ether 
phase, also, the activity must have remained 
proportional to the concentration at the lowest 
concentrations attained, a result to be attributed, 
no doubt, to the presence of a relatively large 
amount of hydrochloric acid dissolved in the 
ether.

A result of considerable interest was obtained 
during one of the experiments with radio-cobalt 
and radio-cadmium. When a hydrochloric acid 
solution containing traces of radio-cobalt and

(5) Dodson, Forney and Swift, This Journal, 58, 2573 (1936).

radio-cadmium together with inactive iron in 
relatively enormous concentration was shaken 
with ether, the iron was readily and almost com­
pletely removed. The ether extract, however, 
showed no detectable radioactivity, indicating 
that the ether in removing 108 times as much iron 
as there was cobalt or cadmium in the solution 
showed no tendency to carry with it the other com­
ponents of the solution. As a means of separating 
certain pairs of substances, extraction processes 
are evidently much superior to ordinary precipi­
tation processes.

During the course of the experiments with 
radio-gallium a radioactive substance of half- 
life roughly seven and one-half hours was ob­
served in addition to the well-known sixty-eight- 
minute and eighty-three-hour gallium isotopes. 
A description of the radioactive properties of the 
seven and one-half-hour body will be published 
elsewhere, but it is desired to note here that its 
chemical identity was established by showing that 
the distribution ratio of its chloride between 
ether and hydrochloric acid was always the same 
as that observed under the same conditions for 
the other radioactive isotopes of gallium present 
at the same time. This constitutes very strong 
evidence that the seven and one-half-hour period 
is due to an isotope of gallium rather than to some 
impurity present in the bombarded zinc.

The facts here presented indicate that in cer­
tain cases extraction processes may be used to 
advantage in the separation and identification 
of artificially produced radioactive elements. 
The advantages of such methods over the 
more conventional precipitation processes are: 
(1) no “carrying down” of unsuspected radio­
elements in unpredictable ways; (2) high con­
centration of the radioactive substance in the 
evaporated extract, thus eliminating self-absorp­
tion of the radiation and changes in the physical 
properties of the sample on standing; (3) chemi­
cal identification of the radioactive element by 
its distribution ratio, particularly if other known 
radioactive isotopes of the element are present. 
Extraction processes employing ammonium thio­
cyanate and amyl alcohol are of less value because 
they are less specific in their action.

We are greatly indebted to Professor E. O, 
Lawrence of the Department of Physics and to 
the staff of the Radiation Laboratory for the 
preparation of the radioactive substances used in 
this research.
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Summary
1. The distribution of minute quantities {ca. 

10“12 — 10“15 g.) of soluble substances between 
liquid phases is shown in the cases studied to 
be quantitatively the same as that observed for 
the same substances in ordinary small concentra­
tions.

2. Distribution ratios of several metallic halides

between ether and hydrochloric acid are deter­
mined at low concentrations by the use of radio­
active substances.

3. It is shown that the technique here employed 
may be of use in separating and identifying arti­
ficially prepared radioactive substances without 
the use of a non-radioactive carrier.
B e r k e l e y , C a l if o r n ia  R e c e iv e d  J u l y  19, 1938

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

Infrared Absorption Studies. VII. Complex Formation Due to Hydrogen Bonding
* By A. M. B usw ell , W. H.

In an earlier paper1 a considerable discussion 
was given of the conditions under which hydrogen 
bonding might occur. I t was observed that for a 
hydrogen atom to be capable of forming a “bond” 
it must be active to a degree {i. e., ionizable in 
the proper solvents). Furthermore, a generaliza­
tion due to Venkateswaran2 was noted. This 
generalization is that the shift of the fundamental 
absorption band when hydrogen forms a bond is 
the greater, and the band itself is the broader, the 
more active the hydrogen. In order to test the 
generalizations above it seemed to be desirable to 
examine compounds containing hydrogen that 
lay at either extreme of the range of activity. The 
two which seemed best suited for this purpose are 
chloroform and hydrogen chloride.

Ether Hydrochloride.—The existence of the 
ether-hydrogen chloride complex has been known 
for a long time and it was formerly characterized 
by organic chemists as an oxonium compound. 
More recently it has been recognized that it must 
be in the nature of a hydrogen bonded complex 

R20  ^—  HCl
Of course by analogy with ammonium compounds, 
it might be supposed to be ionic in character. 
Undoubtedly a solution of hydrogen chloride in 
ether does show some conductance but the amount 
of ionization cannot be appreciable in a solvent of 
low dielectric constant for ions of small radius, 
and no typical salt-like crystal is formed as is the 
case with ammonium chloride.

Recently a number of spectroscopic studies 
have tended to confirm the foregoing conclusions. 
Walkenstein and Syrkin3 have noted the absence

(1) Article Nó. VI of this series, T h i s  J o u r n a l , 60, 2444 (1938).
(2) C. S. Venkateswaran, Proc. Ind ian  Acad., 7, 13 (1938).
(3) M. Walkenstein and J. K. Syrkin, N ature , 139, 288 (1937).

R odebush  and  M. F. R oy

of the Raman lines of hydrogen chloride in ether 
solutions. West and Edwards4 have reported the 
absence of the harmonic at 1.7 /a for hydrogen 
chloride in ether. Similarly, West and Arthur5 
found no Raman lines for hydrogen chloride in 
ether solution.

Gordy and Martin6 have observed the infrared 
spectrum of hydrogen chloride in ether, dioxane, 
and ethyl acetate and have found a broad intense 
band around 4 ju which they attribute to hydrogen 
bonding between the hydrogen chloride and the 
solvent.

In the investigation just mentioned the sub­
stance to which the hydrogen chloride bonds is 
used as the solvent. Since the solubility of hy­
drogen chloride is not large, this procedure has the 
obvious disadvantage of introducing an excess of 
solvent and hence a heavy absorption due to C-H 
in the region of the H-Cl absorption. It is neces­
sary to work with thin layers of solution and as a 
result it is not possible to make definite observa­
tions upon the H-Cl vibration.

In our work we have avoided the above diffi­
culty by using long cells containing a dilute solu­
tion of hydrogen chloride and ether in carbon 
tetrachloride. By changing the concentration 
of both hydrogen chloride and ether it is possible 
to produce and observe marked changes in the de­
gree of association between the two substances.

Experimental
An 0.08 molal solution of ether in carbon tetra­

chloride was saturated with hydrogen chloride 
under a pressure slightly greater than atmospheric.

(4) W. W est and R. T. Edwards, J . Chem. Phys., 6, 18 (1937).
(5) W. W est and P. Arthur, ibid., 5, 10 (1937).
(6) W. Gordy and P. C. Martin, ibid., 5, 1075 (1937).
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This solution was then diluted with carbon tetra­
chloride to the required concentrations and the 
ratio of the absorption of the solution to the ab­
sorption of a solution containing the same amount 
of ether but no hydrogen chloride was recorded. 
The hydrogen chloride concentration was deter­
mined for each solution by titration of a sample 
taken at the time the cell was filled. It was not 
possible in this procedure to maintain absolute 
constancy for the product of concentration times 
cell length. Molal absorption coefficients are 
plotted for the hydrogen chloride in Figs. 1 and 2.

Fig. 1.—(1) 0.129 M  HCl in CC14 vs. CC14 in 
0.158-cm. cell; (2) 0.0264 M  HCl in 0.02 M  ether 
vs. 0.02 M  ether in 0.640-cm. cell; (3) 0.0687 M  HCl 
in 0.04 M  ether vs. 0.04 M  ether in 0.325-cm. cell;
(4) 0.154 M  HCl in 0.08 ether vs. 0.08 M  ether in 
0.158-cm. cell.

Discussion of Results
In all of the absorption curves (Fig. 1) for hy­

drogen chloride in carbon tetrachloride solutions 
of ether, the hydrogen chloride fundamental is 
quite evident at 3.51 /x. For the most concen­
trated solution of both hydrogen chloride and 
ether (Curve 4), a broad and intense band with a 
maximum at 4.14 jjl is observed. As the concen­
trations of the hydrogen chloride and ether are 
decreased simultaneously (Curves 3 and 2), this

band decreases in intensity and approaches the 
absorption for hydrogen chloride itself (Curve 1).

The inference is that hydrogen bonding be­
tween the hydrogen chloride and ether molecules 
causes a shift of the hydrogen chloride fundamen­
tal to 4.14 ix. As the concentrations are dimin­
ished the amount of H-bonding is decreased and 
the 4.14/x band is correspondingly less intense.

The intensity of the hydrogen chloride funda­
mental decreases slightly as the concentrations in­
crease, but this decrease is not enough to be given 
any particular significance.

Fig. 2.—(1) 0.129 M  HCl in CC14 vs. CC14 in 
0.158-cm. cell; (2) 0.150 M  HCl in 0.2 M  anisole vs. 
0.2 M  anisole in 0.158-cm. cell.

The absorption of hydrogen chloride in the car­
bon tetrachloride solution of anisole is only 
slightly different from that for hydrogen chloride 
in carbon tetrachloride (Fig. 2), although the 
concentrations of both the hydrogen chloride and 
anisole are greater than the highest ones used in 
the case of ether. The absorption on the long 
wave side of the hydrogen chloride fundamental is 
somewhat increased but there is no intense ab­
sorption as there was even at the lower concen­
trations of ether.

It appears that there is a smaller tendency'for 
the anisole to act as donor in the formation of 
hydrogen bonds than is the case with ether.

Hydrogen Bonding Involving Chloroform.— 
The tendency of chloroform to form complexes 
with a large number of substances such as 
ethers and ketones has been recognized by many
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investigators. Recently Huggins7 has reviewed 
this evidence and explained it as due to hydrogen 
bonding. More recently Zellhoefer, Copley and 
Marvel8 have studied exhaustively the tendency 
of chloroform to form complexes by the very 
simple method of solubility measurements and 
have adduced an enormous amount of evidence in 
favor of the activity of the hydrogen in chloro­
form. Since the hydrogen in chloroform is prob­
ably the least active of any hydrogen which is 
known to form bonds, it may be expected accord­
ing to the rule of Venkateswaran that the shift in 
absorption would be so small as to be difficult of 
observation. Our first experiments showed that 
this is so, particularly with a molecule such as 
ether which has a strong C-H absorption. For 
that reason a considerable amount of our work was 
done with quinoline in which the absorption due 
to the aromatic C-H is less and is located at a 
somewhat different wave length than that for 
chloroform.

. Fig. 3.—Quinoline-CHCl3: (1) 4 M  CHC13 in 
CC14 vs. e c u  in 0.0374-cm. cell; (2) 0.25 M  CHC13-  
0.25 M  quinoline vs. 0.25 M  quinoline in 0.640-cm. 
cell; (3) 1 M  CHC13-1 M  quinoline vs. 1 M  quinoline 
in 0.158-cm. cell; (4) 4 M  CHCl3-4  M  quinoline vs.
4 M  quinoline in 0.0374-cm. cell.

(7) M. L. Huggins, J . Org. Chem., 1, 407 (1936).
(8) G. F. Zellhoefer, M. J. Copley and C. S. Marvel, This Jour­

nal, 60.1337 (1938).

Fig. 4.—Acetone-CHClg: (1) 4 M  CHC13 in
CC14 vs. CCU in 0.0374-cm. cell; (2) 0.25 M  CHC13-  
0.25 M  acetone vs. 0.25 M  acetone in 0.640-cm. cell; 
(3) 1 M  CHCI3-I  M  acetone vs. 1 M  acetone in 0.158- 
cm. cell; (4) 4 M  CHCl3-4  M  acetone vs. 4 M  acetone 
in 0.0374-cm. cell.

Solutions containing various concentrations of 
chloroform and quinoline, chloroform and acetone, 
and chloroform and ether in carbon tetrachloride 
were studied. In Figs. 3, 4 and 5 the absorption 
due to chloroform only is plotted since the control 
cell in these experiments contained not the pure 
solvent but a solution containing the same con­
centration of the substance other than the chloro­
form of the pair that was being studied. In the so­
lutions of chloroform and quinoline it was possible 
to observe the C-H absorption of the chloroform 
with precision. At low concentrations the absorp­
tion was of the same wave length and intensity as 
for solutions of chloroform alone in carbon tetra­
chloride. As the concentration was increased the 
absorption shifted toward longer wave lengths 
and increased in intensity. In a solution 4 molal 
with respect to chloroform and quinoline, the 
maximum absorption is at 3.37 /x as compared 
with 3.28 m for chloroform alone and the height 
of the peak has increased nearly three-fold. This 
would appear to be conclusive evidence for the 
formation of a hydrogen bond between chloro­
form and quinoline. Upon inspection of Fig. 3,



O ct., 1938 C o m p l e x  F o r m a t io n  D u e  t o  H y d r o g e n  B o n d in g 2531

one’s attention is attracted immediately to the 
absorption at 4.15 /x. This absorption increases 
with increasing concentration but is shifted to 
shorter wave lengths, which is contrary to any 
previous behavior noted. The positive identifi­
cation of this relatively weak absorption is neces­
sarily not easy. I t is presumably an overtone or 
combination frequency and, since it is about the 
same for bromoform, one suspects it to be con­
nected with the hydrogen.

Voge and Rosenthal9 have assigned the value 
1225 cm .-1 as the frequency in wave numbers of 
the perpendicular vibration in chloroform which 
involves mainly the hydrogen atom; 2400 cm.”1 
or 4.15 ju, would therefore be a reasonable value for 
the second harmonic. The fact that this fre­
quency is affected by complex formation is con­
firmatory of the foregoing. It is easy from a 
rather crude mechanical picture of the hydrogen 
bond to argue that, while the stretching frequency 
should be lowered, the bending frequency should 
be increased, when a hydrogen bond is formed. 
However, these conclusions must be admittedly 
tentative until confirmed by further study.

In solutions of acetone and quinoline the same 
results confirmatory of complex formation are ob­
tained but they are of much smaller magnitude. 
While the fundamental C-H frequency shows 
marked increase in height, the shift in wave length 
is barely observable. Similarly the behavior of 
the 4.15 ix absorption is less striking. In solu­
tions of ether and chloroform it is impossible be­
cause of the strong absorption of the ether to ob­
serve the C-H fundamental but the harmonic at
4.15 fx shows quite clearly the same behavior as 
for chloroform and quinoline.

Summary
The tendency of hydrogen chloride and chloro-

(9) H. H. Voge and J. E. Rosenthal, J .  Chem. Phys., 4, 137 (1936).

Fig. 5.—Ether-CHC13: (1) 4 M  CHC13 in CCU vs.. 
CC14 in 0.0374-cm. cell; (2) 0.25 M  CHCU-0.25 M  
ether vs . 0.25 M  ether in 0.640-cm. cell; (3) 1 M  
CHClg-l M  ether vs. 1 M  ether in 0.158-cm. cell;
(4) 4 M  CHCI3 - 4  M  ether vs. 4 M  ether in 0.0374- 
cm. cell.

form toward complex formation with ether and 
other substances through hydrogen bonding has 
been investigated. These two compounds stand 
at opposite extremes in the scale of activity of the 
hydrogen. The rule of Venkateswaran has been 
verified for the shift of the fundamental frequency 
of the hydrogen. An absorption band which 
shifts to shorter wave lengths upon bond formation 
has been observed in the case of chloroform and 
this absorption has been ascribed tentatively to 
the second harmonic perpendicular vibration of 
the hydrogen.
U r b a n a , I l l in o is  R e c e iv e d  J u l y  20, 1938
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[C o n t r ib u t io n  f r o m  t h e  C o l l e g e  o f  P h a r m a c y  o f  t h e  U n i v e r s it y  o f  C a l i f o r n ia ]

Methyl Tetronate, Methyl a-Chlorotetronate, Methyl a-Bromotetronate and Methyl
a-Iodotetronate
B y  W. D . K u m le r

The tetronic acids are closely related struc­
turally to ethyl acetoacetate and may be con­
sidered as derivatives of this compound. It is 
well known that when ethyl acetoacetate is 
treated with sodium and an alkyl halide the re­
sulting substituted ethyl acetoacetate usually 
has the alkyl group attached to carbon. It was 
of interest to make some esters of the tetronic 
acids to see whether the alkyl group is attached to 
oxygen or to carbon. The first attempts at 
esterification of a-bromotetronic acid using dry 
hydrogen chloride and absolute alcohol failed,1 
and a-chlorotetronic acid resulted from the re­
action. In a later experiment after passing 
hydrogen chloride through the solution for two 
weeks some evidence of esterification was ob­
tained but the compound was not isolated in a 
pure state. Esterification by treating sodium a- 
bromotetronate with alkyl halides was not suc­
cessful except in the case of ^-nitrobenzyl bro­
mide.2 Diazomethane, however, reacted rapidly 
with all of the acids and the methyl esters that 
resulted could be isolated in a relatively pure state.

The carbon and hydrogen analysis in the case 
of methyl tetronate and the halogen analysis in 
the case of the other esters correspond to a lac­
tone structure for the compounds and do not fit a 
hydroxycarboxylic acid ester structure. A meth­
oxy estimation was carried out on the compounds 
to determine the position of the methyl group. 
If it is on the oxygen the percentage of methoxy 
found would be expected to be near the theoreti­
cal. If it is on the carbon the percentage found 
should be zero. The percentage of methoxy found 
shows that the compounds are oxygen esters.

------%
Found

M ethoxy--------- -
Calcd.

Methyl tetronate 25.6 27.2
Methyl a-ehlorotetronate 19.6 20.9
Methyl a-bromotetronate 15.8 16.0
Methyl a-iodotetronate 12.6 12.9

The structure of these esters is then
CH3 

C c

(1) Kumler, T h i s  J o u r n a l , 60, 857 (1938).
(2) Kumler, ibid., 60, 859 (1938).

where X is hydrogen, chlorine, bromine or iodine. 
This structure conforms to that found for the 
free acids and their salts.2

Experimental
The methoxy estimations were carried out 

using a semi-micro adaptation of the method of 
the British Pharmacopoeia, 1932. No empirical 
corrections were made for the incomplete precipi­
tation of the alkyl iodide.3

The esters were prepared by suspending the 
corresponding acids in dry ether cooled to 0° and 
adding an excess of a solution of diazomethane in 
dry ether, also cooled to 0°. The excess diazo­
methane and ether was then evaporated on a 
steam-bath and the resulting ester crystallized 
from dioxane or methyl alcohol until a constant 
melting point was obtained.

Diazomethane was prepared from nitrosomethyl 
urea by Arndt’s method.4

Methyl Tetronate.—M. p. 63°. Anal. Calcd. 
for C5H60 3: H, 5.26; C, 52.6. Found: H, 4.96; 
C, 52.3.5

Methyl a-Chlorotetronate.—M. p. 66°. Anal. 
Calcd. for C5H50 3C1: Cl, 23.9. Found: Cl, 23.5.

Methyl a-Bromotetronate.—M. p. 116°. Anal. 
Calcd. for C5H50 3Br: Br, 41.4. Found: Br, 41.1.

Methyl a-Iodotetronate.—M. p. 158°. Anal. 
Calcd. for CsHsO-J: I, 52.9. Found: I, 52.6.

Summary
Methyl tetronate, methyl a-chlorotetronate, 

methyl a-bromotetronate and methyl a-iodo- 
tetronate have been made by the action of diazo­
methane on the corresponding acids. A methoxy 
estimation has been made on the compounds and 
this indicates that the methyl group is attached to 
oxygen and not to carbon. The structure of 
these esters is in accord with that previously found 
for the free acids and their salts.
S a n  F r a n c is c o , C a l i f . R e c e iv e d  A u g u s t  16, 1938

(3) Niederl and Niederl, "Organic Quantitative M icro-Analysis,’ 
John Wiley and Sons, Inc., New York, N. Y., 1938, pp. 192, 198.

(4) Org. Syntheses, 15, 3 (1935).
(5) The author is indebted to Professor P. L. Kirk’s laboratory of 

the University of California Medical School forcarrying out the 
micro-combustion on methyl tetronate.
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[Contribution from the School of Chemistry and Physics of The Pennsylvania State College]

Alkyl Chlorides Obtained from 2-Ethyl-1 -butanol

By F r a n k  C. W h itm o re  a n d  F. A. K a r n a t z

In connection with work in this Laboratory from it by simple migration of hydrogen. The 
on the course of rearrangements,1 it was decided failure of the formation of a chloride (CH^CH- 
to study the conversion of an alcohol of the

C

C—O

C—C*-

type R2CHCH2OH to the corresponding 
chloride. While considerable work has been 
done on the rearrangement of hydrogen dur­
ing the preparation of halides,2 there are very 
few recorded cases of the rearrangement of 
the carbon skeleton during the replacement of 
hydroxyl by halogen.3 Mainly rearranged 
halides were obtained from /-butyl- and 
/-butylmethyl-carbinols.4 Wallis and Bow­
man5 found no primary chloride in the prod­
uct of the reaction of 2-methyl-2-phenyl-l- 
butanol with thionyl chloride. No instance 
of skeletal rearrangement during the prepara­
tion of halides from an aliphatic carbinol of 
the type R2CHCH2OH was found in the 
literature.

When 2-ethyl-1-butanol was treated with 
zinc chloride and hydrochloric acid,6 a com­
plex mixture of isomers was obtained in 
70-80% yield. The presence of the follow­
ing hexyl chlorides was established: (A) 
2-ethyl-1-chlorobutane, (B) 3-chlorohexane,
(C) 2-chlorobexane, (D) 3-methyl-3-chloro- 
pentane, (E) 3-methyl-2-cliloropentane, (F) 
2-methyl-2-chloropentane and (G) 4-methyl- 
2-chloropentane. The following mechanism 
based on the concepts current in this Labora­
tory1 is given as a possible explanation of the 
formation of these products. The carbon 
with only 6 electrons is indicated as C*.
The transitory existence is assumed for only 
one fragment for which the corresponding 
chloride was not found, namely, (CH3)2- 
CHC*HCH2CH3. There is strong evidence 
for its momentary presence in the finding of two 
chlorides, the structures of which can be derived

(1) Cf. T h is  J o u r n a l , 54, 3274 (1932).
(2) Brunei, Ber., 4 4 , 1003 (1911); Michael and Zeidler, A nn., 385, 

227 (1911); ibid., 393, 110 (1912); Shoesmith and Mackie, J . Chem. 
Soc., 2336 (1928); Noller, T h i s  J o u r n a l , 53, 639 (1931).

(3) Demjanov, J . Chem. Soc., 98, 838 (1910); Kizhner, J . Russ. 
Phys.-Chem. Soc., 40, 994-1015 ; ibid., 43, 1157-1163; Favorskii, 
ibid., 50, 4 3 -8 0  (1918).

(4) Whitmore and Rothrock, T h is  J o u r n a l , 54, 3431 (1932); 
ibid., 55, 1106 (1933).

(5) Wallis and Bowman, J . Org. Chem., 1, 383 (1936).
(6) Compare Norris and Taylor, T his J o u r n a l , 46, 753 (1924).
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CHCICH2CH3 agrees with results obtained by 
F. Johnston7 of this Laboratory in which attempts 
to form chlorides of this type from the correspond­
ing alcohol gave almost entirely the tertiary chlo­
ride analogous to (F).

It was necessary to determine whether these 
rearrangements took place chiefly during, rather 
than after, the replacement of hydroxyl by 
chlorine. This was accomplished by putting a

(7) Whitmore and Johnston, ib id . , 60, 2265 (1938).
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sample of pure 2-ethyl- 1-chlorobutane through 
exactly the same treatment that gave the above 
mixture from the alcohol. While there was some 
isomerization of the chloride, over 70% of it was 
recovered unchanged.

No rearranged halides were obtained by treat­
ment of 2-ethyl-l-butanol with thionyl chloride,
2-ethyl-l-chlorobutane of high purity being iso­
lated in over 80% yield. This result is of in­
terest in contrast to the work of Wallis and Bow­
man5 and also to the behavior of neopentyl al­
cohol, which gives only a 4% yield of unrear­
ranged chloride when treated with thionyl 
chloride and pyridine.8

Experimental
Purification of 2-Ethyl-l-butanol.—The 2-ethyl-1-bu­

tanol used in this research was kindly furnished by the 
Carbide and Carbon Chemicals Corporation. It was 
purified by two fractionations through an efficient column 
of the total condensation type,9 10 11107 X 2.1 cm., packed with 
glass helices. A total of 4605 g. of pure carbinol, b. p. 145 0 
(727 mm.) -1 4 6 ° (732 mm.), »20d 1.4220-1, d% 0.8326, 
was obtained from 12,270 g. of the commercial material; 
yield 37.5%. This gave an «-naphthylurethan, m. p.
63.5-64.5°, which melted at 63-64.5° when mixed with the 
«-naphthylurethan, m. p. 63-64°, made from a known 
sample of 2-ethyl-l-butanol obtained by the hydrogenation 
of ethyl diethylacetate.10

Anal. Calcd. for C17H21NO2: N, 5.17. Found: N, 
5.22.

Treatment of 2-Ethyl-l-butanol with Thionyl Chloride.—
The method of Darzens11 was used. Addition of 167 g. 
(1.4 moles) of thionyl chloride to a solution of 102 g. (1 
mole) of 2-ethyl-l-butanol in 79 g. (1 mole) of dry pyridine 
required two hours. The mixture was heated for three and 
one-half hours at 60-90°; sulfur dioxide was evolved. 
The crude product was washed with dilute hydrochloric 
acid, dried with anhydrous potassium carbonate and frac­
tionated to give 99 g. of pure 2-ethyl-l-chlorobutane (82% 
yield), b. p. 88° (225 mm.), n26n 1.4230, d2\  0.8914. Con­
version to the Grignard compound and treatment with 
oxygen gave 2-ethyl-l-butanol; «-naphthylurethan, m. p, 
and mixed m. p., 63-64°.

The only constants found12 13 for 2-ethyl-l-chlorobutane 
are: b. p. 125-127°, d23-523.5 0.881. The compound was 
obtained in only 11% yield by the action of 45% hydro­
chloric acid in a sealed tube at 100°. Rothstein18 treated
2-ethyl-l-butanol with thionyl chloride and pyridine but 
gave no data for the product.

Treatment of 2-Ethyl-1 -butanol with Hydrochloric Acid 
and Zinc Chloride.—Many runs were made in order to

(8) Whitmore and Karnatz, unpublished work.
(9) Whitmore and Lux, T h i s  J o u r n a l , 54, 3451 (1932); Wilson, 

Parker and Laughlin, ibid., 55, 2795 (1933).
(10) Kindly done by Prof. Homer Adkins of the University of 

Wisconsin.
(11) Darzens, Compt. rend., 152, 1314 (1911).
(12) Fourneau and M atti, J . pharm. chim., [8] 14, 513 (1931).
(13) Rothstein, Bull. soc. chim ,, {51 2, 83 (1035).

obtain sufficient product for fractionation; a typical run 
by our technique is described. One mole, 102 g., of 2- 
ethyl-1-butanol was added to a solution of 1.25 moles, 171 
g., of fused zinc chloride in 2 moles, 202 g., of concentrated 
hydrochloric acid in a 3-necked flask fitted with a reflux 
condenser, mercury-seal stirrer, and gas inlet tube leading 
to the bottom of the flask. The flask was heated in a bath 
to 80-85° for six and one-half hours. A slow stream of 
hydrogen chloride was passed into the mixture for the last 
four hours.

The dark halide layer was separated and washed with 15 
cc. of water and 10 cc. of 10% sodium carbonate solution; 
the color faded markedly on washing. The product was 
dried with anhydrous sodium sulfate and anhydrous potas­
sium carbonate, and was fractionated from fresh carbonate 
at 160 mm. pressure to give several fractions.

Fraction W t., g. B. p. (160 mm.), °C. W20D

1 9.0 56-67.7 1.4155
2 16.3 67.7-68.5 1.4180
3 16.6 68.5-69.5 1.4190
4 1 0 .0 69.5-69.6 1.4196
5 14.9 69.6-70.5 1.4198
6 7.4 70.5-71.6 1.4198
7 5.9 71.6-72.7 1.4198
8 7.0 72.7-74.0 1.4195
9 6.5 74.0-75.0 1.4195

10 6.2 75.0-76.5 1.4192
11 3.0 ? 1.4198
12 3.0 Residue

105.8
The yield of mixed hexyl chlorides, b. p. 67.7-76.5° (160 
mm.), was 90.8 g., or 75%.

The fractions from five such runs were refractionated by 
parts three times at 160 mm. pressure. In the final dis­
tillation, referred to as Distillation B, 297 g. of chlorides 
was separated into 44 fractions.

Identification of 2-Methyl-2-chloropentane (F).—Frac­
tion 2 from Distillation B, 5.3 g., b. p. 63.5-64.0° (160 
mm.), n2QX) 1.4138, was converted to the Grignard reagent 
and this was treated with phenyl isocyanate in ether solu­
tion. The dimethyl-w-propylacetanilide was identified by 
m. p. and mixed m. p. 70.5-74°.

Anal. Calcd. for Ci3Hi9NO: N, 6.84. Found: N, 6.89.
The known sample was prepared in the same way from 

known 2-methyl-2-chloropentane, b. p. 64.5-64.7° (160 
mm.), »20D 1.4126, obtained by the action of hydrochloric 
acid on the corresponding carbinol.

Similarly, fraction 4 from Distillation B, 4.8 g., b. p.
64.7-65.5° (160 mm.), n md 1.4140, was converted to the 
Grignard reagent and this was treated with «-naphthyl iso­
cyanate. The «-naphthalide of dimethyl-ra-propylacetic 
acid was identified by m. p. and mixed m. p. 116-118°.

Anal. Calcd. for C17H21NO: N, 5.49. Found: N, 5.35.
Identification of 4-Methyl-2-chloropentane (G).—Frac­

tions 9-14 from Distillation B, 35.9 g., b. p. 65.5-67.5° 
(160 mm.), w%> 1.4150-74, were converted to the Grignard 
reagent and this was treated with oxygen. The crude 
product remaining after distillation of the ether was heated 
with a few crystals of iodine14 to dehydrate any tertiary

(14) Hibbert* T his J o u r n a l , 37, 1748 (1915).
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carbinols. The residue was dried and was distilled from an
8-cc. distilling flask to obtain a fraction, weight 1.4 g., b. p. 
115-128° (734 m m .), n20d 1.4140. The «-naphthyl- 
urethan prepared from this material was found to melt at 
94-95° after 2 crystallizations from ligroin and one from 
dilute alcohol. A mixture w ith the known a-naphthyl- 
urethan of 4-m ethyl-2-pentanol15 of m. p. 93.5-94.5°16 
m elted at 93 .5-95° .

Another sample of crude carbinol, weight 1.68 g., b. p. 
100-130° (735 m m .), was obtained in the same way from a 
similar cut of mixed chlorides, weight 65.0 g., b. p. 65 .5- 
68.0° (160 m m .), n20d 1.4158-80, from another distillation. 
This carbinol was oxidized to 4-methyl-2-pentanone with 
sulfuric acid and dichromate; semicarbazone, m. p. and 
mixed m. p. 127-131°. The known derivative was ob­
tained from the ketone, b. p. 111-113° (738 mm.), n20d 
1.3967, prepared by the oxidation of synthetic 4-methyl-2- 
pentanol, b. p. 131° (738 m m .), w20d 1.4111.

Identification of 3-M ethyl-3-chloropentane (D ).— A 
sample of chlorides from the fractionation before D istilla­
tion B, b. p. 69.5° (160 m m .), « 20d 1.4202, was converted 
to the Grignard reagent and this was treated with phenyl 
isocyanate. Purification gave crystals m elting at 86.5- 
88.5°. A mixture w ith m ethyldiethylacetanilide of m. p.
87.5-89° similarly prepared from known 3-m ethyl-3- 
chloropentane17 melted at 86.5-88.5°.

Anal. Calcd. for C13H19NO: N , 6.84. Found: N ,
7.01.

Identification of 3-M ethyl-2-chloropentane (E).— Frac­
tions 29, 31 and 32 of mixed chlorides from Distillation B, 
wt. 22.9 g., b. p. 71.1-73.3° (160 m m .), » 20d 1.4198-201, 
were converted to  the Grignard reagent and this was 
treated w ith oxygen. T he crude carbinols were heated  
with a crystal of iodine14 for two and one-half hours. The 
residue was dried and fractionated: (Distillation C ).

Fraction W t., g. B. p., °C. Press., mm. W20D

1 0 .9 51-110 735 1.3900
2 1 .2 128-132 735 1.4166
3 2 .8 132-133 735 1.4188
4 1 .4 ? Reduced 1.4190
5 1 ,3 Residue

Yield of secondary hexanols was 5.4 g., or 28% of the theo­
retical. The a-naphthylurethan prepared from fraction 3 
was found to melt at 72-72.5° after four crystallizations 
from ligroin and one from dilute alcohol. A mixture with a 
known sample of the «-naphthylurethan of 3-methy 1-2- 
pentanol of m. p. 74.5-75.5°18 melted at 72-75°. The 
known specimen was obtained from synthetic 3-methyl-2- 
pentanol, b. p. 132 -132 .5 ° (726 mm.), n 20D 1.4206.

A 1-cc. sample of fraction 3 of the above hexanols was 
oxidized to the ketones, which were fractionated and con­
verted to 2,4-dinitrophenylhydrazones. A series of crys­
tallizations of these from dilute alcohol gave first the im­
pure derivative for hexanone-3 and then, from the mother 
liquor, the 2,4-dinitrophenylhydrazone of 3-methyl-2- 
pentanone, m. p. 6 7-7 1°. A mixture with a known Sam­

i'15) Kindly furnished by F. Johnston of this Laboratory.
(16) Levene and Walti, J . Biol. C h em ., 94, 369 (1931) give m. p. 

86-89°; Brooks, T h i s  J o u r n a l , 56, 1999 (1934), gives m. p. 87-88°.
(17) Kindly furnished by D. E. Badertscher of this Laboratory.
(18) Cottle and Powell, T h i s  J o u r n a l , 6 8 ,  2270 (1936), g i v e  72°.

pie, m. p. 70 .5-72.5°,19 prepared from a sample of ketone 
made by oxidation of the synthetic carbinol, melted at 6 9 -  
72°.

B y the same methods, fractions 33-36  of mixed chlorides 
from Distillation B , 23.9 g., b. p. 69.5-74.5° (160 m m .), 
w20d 1.4188-94, were converted to  the ketones. These 
were shaken with 15 cc. of a saturated solution of sodium  
bisulfite (to remove 2-hexanone, see below), and the addi­
tion compound was separated from uncombined ketones 
by dissolving it in water and extracting this solution with  
ether. T he ether solution yielded a m-nitrobenzoyl- 
hydrazone m elting at 143.5-144.5°. A mixture w ith a 
sample of m . p. 145-146° obtained from the known 3- 
methyl-2-pentanone melted at 144-145°.

Anal. Calcd. for C13H17N3O3: N , 15.99. Found: N , 
15.97.

Identification of 3-Chlorohexane (B).— Fractions 37, 
39, 41 and 42 of mixed chlorides from Distillation B, 24.8  
g., b. p . 73.5-76.5° (160 m m .), w20d  1.4187, were converted 
to  the carbinols through the Grignard reagent. Fractiona­
tion gave (Distillation D ): 1-2 , 2.2 g., 34-123° (732 m m .), 
n 20D 1.370; 3 -4 , 3.5 g., 124-133.5°, 1.4144-1.4178; 5-6, 
5.8 g., 133.5-141°, 1.4186; residue, 1.8 g.

Fractions 4 and 5 failed to  give an «-naphthylurethan. 
The remaining portions of fractions 2, 3 and 4 from D is­
tillation C (described under 3-methyl-2-chloropentane) and 
fractions 4, 5 and 6 above were combined and oxidized to  
the ketones. Fractionation gave a t 730 mm. (Distillation  
E ): 1, 1.2 g., 67-113°, 1.3978; 2, 1.3, 113-117°, 1.4010; 
3 ,1 .7 ,1 1 7 -1 2 4 ° , 1.4030 ; 4 ,1 .0 ,1 2 4 -1 2 6 ° , 1.4080; residue,
1 . 1  g.

Fraction 2 gave the 2,4-dinitrophenylhydrazone of 3- 
hexanone, m. p. and mixed m. p., 146.5-148.5°.

Anal. Calcd. for C12H 16N 4O4: N , 20.00. Found: N , 
19.89.

The known specimen was prepared from the ketone ob­
tained by the oxidation of synthetic (Grignard) 3-hexanol, 
b. p. 133-134° a t 740 mm.

All of the material of the proper boiling range obtained 
from Distillation B was consumed in unsuccessful attem pts 
to isolate a second derivative for 3-chlorohexane. Hence, 
it was necessary to make 4 additional runs of 2-ethyl-l- 
butanol with hydrochloric acid and zinc chloride and to  
refractionate the hexyl chlorides by parts through column 
A. A sample of these chlorides, weight 60.1 g., b. p. 7 4 -  
76° (160 m m .), w20d 1.4190-97, was converted to carbinols 
through the Grignard reagent. These were dried and 
fractionated at 734 mm. pressure to  give 5 fractions, 33.2 
g., b. p. 131-145° (734 m m .), n 2°D 1.4176-1.4210. The 
carbinols were oxidized to  the ketones, washed w ith  
sodium bisulfite solution and fractionated. A fraction was 
obtained, 0.9 g., 110° (733 m m .), n 20D 1.4010, which gave 
the semicarbazone of 3-hexanone, m . p. and mixed m. p.,
110.5-111.5°.

Identification of 2-Chlorohexane (C ).— Fraction 4 of the 
ketones from D istillation E  (described under 3-chloro­
hexane) gave the 2,4-dinitrophenylhydrazoné of 2-hexan­
one, m. p. and mixed m. p., 106-107°.

The aqueous solution of the sodium bisulfite addition  
compound describéd under the identification of 3-methyl-2

(19) Drake and Veitch, ibid., 57, 2624 (1935), give 71-2°.
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chloropentane was made alkaline with sodium carbonate 
and the liberated ketone was distilled. The semicarba­
zone prepared from this melted at 122-123.5°. A mix­
ture with the known semicarbazone of 2-hexanone of m. p. 
124-125° melted at 122.5-124°.

Identification of 2-Ethvl-1 -chlorobutane (A).—Fraction 
7 of the hexanols from Distillation D (described under 3- 
chlorohexane) gave the a-naphthylurethan of 2-ethyl-l- 
butanol, m. p. and mixed m. p. 63-64°.

Fraction 43 of the mixed chlorides from Distillation B,
13.5 g., b. p. 76.5-77.5° (160 mm.), w20d 1.4198, was shaken 
with 50 cc. of normal aqueous silver nitrate solution for 
three hours at room temperature to remove secondary and 
tertiary halides. The organic material was distilled from 
the mixture, separated, washed with carbonate solution, 
dried and fractionated. Treatment of the Grignard re­
agent with phenyl isocyanate gave crystals melting at
80.5-81.5°. Mixture with a known sample of /3-ethyl- 
valeranilide of m. p. 83-84° melted at 80.5-82.5°. The 
known specimen was prepared in the same way from a 
sample of 2-ethyl-l-chlorobutane made by the action of 
thionyl chloride on the carbinol.

Anal. Calcd. for C13H19NO: N, 6.84. Found: N, 
6.93.

The other fractions were studied without obtaining any 
evidence for the presence of chlorides other than the seven 
identified.

Treatment of 2-Ethyl-1-chlorobutane with Zinc Chlo­
ride in Hydrochloric Acid.—One mole, 120,5 g., of 2-ethyl-
l-chlorobutane, n 20D  1.4228-30, prepared by the action of 
thionyl chloride and pyridine on 2-ethyl-l-butanol, was 
stirred vigorously with a solution of 1.25 moles, 171 g., of 
fused zinc chloride in 2 molés, 202 g., of concentrated hy­
drochloric acid at 79-87° for seven hours. The halide 
layer was separated, washed with water and carbonate

solution, dried and fractionated. The yield of chloro- 
hexanes recovered was 108.6 g., or 90.0% of the starting 
material. The yield of unchanged 2-ethyl-l-chlorobutane 
was 86.1 g.; this is 71.4% of the starting material and 
79.2% of the recovered halides. The remainder was re­
arranged hexyl chlorides.

Approximation of the Percentage of Individual Hexyl 
Chlorides Present.—Only a rough estimate, based on 
fractionation data, can be given. 3-Methyl-3-chloro- 
pentane (D), present in 35-40% yield, was the most abun­
dant isomer. 2-Chlorohexane (C), 2-methyl-2-chloro- 
pentane (F) and 3 -methy 1-2-chlor op ent ane (E) were pres­
ent in 5-10%; the remaining isomers, 1-5% each. It is 
quite possible that other hexyl chlorides, present in smaller 
quantities, were not identified.

Summary
1. 2-Ethyl-l-chlorobutane is produced by the 

action of thionyl chloride and pyridine on 2- 
ethyl-l-butanol without any detectable rear­
rangement.

2. The action of zinc chloride in hydro­
chloric acid solution on 2-ethyl-l-butanol gives at 
least seven different chlorohexanes, namely,
3-methyl-3-chloropentane, 2-methyl-2-chloropen- 
tane, 3-methyl-2-chloropentane, 4-methyl-2-chlo- 
ropentane, 3-chlorohexane, 2-chlorohexane, and 
2-ethyl-l-chlorobutane.

3. At least the major part of the rearrange­
ments occurred diming the formation of the 
chlorides.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u l y  14, 1938

[C o n t r ib u t io n  fr o m  t h e  S ch o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

Preparation and Properties of 2- and 3-Chloropentanes

By F r a n k  C. W h itm o re  a n d  F. A. K a r n a t z

Much work has been done on the secondary 
chlorides and bromides of w-pentane.1 In the 
present study, it was found that both 2-pentanol 
and 3-pentanol gave mixtures of 2- and 3-chloro- 
pentanes even with as mild treatment as the 
action of hydrogen chloride gas at room tem-

(1) Wagner and Saizew, A nn., 179, 321 (1875); Przewalski, J . 
Russ. Phys.-Chem. Soc., 41, 464-469 (1909); Clough and Johns, Ind. 
Eng. Chem., 15, 1032 (1923); Norris and Taylor, T his J o urnal , 46, 
753 (1924); Grignard and Ono, Bull. soc. chim., [4] 39, 1589 (1926); 
Norris and Reuter, T h is  J o urn al , 49, 2630 (1927); Sherrill, Otto add 
Pickett, ibid., 51, 3027 (1929); Sherrill, Baldwin and Haas, ibid., 
51, 3036 (1929); Ayres, Ind . E^g. Chem., 21, 899 (1929); Boord and 
Soday, T h is  J o ur n a l , 55, 3296 (1933); Tabern and Volwiler, ibid., 
56, 1139 (1934); Shonle, ibid:, 56, 2490 (1934); Hass and Weber, 
Ber., 67, 974 (1934); Underwood and Gale, T h is  J ournal , 56, 2118 
(1934); Lauer and Stodola, ibid., 56, 1215 (1934); Hass, McBee and 
Weber, Ind . Eng. Chem., 27, 1190 (1935); Hass and Weber, Ind. 
Eng. Chem., Anal. Ed., 7, 231 (1033},

perature. The amount of rearrangement was 
considerably less with 2-pentanol.

In order to obtain pure samples of 2- and 3- 
chloropentanes for the determination of physical 
constants, it was necessary to use thionyl chloride 
in the presence of pyridine.2 There is evidence3 
that this reaction gives least rearrangement. 
Samples of the two chlorides were obtained, the 
properties of which showed a maximum differ­
ence; namely, for 2-chloropentane, u20d 1.4069 
and d2\  0.8695, and for 3-chloropentane, n20d

(2) (a) Darzens, Compt. rend., 152, 1314 (1911); (b) Clark and 
Streight, Trans. Roy. Soc. Can., 23, 77 (1929).

(3) McKenzie and Clough, J . Chem. Soc., 103, 687 (1913); Gil­
man and Harris, Rec. trav. chim., 50, 1052 (1931); Kirner, T h is 
Jo urn al , 50, 1958 (1928); Ref. 2a; also, unpublished work in  this 
Laboratory.
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1.4104 and 0.8795. The boiling points,
96.8 and 97.8°, are too close together to be of any 
significance as criteria of purity.

The stability of the chlorides to heat was es­
tablished by heating samples of them in sealed 
tubes to 100° for forty-eight hours without ob­
taining any significant change in refractive index. 
However, it was found that either chloride could 
be isomerized to an equilibrium mixture of the 
two by shaking it with ZnCh-HCl solution at 
room temperature for seventy-two hours. The 
composition of this mixture was about 80% 2- 
chloropentane.

The physical constants determined were

B. p., Cottrell, 760 
mm., °C.

Freezing points, °C. 
Density, d20* 
Refractive index, n20D 
Viscosities at 20°, 

centistoke

2-Chloropentane

96.84-96.88
-137-139

0.8695
1.4069

0.5672

3-Chloropentane

97.76-97.82
-105-106

0.8795
1.4104

0.5845

Experimental
Preparation of 3-Chloropentane.—A solution of 1 mole, 

88 g., of 3-pentanol, b. p. 114.5-114.9° (730 mm.), n*°D 
1.4100, prepared from methyl formate and ethylmagnesium 
bromide, in 1.1 mole, 87 g., of dry pyridine, b. p. 113.3- 
114.5° (735 mm.), was treated with 1.3 moles, 154.8 g., 
of thionyl chloride (Eastman Kodak Co.), in the cold, over 
a period of fifty minutes. A heavy white precipitate 
formed. When addition was complete the ice-bath was 
removed, and after an hour the flask was warmed in a 
water-bath from 30 to 53 ° during two hours to drive off sul­
fur dioxide.

The reaction mixture, present as two brown layers, 
was poured on 200 g. of ice, and the layers were separated. 
The halide layer was washed with 10% sodium carbonate 
solution and dried. Fractionation at 731 mm. through a 
total condensation type column, 1.5 X 66 cm., packed with 
glass helices4 gave a 46% yield of 3-chloropentane, b. p. 
96°, w 20d  1.4104, d204 0.8795. These values were checked 
in two similar runs.

Preparation of 2-Chloropentane.—The same procedure 
was used as for 3-pentanol. The 2-pentanol, 0.50 mole, 
b. p. 117.9-118.5° (739 mm.), n20D 1.4058, was prepared 
by the method of Sherrill, Baldwin and Haas.1 The yield 
of 2-chloropentane, b. p. 95° (729 mm.), n20D 1.4068, was 
28%. More non-volatile material was formed than with 
the 3-compounds.

Treatment of 3-Pentanol with Hydrogen Chloride.—
The following is a description of a typical run. One mole, 
88 g., of synthetic 3-pentanol, n20D 1.4100, b. p. 114.7- 
115.5° (734 mm.), and 10 g. of concentrated hydrochloric 
acid were saturated with hydrogen chloride at 0°; 25 g. 
was absorbed. After six weeks at room temperature, 
the solution was resaturated with hydrogen chloride at 0°;

(4) Wilson, Parker and Laughlin, T h i s  J o u r n a l , 55, 2795 (1933).

17.5 g. was absorbed. After standing for an additional 
fourteen weeks, the layers were separated.

The colorless halide layer, washed with 10% sodium  
carbonate solution, dried first with sodium sulfate and 
then with potassium carbonate, was fractionated at 300 
mm. to give an 84% yield of 2- and 3-chloropentanes, 
b. p. 69-69.3°, n20D 1.4092-1.4096. The constancy of the 
boiling point assured the absence of any compounds other 
than 2- and 3-chloropentanes. Judging from the refrac­
tive indices, the proportions were about 75% of the 3- 
chloro and 25% of the 2-chloro compounds.

A mixture of about this composition was obtained also 
in runs in which 0.01 mole of aluminum chloride, zinc chlo­
ride, or ferric chloride was added to the solution. The 
effect of these salts in this amount on the rate of the 
reaction was negligible.

Attempted Purification of 3-Chloropentane by Frac­
tionation.-—The best fractions from six runs of synthetic
3-pentanol with hydrogen chloride in sealed bottles, 
n20D above 1.4094, comprising 300 g., were combined 
and fractionated very carefully through column N 5 
at atmospheric pressure. The time of the distillation was 
thirty-one and one-half hours. The refractive index 
of the product rose gradually as the fractionation proceeded 
but the highest value reached was 1.4100. This indicates 
that the isolation by distillation of pure 3-chloropentane 
from a mixture with 2-chloropentane is practically im­
possible.

Treatment of 3-Pentanol with ZnCk-HCl Solution.—
An improved form6 of the method of Lucas7 was used. 
A solution of 2.2 moles, 300 g., of fused zinc chloride in 2.2 
moles, 223 g., of concentrated hydrochloric acid was pre­
pared in an ice-bath. This solution was put in a 500-cc. 
three-necked flask fitted with a stirrer, dropping funnel 
and thermometer dipping into the solution. The flask 
was cooled in an ice-salt bath. One mole, 88 g., of syn­
thetic 3-pentanol, n20D 1.4100, b. p. 114.3-114.7° (730 
mm.), was added over a period of thirty minutes. After 
the mixture had been stirred for six hours, the dropping 
funnel was replaced with a gas inlet tube leading to the 
bottom of the flask, and a stream of hydrogen chloride was 
passed in with stirring for eight and one-half hours. The 
temperature of the mixture was kept below — 1 ° through­
out the reaction.

The halide layer was separated, washed with water and 
then with 10% sodium carbonate solution, and dried. 
Fractionation at 300 mm. gave an 81% yield of chloro- 
pentanes, b. p. 68.5-68.7° (300 mm.), n20D 1.4086-1.4093.

Treatment of 2-Pentanol with Hydrogen Chloride.— A 
sample of synthetic 2-pentanol, b. p. 117.3-118.3° (739 
mm.), n20Q 1.4056, was treated with hydrogen chloride at 
room temperature according to the procedure described 
for 3-pentanol. The product was fractionated at 738 mm. 
to give 8 fractions, b. p. 95-95.5°, n20D 1.4068-1.4071, d 20̂  
0.8696-0.8705. The yield of chloropentanes was 78.4%. 
The gradual changes in refractive index and density values 
show the presence of 3-chloropentane in 5-8%  yield.

Identification of the Chlorides.—Samples of the chlo­
rides were converted to the Grignard reagents and these

(5) Laughlin, Nash and Whitmore, ibid., 56, 1396 (1934).
(6) Developed by W. H. James of this Laboratory.
(7) Lucas, T h i s  J o u r n a l , 51, 248 (1929).
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were treated with phenyl isocyanate. The derivative ob­
tained from 3-chloropentane was identified as diethyl- 
acetanilide, m. p. and mixed m. p., 125-128°. The de­
rivative obtained from 2-chloropentane was methyl-w- 
propylacetanilide, m. p. and mixed m. p. 94-96°.

Stability toward Heat.—Samples of the two chlorides 
were heated in sealed tubes at 100 ° for forty-eight hours. 
N o change in refractive index was noted for either 2- or 3- 
chloropentane.

Isomerization of Chlorides with ZnCl2-H Cl Solution.—
A sample of 0.2 mole, 21.3 g., of 2-chloropentane, n20D 
1.4069; was shaken with a solution of 0.4 mole, 54.5 g., of 
fused zinc chloride in 0.4 mole, 40.5 g., of concentrated 
hydrochloric acid for twenty-four hours at room tempera­
ture (26-28°). The layers were separated, and the halide 
was washed with water, dried, and fractionated to give: 
nos. 1-3, 15.5 g., 95.5-96° (732 mm.), n™D 1.4076; no. 4,
1.5 g.; residue, 1.4089. Fractions 1-3 were combined 
and shaken with the same ZnCl2-H C l solution for an ad­
ditional forty-eight hours. The halide was separated, 
washed, dried, and distilled as before. The product had 
an index of 1.4076.

A sample of 0.2 mole, 21.3 g., of 3-chloropentane, w20d  
1.40965, was treated according to the same procedure. At 
the end of the full seventy-two hours, the chlorides had an 
index of 1.4077.

Judging from the refractive index of the equilibrium mix­
ture obtained from either isomer, its composition is roughly 
80% 2-chloropentane.

Determination of Physical Constants.—Refractive in­
dices were measured with a Valentine precision refractome­
ter (Abbe type) calibrated by the Bureau of Standards. 
Densities were determined with a 4-cc. pycnometer, using 
a constant temperature bath held within =*=0.03 of 20.00°.

The Cottrell boiling points were found using 20-cc. 
samples of the pure chlorides and a copper-copel thermo­
couple in the apparatus at the Petroleum Refining Labora­
tory of The Pennsylvania State College.8 The 2-chloro­
pentane, n20D 1.40690 and d204 0.8695, gave the following 
boiling points at 760 mm.:

(8) Quiggle, Tongberg and Fenske, Ind . Eng. Chem., Anal. Ed., 6, 
466 (1934).

Initial—96.84 ° 20% off—96.88 °
5% off—9 6 .84° 40% off—96 .88°

The 3-chloropentane, n20D 1.41035 and d2h 0.8795, gave 
these boiling points at 760 m m .:

Initial—97.76° 20% off—97.82°
5% off—97.76° 40% off—97.82°

The freezing points were determined by cooling samples 
of the pure chlorides with liquid air. Great difficulty was 
encountered due to persistent supercooling of the com­
pounds. This trouble was about equally bad whether a 
simple outfit consisting of a jacketed test tube, wire loop 
stirrer, and chromel-copel thermocouple or a more re­
fined apparatus9 at the Petroleum Refining Laboratory was 
used. The best values are -1 05 -106° for 3-chloropen­
tane and —137-139 ° for 2-chloropentane.

The viscosities were measured at 20.00° in a microvis­
cometer which used a 3-cc. sample and had a constant of 
59040 sec./stoke.10 Pure samples of the 2- and 3-chloro­
pentanes were used having n20d  1.40690, d 204 0.8695, and 
n20D 1.41035, d204 0.8795, respectively. The values ob­
tained, 0.5672 and 0.5845 centistoke, respectively, were 
checked within 0.1%.

Summary
1. Pure samples of the 2- and 3-chloropen- 

tanes were made by the action of thionyl chloride 
and pyridine on the corresponding alcohols.

2. Various physical constants of these chlo­
rides were determined.

3. The chlorides were found to be stable to 
heat, but were isomerized to an equilibrium mix­
ture by long shaking with ZnCb-HCl solution at 
room temperature.

4. Mixtures of the chlorides were obtained 
in all cases of the treatment of the carbinols with 
hydrogen chloride.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u l y  14, 1938

(9) To be described elsewhere.
(10) Calibrated by R. Sobatzki of this Laboratory.
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Pinacolyl Chloride from the Chlorination of Neohexane
B y  F r a n k  C. W h it m o r e , H. I. B e r n s t e i n  a n d  L. W. M ix o n

Compounds of the type R3CCHXR' were un­
known prior to the present work. Several at­
tempts have been made to prepare the simplest 
member of the series, pinacolyl chloride, from 
pinacolyl alcohol.1 In each case, the product ob­
tained was dimethylisopropylcarbinyl chloride.2

CH3 Cl
I I

CHs—C—-CHOH—CHs — ► CH3—C— CH—CHS
I I I
CHs CHs CHs

Earlier workers therefore assumed pinacolyl chlo­
ride to be unstable, rearranging to give the terti­
ary chloride. In the present study, chlorination 
of neohexane, 2 ,2-dimethylbutane, gave 1 1 % of 
the desired chloride, (CH3)3CCHC1CH3, which 
proved to be a stable secondary chloride. Re­
fluxing and distillation at atmospheric pressure 
gave no change. With silver nitrate it behaved 
as a typical secondary alkyl chloride. It reacted 
with magnesium to give a Grignard reagent which 
was converted to a stable chloromercuri deriva­
tive. The relation of the preparation and prop­
erties of pinacolyl chloride to the rearrangement 
studies of this Laboratory is similar to that of 
neopentyl chloride.3

Neohexane was prepared from /-amyl chloride 
and methylmagnesium chloride. Chlorination 
gave, together with pinacolyl chloride, a good 
yield of /-amylcarbinyl chloride and some neo- 
pentylcarbinyl chloride.

Experimental
Preparation of Neohexane.—Methylmagnesium chloride 

was prepared from gaseous methyl chloride, 122 g. (5 
moles) of magnesium and 1600 cc. of dry di-w-butyl ether.

(1) Friedel and Silva, Jahresber., 340 (1873); Couturier, A nn. 
chim., [6] 26, 433-501 (1892); Delacre, Chem. Zentr., 77, II, 498 
(1906).

(2) Whitmore and Rothrock, T h i s  J o u r n a l , 55, 1106 (1933).
(3) Ibid., 54, 3460 (1932); 55, 3403, 4161 (1933).

Addition of 610 cc. (5 moles) of /-amyl chloride in 1 liter of 
di-rc-butyl ether was conducted at 50° for eight hours. 
Decomposition with ice and distillation of the ether layer 
gave impure hydrocarbon, b. p. 37-50°. Treatment with 
coned, sulfuric acid and refractionation produced pure neo- 
hexane in 36-39% yield, b. p. 49.5° (740 mm.), n20D 1.3688.

Chlorination of Neohexane.— Chlorine was added to 
neohexane at salt-ice temperature until approximately 
half of the hydrocarbon had reacted. The excess hydro­
carbon was removed by distillation. The yield of neo­
hexyl chlorides was 67%. Higher chlorides appeared in 
only small amount.

Fractionation of Neohexyl Chlorides.—A 28-plate total 
condensation variable take-off column having a section of 
262 X 1.2 cm. packed with glass helices was used. Frac­
tion 1, 66.5 g., b. p. 109-110° (734 mm.), n20d 1.4180, was 
pinacolyl chloride, identified by addition of oxygen to the 
Grignard compound4 5 to give pinacolyl alcohol; phenyl­
urethan, m. p. and mixed m. p. 78.5-79.5°. The con­
stants for refractionated pinacolyl chloride are: b. p. 
(Cottrell) 109.9° (734 mm.), f. p. -0 .9 ° ,  n20D 1.4181, d2\
0.8767. Fraction 2, 130.2 g., b. p. 113.5-115°, n20d 1.4190, 
was largely /-amylcarbinyl chloride with a little neopentyl- 
carbinyl chloride.

Preparation of Pinacolylmercuric Chloride.—The
method of Marvel was used.6 Recrystallization from 
dilute ethyl alcohol gave m. p. 88.5-90°. Anal.6 Calcd. 
forC6H13HgCl: Hg,62.5. Found: Hg,63.3.

Summary
1. Neohexane was prepared in 36-39% yield 

from /-amyl chloride and methylmagnesium 
chloride.

2 . Chlorination of neohexane gave 1 1 % of 
pinacolyl chloride. /-Amylcarbinyl chloride and 
neopentylcarbinyl chloride were the chief prod­
ucts.

3. The preparation and stability of pinacolyl 
chloride accord with other work on molecular 
rearrangements.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u l y  14, 1938

(4) Cf. Whitmore and Lux, ibid., 54, 3448 (1932).
(5) Marvel, Gauerke and Hill, ibid., 47, 3009 (1925).
(6) Whitmore and Sobatzki, ibid., 55, 1131 (1933).



2540 Frank C. Whitmore, F. A. Karnatz and A. H. Popkin V ol.'60

[C o n t r i b u t i o n  o f  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  t h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

Isomerization during the Preparation of ^-Amyl Chloride
By Frank C. W h itm o r e , F.

Recent studies1,2 have been made on the forma­
tion of isomeric chlorides by the action of zinc 
chloride and hydrochloric acid on methylneo­
pentylcarbinol and on 2-ethyl-l-butanol. For­
mation of the equilibrium mixture of 2- and 3- 
chloropentane on treatment of either with zinc 
chloride and hydrochloric acid also has been re­
ported.3

To determine whether isomerization could occur 
through the halide, ^-amyl chloride prepared in 
80% yields by the action of thionyl chloride on 
n-amyl alcohol in pyridine was treated with the 
same reagents. Only 3% of a mixture of 2- and
3-chloropentanes was isolated. The formation 
of more rearranged products during the replace­
ment of hydroxyl by halogen than by similar 
treatment of the pure halide with zinc chloride 
and hydrochloric acid is significant.

The n-amyl chloride obtained from thionyl 
chloride was free from traces of isomerized chlo­
rides, which is in agreement with previously re­
corded results.4 The index of refraction w20d  
1.4128 was higher than the values of n20d  1.411925 
and 1.41206 in the literature. The n-amyl 
chloride recovered from the action of zinc chloride 
and hydrochloric acid on the pure w-amyl chloride 
had n20d 1.4120. Moreover, the n-amyl chloride 
obtained from the treatment of n-amyl alcohol 
with zinc chloride and hydrochloric acid had a 
refractive index range of n20d 1.4119-1.4121 which 
was raised to n20D 1.4128 only after two refrac­
tionations through a 12-plate column.7 It is 
apparent that the low refractive index values 
previously recorded for w-amyl chloride were due 
to traces of 2- and 3-chloropentanes.

The synthesis of n-amyl alcohol involved the
(1) Whitmore and James, unpublished work.
(2) Whitmore and Karnatz, T h i s  J o u r n a l , 60, 2533 (1938).
(3) This suggested the possibility of obtaining 2- and 3-chloro­

pentane as by-products in the preparation of w-amyl chloride from 
the alcohol, zinc chloride and hydrochloric acid. Synthetic n-amyl 
alcohol was treated with zinc chloride and hydrochloric acid to give a 
57% yield of n-amyl chloride. A  10%  yield of a mixture of 2- and 3- 
chloropentanes was isolated from the low boiling products.

(4) McKenzie and Clough, J . Chem. Soc., 103, 687 (1913); Kirner, 
T h i s  J o u r n a l , 50, 1958 (1928); Gilman and Harris, Rec. trav. chim., 
50, 1052 (1931).

(5) Karvonen, Ann. Acad. Sci. Fenn.i A5, No. 6, 124 (1914); 
Chem. A bst., 14, 2176 (1920).

(6) Rank, J . Chem. Phys., 1, 572-575 (1933).
(7) Whitmore and Lux, T h is  J o ur n a l , 54, 3448 (1932); Wilson, 

Parker and Laughlin, ibid., 55, 2795 (1933).

.. K ar na tz  a n d  A. H. P o p k in

preparation of a large quantity of ^-butyl bro­
mide by the action of sulfuric acid and hydrobro­
mic acid on ft-butyl alcohol. A careful investiga­
tion of the low boiling by-products gave no indica­
tion of the formation of rearranged products in 
this reaction.

Experimental
Action of Sulfuric Acid and Hydrobromic Acid on n- 

Butyl Alcohol.—«-Butyl bromide was prepared by the 
action of sulfuric acid and hydrobromic acid8 9 on 12 moles 
of a very pure sample of «-butyl alcohol.8 The product 
was fractionated at 731 mm. to give; fraction I, 1.4 g., 93°, 
« 20d 1.4203; 2, 35.3, 96°, 1.4387; 3, 34.3, 98°, 1.4389;
4-5, 72.8, 99°, 1.4390; 6-15, 1270, 99-99.5° (734 mm.), 
1.4390-1.4392.

To determine whether s-butyl bromide was present as 
rearranged product, fractions 1-5 were refractionated to 
give; 16, 7.7 g., 75-98° (734 mm.), « 20d 1.4352; 17, 10.7, 
98°, 1.4389; 18-19, 113.8, 99.4-100.0°, 1.4392. Fraction 
16 was then refractionated to give; 20, 0.56 g., « 20d 1.4102; 
21, 0.9, 1.4366; 22, 0.4, 1.4385. The fractionation was 
conducted at a vapor velocity too low for significant tem­
perature reading but the refractive index of fraction 20 
indicates the depression in the indices to be due to a small 
amount of olefin with no indication of the presence of s- 
butyl bromide.

Preparation of «-Amyl Alcohol.—«-Butylmagnesium 
bromide was prepared by the addition of 685 g. (5 moles) 
of «-butyl bromide to 122 g. of magnesium in 1500 cc. of 
ether. The Grignard reagent was cooled to salt-ice tem­
perature, a liter of ether added and formaldehyde, gener­
ated from paraformaldehyde at 175° and passed through a 
heated tube, was added until no further test for Grignard 
reagent was obtained. The complex was decomposed on 
ice and the product steam distilled. The resulting oil 
layer was washed with sodium bisulfite solution and dried 
over anhydrous potassium carbonate. Fractionation at 
733 mm. gave; fractions 1-3, 19 g., 129-134°, « 20d 1.3972- 
1.4081; 4t22, 274 g., 136°, 1.4093; residue 11 g., yield 
68%. A similar run was completed and all fractions of 
constant boiling point and constant refractive index were 
combined and refractionated at 100 mm. to give a forerun of 
two fractions, 15 g., 86°, « 20d 1.4080-1.4097; twenty-eight 
fractions, 87 °, 1.4093, and weight 396 g. The constants for 
pure «-amyl alcohol were: 136.8° (734 mm.), 137.8° (760 
mm.), using a Cottrell apparatus;10 11 « 20d, 1.40988 =*= 
0.00005 ;n freezing point, —78.24°, and d2\  0.8144.

Action of Zinc Chloride and Hydrochloric Acid on «- 
Amyl Alcohol.—A solution of 819 g. (6 moles) of fused zinc

(8) Org. Syntheses, 1, 5 (1921).
(9) T h is  J o u r n a l , 54, 3443 (1932).
(10) Quiggle, Tongberg and Fenske, Ind . Eng. Chem., A nal. Ed., 6, 

466 (1934).
(11) Abbe type, Valentine refractometer checked by Bureau of 

Standards.
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chloride in 606 g. of concentrated aqueous hydrochloric 
acid was heated for tw elve hours at 113-128° with 264 g. 
(3 moles) of «-am yl alcohol. Stirring was conducted 
rapidly during reaction with vigorous refluxing. The amyl 
chloride layer was separated, washed with distilled water 
and a 10% solution of potassium carbonate. The chloride 
was then dried and fractionated at 736 mm. to give: 1, 2.0 
g., 37-91°, « 20d  1.3894; 2, 19, 91-99°, 1.4092; 3, 22, 100- 
104°, 1.4112; 4, 22.2, 104-105°, 1.4117; 5-10, 105-106.5° 
(739 m m .), 183.1 g., 1.4119-1.4122. The 183.1 g. (57%  
yield) of fractions 5-10  was «-am yl chloride.

Fractions 2, 3 and 4 were refractionated at 733 mm. to 
give: 11, 1.2 g., 71-92.2°, « 20d  1.4032; 12, 9.8, 93.2°, 
1.4082; 13, 13.2 g., « 20d  1.4092; 14, 11.5, 1.4112; 15, 7.4,
I. 4122. Fractions 12, 13 and 14 were again refractionated 
at 735 m m . to give: 16, 1.5 g., 90-95°, « 20d  1.4071; 17,
I I .  2, 95°, 1.4084; 18, 11.7, 96°, 1.4092; 19, 2.8, 96-102°, 
1.4110; 20, 4.1, « 20d 1.4120; residue, 1.5 g. Fraction 2 
was converted to the Grignard reagent, treated with phenyl 
isocyanate and the complex decomposed with ice and 
hydrochloric acid. The ether layer, after many recrystal­
lizations from ethyl alcohol, gave methyl-«-propylacet- 
anilide, m. p. and mixed m. p. 95-96°, proving the presence 
of 2-chloropentane. Fractional crystallization of the 
crystals from the mother liquor yielded a product, m. p. 
121-122.5°, which when mixed with known diethylacet- 
anilide, m. p. 127-128°, gave a mixed m. p. of 122-125°. 
This indicated the presence of 3-chloropentane.

To verify the mixed m elting point for diethylacetanilide, 
the following microscopic analysis was m ade.12 The 
known diethylacetanilide, m elting at 127-128°, crystal­
lized in needles from ethyl alcohol (system probably tri­
clinic), gave negative elongation and the following refrac­
tive indices (approximate, white light): rja 1.516-1.519, 
vfi 1.535-1.540, rjy 1.627-1.628; sign - f ,  2V *  32° and 
extinction angle 26 °. The crystal analysis for the diethyl­
acetanilide obtained from the rearranged 3-chloropentane, 
121-122.5°, was identical with that of the known, above. 
Crystal analysis for m ethyl-«-propylacetanilide yielded: 
yja >  1.520, riy 1.625-1.630 for white light; sign -f-, nega­
tive  elongation and parallel extinction.

Preparation of Pure «-Am yl Chloride.— «-Amyl chloride 
free from 2- and 3-chloropentanes was prepared by treating 
commercial (Sharpies) «-am yl alcohol in pyridine with 
thionyl chloride.13 A solution of 440 g. (5 moles) of frac­
tionated commercial «-am yl alcohol, 136° (732 mm .), « 20d  
1.4107-1.4109, in 435 g. (5.5 m oles) of fractionated com­
mercial pyridine, 113.0° (735 m m .), « 20d  1.5097, was 
treated with 772.5 g. (6.5 m oles) of thionyl chloride at 
— 10°. The reaction mixture was warmed to 104° during 
six hours and that temperature maintained for one and 
one-half hours. Sulfur dioxide was liberated at 73-104°. 
Three similar preparations of varying quantities of react­
ants failed to yield a sharp decomposition temperature for 
the alcohol-thionyl chloride complex. Decrease in the 
rate of thionyl chloride addition to  one and three-fourths 
hours per mole and increase in length of heating period to 
five hours per m ole did not improve the yield of chloride.

(12) The microscopic analysis was completed by Dr. E. F. Wil­
liams of the Department of Minerology, The Pennsylvania State 
College.

(13) Darzens, Compt. rend., 152,^1314 (1911).

The crude chloride was separated in the usual way and 
fractionated to give at 741 mm.: fractions 1-3, 24.2 g., 
106-106.5°, « 20d  1.4122-1.4123; 4 -14, 394.7, 106.5°, 
1.4126-1.4128; 15, 5.1, 106.5°, 1.4130; residue 56 g. The 
total halide formed, 424 g., was «-am yl chloride in 80%  
yield. The three additional preparations using thionyl 
chloride also gave «-am yl chloride, « 20d  1.4126-1.4128. 
The constants for refractionated «-am yl chloride were: b. 
p. 106° (725 mm.), «%> 1.41280 0.00005, 0.8828;
MR, calcd., 30.15; obsd., 30.08.

Reaction of «-Amyl Chloride with Zinc Chloride and 
Hydrochloric Acid.— All fractions of «-am yl chloride hav­
ing values of « 20d  1.4126-1.4128 were combined and re­
fractionated through column A to  give at 741 mm.: 1, 
0.5 g., 91°, « 20d  1.4134; 2-3 , 5.9, 96°, 1.4127; 4, 1.2, 102°, 
1.4127; 5-19, 503.4, 106°, 1.4127; 20-25, 229.3, 106°, 
1.4128. Into a two-necked two-liter round-bottomed flask 
was placed a solution of 819 g. (6 m oles) of zinc chloride in 
606 g. of concentrated aqueous hydrochloric acid. To  
this was added rapidly 319.5 g. (3 moles) of «-am yl chlo­
ride of fractions 7-11 and 13-17, above. The temperature 
of the bath was kept at 126-134° for twelve hours with  
vigorous stirring and rapid refluxing. The resulting 
chloride layer was separated, washed with distilled water, 
and a 10% solution of sodium carbonate. The chloride 
was dried and fractionated at 740 mm. to give: 1, 0.5 g., 
32-50°, «%> 1.3837; 2, 3.9, 50-96°, 1.4085; 3, 9.0, 9 6 -  
103°, 1.4108; 4, 6.5, 103-105°, 1.4108; 5-6, 16.4, 105°, 
1.4109; 7-11, 39.8, 105.2°, 1.4110-1.4114; 12-22, 194.9,
104.5-105.5° (732 m m .), 1.4118-1.4120; residue, 3.5 g.; 
14 g. of olefin was collected in a dry ice-acetone trap.

Fractions 2-11 were combined and fractionated at 741 
mm. to give: 23, 1.5 g., 56-90°, « 20d 1.4012; 24, 4.6, 
1.4086; 25, 4.3, 101-103°, 1.4100; 26, 3.6, 104-105°,
l .  4106; 27, 4.4, 105°, 1.4110; 28, 105-106°, 14.2, 1.4119. 
The remainder was «-am yl chloride. Based on frac­
tions 24, 25 and part of 26, the yield of rearranged 
product is 3%. Fraction 24 was converted to the Grig­
nard reagent, treated with phenyl isocyanate, and worked 
up in the usual manner. After m any crystallizations from 
ethyl alcohol, m ethyl-«-propylaeetanilide was obtained,
m. p. and mixed m. p. 95-96°, proving the presence of 2- 
chloropentane. 3-Chloropentane was also probably pres­
ent as an isomerization product.

Summary

1. The action of zinc chloride and hydrochloric 
acid on «-amyl alcohol produces «-amyl chloride 
in 57% yield and 10% of a mixture of 2- and 3- 
chloropentanes.

2. The action of zinc chloride and hydrochloric 
acid on «-amyl chloride yields 3% of a mixture of 
2- and 3-chloropentanes.

3. The action of thionyl chloride on «-amyl 
alcohol in pyridine gives «-amyl chloride in 80% 
yield with no rearranged products.

4. A corrected refractive index for «-amyl 
chloride, free of traces of 2- and 3-chloropentanes, 
is recorded.
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5. The action of sulfuric acid and hydrobromic bromide, 
acid on w-butyl alcohol gives no rearranged S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u l y  2 0 , 1 9 3 8

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Oxidation of Methylcholanthrene and 3,4-Benzpyrene with Lead Tetraacetate;
Further Derivatives of 3,4-Benzpyrene
B y  L o u is  F . F ie s e r  a n d  E . B . H e r s h b e r g 1

In a recent paper2 we reported that on treat­
ment with lead tetraacetate 1 ,2-benzanthracene is 
converted into the 10-acetoxy derivative, 10- 
methyl-1 ,2-benzanthracene is attacked in the 
methyl group giving 10-acetoxymethyl-l,2-ben­
zanthracene, and 1,2,5,6-dibenzanthracene is more 
resistant to oxidation by the reagent and under 
comparable conditions is largely recovered un­
changed. This specific oxi­
dation reaction provides a 
means of distinguishing be­
tween hydrocarbons of vary­
ing degrees of reactivity and 
of locating a reactive center 
in a hydrocarbon molecule 
whether this is in an aromatic 
nucleus or a side chain. Thus 
far nuclear oxidation by the 
reagent has been observed 
only in the case of the meso- 
acetoxylation of anthracene3 
and 1 ,2-benzanthracene,2 and 
the known examples of the 
oxidation of an alkyl residue 
by lead tetraacetate all in­
volve acetoxylation at an 
activated «-position in a side 
chain or side ring. The re­
action with 10-methyl-l,2- 
benzanthracene2 is one in­
stance of the latter type of oxidation, and similar 
reactions have been observed with toluene,4 ace- 
naphthene,5 and tetralin.6

On investigating methylcholanthrene and 3,4- 
benzpyrene, it was found that these powerfully 
carcinogenic hydrocarbons are highly susceptible 
to attack by lead tetraacetate. 3,4-Benzpyrene

(1) Research Fellow on funds from the National Cancer Institute  
and the Eli Lilly Company.

(2) Fieser and Hershberg, T h i s  J o u r n a l , 60, 1893 (1938).
(3) K. H. Meyer, A nn., 379, 73 (1911).
(4) Dimroth and Schweizer, Ber., 56, 1375 (1923).
(5) Marquis, Compt. rend., 182, 1227 (1926).
(6) Criegee, A nn ., 481, 263 (1930).

is oxidized rapidly at room temperature in acetic 
acid-benzene and converted in over 90% yield 
into a new monoacetoxy derivative. Methyl­
cholanthrene is even more susceptible to attack 
and in the most satisfactory procedure, adopted 
because of the sensitivity of the reaction products, 
the oxidation was conducted under ice cooling. 
One reaction product, isolated only in small

Hi C/ Y y
CH-CHO Ac

II

H 30
CH2-C H O H

III

HaO

amounts when one equivalent of oxidizing agent 
was employed, is a rather sparingly soluble and 
high melting substance having the composition of 
a keto derivative of methylcholanthrene. The 
chief product was an acetoxy derivative, and on 
hydrolysis it gave a neutral alcohol. A relation­
ship between the two substances was easily es­
tablished, for the alcohol was found to yield the 
ketone on careful oxidation with sodium dichro­
mate. Further oxidation with the same reagent 
gave a yellow anthraquinone (vat test) having an 
acidic group, and this proved to be identical with
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6 - methyl -1,2- benzanthraquinone - 5 - acetic acid
(V). Cook and Haslewood7 obtained this acid by 
the oxidation of methylcholanthrene with sodium 
dichromate in boiling acetic acid and established 
the structure by decarboxylation to 5,6-dimethyl-
1,2-benzanthraquinone. A comparison of our
acid with a sample prepared in this way was made 
through the sharply melting methyl ester.8 The 
alcohol and ketone therefore have the structures 
III and IV, the oxygen atom being located at the 
15-position. Cook and Haslewood evidently had 
the ketone IV (m. p. 262-263°, corr.) in hand in an 
impure condition, for they observed that when 
the hydrocarbon is shaken with dichromate solu­
tion at room temperature it is changed into a sub­
stance of different crystalline form. They state 
that '‘This substance, m. p. 228-229° (dec.), 
probably an intermediate ketone, was not puri­
fied on account of its instability.” On repeating 
the experiment, we found that by repeated crys­
tallization a pure substance can be isolated and 
that it is identical with 15-keto-20-methylcholan- 
threne described above. The same ketone is 
therefore produced by both oxidizing agents. 
Whether or not the alcohol or its acetate is in each 
case a precursor of the ketone, the observed acet­
oxylation in the 15-position must be regarded as 
an important primary step revealing the site in 
the molecule most susceptible to oxidation. An 
oxidizing agent which introduces a hydroxyl 
group in a protected condition has obvious ad­
vantages for the study of primary changes.

15-Hydroxy- and 15-keto-methylcholanthrene 
are being tested for carcinogenic activity by Dr. 
M. J. Shear. The analogous alcohol, 10-hy- 
droxymethyl-1 ,2 -benzanthracene, has given a few 
subcutaneous tumors in mice9 (slowly). Both 
the new alcohol, which has an asymmetric carbon 
atom, and the ketone present many possibilities 
for the preparation of additional derivatives of 
interest, and these are being investigated. As 
shown in Fig. 1, the absorption curve for 15- 
hydroxy-20-methylcholanthrene is very similar 
in form to that of the parent hydrocarbon ex­
cept for a slight displacement of lower values 
of the extinction coefficient. The determinations, 
which were carried out in ether solution, using a 
Spekker photometer, were kindly made by Dr. 
George I. Lavin of the Rockefeller Institute.

Observations concerning the structure and
(7) Cook and Haslewood, J . Chem. Soc.., 428 (1934).
(8) Bachmann, J . Org. Chem., 1, 347 (1936).
(9) Shear, Prog. XVI Internat. Physiol. Congress, in press.
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Fig. 1.—-Curve 1, 20-m ethylcholanthrene (I); curve 2, 
15-hydroxy-20-methylcholanthrene (III).

properties of the new acetoxy-3 ,4-benzpyrene will 
be reported in a later paper. Another substitu­
tion reaction studied is the condensation of the 
hydrocarbon with methylformanilide in the pres­
ence of phosphorus oxychloride in 0-dichloroben- 
zene solution.10 This gave in 90% yield a single, 
pure aldehyde, and on reduction by the Wolff- 
Kishner method the aldehyde yielded a methyl-
3,4-benzpyrene different from any of the isomers 
hitherto known but identical with one of two iso­
mers obtained synthetically from the recently 
described 2 ,1  '-trimethylene-1 ,9-benzanthrone-1011
(VI). It is known12 that in the reaction of ben- 
zanthrone itself with various Grignard reagents 
addition may occur to the carbonyl group, giving 
a carbinol, and also to the 1 ,4-conjugated system 
formed by the carbonyl group and the adjacent 
nuclear double bond of the naphthalene nucleus. 
The primary product of 1,4-addition must be a 
dihydrobenzanthrone, but this evidently under­
goes oxidation at some stage, probably in the 
course of working up the mixture, for the product 
isolated is a 4-aryl- or 4-alkyl-benzanthrone. 
We investigated the action of methyllithium on 
the trimethylenebenzanthrone VI, and from the 
resulting mixture isolated in 2 1 % yield a pure, 
crystalline product having the composition of a 
methyl derivative of the trimethylenebenzan­
throne. The analysis shows that the substance is

(10) Procedure of Vollmann, et al., A n n ., 531, 1 (1937); see also 
Ref. 15.

(11) Fieser and Hershberg, T h i s  J o u r n a l , 60, 1658 (1938).
(12) Charrier and Ghigi, Gazz. chim. ital., 62, 928 (1932); Ber., 69, 

2211 (1936); Alien and Overbaugh, T h i s  J o u r n a l , 57, 740, 1322
(1935),
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a product of addition to a conjugated system 
rather than to the carbonyl group, and in analogy 
with benzanthrone the probable structure is that 
of formula VII. It is perhaps conceivable that
1,4-addition occurs to the alternate conjugated 
system and that the methyl group is at the 4'- 
position, but this possibility is eliminated by the 
observation that the hydrocarbon obtained on 
zinc dust distillation is quite different from the 
known 4'-methyl-3,4-benzpyrene.13 The new hy­
drocarbon therefore can be regarded with rea­
sonable confidence as 6-methyl-3 ,4-benzpyrene 
(VIII). After careful removal of the crystalline 
product from the reaction with methyllithium, 
zinc dust distillation of the residual oil gave, after 
purification through the trinitrobenzene deriva­
tive, another methylbenzpyrene. This must have 
come from a carbinol, although in the small-scale 
experiment the intermediate was not isolated, and

(13) Fieser and Fieser, This Journal, 57, 782 (1935).

the position of the methyl group probably corre­
sponds with that of the carbonyl group of the 
starting material. A certain assurance is pro­
vided by the fact that the final hydrocarbon differs 
from the 2 A 11 3' - ,11 4 ' - 13 and 6-isomers, and the 
substance therefore is regarded as 5-methyl-3,4- 
benzpyrene (IX). That the same hydrocarbon 
was obtained from the aldehyde indicates, at 
least provisionally, that this has the structure X 
and that in the reaction with methylformanilide
3,4-benzpyrene is substituted at the 5-position. 
The compounds are being tested for carcinogenic 
properties by Dr. Shear.14

The smooth reaction of 3,4-benzpyrene with 
methylformanilide illustrates the susceptibility 
of the hydrocarbon to substitution but provides 
little distinction in reactivity between this hydro­
carbon and pyrene, 10 anthracene, 15 and 1 ,2-ben­
zanthracene,15 which also give aldehydes in good 
yield under comparable conditions. From the 
present knowledge of the condensation one can 
say only that 3,4-benzpyrene is more reactive to 
the reagent than 1,2,5,6-dibenzanthracene, which 
gives no aldehyde even under forcing conditions, 15 
and perhaps that it is also more reactive than
1,2-benzanthracene.15 In the oxidation experi­
ments with lead tetraacetate 3,4-benzpyrene and 
methylcholanthrene appear, from qualitative ob­
servations of the temperature at which reaction 
occurs and from the yields, to be distinctly more 
reactive than any of the hydrocarbons just men­
tioned or than 10-methyl-1 ,2-benzanthracene. 
Both the aldehyde reaction and the oxidation are 
substitutions, as is the recently reported diazo 
coupling.16 The color reaction with benzene- 
diazonium chloride provides a highly sensitive 
and selective means of recognizing hydrocarbons 
of particularly highly developed reactivity, and 
in this test 3,4-benzpyrene and methylcholan­
threne stand out in sharp contrast to 1 ,2-benzan- 
thracene, 10-methyl-1 ,2-benzanthracene, anthra­
cene, pyrene and in fact to all other polynuclear 
hydrocarbons examined except those which, like 
methylcholanthrene, contain an aceanthrene nu-

(14) From 36 strain A mice given a subcutaneous injection of 10 
mg. of crystalline 4 '-methyl-3,4-benzpyrene,13 Dr. Shear obtained 17 
tumors, and the average induction tim e was 28 weeks. A t the same 
dosage, 4'-m ethyl-l',2'-dihydro-3,4-benzpyrene13 gave 5 tumors in 
27 strain A mice in an average induction tim e of 34 weeks. That 
Domagk, Med. Chem., 3, 274 (1936), found the compound inactive 
in a skin painting experiment may mean either that the hydrocarbon 
belongs to the type much more active to subcutaneous tissue than to  
the skin or that aromatization occurs in contact with one tissue but 
not the other.

(15) Fieser and Hartwell, T h i s  J o u r n a l , 60, 2555 (1938).
(16) Fieser and Campbell, ibid., 60, 1142 (1938).



O ct., 1938 Oxidation of Methylcholanthrene and 1,2-Benzpyrene 2545

cleus.. At the time of observing the diazo coup­
ling of methylcholanthrene, the obvious assump­
tion in the absence of evidence was that substitu­
tion occurs in the nucleus, probably at the avail­
able meso position, but this assumption seems 
questionable in the light of information which has 
accumulated in the meantime. The correspond­
ing meso position of 1,2,5,6-dibenzanthracene and 
of 10-methyl-1 ,2-benzanthracene is now known to 
be highly hindered and not readily amenable to 
substitution,2,15 and there is little reason to sup­
pose that coupling can occur at other nuclear posi­
tions. The lead tetraacetate reaction, however, 
discloses the fact that a methyl or methylene 
group attached to the 10-meso position of the
1 ,2-benz^nthracene nucleus constitutes a highly 
reactive center, and the possibility that diazo 
coupling occurs at the methylene group of the 
cholanthrenes merits consideration. The greater 
reactivity of hydrocarbons having in this position 
the methylene group of a five-membered ring, as 
compared with the corresponding methyl com­
pounds, is understandable on the basis of this hy­
pothesis, and a ready explanation is at hand of 
the common property exhibited by all of the hy­
drocarbons derived from aceanthrene.

It was pointed out previously16 that methyl­
cholanthrene is rather sluggish, as compared to 
structurally related hydrocarbons, in the addition 
reaction with maleic anhydride17 and in the cata­
lyzed addition of hydrogen.18 According to a 
personal communication from Dr. W. E. Bach­
mann, 3,4-benzypyrene, if able to add maleic an­
hydride at all, at least does so far less readily than 
anthracene and 1,2-benzanthracene. High reac­
tivity, however, is displayed by both of these po­
tent carcinogens in three substitutions of entirely 
different types. I t is important to know how 
various hydrocarbons compare in the relative de­
gree of susceptibility to substitution, and an ap­
proximate estimate can be made from present 
data on the assumption that all three of the ob­
served reactions are manifestations of the same 
kind of reactivity. The aldehyde reaction is the 
least selective of the tests and shows little that is 
not recognized from other results. The oxidation 
experiments reveal the course of a typical substi­
tution and indicate that 1 0-methyl-1 ,2-benzan­
thracene reacts in the same way as methylcholan­
threne but does so somewhat less readily. The

(17) B a c h m a n n  a n d  Kloetzel, T h i s  J o u r n a l , 60, 481 (1938).
(18) Fieser and Hershberg, ibid., 59, 2502 (1937).

diazo coupling tests emphasize this difference in 
reactivity, for the pentacyclic hydrocarbon 
couples and the tetracyclic compound does not. 
From the results of oxidation it appears that in 
the highly selective coupling test a moderate 
difference in the degree of reactivity is consider­
ably magnified. In view of the response of the 10- 
methyl compound to one reagent, its failure to re­
spond to another reagent under certain restricted 
conditions can no longer be taken as an indication 
that it lacks appreciable susceptibility to substi­
tution.

The special significance of these observations 
is that there are certain points of correspondence 
between the chemical reactivity of the hydrocar­
bons in substitutions and their carcinogenic ac­
tivity. The order of chemical reactivity indicated 
by the above tests is: methylcholanthrene and
3,4-benzyprene >  10-methyl-l,2-benzanthracene 
and 5,10-dimethyl-l,2-benzanthracene >  1,2,5,6- 
dibenzanthracene. The order of carcinogenic po­
tency, as judged by all available criteria, is exactly 
the same.19 The biological tests of simpler 
models of the methylcholanthrene molecule in­
vestigated in this Laboratory and of various other 
alkyl derivatives of 1 ,2-benzanthracene synthe­
sized in London and at Harvard have brought out 
the importance, to the development of carcino­
genic properties, of the presence of a methyl or 
methylene group attached to a meso carbon atom 
of the parent hydrocarbon, particularly at posi­
tion 1 0 ; the course of the oxidation of methyl­
cholanthrene shows that the side chain attached 
to the meso position 10 is the most reactive center 
in the molecule.20 The superior biological po­
tency of the cholanthrenes as compared with 
simpler model compounds is reflected in the dis­
tinctly higher chemical reactivity of the hydro­
carbons containing the five-membered ring. Per­
haps the most striking circumstance is that out­
standing chemical reactivity of a special kind is 
encountered in the two compounds which surpass 
all other known hydrocarbons in the rapidity, as 
well as regularity, with which they induce tumors 
in various species and tissues of test animals. It 
is remarkable that substances of such distinctly 
different structural types as methylcholanthrene

(19) For a review and analysis of the biological and chemical data on 
hydrocarbon carcinogenesis, see Fieser, Am . J . Cancer, 34, 37 (1938).

(20) The reactivity manifested at this position is probably at­
tributable to activation by the highly unsaturated center at the end 
of the quinonoid system of linkages, contrasting with the weaker 
activating influence on thé alternate methylene group exerted by the 
terminal benzenoid ring.
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and 3,4-benzypyrene both belong to the very 
small group of hydrocarbons capable of coupling 
rapidly with diazotized ^-nitroaniline and that 
they show similar susceptibility to oxidation with 
lead tetraacetate, even though substitution oc­
curs in one case in the nucleus and in the other in 
a side chain. That these unusual substances are 
also endowed to a high degree with the specific 
ability to initiate malignant growth in animal 
tissue may not be a mere coincidence. The re­
lationships now observable suggest that the ad­
ministered carcinogen may undergo some form 
of substitution reaction, possibly akin to a hy­
droxylation, and that this constitutes an impor­
tant step in a complicated chain of events leading 
eventually to carcinogenesis.21

Experimental Part22
Oxidation of Methylcholanthrene.—A solution of 3.4 g. 

of lead tetraacetate in 100 cc. of glacial acetic acid was 
added dropwise in the course of one hour to a mechanically 
stirred solution of 2 g. of methylcholanthrene in 200 cc. 
of benzene, while cooling the reaction mixture with an ice- 
bath. The solution gradually turned deep orange during 
the period of the addition and when this had been com­
pleted the volume was reduced to about one-third the 
original by concentration at a pressure of 15-20 mm. and a 
temperature below 40°. Water was added and the pre­
cipitated solid was collected, washed with water, and dried 
in vacuum at 50°. The product was taken into acetone 
and after treatment with decolorizing carbon the solution 
was concentrated to a volume of about 100 cc. and allowed 
to stand overnight. The crystallizate amounted to 0.14 g. 
(7%) and consisted of crude 15-keto-20-methylcholanth- 
rene (IV), m. p. 230-245°. Three crystallizations from 
acetone and one from glacial acetic acid gave yellow needles 
melting constantly at 262-263°. The substance is in­
soluble in alkali and does not give a vat test.

Anal. Calcd. for C2iHi40 : C, 89.34; H, 5.00. Found: 
C, 89.18; H, 4.89.

The acetone mother liquors remaining after the removal 
of the ketone were concentrated and twice treated with 
ligroin (60-70°) and evaporated. The acetone-ligroin 
solution then deposited 0.88 g. of 15-acetoxy-20-methyl- 
cholanthrene (II), m. p. 172-174°, dec., which when re­
crystallized afforded 0.78 g. of material, m. p. 177.5-178.5°, 
dec. From the mother liquors there was obtained 0.34 g. 
of acetate, m. p. 175-177°, dec., making a total yield of 
46%. After three crystallizations from acetone-ligroin 
the acetate formed pale yellow needles melting constantly 
at 179.5-180.5°, with gas evolution.

Anal. Calcd. for C23H18O2: C, 84.62; H, 5.59. Found: 
C, 84.50; H, 5.45.

On using two moles of lead tetraacetate the yield of 
ketone was increased slightly but the acetate was gummy 
and more difficult to purify.

(21) For a further discussion of this hypothesis see Ref. 19.
(22) All melting points are corrected. Analyses by the Arlington 

laboratories.

15-Hydroxy-20-methylcholanthrene (HI).—A suspen­
sion of 0.5 g. of acetoxymethylcholanthrene in 100 cc. of 
methanol containing 0.5 g. of potassium hydroxide was re­
fluxed on the steam-bath. The solid dissolved rapidly and 
after about twenty minutes needles of the free alcohol be­
gan to form. After one hour the mixture was cooled and 
the solid collected, washed with dilute methanol, dilute 
acid, and water. Dried in vacuum, the solid weighed 0.31 
g. (71%) and melted at 207-209° with decomposition (gas 
evolution). Two crystallizations from acetone-ligroin 
gave fluffy, very pale yellow needles, m. p. 209-211°, dec.

In another experiment 0.85 g. of the acetate gave 0.55 g. 
(74%) of alcohol which, after one crystallization from ace­
tone-ligroin, melted at 221-222° without gas evolution. 
After a second crystallization, however, the material 
melted at 211-213° with gas evolution, and after a third 
crystallization the nearly colorless substance melted at 
214-216°, dec. This variable behavior is probably due to 
a pronounced tendency to decompose under the influence 
of traces of catalyst.

Anal. Calcd. for C2iH160: C, 88.71; H, 5.67. Found 
(214-216° sample): C, 88.41; H, 5.77.

Conversion of the Alcohol into the Ketone.—A solution 
of 0.19 g. of 15-hydroxy-20-methylcholanthrene in 10 cc. 
of glacial acetic acid was treated with 90 mg. of anhydrous 
sodium dichromate and shaken at room temperature for 
fifteen minutes. The solution was diluted with water and 
the precipitated ketone was crystallized from acetone. 
There was obtained 85 mg. (43%) of 15-keto-20-methyl- 
cholanthrene in the form of yellow needles, m. p. 262.5- 
263°. This did not depress the melting point of the 
above sample.

Dichromate Oxidation of Methylcholanthrene to the 
Ketone.—A suspension of 0.5 g. of powdered methyl­
cholanthrene and 0.98 g. of anhydrous sodium dichromate 
in 25 cc. of glacial acetic acid was shaken at room tempera­
ture for fifteen minutes and the solid was collected, ex­
tracted with warm dilute sodium carbonate solution, and 
crystallized from acetone. The purification is not easy, 
but after five crystallizations 70 mg. (13%) of satisfactory 
ketone was obtained melting at 261.5-262.5°. This gave 
no depression when mixed with the material obtained by 
oxidation with lead tetraacetate.

Proof of Structure.—A solution of 0.1 g. of 15-hydroxy-
20-methylcholanthrene and 0.5 g. of anhydrous sodium di­
chromate in 10 cc. of glacial acetic acid was refluxed for 
ten minutes and water was added. On recrystallization 
of the precipitate from acetic acid 6-methylanthraquinone-
5-acetic acid was obtained as fluffy yellow needles, m. p. 292- 
295°, dec.; yield, 45 mg. (39%). The substance gives a 
vat test and is soluble in dilute sodium carbonate solution. 
The methyl ester, obtained by esterification with methanol 
and hydrogen chloride, melted initially at 220.5-221.5°, 
and on recrystallization from benzene-ligroin formed flat 
yellow needles, m. p. 221.5-222°. A sample prepared by 
oxidation of methylcholanthrene according to Cook and 
Haslewood7 and esterified as above melted at the same tem­
perature and there was no depression on mixing the samples. 
Bachmann8 esterified the quinone-acid with diazomethane 
in xylene and reports the m. p. 213-214°, uncorr.

Oxidation of 3,4-Benzpyrene.—A solution of 4.5 g. of 
lead tetraacetate in 125 cc. of glacial acetic acid was added
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to a solution of 2.5 g. of 3,4-benzpyrene in 100 cc. of ben­
zene, both solutions being at room temperature. After 
standing for one-half hour the benzene was removed by 
distillation and water was added to saturation. On cool­
ing, 2.78 g. (94%) of greenish-yellow needles separated, m. 
p. 205.5-207.5°. Recrystallization from glacial acetic acid 
gave 2.5 g. (85%) of material of m. p. 208.5-209.5°, and 
repeated crystallization from glacial acetic acid and 
finally from benzene gave straw-yellow needles, m. p.
209.5-210°. The crystals from acetic acid hold this sol­
vent tenaciously and satisfactory analytical results were 
obtained only after final crystallization from benzene.

Anal. Calcd. for C22H14O2: C, 85.14; H, 4.55. Found: 
C, 85.33; H, 4.67.

Reaction of 2,1 '-Trimethylene-1,9-benzanthrone-10 (VI) 
with Methyllithium.—A suspension of methyllithium was 
prepared from 0.5 g. of lithium and excess methyl chloride 
in ether and 4.85 g. of the benzanthrone VI was added. 
The ether was displaced by benzene, and after refluxing for 
fifteen hours the deep brownish-green solution was decom­
posed with dilute hydrochloric acid. The benzene layer 
was separated, washed, filtered and concentrated; it 
yielded two crops of crystalline product amounting to 1.06 
g. (21%) and melting at 217-219°. This substance, re­
garded as 4-methyl-2,l'-trimethylene-1,9-benzanthrone- 
10 (VII), on further crystallization from benzene-ligroin 
formed golden-yellow needles, m. p. 220-220.5°.

Anal. Calcd. for C2iH i60 : C, 88.71; H, 5.67. Found: 
C, 88.67; H, 5.80.

6-Methyl-3,4-benzpyrene.—The ketone VII (0.65 g.) 
was mixed with 50 cc. of zinc dust and distilled at 250 mm. 
pressure. The oily product was redistilled at 0.5 mm. and 
crystallized from ether-alcohol, giving 0.27 g. (44%) of 
crude hydrocarbon, m. p. 154-156°. After filtering a 
solution of the material in benzene-ligroin through a tower 
of alumina, two crystallizations from benzene-ligroin gave 
light yellow needles, m. p. 171-171.5° (0.11 g.).

Anal. Calcd. for C2iH i4: C, 94.70; H, 5.30. Found: 
C, 94.47; H, 5.37.

The picrate formed silky bronze colored needles from 
benzene-ligroin and melted at 181.5-182.5°.

Anal. Calcd. for C2iHi4C6H307N 3: N, 8.48. Found: 
N, 8.34.

The trinitrobenzene derivative crystallized as brilliant 
red needles from benzene-ligroin, m. p. 209-210°.

Anal. Calcd. for C2iHi4-C6H30 6N3: N, 8.77. Found: 
N, 8.73.

5-Methyl-3,4-benzpyrene.—The liquors remaining from 
the methyllithium reaction after removal of the ketone VII 
were evaporated and the oily residue was distilled with zinc 
dust as above. On vacuum distillation of the product a 
yellow solid was obtained which when crystallized from 
benzene-ligroin melted at 130-155°. For purification this 
was converted into the trinitrobenzene derivative. After 
three crystallizations from benzene, which raised the melt­
ing point to 227-228°, this was decomposed by adsorption 
of the nitro component on alumina from benzene. After 
one crystallization from ligroin and two from ether- 
absolute alcohol, the hydrocarbon formed yellow plates, 
m. p. 215.7-216,2°; yield, 75 mg. (2%).

Anal. Calcd. for C21H 14: C, 94.70; H, 5.30. Found: 
C, 94.89; H, 5.16.

The picrate formed purplish-black needles from benzene- 
ligroin, m. p. 207-208° (Found: N, 8.51), and the tri­
nitrobenzene derivative formed short, brick-red needles 
from the same solvent mixture, m. p. 230-231° (Found: N, 
8.58).

3,4-Benzpyrene-S-aldehyde.—A mixture of 1 g. of 3,4- 
benzpyrene, 1 . 1  g. of methylformanilide, 1 .1  g. of phos­
phorus oxychloride, and 1  cc. of o-dichlorobenzene was 
warmed on the steam-bath for two hours; the solution be­
came deep red and hydrogen chloride was evolved. The 
reaction mixture was poured into an aqueous solution of 5 
g. of sodium acetate crystals and the solvent was removed 
with steam. The residual crystalline solid on crystalliza­
tion from glacial acetic acid gave 1 g. (90%) of orange- 
yellow plates, m. p. 201-203°, and after two more crystal­
lizations from benzene-ligroin the melting point was raised 
to 202.5-203.5°.

Anal. Calcd. for C21H 12O: C, 90.00; H, 4.32. Found: 
C, 89.58; H, 4.39.

. The hydrazone was prepared by adding 1 cc. of hydrazine 
hydrate in alcohol to a hot solution of 0.45 g. of the alde­
hyde in the minimum amount of dioxane. After warming 
for five minutes, more alcohol was added until the product 
began to crystallize. The hydrazone separated as fine 
yellow needles, m. p. 219.5-220.5°, dec. Since further 
crystallization from dioxane-alcohol resulted in decom­
position, the original crystallizate, after thorough washing 
with alcohol, was analyzed.

Anal. Calcd. for C2iHi4N 2: N, 9.52. Found: N, 9.57.
For conversion to 5-methyl-3,4-benzpyrene, 0.35 g. of 

the hydrazone was heated with a solution from 1 g. of 
sodium and 5 cc. of absolute alcohol for ten hours at 210- 
215°. The product was obtained directly as a solid; it was 
purified by passage of a benzene solution through a tower of 
alumina and crystallized from ether-absolute alcohol, giv­
ing 0.22 g. (70%) of yellow plates melting at 216.2-216.7° 
and giving no depression when mixed with the sample ob­
tained from the methyllithium reaction product.

Summary
Methylcholanthrene and 3,4-benzpyrene are 

oxidized very readily by lead tetraacetate and 
seem to be more susceptible to attack by this re­
agent than other polynuclear hydrocarbons stud­
ied. 3,4-Benzpyrene gives a single monoacetoxy 
derivative in nearly quantitative yield, and meth­
ylcholanthrene is converted chiefly into the 15- 
acetoxy compound and in smaller part into 15- 
keto-20-methylcholanthrene.

On reaction with methylformanilide, 3,4-benz­
pyrene is converted in excellent yield into a single 
product which probably is the 5-aldehyde. This 
has been related to one of two new methyl-3,4- 
benzpyrenes obtained from products of the addi­
tion of methyllithium to a synthetic trimethylbenz- 
anthrone and regarded as the 5- and 6-isomers.



2548 L ouis F . Fieser and H. L. Holmes Vol. 60

The behavior of polynuclear hydrocarbons in 
the lead tetraacetate oxidation, aldehyde reac­
tion, and diazo coupling test shows that the most 
powerfully carcinogenic hydrocarbons of the se­
ries possess special susceptibility to substitutions,

and certain indications are discernible of a rela­
tionship between this specific type of chemical 
reactivity and carcinogenic activity.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s , R e c e iv e d  A u g u s t  4, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Synthesis of Phenanthrene and Hydrophenanthrene Derivatives. 
VIII. Substances Related to Degradation Products of Morphine

B y  L o u is  F . F ie s e r  a n d  H . L . H olm es

In a previous paper1 we described a diene syn­
thesis by which it is possible to obtain hydro­
phenanthrene derivatives having a carboxyl 
group at a quaternary carbon atom corresponding 
to the 13-position of the morphine alkaloids. 
According to the Gulland-Robinson formula for 
morphine, these alkaloids contain an ethanamine 
chain joined at the hydrocarbon end to the 13- 
position of the hydrophenanthrene skeleton, but 
the exact position of attachment is the one re­
maining point of uncertainty concerning the 
structures. The new synthesis provides a pos­
sible method of obtaining compounds of known 
structure which, if the Gulland-Robinson formula 
is correct, may be obtainable from the alkaloids 
by degradation, and in the present work we have 
investigated the possibility of synthesizing suit­
able compounds.

Degradative work on the alkaloids has not as 
yet provided many substances which seem within 
reach by the diene synthesis. A ketoethylocta- 
hydromorphenol methyl ether of the probable 
structure I (Gulland-Robinson formulation) was 
obtained by Wieland and Kotake2 and by Cahn3 
by various degradations, but Cahn encountered 
difficulties on attempting to reduce the carbonyl 
group and to methylate the compound. Speyer 
and Koulen4 obtained as the methiodide a sub­
stance described as dihydrodesoxytetrahydro-a- 
methylmorphimethine and probably having the 
structure II, but an attempted Hofmann deg­
radation to the corresponding vinyl compound ap­
parently proceeded anomalously with demethyla­
tion at the 4-position and ring formation between 
the liberated hydroxyl and vinyl groups.6 Our first

(1) Fieser and Holmes, T h i s  J o u r n a l , 58, 2319 (1936).
(2) Wieland and Kotake, A n n ., 444, 69 (1925).
(3) Cahn, J . Chem. Soc., 702 (1930).
(4) Speyer and Koulen, A nn ., 438, 34 (1924).
(5) Cahn, J . Chem. Soc., 2562 (1926).
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objective was the synthesis of the acid III, which 
may be obtainable from these or other degradation 
products, and we also made some study of possible 
methods of lengthening the carbon side chain.

The synthesis of 3,4-dimethoxy-5,6,7,8,9,10,13, 
14 - octahydrophenanthrene - 13 - carboxylic acid
(III) was accomplished by application of the 
scheme of synthesis previously described, y- 
(3,4-Dimethoxyphenyl)-butyric acid (IV) was 
prepared from veratrole by condensation with 
succinic anhydride and reduction, by the pro­
cedures already reported.6,7 This acid undergoes 
cyclization very readily at the position para to 
one of the methoxyl groups,8,9 and since it was

(6) Fieser and Hershberg, T h i s  J o u r n a l , 58, 2314 (1936).
(7) Martin, ibid., 58, 1438 (1936).
(8) Haworth, / .  Chem. Soc., 1485 (1932).
(9) Haworth, Mavin and Sheldrick, ibid., 1423 (1934).



2549O ct., 1938 S u b s t a n c e s  R e l a t e d  to  M o r p h in e  D e g r a d a t io n  P ro d u c t s

CHsO/'
CH30I

\
+  I > 0

CHsCO
IV
COOR

CH30 ^ ( C H 2)3CHC0C00R 18% CHsO
CH aO ^Br ------ --- --

VI
H ° ° a  „

9 ^  2 steps CH3o / \ c H 2)aCOOH CH30|j/ \ c H 2)3C00H 2 steps

0 "  >  "
V

COOR

™ ^ o /\(G H j)3COCOOH 70%

CHsO

c h 3o

h ,so4 c h 3o

/ \
(

c h = c h 2 \ l

Br

\ / ‘
VII

[Br H2S04

c h = c h 2 CO

(b)

VIII

OH CO

(a)

CH3OO

CH30

CH30

c h 2n 2

/ y

\ / Br
IX

OH CO

CHsO

CHsO

,/V
Br

OH

CH

X

V s / \

\

o / V

caoU
III

t

CHsO

c h 3o .

A/
Br

CH=CH^
I
CH=CH2

CO

XI

OCHs CO

CHsO

CH3O

, A /

\ / Br
XII

OCHs

CHsO

CH3o

\

/ \ y

\ / Br
XIII

desired to effect cyclization of a derivative of the 
acid at the alternate position, the favored site of 
substitution was blocked by bromination. Ha­
worth9 described the bromo acid V briefly, but 
provided no rigid proof of the structure; this was 
supplied in the present work by permanganate 
oxidation to the known 2-bromo-4,5-dimethoxy- 
benzoic acid, identical with a sample prepared 
from vanillin.10 The ester of the bromo acid V 
was condensed with oxalic ester and the product 
(VI) hydrolyzed with dilute sulfuric acid to the 
a-keto acid VII. Cyclization with strong sulfuric 
acid gave in good over-all yield the dihydro- 
naphthoic acid VIII desired for the diene addition 
reaction. I t was observed incidentally that the 
a-keto acid VII is converted into a crystalline enol 
acetate on attempted cyclization with acetic 
anhydride-acid and zinc chloride catalyst.

Since in the examples previously investigated1 
the Diels-Alder reaction had been run only on the

(10) Heap, Jones and Robinson, J .  C h em . S o c ., 2021 (1927).

esters of «,/3-unsaturated acids, our first trials 
were made with the ester XI (route a). Since 
attempted esterification of the acid VIII by the 
Fischer method was unsuccessful, the ester had 
to be made with the use of diazomethane. As 
anticipated from the previous observations, 1 the 
addition of butadiene to the bromo ester XI 
proceeded poorly, and the best conversion to the 
hexahydrophenanthrene derivative XII was about 
9%, considerable starting material being recovered 
after heating at 230° for seven days. As in 
other cases, the reaction with 2,3-dimethylbuta- 
diene proceeded much better (54% yield). The 
hexahydro ester XII was obtained in a pure crys­
talline condition and was easily hydrogenated in 
the presence of platinum catalyst to the octahydro 
ester XIII, but saponification of the highly hin­
dered ester group could not be accomplished with­
out disturbance of the bromine atom. The bro­
mine was removed, if with difficulty, by hydro­
genation of X III in the presence of a large amount
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of palladium , catalyst on barium sulfate with so­
dium acetate as acceptor for the hydrogen bro­
mide. Saponification of the ester group was then 
accomplished with sodium ethylate at 180°, 
giving the desired acid III.

On repeating the whole synthesis with larger 
amounts, we investigated the possibility of using 
the free dihydronaphthoic acid VIII in the diene 
reaction in place of the ester, for an expensive 
reagent is required for the esterification and the 
subsequent saponification of the hindered ester 
group must be conducted in a sealed tube. The 
free acid can indeed be used, and after some ex­
ploration conditions were found permitting a 
better conversion than obtained with the ester. 
When heated with about two moles of butadiene 
in the presence of some benzene at 185-190° for 
one hundred hours, the acid was converted into 
the addition product IX in 18% yield, and over 
50% of the starting material was recovered in a 
satisfactory condition. At higher temperatures 
there was some decarboxylation. The addition 
evidently proceeded in the same steric manner as 
before, for esterification of the addition product 
IX gave an ester identical with the product of the 
addition of butadiene to the bicyclic ester. Satu­
ration of the double bond of IX and removal of the 
bromine with hydrogen and palladium catalyst 
gave the dimethoxyoctahydrophenanthrene-car- 
boxylic acid III, identical with that obtained by 
the alternate method. The shorter route (b) 
clearly constitutes the better plan of synthesis, 
and the end-product can be obtained by this 
method in reasonable quantity if with a rather 
generous expenditure of time. The accumulation 
of a quantity of the diene addition product is a 
tedious process and the removal of bromine is 
slow and requires large amounts of catalyst.

It remains to be seen if an acid of the structure 
III can be obtained by the degradation of mor­
phine, codeine, or thebaine, and if this can be done 
the stereochemical problem will require considera­
tion. The acid has two asymmetric carbon 
atoms, but the addition apparently gives only one 
of the two possible ^/-mixtures. The material 
obtained in several preparations by both methods 
(a) and (b) seemed entirely homogeneous, as did 
the various intermediates. Alder and Stein11 
have noted that at least in low temperature re­
actions dienes add to activated double bonds ex­
clusively in the cis position but that at elevated

(11) Alder and Stein, A n g e w . C h em ., 50, 510 (1937).

temperatures ^-addition may be followed by 
rearrangement to the /m^-configuration. Mod­
els (Stuart) of the two diastereomers of III do not 
indicate any great difference in the strain, and 
consequently in the energy content, of the two 
forms, and a rearrangement from the cis-con­
figuration therefore seems improbable. The con­
figuration of the alkaloid ring system at this part 
of the molecule is not known. A few preliminary 
attempts were made to effect a resolution, but 
without success. The trials were confined largely 
to the unsaturated bromo acid IX, using brucine 
and strychnine as the resolving agents. Should 
this become a crucial point in the correlation of 
synthetic and natural products, a solution of the 
problem might still be possible in case the resolu­
tion of the synthetic acid is found to present 
really serious difficulty. Sinomenine belongs to a 
stereochemical series opposite to that of the alka­
loids of the morphine group and has been degraded 
to the optical antipode of dihydrothebainone, and 
a mixture of the acids from the dual degradation 
of thebaine and sinomenine should yield the 
synthetic acid or its diastereomer.

Another possibility would be to utilize the 
dimethoxyoctahydrophenanthrene-13 - carboxylic 
acid III as the starting point for the synthesis of 
the degradation product II of Speyer and Koulen,4 
but difficulties are to be anticipated in attempting 
to convert the carboxyl group into an ethanamine 
chain because of the hindered nature of the func­
tional group and the opportunity for rearrange­
ment associated with the quaternary location. 
In the present work we have merely explored, 
with simpler compounds of the series, some of 
the possible starting points for a lengthening of the 
side chain. The experiments were made with 
the addition products of Al-dihydro-a-naphthoic 
ester and its 6-methoxy derivative with butadiene 
and 2,3-dimethylbutadiene, and the following ob­
servations concerning ethyl 6,7-dimethyl-5,8,9, 
10,13,14 - hexahydrophenanthrene -13 - carboxylate 
(XV) are typical of the rest. The unsaturated 
hexahydro ester, m. p. 50°, gave a liquid octa- 
hydro compound (XVI) on hydrogenation, and on 
reduction with sodium and isoamyl alcohol it gave 
in good yield a crystalline carbinol, XVII (m. p. 
74°). On hydrogenation this was converted into 
the corresponding octahydro carbinol, XVIII 
(m. p. 69°), which was obtained in a more easily 
purified condition by the Bouveault reduction of 
the saturated ester XVI. In these reductions
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with sodium and isoamyl alcohol a small amount 
of the ester invariably was saponified to the corre­
sponding acid, but the yield of carbinol was good 
(about 70%), and nearly all of the substances 
were obtained in a crystalline condition. It is of 
interest that while ethyl abietate can be reduced 
to abietinol with sodium and ethyl alcohol,12 
the hydrophenanthrene- 13-carboxylic esters are 
not attacked when ethyl alcohol is used.

The use of mineral acids was avoided in seeking 
to transform the carbinols into the corresponding 
halides, and it was found that the hexahydro car­
binol XVII canine converted by the action of phos­
phorus pentachloride on the liquid acetate into 
the chloride, XIX. Attempts to convert the 
chloride into the nitrile, however, were unsuccess­
ful. A Rosenmund reduction of the chloride of 
one of the 13-carboxylic acids was also tried with­
out success. Selenium dehydrogenation of either 
the unsaturated chloride (XIX) or the unsatu­
rated carbinol (XVII) seemed to involve some form 
of rearrangement, for in each case there was ob­
tained in good yield a nicely crystalline product, 
m. p. 149°, having the composition of a tri- 
methylphenanthrene (Ci7Hi6) . The normal de­
hydrogenation product, 2 ,3-dimethylphenanthrene 
(XXI), was obtained by hydrogenating the un­
saturated chloride to the point of replacement of 
most of the halogen and treating the oily hydro­
carbon with selenium. This observation indi­
cates that there probably is no rearrangement of 
the skeletal structure in the formation of chloride.

Experimental Part13
Synthesis of 3,4-Dimethoxy-5,6,7,8,9,10,13,14-octa- 

hydrophenanthrene-13-carboxylic Acid (III)
7-(2-Bromo-4,5-dimethxoyphenyl)-butyric Acid (V).—A

solution of 387 g. of 7 -(3 ,4 -dimethoxyphenyl)-butyric 
acid67 (b. p. 210° at 6 mm.) in 2400 cc. of glacial acetic 
acid was stirred mechanically in a cooling bath and treated 
with 122 cc. of bromine, added by drops while controlling 
the temperature to 4°. The bromination product soon 
began to separate as a pale yellow precipitate. The addi­
tion required twenty hours, and after stirring for two hours 
longer the crystalline bromo acid which had separated was 
collected and washed well with water. The product was 
colorless and weighed 469 g. (83%); m. p. 130-134.5°. A 
purified sample melted at 137.8-138.8° (Haworth,8 135- 
136°, uncorr.).

The ethyl ester, prepared by Fischer esterification, was 
suitable for use after distillation; b. p. 220-222° (17 mm.); 
yield from 50 g. of acid, 49.6 g. (91%). The ester crystal­
lizes from ether in elongated, stout prisms, m. p. 49.5- 
50.5°.

(12) Ruzicka and Meyer, Helv. Chim. Acta , 5, 581 (1922).
(13) All m elting points are corrected.
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For proof of structure a sample of the ester was refluxed 
with aqueous alkali and excess permanganate. The 
acidic product recovered from the filtrate was crystallized 
from alcohol, giving colorless needles, m. p. 184-185°.
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There was no depression on admixture with a sample of 2- 
bromo-4,5-dimethoxybenzoic acid prepared according to 
Heap, Jones, and Robinson,10 m. p. 185-186° (compare
185 °14).

Ethyl a-Oxalyl-Y-(2~bromo-4,5-dimethoxyphenyl)-buty- 
rate (VI).—Forty grams of ethyl Y-(2-bromo-3,4-di- 
methoxyphenyl)-butyrate was condensed with 20 g. of 
ethyl oxalate in the usual manner, using sodium ethylate 
(2.78 g. of sodium). On decomposing the sodium deriva­
tive in ice-cold dilute sulfuric acid the condensation prod­
uct crystallized in long, feathery needles; total yield, 52 g. 
(96%), m. p. 69-70°. Recrystallized from ether-petro­
leum ether, it melted at 74.7-75.3 °.

A nal Calcd. for Ci8H230 7Br: C, 50.31; H, 5.37. 
Found: C, 50.11; H, 5.38.

o'-Keto~6-(2“bromo-3,4-dimethoxyphenyl)-valeric Acid
(VII) .—The oxalyl ester VI (42 g.) was refluxed with 
18% sulfuric acid (500 cc.) for twenty hours, and on cooling 
the mixture the keto acid solidified in round nodules. The 
material was dissolved in sodium carbonate solution and, 
after clarification, precipitated. The solid weighed 29.1 g. 
(90%), m. p. 85-87 °. Crystallized for analysis from dilute 
acetic acid the substance formed silky needles, m. p. 93- 
94°.

A nal Calcd. for Ci3H160 6Br: C, 47.15; H, 4.57; Br, 
24.13. Found: C, 47.49; H ,4.96; Br, 24.09.

The ethyl ester boils at 225-227° (9 mm.). Both the 
acid and the ethyl ester give a brownish-black coloration 
with ferric chloride solution. The enol acetate15 was 
obtained by refluxing 2 g. of the keto acid with 5 cc. of 
glacial acetic acid, 5 cc. of acetic anhydride, and 0.1 g. of 
zinc chloride for one hour, cautiously adding water, and 
allowing the solution to cool. The reaction product sepa­
rated in a nearly pure condition (1.9 g.), m. p. 147-149°; 
on recrystallization from dilute acetic acid it formed slender 
needles, m. p. 148.4-149°. Saponification of the acetate 
gave the keto acid, m. p. 93-94°.

A nal Calcd. for CisH^OeBr: C, 48.27; H, 4.59; neut. 
equiv., 373. Found: C, 48.42; H, 4.83; neut. equiv., 369.

5-Bromo-7,8-dimethoxy-A '-dihydro-1-naphthoic Acid
(VIII) .—A total of 375 g. of the keto acid VII was cyclized 
in 65-g. batches, each batch being stirred vigorously with a 
mixture of 235 cc. of concentrated sulfuric acid and 135 cc. 
of water at 80° for one-half hour. The keto acid soon 
melted to a brown gum and the cyclization product then 
began to separate in a crystalline condition. The mixture 
was cooled, poured onto ice and water, and on vigorous 
stirring the product solidified completely in the form of pale 
buff-colored granules. After thorough washing, the acid 
was purified through the sodium salt, which crystallizes as 
flat white plates from a solution containing excess sodium 
carbonate (40 g. in 750 cc. of water for each 65-g. batch). 
An aqueous solution of the purified salt (25 g.) on acidifica­
tion at 60° gave 17 g. (average) of acid, m. p. 168-171°. 
One crystallization from dilute alcohol raised the melting 
point to 171.5-172.5°, and the total yield of this material

(14) Henry and Sharp, J . Chem. Soc., 2286 (1930).
(15) The analogous enol acetate obtained by this method from a- 

keto-5-phenylvaleric acid melted at 98.6-99.1° (Calcd.: C, 68.85; 
H, 6.03. Found: C, 68.68; H, 6.13); that from a-keto-S-(4- 
methoxyphenyl)-valeric acid melted at 89-90° (Calcd.: C, 63.63; 
H, 6.10 Found: C, 64.03 : H, 6.26).

was 196 g. (55%). Further purification gave colorless 
plates, m. p. 172-173°.

Anal. Calcd. for Ci3Hi304Br: C, 49.86; H, 4.19; Br, 
25.52; neut. equiv., 313. Found: C, 49.92; H, 4.31; 
Br, 25.31; neut. equiv., 316.

The methyl ester (XI), prepared with diazomethane, 
distilled at 174-175° (2 mm.) and was obtained as a viscous 
oil in 97% yield. It slowly solidified on standing, and 
when purified by crystallization from hexane formed 
blades, m. p. 76-77°.

5-Bromo-7,8-dimethoxy -1,2,3,4 - tetrahydro-1-naphthoic 
acid was obtained by hydrogenation of VIII in alcohol in 
the presence of Adams catalyst. It crystallized from di­
lute alcohol as long, flat needles, m. p. 147-148°.

A nal Calcd. for C13Hi504Br: C, 49.54; H, 4.84. 
Found: C, 49.48; H, 4,99.

7,8-Dime thoxy-1,2,3,4-tetrahydro-l-naphthoic Acid.—
Hydrogenation of the above compound (0.9 g.) in absolute 
alcohol (40 cc.) was accomplished in the presence of pal­
ladium oxide catalyst (35 mg.) in about three hours. The 
recovered product (0.6 g.) was bromine free and crystal­
lized from benzene-hexane as elongated prisms, m. p.
119.5-120°.

A nal Calcd. for C^HicO*: C, 66.08; H, 6.82. Found: 
C, 66.36; H, 6.66.

Methyl l-Bromo-3,4-dimethoxy-6,7-dimethyl-5,8,9,10,- 
13,14-hexahydrophenanthrene-13-carboxylate.—The ester 
X I (14 g.) was heated with 2,3-dimethylbutadiene (5 g.) 
at 175-185° for thirty-one hours and the mixture on dis­
tillation gave a fraction boiling at 190-205° (2 mm.) and 
giving 9.6 g. (54%) of crystals from dilute alcohol. Fur­
ther crystallization from alcohol gave plates, m. p. 154- 
155°. Some starting material was recovered from the 
fore-run.

A nal Calcd. for C2oH2504Br: C, 58.69; H, 6.16; Br,
19.52. Found: C, 58.91; H, 6.14; Br, 19.32.

This substance proved to be very resistant to hydrogena­
tion under various conditions.

Methyl l-Bromo-3,4-dimethoxy-5,8,9,10,13,14-hexahy- 
drophenanthrene-13-carboxylate (XII).—In the most 
successful experiments 20 g. of the unsaturated ester X I 
was heated in a thick-walled Pyrex tube with 15 g. of 
butadiene at 220-230° for seven days. After several frac­
tional distillations 9.2 g. of starting material was recovered 
and the bulk of the addition product was collected in an
8.6-g. fraction boiling at 185-196° (3 mm.). On crystal­
lization of this from petroleum ether it gave in the first 
crop 3.2 g. more starting material, and the next crystalli- 
zate consisted of crude addition product (2.4 g.) m. p. 89- 
100°. Two further crystallizations raised the melting 
point to 101-103°, and the average yield, not allowing for 
recovery of considerable starting material, was 8-9%. 
The mother liquors contained about 3.4 g. of oil which 
failed to crystallize. The fully purified ester formed 
elongated prisms, m. p. 105-106°.

A nal Calcd. for Ci8H210 4Br: C, 56.70; H, 5.55; Br, 
20.96. Found: C, 56.47; H, 5.67; Br, 21.02.

Methyl 1 -Bromo-3,4-dime thoxy-5,6,7,8,9,10,13,14-octa- 
hydrophenanthrene-13-carboxylate (XIII).—The addition 
product X II (2.75 g.) in glacial acetic acid (50 cc.) with 
Adams catalyst (50 mg.) absorbed one mole of hydrogen in
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fifteen minutes. The purified product crystallized from 
ether as fine needles, m. p. 112.5-113.5°.

Anal. Calcd. for Cis^CXBr: C, 56.41; H, 6.06; Br, 
20.85. Found: C, 56.45; H, 6.28; Br, 20.61.

Methyl3,4-Dimethoxy-5,6,7,8,9,10,13,14-octahydrophen- 
anthrene-13-carboxylate (XIV).— For removal of the bro­
mine, 0.65 g. of X III in 35 cc. of glacial acetic acid was 
shaken with hydrogen in the presence of 0.1 g. of fused 
sodium acetate and 2 g. of palladinized barium sulfate.16 
One mole of gas was absorbed in about .seventeen hours. 
After concentration of the filtered solution in vacuum and 
dilution with water the product separated as a crystalline 
powder (0.49 g.), m. p. 135-142°. Four recrystallizations 
from dilute acetic acid raised the m. p. to 141.5-142.5° 
(previous softening), and crystallization from petroleum 
ether then gave glistening cubes, m. p. 142.8-143.2°. The 
substance gave no test for bromine.

Anal. Calcd. for C18H24O4: C, 71.03; H, 7.94. Found: 
C, 70.85; H, 7.65.

In another experiment the unsaturated bromo ester X II 
(0.85 g.) was hydrogenated in acetic acid using the pal­
ladium catalyst (2 g.). Absorption of gas was rapid at 
first and then slower, and on working up the product after 
four hours there was obtained 0.65 g. (94%) of the satu­
rated bromine-free ester, m. p. 142.5-143°.

3,4 - Dimethoxy - 5,6,7,8,9,10,13,14 - octahydrophenan- 
threne- 13-carboxylic Acid (III). Method (a).—The ester 
XIV (0.2 g.) was heated in a sealed tube with a solution 
from 0.9 g. of sodium and 15 cc. of absolute alcohol at 175- 
180 0 for eighteen hours. The solidified product was taken 
up in water and the solution was shaken with dimethyl 
sulfate until neutral, cooled to 0 °, and acidified. The acid 
which separated was taken into ether, extracted from the 
ether with sodium bicarbonate solution, and obtained on 
acidification as a cream colored solid; yield, 75 mg. (39%). 
Evaporation of the ethereal solution gave 0.1 g. of un­
changed ester, m. p. 140-141 °. The acid crystallized from 
dilute alcohol in the form of flat needles, m. p. 202.4- 
203.4°. It is readily soluble in dilute solutions of sodium 
bicarbonate and ammonia.

Anal. Calcd. for C17H22O4: C, 70.33; H, 7.64; neut. 
equiv., 290. Found: C, 70.11; H, 7.39; neut. equiv., 
286.

1 -  Bromo - 3,4 - dimethoxy - 5,8,9,10,13,14 - hexahydro- 
phenanthrene-13-carboxylic Acid (IX).—The best condi­
tions found for effecting the reaction consisted in heating a 
mixture of 20 g. of 5-bromo-7,8-dimethoxy- A1-dihydro-l- 
naphthoic acid, 8 g. of butadiene, and 15 cc. of dry benzene 
in a sealed tube at 185-190° for one hundred hours. The 
cooled mixture was diluted with 75 cc. of benzene and re­
fluxed for two hours with a solution of 15 g. of sodium 
carbonate in 200 cc. of water. The pale yellow aqueous 
layer was separated from the benzene and polymer, de­
colorized with Norite, and acidified carefully. The pre­
cipitated acid was collected, dried, and crystallized from 
alcohol to separate the reaction product from the more 
soluble starting material. The crude addition product 
collected amounted to 4.3 g. (18%), m. p. 248-252°, dec. 
One recrystallization brought the m. p. to 256-258°, dec., 
and the purest sample formed small plates, m. p. 260-2610

dec. Dilution of the mother liquors gave 11.1 g. of starting 
material, m. p. 163-164°.

Anal. Calcd. for C n H i^ B r: C, 55.60; H, 5.21; neut. 
equiv., 367. Found: C, 55.65; H, 5.55; neut. equiv., 364.

Esterification with diazomethane gave a product which 
when crystallized from ether-petroleum ether melted at 
105-106° and gave no depression when mixed with the 
ester X II prepared by method (a).

1 - Bromo - 3,4 - dimethoxy -  5,6,7,8,9,10,13,14 - octa- 
hydrophenanthrene-13-carboxylic Acid (X).—The unsatu­
rated acid IX  (1 g.) in glacial acetic acid (65 cc.) with 
Adams catalyst (30 mg.) absorbed one mole of hydrogen 
in twenty minutes, and the product, recrystallized from 
alcohol, formed glistening plates, m. p. 233-234°; yield, 
0.7 g. (70%).

Anal. Calcd. for Ci7H2104Br: C, 55.28; H, 5.73. 
Found: C, 54.65; H, 5.93.

Esterification with diazomethane and crystallization 
from ether gave an ester melting at 112.5-113.5° and 
identical with the sample of X III described above.

3,4 - Dimethoxy - 5,6,7,8,9,10,13,14 - octahydrophenan- 
threne-13-carboxylic Acid (III). Method (b).—The satu­
rated bromo acid X  (0.35 g.) in glacial acetic acid (25 cc.) 
with palladinized barium sulfate (1  g.) and fused sodium 
acetate (0.1 g.) in two trials absorbed somewhat less than 
the theoretical amount of hydrogen in twelve to eighteen 
hours, when the reaction stopped. Three crystallizations 
from aqueous alcohol gave 0.2 g. (57%) of bromine-free 
acid melting constantly at 202-203°. This did not de­
press the melting point of the sample described above, and 
the ester formed cubes, m. p. 142.5-143.5°, identical with 
the other sample of XIV.

Concerning Other Diene Addition Products
In preparing a larger quantity of ethyl hexahydrophen- 

anthrene-13-carboxylate1 90 g. of the unsaturated ester 
was heated with 30 g. of butadiene at 170-180° for thirty- 
six hours, giving 26.2 g. (23%) of purified product, b. p. 
197-198° (14 mm.), 214-215° (31 mm.). The corre­
sponding acid on hydrogenation in glacial acetic acid 
solution gave octahydrophenanthrene-13-carboxylic acid 
in 85% yield as small needles from dilute alcohol, m. p. 
144-145°.

Anal. Calcd. for Ci6H i80 2: C, 78.22; H, 7.88; neut. 
equiv., 230. Found: C, 78.59; H, 8.20; neut. equiv., 233.

Ethyl octahydrophenanthrene-13-carboxylate, prepared 
by hydrogenation of the hexahydride, was obtained as a 
viscous liquid, b. p. 180-181 ° (16 mm.).

The yield of ethyl 6,7-dimethylhexahydrophenanthrene- 
13-carboxylate1 was increased considerably by heating 
50 g. of the unsaturated ester with 30 g. of the diene at 
170-180° for thirty-six hours; yield, 52.5 g. (74%); 
b. p. 197-198° (14 mm.). Similarly, ethyl 3-methoxy- 
hexahydrophenanthrene-13-carboxylate,1 b. p. 212-215° 
(17 mm.), was obtained in 31% yield from 30 g. of ester 
and 15 g. of butadiene at 150-160° for sixty-three hours.
3-Methoxyhexahydrophenanthrene-13-carboxylic acid1 (1 
g.) on dehydrogenation with selenium (2 g.) at 300-320° 
for twenty-four hours gave 3 -methoxyphenanthrene, m. 
p. 58.5-59.5°; picrate, m. p. 123-124°.

3-Methoxyoctahydrophenanthrene-13-carboxylic acid, 
prepared from the hexahydride1 with Adams catalyst in(16) Schmidt, B e r ., 52, 409 (1919).
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T a b l e  I

C a r b i n o l s  f r o m  t h e  H y d r o p h e n a n t h r e n e - 1 3 - c a r b o x y l ïc  E s t e r s

/------ -------------- Analyses, %
Yield. Crystal Carbon Hydrogen

Substituents % form M, p., °C. B. p., °C. Calcd. Found Calcd. Found

Derivatives of 13-Hydroxymethyl-5,8,9,10,13,14-hexahydrophenanthrene
6,7-Dimethyl 72 Needles 73-74 Acetate: 84.21 84.41 9.15 9.45

176-177 (5 mm.)
3-Methoxy 43 Prisms 122.4-122.8 77.87 77.86 8.26 8.30
3-Methoxy-6,7-dimethyl 77 Small prisms 66-67 79.35 79.31 8.89 8 .72

Derivatives of 13-Hydroxymethyl-5,6,7,8,9,10,13,14-octahydrophenanthrene
None 77 Fine 48.8-49.5  Acetate: 83.28 83.55 9.32 9.47

needles 136-138 (3 mm.)
6,7-Dimethyl 73 Small 68-69 203-205 (15 mm.) 83.56 83.57 9.90 10.23

needles Acetate: 210-212 (15 mm.)
3-Methoxy-6,7-dimethyl 70 Micro crystals 76 .7-77.9  78.76 79.15 9.55 9.80

acetic acid, formed thin plates from dilute acetic acid, m. 
p. 174.5-175.5°.

Anal. Calcd. for Ci6H2ö0 2: C, 73.82; H, 7.75; neut, 
equiv., 260. Found: C, 74.05; H, 7.90; neut. equiv., 260.

Ethyl 3-methoxy-6,7-dimethylhexahydrophenanthrene- 
13-carboxylate, prepared from 15 g. of unsaturated ester 
and 10.6 g. of 2,3-dimethylbutadiene at 120-160 ° for forty- 
eight hours and isolated in the usual way, was obtained as a 
viscous oil, b. p. 197-199° (5 mm.); yield, 17.3 g. (85%). 
The ester slowly crystallized and when purified from 
petroleum ether formed crusts of microcrystals, m. p. 67- 
68°.

Anal. Calcd. for C20H26O3: C, 76.40; H, 8.34. Found: 
C, 76.74; H, 8.52.

Saponification of the above ester with sodium ethylate 
at 170° for seventeen hours gave in 72% yield 3-methoxy-
6.7- dimethylhexahydrophenanthrene-13-carboxylic acid, 
which forms glistening, slender needles from dilute alcohol 
and melts at 164-165°.

Anal. Calcd. for Ci8H220 3: C, 75.49; H, 7.74; neut. 
equiv., 286. Found: C, 75,90; H, 7.83; neut, equiv., 290.

The chloride of this acid was a liquid, b. p. 215° (15 mm.). 
Dehydrogenation of the acid (1 g.) with selenium as above 
gave 3-methoxy-657-dimethylphenanthrene, which crystal­
lized in plates, m. p. 119-120° (0.1 g.), from dilute alcohol. 
The picrate formed reddish-orange needles from alcohol; 
m. p. 160-162°.

Anal. Calcd. for C17H i60 : C, 86.41; H, 6.83. Found: 
C, 86,22; H, 6.71.

Hydrogenation of the unsaturated acid gave 3-methoxy-
6.7- dimethyloctahydrophenanthrene-13-carboxylic acid as 
long blades, m. p. 204-206°, from dilute alcohol.

Anal. Calcd. for Ci8H2403: C, 74.97; H, 8.39; neut. 
equiv., 288. Found: C, 75.05; H, 8.65; neut. equiv., 288.

Carbinols from the Hydrophenanthrene-13-carboxylie 
Esters

The following procedure for the preparation of 13* 
hydroxymethyl - 5,6,7,8,9,10,13,14-octahydrophenanthrene
illustrates the general method of conducting the Bouveault 
reduction of the esters. A solution of 11 g. of ethyl octa- 
hydrophenanthrene-13-carboxylate in 250 cc. of isoamyl 
alcohol was stirred mechanically and kept at 90-95° in a 
water-bath and 9 g. of sodium was added in small pieces.

After the sodium had all reacted the solution was cooled, 
treated with 8-9  cc. of water added by drops, and stirred 
for one-half hour at 90-95°. The solvent was then re­
moved by steam distillation, the brown oil extracted with 
ether, and the washed solution was dried, clarified with 
Norite, and evaporated. The residual oil was dissolved 
in petroleum ether (20-40°), and seed was obtained by 
cooling a portion for several hours in a carbon dioxide 
bath. The carbinol then crystallized from the main solu­
tion on seeding at room temperature, and it was obtained 
in rosets of fine, feathery needles (colorless). The alkaline 
layer from the reduction gave an oily product on acidifica­
tion (1.2 g.), and on purification from dilute alcohol this 
formed needles, m. p. 144-145°, identical with the sample 
of octahydrophenanthrene-13-carboxylic acid described 
above.

The other reductions were conducted in the same 
manner and the yields, properties, and analyses of the 
carbinols are recorded in the table. The neutral reaction 
products usually were not distilled; crystals were obtained 
by cooling a petroleum ether solution with solid carbon 
dioxide. The same solvent was used for recrystallization. 
The presence of the hydroxyl group was shown in repre­
sentative cases by Zerewitinoff determination (0.88 mole 
gas) and by the preparation of the acetates, using hydrogen 
chloride-free acetyl chloride (80% yield). The 6,7-di- 
methyloctahydro derivative was prepared both by the 
Bouveault reduction and by hydrogenating the hexahy­
dride in acetic acid in the presence of Adams catalyst; 
the reaction product in the latter case was not as easily 
purified as before, but a satisfactory sample was obtained 
(m. p. 68-69°) giving no depression with the other mate­
rial. The acidic by-product of the Bouveault reduction,
6,7-dimethyloctahydrophenanthrene-13-carboxylic acid, 
has not been described before. It formed long needles 
from alcohol and crystallized from benzene-hexane in flat 
prisms, m. p. 189-191 °, with some previous softening.

Anal. Calcd. for Ci7H220 2: C, 79.03; H, 8.58; neut. 
equiv., 258. Found: C, 79.19; H, 8.95; neut. equiv., 256.

5,6 -Dimethyl -13 - chloromethylhexahydrophenanthrene 
(XIX).—The carbinol XVII (4 g.) was converted into the 
acetate by heating for two hours with one equivalent of 
purified acetyl chloride and the mixture was poured onto 
ice and extracted with ether. After washing with bicar­
bonate solution and water, the solvent was removed and
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the acetate distilled, b. p. 176-177° (5 mm.); yield, 4.1 g. 
The viscous oil, which showed no sign of crystallizing, was 
allowed to stand in dry benzene (10 cc.) with phosphorus 
pentachloride (12 g.) for two hours, the solution turning 
brownish-yellow. After refluxing for one-half hour, the 
mixture was decomposed with ice and water and the 
product extracted with ether, washed with bicarbonate, 
dried, and distilled. After several distillations of the 
yellow oil a fraction was obtained boiling at 196-198° (3 
mm.); yield, 2.5 g. (65%).

Anal. Calcd. for Ci7H21C1: C, 78.30; H, 8.13; Cl, 
13.59. Found: C, 77.87; H, 7.76; Cl, 13.19.

In an attempt to prepare the nitrile, 13 g. of the chloride 
was heated with 2 g. of potassium cyanide in 30 cc. of alco­
hol at 160-180° for twenty-four hours; repeated distilla­
tion gave a fraction boiling at 210-220° (2 mm.) and con­
taining nitrogen (1.8 g.) but this did not solidify and gave 
only a small amount of oily acidic material on alkaline 
hydrolysis.

The unsaturated chloride (1.3 g.) absorbed hydrogen 
fairly rapidly in glacial acetic acid solution in the presence 
of Adams catalyst, and considerable hydrogen chloride 
was found to have been produced. The oily reaction 
product appeared to be a mixture; on dehydrogenation 
with selenium it gave a solid (0.5 g.), m. p. 59-63°, giving 
a picrate, m. p. 145-146°. The hydrocarbon recovered 
from the picrate and crystallized from alcohol formed 
fluorescent plates, m. p. 77.5-78°. Mixed with 2,3-di- 
methylphenanthrene and its picrate, the samples showed 
no depression.

Dehydrogenation of the unsaturated chloride or carbinol

with selenium gave a much less soluble hydrocarbon which 
after purification by crystallization from alcohol and from 
hexane formed small scales, m. p. 148-149°. The sub­
stance gives a red coloration in alcohol or benzene with 
picric acid, but no picrate could be isolated. The yield 
from the carbinol was 66% and from the chloride 35%.

Anal. Calcd. for CnHie: C, 92.69; H, 7.32. Found: 
C, 92.66; H, 7.31.

Summary
As a step toward a proof of the location of the 

ethanamine chain in the morphine alkaloids,
3,4 - dimethoxy- 5,6,7,8,9,10,13,14 -octahydrophen- 
anthrene-13-carboxylic acid has been synthesized 
for comparison with a possible degradation prod­
uct of the alkaloids. The synthesis involves a 
diene addition to a brominated A^dihydro-a- 
naphthoic acid or ester obtained synthetically, 
the bromine being required to control the direction 
of cyclization and being removed in the end 
stages of the synthesis.

In a preliminary study of a possible lengthening 
of the carbon chain at Ci3, a number of esters of 
substituted hexa- and octahydrophenanthrene-13- 
carboxylic acids have been reduced to the corre­
sponding carbinols.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s . R e c e iv e d  A u g u s t  11, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Meso Aldehydes of Anthracene and 1,2-Benzanthracene
B y  L o u is  F . F ie s e r  a n d  J o n a t h a n  L . H a r t w e l l1

Substitution reactions of polynuclear aromatic 
hydrocarbons have gained special interest with 
the observation that the most actively carcino­
genic compounds of the hydrocarbon series show 
a high degree of susceptibility to diazo coupling2 
and to oxidation with lead tetraacetate.3,4 An­
other substitution which it seemed of interest to 
investigate is the reaction with methylformani­
lide, which Vollmann, Becker, Corell and Streeck5 
recently applied with success for the conversion of 
pyrene into pyrene-3-aldehyde.

POCl3
ArH +  C6H5N(CH3)CHO-------- >  ArCHO +  CeHsNHCHs
Previous applications of the reaction were con­
cerned chiefly with ortho-para substitutions of 
phenol ethers and amines, but the above ob-

(1) Research Fellow of the National Cancer Institute.
(2) Fieser and Campbell, T h i s  J o u r n a l , 60, 1142 (1938).
(3) Fieser and Hershberg, ibid., 60, 1893 (1938).
(4) Fieser and Hershberg, ibid., 60, 2542 (1938).
(5) Vollmann, Becker, Corell and Streeck, A nn ., 531, 1 (1937).

servation shows that a sufficiently reactive hy­
drocarbon is capable of entering into the con­
densation. According to a brief report in the 
patent literature,6 anthracene also reacts with 
methylformanilide. The present investigation 
of other applications of the reaction was under­
taken with the idea that information might be 
obtained on the relative reactivities of carcino­
genic hydrocarbons and in the hope of obtain­
ing derivatives of carcinogens having the reac­
tive aldehydic group.

By modifying slightly the procedure of Voll­
mann, et al.,s it was found possible to obtain the 
known 9-anthraldehyde in 92% yield after heat­
ing the reaction mixture for two hours on the 
steam-bath. 1,2-Benzanthracene reacts less read­
ily, for under the same conditions about half of 
the hydrocarbon was recovered unchanged and

(6) I. G. Farbenindustrie A.-G., English Patent 311,208 (1928).
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about half converted into an aldehyde. With
1,2,5,6-dibenzanthracene no aldehyde could be 
isolated even under forcing conditions; after 
heating the reaction mixture for twenty-four 
hours in a sealed tube at 155°, for example, 72% 
of the starting material was recovered. This is a 
further example of the marked hindrance at both 
meso positions of the hydrocarbon,3 and the ob­
servation shows clearly that the reaction with 
methylformanilide can be applied only to specific 
hydrocarbons at specific nuclear positions. The 
order of susceptibility of the three hydrocarbons 
to this substituting agent is: anthracene >  1,2- 
benzanthracene > 1,2,5,6-dibenzanthracene.

For proof of structure the new aldehyde of the
1.2- benzanthracene series was converted through 
the hydrazone to the corresponding hydrocarbon, 
which was found to be identical with 10-methyl-
1.2- benzanthracene.7 The substance, therefore, 
is l,2-benzanthracene-10-aldehyde (I), the posi-

CHO
I

tion of substitution being the same as in nitration3 
and in acetoxylation with lead tetraacetate.3 The 
hydrocarbon was obtained from the aldehyde in 
84% yield, and the yield of aldehyde, based on 
the 1,2-benzanthracene consumed, was 64%. 
The 10-methyl compound, which is a valuable 
agent for the rapid production of experimental 
sarcomas, thus can be obtained in a simple three- 
step process from a commercially available start­
ing material in 54% yield.

The new aldehyde, which may be of use in the 
preparation of interesting conjugated compounds, 
is being tested for carcinogenic activity by Dr. 
M. J. Shear. 10-Cyano-l,2-benzanthracene, pre­
pared in good yield by dehydration of the oxime, is 
of interest in connection with the observations 
reported by Newman.8 The aldehyde was also 
converted into the corresponding 10-a-hydroxy- 
ethyl compound by reaction with methylmagne­
sium iodide.

Preliminary to the preparation of these and 
other compounds derived from the aldehyde, a 
few trials were made with 9-anthraldehyde.

(7) Fieser and Newman, T h i s  J o u r n a l , 58, 2376 (1936).
(8) Newman, ibid., 60,1368 (1938).

This yielded 9-methyl-, 9-cyano- and 9-ce-hy- 
droxyethylanthracene by the above methods, and 
it was converted also into 9-anthralmalonic acid. 
This acid is yellow but yields on crystallization 
under certain conditions an orange substance 
which probably is a monohydrate; it was also 
observed that the acid is unusually xesistant 
to decarboxylation. Methyl-9-anthranylcarbinol 
when heated with potassium bisulfate yielded a 
colored tar from which anthracene was isolated. 
Application of the Tschugaeff reaction gave 
anthracene and 9-ethylanthracene. Bergmann 
and Bergmann9 similarly obtained 9-ethylphen- 
anthrene in certain experiments in investigating 
the Tschugaeff dehydration of the isomeric 
methylphenanthrylcarbinol. When heated with 
phosphorus pentoxide in benzene solution, methyl- 
9-anthranylcarbinol is converted into a high 
melting product having the composition of an 
ether: fCi4H9CH(CH3)—]20. It yields anthra- 
quinone on oxidation.

Experimental Part10
9-Anthraldehyde.—The procedure of Vollmann, et al.,5 

for effecting the condensation of methylformanilide with 
pyrene was found satisfactory for anthracene, but their 
method of isolating the reaction product was not well 
adapted to the present case and a more generally applicable 
method was developed.

One hundred and thirty-five grams of phosphorus oxy­
chloride was added slowly with external cooling to a mix­
ture of 135 g. of methylformanilide, prepared according to 
Morgan and Grist,11 and 100 cc. of dry technical o-di- 
chlorobenzene, keeping the mixture at about room tempera­
ture, and 89.1 g. of anthracene (colorless, m. p. 215-216.4°) 
was added. The mixture was stirred mechanically and 
heated on the steam-bath under protection from moisture, 
applying heat cautiously at first. As the temperature rose 
the hydrocarbon gradually dissolved, the solution became 
deep red and hydrogen chloride was evolved. After the 
first vigorous reaction was over, heating on the steam-bath 
with stirring was continued for two hours and the viscous 
mass was transferred to a large flask, mixed with 1 liter 
of water containing 480 g. of crystalline sodium acetate 
and steam distilled. The o-dichlorobenzene distils rapidly 
and products other than the aldehyde are largely retained 
in the aqueous acetate solution. The undissolved residue 
consisted of a dark oil which on cooling solidified to a mass 
of yellow crystals. Collected, washed and crystallized 
from acetic acid, the aldehyde formed long, deep yellow 
needles, m. p. 98.4-99.4°, total yield, 94.9 g. (92%). 
Hinkel, Ayling and Beynon12 give the m. p. 104-105 °.

9-Methylanthracene.—The aldehyde was converted in 
the hydrazone by adding 2.8 g. of hydrazine hydrate in on

(9) Bergmann and Bergmann, ibid., 59, 1447 (1937).
(10) All melting points are corrected. Analyses by the Arlington 

Laboratories.
(11) Morgan and Grist, J . Chem. Soc., 113, 690 (1918).
(12) Hinkel, Ayling and Beynon, ibid., 344 (1936).
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portion to a solution of 11 g. of aldehyde in 250 cc. of alco­
hol at 70°. After heating at the boiling point for five 
minutes, 10 cc. of water was added. A large crop of yel­
low needles, m. p. 108-110°, separated on cooling and a 
further amount was obtained by dilution of the mother 
liquor; total yield, 9.9 g. (89%). The hydrazone seems 
to be subject to slight hydrolysis when dissolved for re­
crystallization in aqueous alcohol (separation of amorphous 
orange material); the best sample formed orange-yellow 
needles, m. p. 118-119.5°, but was not analytically pure.

A mixture of 4.4 g. of the hydrazone and a solution from 
0.77 g. of sodium and 25 cc. of absolute ethyl alcohol was 
shaken in a sealed tube until uniform and heated at 200- 
205° for twenty-one hours. The cooled mixture was 
poured into water, neutralized with acetic acid, extracted 
with ether and the dried solution evaporated. Crystal­
lization of the residue from methanol gave 1.5 g. of the 
known 9-methylanthracene, m. p. 76.3-77.8° (lit.,13 79-80°, 
81.5°); picrate, m. p. 133-135° (lit.,13137°, dec.).

9-Cyanoanthracene.—The oxime was prepared from 15 
g. of 9-anthraldehyde in 300 cc. of alcohol by the addition 
at 75° of a solution of 5.5 g. of hydroxylamine hydrochlo­
ride in 50 cc. of water, neutralized with sodium carbonate. 
Heated on the steam-bath for ten minutes, diluted with 
water until cloudy and cooled, the solution deposited 15 g. 
(93%) of yellow needles in two crops. For purification 
the substance was precipitated from a filtered solution in 
hot alkali and crystallized from alcohol, giving long yellow 
needles, m. p. 165-165.5° (Hinkel, Ayling and Beynon,12 
186-187°). Anal. Calcd. for Ci5HnON; C, 81.42; H, 
4.98. Found: C, 81.72; H, 5.08. A solution of 2 g. of 
the oxime in 10 cc. of acetic anhydride was refluxed for 
fifteen minutes, and on cooling the mixture went solid 
with lemon-yellow needles. Washed with acetic acid and 
petroleum ether, the product melted at 175.5-177.5°; 
yield, 1.8 g. (98%). Two crystallizations from glacial 
acetic acid (strong blue fluorescence) raised the m. p. to
177.5- 179°. Karrer and Zeller14 give the m. p. 170-172°.

Anal. Calcd. for Ci6H9N: C, 88.61; H, 4.46. Found:
C, 88.36; H, 4.54.

9-Anthraldoxime Acetate.—Since our sample of the 
oxime melted considerably lower than reported,12 this 
further derivative was prepared for analysis. Acetyl 
chloride (6 cc.) was added to the oxime (2 g.) in dry ether 
(50 cc.), and after five minutes 10% sodium carbonate was 
added by drops until there was no longer a reaction; from 
the washed and dried ether layer there was obtained a 
total of 1.65 g. (70%) of crystalline product. The sub­
stance forms long lemon-yellow needles from ether, m. p.
131.5- 132°.

Anal. Calcd. for Ci7Hi80 2N: C, 77.56; H, 4.98.
Found: C, 77.29; H, 4.96.

Condensation of 9-Anthraldehyde with Malonic Acid.—  
A mixture of 10.3 g. of the aldehyde, 6 g. of malonic acid 
and 0.5 cc. of pyridine was heated on the steam-bath for 
six hours, and the cooled mixture was extracted with 
sodium carbonate solution, which left a residue containing 
unchanged aldehyde. Acidification of the carbonate ex­
tract gave a voluminous, deep yellow precipitate (4.1 g.).

(13) Krollpfeiffer and Branshied, Ber., 56, 1017 (1923); Sieglitz 
and Marx, ibid., 56, 1619 (1923).

(14) Karrer and Zeller, Helv. Chim. Acta , 2, 485 (1919).

Crystallization of the crude product from acetic acid- 
petroleum ether or from methanol-petroleum ether gave 
chiefly bright yellow needles of 9-anthralmalonic acid, 
melting indefinitely at 240-246°, dec.

Anal. Calcd. for Ci8Hi204: C, 73.97; H, 4.14; neut. 
equiv., 146. Found: C, 73.86; H, 4.18; neut. equiv., 138.

The dimethyl ester, prepared with diazomethane and 
crystallized from ether-petroleum ether, formed large 
transparent yellow prisms, m. p. 134.5-135.5° (87% yield).

Anal. Calcd. for C2oH160 4: C, 75.00; H, 5.04. Found: 
C, 74.97; H, 4.98.

The malonic acid is quite resistant to decarboxylation. 
Pyrolysis at 250° for five minutes gave a tar, and little 
change other than hydration (see below) occurred on re­
fluxing the acid with an acetic-hydrochloric acid mixture. 
After heating in quinoline with copper bronze or basic 
copper carbonate at temperatures up to 245° (one hour), 
22-27% of the starting material was recovered unchanged.

When the crude, deep yellow condensation product was 
crystallized from a mixture of methanol, ordinary ether 
and petroleum ether, large orange prisms were obtained, 
along with some yellow needles, from which they were 
easily separated. When heated in a capillary tube the 
orange material turned yellow at about 80° and showed 
the m. p. 246 °, dec. Even at room temperature the orange 
prisms soon became coated yellow on the surface, and an 
analysis of partially transformed material is significant 
only in showing that the carbon and hydrogen values are 
lower than for the yellow material (Found: C, 71.00; H, 
4.37). The neutralization equivalent determined on a fresh 
sample (162) is close to that required for a monohydrate 
(155). The orange hydrate gives the yellow needles of 
the anhydrous acid on crystallization from acetic acid- 
petroleum ether. The orange prisms on treatment with 
diazomethane give yellow prisms, m. p. 134.5-135.5°, iden­
tical with the dimethyl ester described above.

Methyl-9-anthranylcarbinol.—This was prepared by 
adding 30 g. of the aldehyde in 300 cc. of benzene to the 
Grignard reagent from 21.5 g. of methyl iodide and 4.05 g. 
of magnesium in 400 cc. of ether and refluxing for one-half 
hour. After adding ammonium chloride solution and 
working up the product there was obtained in all 29.6 g. 
(92%) of satisfactory material. Crystallization from 
ether-petroleum ether gave glistening, colorless needles 
having a blue fluorescence in daylight and a blue-violet 
fluorescence in ultraviolet light; m. p. 125-126.5°.

Anal. Calcd. for CieH^O: C, 86.46; H, 6.81. Found: 
C, 86.62; H, 6.62.

The only crystalline product obtained on heating the 
carbinol with potassium bisulfate was anthracene, and 
sulfuric acid of various strengths gave only colored tars. 
In a trial of the Tschugaeff reaction 2.5 g. of the carbinol 
was treated in xylene with 0.35 g. of sodium, and after re­
fluxing for two days the dark liquid was cooled and treated 
with 3 cc. of carbon bisulfide, followed by 3 cc. of methyl 
iodide. After refluxing for about one hour the mixture 
turned yellow and sodium chloride precipitated. The 
filtered solution was then evaporated and the product dis­
tilled at 23 mm. From the distillate there was obtained a 
crystalline product, m. p. 215.5-217°, identified as anthra­
cene, and a trinitrobenzene derivative, m. p. 122.5-123.5°,
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found to be that of 9-ethylanthracene. A sample of this 
hydrocarbon was prepared from anthrone and ethylmag­
nesium bromide according to Sieglitz and Marx13 in 89% 
yield, m. p. 56-58°. 9-Ethylanthracene-trinitrobenzene 
from this source crystallized from ether-benzene in the 
form of bright red needles, m. p. 125.3-125.6° (no depres­
sion with the above product).

Anal. Calcd. for CieH^CeHaOeNs; C, 63.00; H, 4.09. 
Found; C, 62.71; H ,4.15.

In another attempted dehydration the carbinol (14.5 g.) 
was refluxed in benzene (250 cc.) with excess phosphorus 
pentoxide for about one hour, the solution was decanted, 
and the residue was treated with benzene and water and 
extracted thoroughly with benzene. The washed and 
dried benzene solution was concentrated somewhat and 
passed through a tower of activated alumina. Material 
collecting in blue and deep yellow zones at the top was dis­
carded while that adsorbed in light yellow and colorless 
(fluorescent) zones was washed into the filtrate with fresh 
benzene. The solution was filtered through a fresh tower 
and concentrated, giving in three crops 8.7 g. (35%) of 
nearly colorless needles. After further purification by 
repeated crystallization from benzene-ligroin the substance 
formed glistening, colorless needles having a blue fluores­
cence in ultraviolet light and melting at 247.5-248°, with 
some previous softening.

Anal. Calcd. for C32H26O: C, 90.11; H, 6.15. Found; 
C, 89.67; H, 6.30.

This substance, which evidently is an ether, yielded 
anthraquinone (mixed m. p.) on oxidation with chromic 
acid in acetic acid solution. No other crystalline product 
was obtained as such or as the trinitrobenzene derivative 
from the oily material from the mother liquor.

1,2-Benzanthracene-lO-aldehyde.—The 1,2-benzanthra­
cene employed was prepared as described by Bachmann.15 
The yellow color was removed by two treatments with lead 
tetraacetate3 but the method of chromatographic adsorp­
tion of the chrysogen on activated alumina from benzene 
solution seemed more satisfactory for large-scale operation. 
Colorless material, m. p, 160.5-161°, was obtained in this 
way with little loss.

Phosphorus oxychloride (24.8 g.) was added at a tem­
perature controlled to 25° to 24.8 g. of methylformanilide 
and 18.5 cc, of ö-dichlorobenzene; 21 g. of 1 ,2-benzanthra­
cene was introduced and the mixture heated on the steam- 
bath with occasional shaking until the hydrocarbon had 
dissolved (twenty minutes). After a total of two hours 
the mixture was processed as above and the solidified resi­
due from the steam distillation crystallized from glacial 
acetic acid (slow cooling). Yellowish plates of the hydro­
carbon and yellow prisms of the aldehyde were deposited 
together. A separation was accomplished most conveni­
ently as follows. The mixture of crystals was collected, 
washed, dried, moistened with a little alcohol and shaken 
thoroughly with about 100 cc. of water. The prisms settle 
rapidly, leaving the plates suspended, and by decanting the 
suspension and repeating the flotation several times a 
fairly clean separation can be effected. The two crude 
products were dried and crystallized from glacial acetic 
acid (decolorizing carbon), giving in all 8.3 g. of slightly

(15) Bachmann, J ,  O rg . C h em ., 1, 349 (1936).

yellow hydrocarbon, the bulk of which melted at 156-159° 
(no depression with starting material), and 8.1 g. of alde­
hyde (64%, based on material consumed), m. p. 147-148°. 
The aldehyde on further purification formed yellow, pris­
matic needles, m. p. 147.5-148°.

Anal. Calcd. for Ci9Hi20 : C, 89.03; H, 4.72. Found; 
C, 89.00; H, 4.98.

The hydrazone was prepared by adding 1 g. of hydrazine 
hydrate to a solution of 2.6 g. of the aldehyde in 350 cc. of 
boiling alcohol and heating the mixture just below the 
boiling point for fifteen minutes. On cooling, the product 
separated almost completely in the first crop as yellow 
needles, m. p. 187.5-188°; yield, 2.2 g. (84%). Recrys­
tallization from absolute alcohol did not alter the m. p.

Anal. Calcd. for Q 9H14N 2; C, 84.42; H, 5.22. Found; 
C, 84.38; H, 5.38.

IQ-Methyl-l,2-benzanthracene.—The hydrazone (1.9 g.) 
was heated in a sealed tube with the reagent from 0.27 g. 
of sodium and 9 cc. of absolute alcohol for ten hours at 205- 
210°. After dilution with water and acidification of the 
mixture, the nearly colorless solid when collected and dried 
was found to melt at 136.5-139°; yield 1.7 g. (quantita­
tive). One crystallization from acetic acid gave faintly 
yellow, glistening flat needles, m. p. 139.5-140.5°, which 
did not depress the m. p. of a synthetic sample,7 m. p.
140.2-140.8°.

l,2-Benzanthracene-10-aldoxime.—A mixture of 2 g. of 
the aldehyde, 250 cc. of alcohol, 3.13 g. of sodium acetate 
crystals and 0.93 g. of hydroxylamine hydrochloride was 
heated just below boiling for fifteen minutes, and the solu­
tion was filtered and cooled. The product which sepa­
rated (1.7 g.) on recrystallization from absolute alcohol 
formed crusts of light yellow needles melting at 203.5- 
204.5°, and remelting at 231-232.5°, dec.

Anal. Calcd. for C19H 13ON; C, 84.11; H, 4.83. 
Found; C, 83.82; H, 4.90.

10-Cyano-1 ,2-benzanthracene.—After refluxing the ox­
ime ( 1.35  g.) with acetic anhydride for fifteen minutes, the 
solution set to a thick paste of yellow crystals of the nitrile 
on cooling; m. p. 188-189.5°, yield, 1.25 g. (99%). Re­
crystallized from glacial acetic acid, it formed light yellow 
blades, m. p. 188.5-189.5°.

Anal. Calcd. for CigHuN: C, 90.09; H, 4.38. Found; 
C, 90.47; H, 4.40.

Methyl-10-benzanthranylcarbinol.—Prepared as above 
from 1 ,2-benzanthracene-10 -aldehyde and methylmag­
nesium iodide, this carbinol was obtained in a satisfactory 
crystalline condition from ether-petroleum ether in 56% 
yield. Recrystallized from methanol it formed nearly 
colorless prisms, m. p. 148-150 °.

Anal. Calcd. for C20H i6O; C, 90.27; H, 5.92. Found; 
C, 90.55; H, 5.51.

Summary

Methylformanilide in the presence of a con­
densing agent reacts less readily with 1,2-benz- 
anthracene than with anthracene, and does not 
react with 1,2,5,6-dibenzanthracene even under 
considerably more drastic conditions. The prod-
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uct from 1,2-benzanthracene is the 10-aldehyde, also been prepared and various reactions of 9- 
and this on Wolff-Kishner reduction affords the anthraldehyde investigated.
carcinogenic 10-methyl compound. The 10-ni- converse M emorial Laboratory
true and 10-a-hydroxyethyl derivatives have Ca m b r id g e , M a s s . R e c e iv e d  A u g u s t  18,1938

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

The Preparation of a- and ^-Gentiobiose Octaacetates
By D elbert D aniel Reynolds and W illiam Lloyd Evans1

Recent investigations in this Laboratory gave 
rise to a need for considerable quantities of /3- 
gentiobiose octaacetate. The five most im­
portant methods for its preparation are as follows: 
(1) isolation from gentian root,2 (2) the action of 
emulsin on glucose to form gentiobiose, which is 
then connected to /3-gentiobiose octaacetate,3,4
(3) the catalytic hydrogenolysis of amygdalin 
followed by acetylation,6 (4) separation from the 
commercial mother liquors (“Hydrol”) obtained 
in the manufacture of glucose6 and (5) the con­
densation of acetobromoglucose with /3-d-glucose-
1,2,3,4-tetraacetate by means of the Königs- 
Knorr reaction.7

The inferior quality of most gentian root 
renders the first method undesirable. The second 
method proved objectionable for two reasons, 
namely, (1) from ten to twelve weeks are required 
to complete the synthesis, and (2) emulsin is not 
readily available. The third method has not 
been tried in this Laboratory because of the rela­
tively high cost of amygdalin. Since the per­
centage of gentiobiose in “Hydrol” varies greatly, 
this method leaves much to be desired.

A yield of 23.4% of the theoretical value has 
been reported for the fifth method.7 This low 
yield may be attributed to numerous possible side 
reactions. The most probable of these is the 
reaction of acetobromoglucose with water in the 
presence of silver oxide to form /3-t/-glucose-
2,3,4,6-tetraacetate, silver bromide and water. 
The water formed in this reaction may react with 
more acetobromoglucose, thus setting up a series 
of changes which would continually use up the

(1) Presented at the Milwaukee M eeting of the American Chemi­
cal Society, September 8, 1938.

(2) E. Bourquelot and H. Herissey, Compt. rend., 132, 571 (1901); 
Bull. Soc. chim., [3] 29, 363 (.1903).

(3) E. Bourquelot, H. Herissey and J. Coirre, Compt. rend., 157, 
732 (1913).

(4) J. F. Leete, Ph.D . Dissertation, The University of Greifswald, 
Greifswald, 1929.

(5) M. Bergmann and W. Freudenberg, Ber., 62, 2783 (1929).
(6) H. Berlin, T h i s  J o u r n a l , 48, 2627 (1926).
(7) B. Helferich and W. Rlein, A nn., 450, 219 (1926),

acetobromo compound. Moreover, the /3- -̂glu- 
cose-2,3,4,6-tetraacetate may react with aceto­
bromoglucose in the presence of silver oxide to 
form a trehalose octaacetate and more water. 
Accordingly, the yield of the /3-gentiobiose octa­
acetate would be greatly lowered.

It was the purpose of this work to make the 
latter method a practical one for the preparation 
of /3-gentiobiose octaacetate by reducing these 
side reactions to a minimum. This may be ac­
complished only if the reaction is carried out under 
anhydrous conditions. Such conditions are real­
ized by (1) ensuring complete absence of water 
at the beginning of the reaction and (2) removal 
of the water from the reaction mixture as rapidly 
as it is formed, thus keeping the concentration of 
water in the reaction mixture relatively small at 
any given time. A preliminary stirring of the 
tetraacetate, silver oxide and chloroform with a 
large excess of Drierite assures complete absence 
of water when the reaction is begun. The addi­
tion of a chloroform solution of acetobromoglucose 
over a considerable period of time, as opposed to 
adding it in one large portion, permits only a 
small amount of water to be formed at any given 
time. The water formed during the reaction may 
be removed by employing an effective internal 
desiccant. Studies in this Laboratory8 have 
shown that anhydrous calcium sulfate (Drierite) 
is an excellent substance for this purpose. Other 
investigators9 have used powdered calcium chlo­
ride in similar reactions. By proceeding with the 
foregoing facts in mind, /3-gentiobiose octaacetate 
has been obtained in yields as high as 82% of the 
theoretical value.

After /3-gentiobiose octaacetate had been ob­
tained in good yields, it seemed reasonable to be­
lieve that a-gentiobiose octaacetate might be pre­
pared by the same method even though a-d- 
glucose-1,2,3,4-tetraacetate could be obtained

(8) L. C. Kreider and W . L. Evans, T h i s  J o u r n a l , 58, 797 (1936),
(9) B . H elferich, E . B oh m  and 3 . W inkler, B er ., 63, 990 (1930).
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only as a sirup. Since the preparation of 6-trityl- 
/3-d-glucose-l,2,3,4-tetraacetate is always accom­
panied by the formation of the a-isomer, the sirupy 
a-rf-glucose-l,2,3,4-tetraacetate may be prepared 
advantageously from this source. This affords a 
new and convenient method for the synthesis of a- 
gentiobiose octaacetate. Thus the over-all yield 
of gentiobiose octaacetate is greatly increased.

Experimental Part
Purification of Chloroform.—U. S. P. chloroform (500 

cc.) was shaken with 12% sulfuric acid for one hour on a 
mechanical .shaker. The chloroform layer was separated, 
neutralized by a saturated solution of sodium bicarbonate 
and washed well with water. It was then shaken for an 
hour with calcium chloride (100 g.), filtered and distilled. 
After drying for a short time over phosphorus pentoxide, 
the chloroform was redistilled and stored over Drierite.

Silver Oxide.—The silver oxide was prepared according 
to the method of Helferich and Klein.7

Trityl Chloride.—The trityl chloride was prepared after 
the method of Gomberg10 in a modified apparatus and under 
such conditions that the pure compound was obtained. A 
mixture of anhydrous aluminum chloride (150 g.) and dry 
thiophene-free benzene (500 cc.) was placed in a two-liter 
wide-mouthed bottle equipped with a mercury-sealed 
stirrer, a dropping funnel and a side tube leading to a 
beaker of water. Stirring was begun and a mixture of dry 
carbon tetrachloride (100 cc.) and dry benzene (70 cc.) was 
added through the dropping funnel. The solution was 
stirred for an additional hour and then refluxed in a round- 
bottomed flask until hydrogen chloride was no longer 
evolved. It was then cooled and poured into a three-liter 
separatory funnel containing 350 g. of ice and 300 cc. of 
concentrated hydrochloric acid. The benzene layer was 
separated immediately and the water portion extracted 
with benzene. The combined benzene portions were 
washed with 1:1 hydrochloric acid solution and then dried 
over calcium chloride. The benzene solution was decolor­
ized by heating it with Carboraffin. The benzene was re­
moved completely under reduced pressure by heating on a 
water-bath. The residue was refluxed for twenty minutes 
with acetyl chloride (200 cc.) and allowed to cool. The 
trityl chloride crystallized at once in a very pure state: m. 
p. 112-113° (corr.); yield 230 g. (80%).

6-Trityl-/3-d-glucose-l,2,3,4-tetraacetate.—6-Trityl-/3-d- 
glucose-1,2,3,4-tetraacetate and the corresponding a- 
isomer have been prepared from both trityl chloride and 
trityl bromide. Experiments in which equivalent quanti­
ties of the trityl halide compounds were used gave ap­
proximately the same percentage yield of the 6-trityl-d- 
glucose-1,2,3,4-tetraacetates. Since trityl bromide is ob­
tained quantitatively in the detritylation process, its re-use 
reduces both the cost and time of subsequent preparations.

The trityl chloride method as used by Helferich11 was 
modified such that the time of preparation was shortened 
considerably.

A mixture of anhydrous glucose (120 g.), trityl chloride 
(193.2 g.) and anhydrous pyridine (500 cc.) was shaken

(10) M. Gomberg, Ber., 33, 3144 (1900).
(11) B. Helferich, L. M oog and A. Junger, ibid., 58, 877 (1925).

mechanically at room temperature. Solution was effected 
within five hours. Acetic anhydride (360 cc.) was added 
in one portion without cooling. After standing for about 
twelve hours the reaction mixture was poured into ten 
liters of ice water and stirred vigorously for three hours 
with a mechanical stirrer. The water was renewed once 
in the meantime. The white granular precipitate was fil­
tered, washed and air dried. It was then mixed with U. S. 
P. ether (500 cc.) and filtered. This treatment removed 
most of the O-trityl-a-^-glucose-l,2,3,4-tetraacetate. The 
insoluble portion was taken up in hot 95% ethanol. Upon 
cooling, the 6-trityl-/8-d-glucose-l,2,3,4-tetraaeetate crys­
tallized in fine needles usually of sufficient purity for subse­
quent use. Recrystallization yielded the pure compound: 
yield 175 g.; m. p. 166-166.5° (corr.).

The trityl bromide method was carried out as follows: 
50 g. of trityl bromide (m. p. 130°) obtained by detrityla­
tion of the 6-trityl-i-glucose-l,2,3,4-tetraacetate was di­
gested in U. S. P. ether (150 ce.) at room temperature for 
fifteen minutes to remove most of the impurities. It was 
then filtered and dried. Thirty-eight grams of trityl 
bromide was recovered which melted at 151-152° (corr.) 
with slight softening at 147°.

Thirty-seven grams of trityl bromide thus obtained was 
shaken for eleven hours at room temperature with an­
hydrous glucose (20 g.) in dry pyridine (200 cc.). Acetic 
anhydride (60 cc.) was then added and the reaction mix­
ture allowed to stand for twelve hours, after which it was 
poured into four liters of ice water and stirred vigorously 
for about five hours. The water was changed twice during 
this time. The precipitate was filtered, washed and air 
dried. It was then dissolved in hot 95% ethanol (800 
cc.). The crude product (20.6 g.) after one recry stall iza- 
tion from ethanol (400 cc.) melted at 166-166.5° (corr.); 
yield 19.7 g.

13 -d -  Glucose-1,2,3,4-tetraacetate.—/3-d-Glucose-1,2,3,4- 
tetraacetate was prepared according to the method of 
Helferich and Klein7 except for the method of crystalliza­
tion. The chloroform solution was concentrated to a very 
thick sirup. Anhydrous ether was added and the sirup 
rubbed with a glass rod. The tetraacetate separated im­
mediately as small white crystals. This was further puri­
fied by dissolving it in the least possible amount of chloro­
form and adding anhydrous ether until crystallization be­
gan, the crystallization being complete in a very short time.

/3-Gentiobiose Octaacetate.—Thirty-five grams (1 mol.) 
of j8-J-glucose-l,2,3,4-tetraacetate, silver oxide (25 g.), 
Drierite (100 g.) preheated at 240° for two hours, and dry, 
alcohol-free chloroform (100 cc.) were placed in a 500-cc. 
three-necked round-bottomed flask equipped with a mer­
cury-sealed mechanical stirrer, a calcium chloride drying 
tube and a dropping funnel. The flask was wrapped in 
black paper. The contents of the flask were stirred for 
about one hour to ensure the complete absence of water. 
After the manner of Helferich, Bohm and Winkler9 5 g. of 
iodine was then added to the reaction mixture. Aceto­
bromoglucose (41.3 g., i. e., 1 mol.) was dissolved in dry, 
alcohol-free chloroform (150 cc.) and then added through 
the dropping funnel to the reaction mixture over a course 
of about one hour. The stirring was then continued for an 
additional twenty-four hours. The reaction mixture was 
filtered through a layer of “Filter-Cel” and the residue
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washed well with U. S. P. chloroform. The filtrate was 
concentrated under reduced pressure and the white crys­
talline residue taken up in two liters of hot absolute 
ethanol. Upon cooling, the /3-gentiobiose octaacetate 
separated as very pure white crystalline needles: m. p. 
195-196° (corr.); yield 50.5 g., 74.1%.

a - J -  Glucose-1,2,3,4-tetraacetate.— «-^-Glucose-1,2,3,4- 
tetraacetate was prepared in a manner similar to that of /3- 
d-glueose-1,2,3,4-tetraacetate with the following excep­
tions. The chloroform extract of the tetraacetate was 
shaken with an ice-cold, saturated solution of sodium bi­
carbonate in order to remove all acetic acid. It was then 
washed with ice water, dried over anhydrous sodium sul­
fate, filtered and concentrated to a thick sirup. The con­
centrate was taken up in a small amount of methanol and 
the triphenylcarbinol allowed to separate out. After fil­
tering, the methanol was removed under reduced pressure 
and the resulting sirup repeatedly taken up in chloroform, 
and reconcentrated. The sirup thus obtained was dis­
solved in dry ether and shaken with calcium chloride in 
order to remove any water or methanol still present. The 
sirup remaining after the removal of the ether under re­
duced pressure was used for the preparation of «-gentio- 
biose octaacetate.

«-Gentiobiose Octaacetate.—Thirty-eight grams of the 
«-^-glucose-1,2,3,4-tetraacetate sirup, silver oxide (15 g.), 
preheated “Drierite” (75 g.), iodine (5 g.), acetobromo­
glucose (20 g.) and dry, alcohol-free chloroform (300 cc.) 
were used in this preparation. The reaction was carried 
out according to the method described for /3-gentiobiose 
octaacetate. The sirup obtained by concentrating the 
chloroform solution of the reaction products was taken up 
in absolute ethanol (250 cc.) and rubbed with a glass rod. 
Crystallization began after a few minutes. A yield of 
50.9% (16.8 g.) of «-gentiobiose octaacetate was obtained.

After two recrystallizations the product melted at 191- 
192° (corr.) and [ « ] 29-6d  +51.6° (c, 4.29; /, 2; CHC18) 
C. S. Hudson and J. M. Johnson12 reported a m. p. 188- 
189° (corr.) and [«J^d +52.4° for the product obtained 
by the action of acetic anhydride and zinc chloride on 0- 
gentiobiose octaacetate.

Acknowledgment.—The authors wish to ac­
knowledge the assistance given by William G*. 
Dauben and Harold D. McDowell during the 
progress of this work.

Summary
1. An improved Königs-Knorr synthesis has 

increased the yield of /3-gentiobiose octaacetate 
from 23.4 to 75-80% of the theoretical.

2. A 50% yield of a-gentiobiose octaacetate 
has been obtained by condensing acetobromo­
glucose with a-d-glucose-1,2,3,4-tetraacetate. So 
far as the authors are aware, this is the first time 
that a 6-linked a-octaacetate has been prepared 
by this method.

3. The complete synthesis of a- and 0-gentio- 
biose octaacetates by this method may be com­
pleted in approximately one week.

4. Trityl bromide, a side product, has been 
introduced as a tritylating agent, thus decreasing 
both the time and cost of preparing the gentiobiose 
octaacetates.

(12) C. S. Hudson and J. M. Johnson, T h i s  J o u r n o , 39, 1272 
(1917).

C o l u m b u s , O h io  R e c e iv e d  S e p t e m b e r  3, 1938

NOTES

The Activity Coefficient of Perchloric Acid, and 
a Correction to the Value of the Argentous- 
Argentic Oxidation Potential in Perchloric Acid

B y  D o n  D e V a u l t

The calculation of activity coefficients by Pearce 
and Nelson1 from their measurements of the vapor 
pressure of perchloric acid solutions is apparently 
incorrect. Rosenfeld2 has completely recalcu­
lated their data, obtaining results varying from 
7.0% higher at 0.6 molal to 85.4% lower at 12 
molal. Professor Redlich3 has checked his values.

(1) Pearce and Nelson, T h i s  J o u r n a l , 55, 3075 (1933).
(2) Landolt-Bornstein, É‘Physikalisch-chemische Tabellen/’ Erg. 

B. I l l ,  2144 (1936).
(3) Private communication to  Professor Bray. See also Redlich, 

Rosenfeld and Stricks, T h i s  J o u r n a l , 68, 375 (1936).

Professor William C. Bray and I have also re­
calculated the data. The method which Pearce 
and Nelson report using gave us activity coef­
ficients about 5% lower than those of Redlich 
and Rosenfeld. Although we examined a num­
ber of possibilities, we could not find the source 
of disagreement with Pearce and Nelson.

Our values of the activity coefficients agree with 
those of Redlich and Rosenfeld if we substitute, 
as did they, activity coefficients of hydrochloric 
acid for those of perchloric acid at 0.6 molal and 
lower concentration. This procedure receives 
justification from the electromotive force meas­
urements of Popoff, Riddich, Wirth and Ough,4

(4) Popoff, Riddich, Wirth and Ough, ibid., 53, 1195 (1931).
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which show that 7hcio4 = Thci up to 0.4 
molal. The difference between the activity co­
efficients in dilute solution calculated from vapor 
pressure data directly and calculated from the 
more extensive hydrochloric acid data indirectly 
are probably due in the main to experimental er­
ror in the former measurements, for the assump­
tion of errors of 0.001-0.006 mm. in the vapor 
pressure of water above the perchloric acid solu­
tions in the points discarded would bring the cal­
culations into agreement. We choose, therefore, 
the Landolt-Börnstein values as the most prob­
able ones until more experimental work is done.

The Pearce and Nelson activity coefficient values 
were used to calculate the potentials of the hydro­
gen half-cells in perchloric acid and also of the per­
chloric-nitric acid liquid junctions in a series of 
researches by Professor A. A. Noyes and collabora­
tors8-9 on the oxidation potentials of strong oxidiz­
ing agents. The corrected activity coefficients lead 
to values of the argentous-argentic potential in 4 m 
perchloric acid8 of 1.970 v. at 0.2° and 1.987 v. at 
25.0°, changes of —12 and —13 mv., respectively. 
The corrections to the values in mixed nitric-per­
chloric acid solutions8 have the small effect of 
changing the slope of the line in Fig. 2 (represent­
ing an average number of nitrates per silver atom 
in the argentic nitrate complex) from 1.6 to 1.5.

The hydrogen half-cell and the liquid junction 
potential corrections are of opposite sign and 
nearly cancel each other in the measurements of 
the argentous-argentic potential in nitric acid,5,8 
the cerous-ceric,6 the thallous-thallic,7 and the co- 
baltous-cobaltic9 potentials in nitric acid. Dr. 
C. S. Garner10 has corrected these potentials 
taking into account the newer Landolt-Böm- 
stein values for the activity coefficient of nitric 
acid also. The over-all corrections range from 
— 1.3 to +0.6 mv. and are probably negligible in 
view of the uncertainties in the liquid junction 
potentials. No other arguments or conclusions 
in these papers are affected by these changes.

I wish to acknowledge with gratitude the help 
and advice of Professor Bray, Dr. C. D. Coryell 
and Dr. C. S. Garner in preparing this note.
D e p a r t m e n t  o f  C h e m is t r y  
U n iv e r s it y  o f  C a l if o r n ia
B e r k e l e y , C a l if o r n ia  R e c e iv e d  A u g u s t  1,*1938 5 6 7 8 9 10

(5) Noyes and Kossiakoff, T h i s  J o u r n a l , 57, 1238 (1935).
(6) Noyes and Garner, ibid., 58, 1265 (1936).
(7) Noyes and Garner, ibid., 58, 1268 (1936).
(8) Noyes, DeVault, Coryell and Deahl, ibid., 59, 1326 (1937).
(9) Noyes and Deahl, ibid., 59, 1337 (1937).
(10) Garner, Thesis, Calif. Inst, of Tech., 1938.

The Physical Constants of cw-Pentene-2
B y  M a r y  L. S h e r r il l  a n d  E l iz a b e t h  H. L a u n s p a c h

In a recent article1 the synthesis of as-pentene-2 
by the semi-reduction of pentyne-2 was reported. 
The designation of this pentene-2 as the cis form 
was based on the method of preparation and the 
assignment of structure was confirmed by its 
ultraviolet absorption in the Schumann region.2 
BecaUvSe the quantity of the pentene-2 was in­
sufficient for column fractionation, it was thought 
that there might be traces of pentyne present 
which would have the most marked effect on the 
boiling point and the density. The work has 
been repeated and the pentene-2 fractionated 
twice through a Fenske column (Column A). 
This column was 35 X 1.5 cm., with 1-tum 4-mm. 
glass helices. The reflux ratio for the two frac­
tionations of the pentyne-2 was 1:20. The index 
of refraction was identical with that of the earlier 
preparation but the boiling point and the density 
were appreciably lower. The physical constants 
remained unchanged by the second fractionation 
and it is believed that the values so obtained con­
stitute the most reliable data for the pure cis- 
pentene-2. Absorption spectrum measurements 
on this product gave no evidence of the presence 
of any of the trans isomer. These results there­
fore confirm the assignment of the cis structure 
to the higher boiling pentene-2, as is the case for 
the higher boiling isomer of butene-2.

The pentyne-2 was prepared in satisfactory 
yield from 2,3-dibromopentane by the action of 
alcoholic potassium hydroxide. This reaction 
takes place in two stages: the first being the for­
mation of the pentyne-2 together with a mixture 
of 2-bromopentene-2 and 3-bromopentene-2. In 
the second stage of the reaction with more con­
centrated potassium hydroxide and prolonged 
heating at a higher temperature, these bromo- 
pentenes are converted into pentyne-2. In some 
cases appreciable amounts of pentyne-1 were also 
obtained; by further treatment with alcoholic 
potash this was transformed into pentyne-2. It 
is of interest to note that the 2,3-dibromopentane 
was prepared from pentene-2 which was a mixture 
of 25% of the cis and 75% of the trans isomer. 
In the course of fourteen different preparations 
of pentyne-2 there was always a 25% yield of 
pentyne-2 in the first stage of the reaction.

Half mole portions of a constant boiling frac-
(1) Sherrill and Matlack, T h i s  J o u r n a l , 59, 2134 (1937),
(2) Carr and Stücklen, ibid., 59, 2138 (1937)»
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tion of pentyne-2 (b. p. 55.9 =*= 0.05° at 760 mm., 
n20i> 1.4040, d2\  0.7115) were hydrogenated in an 
alcohol-water solution in the presence of colloidal 
palladium. Slightly less than the theoretical 
quantity of hydrogen was used. The pentene 
with alcohol distilled from the mixture through a 
Vigreux column at 34-36°. The hydrocarbon 
(78.5% yield) freed from alcohol had a refractive 
index n20D 1.3824. One fractionation through 
Fenske column A gave (1) 5% boiling at 36.8- 
37.0° and (2) 90% boiling at 37.0 =*= 0.05°; the 
refractive indices of these fractions were, respec­
tively, n20d 1.3824 and 1.3822, that of the resi­
due was n20d 1.3840. In a second fractionation 
of (2) the entire distillate (98%) boiled constantly 
at 37.0 =*= 0.05°, had a refractive index n20d 1.3822 
and a density d204 0.6562. The refractive index 
of the residue was n20D 1.3826.
T h e  C h e m i c a l  L a b o r a t o r y  o f  
M o u n t  H o l y o k e  C o l l e g e
S o u t h  H a d l e y , M a s s . R e c e i v e d  A u g u s t  1, 1938

The Specific Heat of “Lucite”
(Methyl Methacrylate Polymer)

B y  F r a n k  T. G u c k e r , J r ., a n d  W i l l i a m  L. F o r d

We have found the polymerized methyl meth­
acrylate plastic now made by the du Pont Com­
pany under the trade name of “Lucite” a useful in­
sulating material in our calorimetric work. Many 
of its physical properties have been tabulated.1 
For our purposes, the specific heat was impor­
tant and, since we could not find it listed, we de­
termined it as follows.

Fifteen disks each 3 mm. thick were cut from a 
Lucite rod, 3/ 8 inch (9 mm.) in diameter. A small 
hole was drilled in the center of each. The 
disks were then threaded on pieces of fine copper 
wire and suspended from the thermel tubes in one 
calorimeter of the apparatus developed in this 
Laboratory2 for measuring heat capacities of 
aqueous solutions. The disks were spaced apart 
to allow free circulation of water, with which the 
calorimeter was filled to the standard height. 
The resistance ratio required to balance this 
calorimeter against the tare was then measured 
in the usual way, with an accuracy of about
0.01%. The heat capacity of the Lucite was 
calculated from this ratio and the known heat 
capacities of the water, the calorimeter and the 
copper wire. Since the heat capacity of the 3

(1) “ M eth acry la te  R esin s,” I n d . E n g . C h em ., 28, 1160 (1936).
(2) G ucker, A yres and R u bin , T h is  J o u r n a l , 58, 2118 (1936).

g. of Lucite was only about 0.3% of that of the 
whole system, the uncertainty in its value is 
about 3%. The results of two independent ex­
periments actually agreed somewhat better than 
that, yielding 0.342 and 0.344, and we may take 
as the probable value of the specific heat 0.343 
(=*=0.005) cal. deg."*1 g.~l.

Although its specific heat is larger than that 
of Pyrex glass, its density is only half as great, and 
the heat capacity per unit volume is only 82% 
of that of glass. This factor, in combination with 
a thermal conductance less than half that of glass, 
equal transparency, great mechanical strength 
and easy machining, makes Lucite a useful sub­
stitute for glass as an insulating material in calori­
metric work.
C h e m i c a l  L a b o r a t o r y  
N o r t h w e s t e r n  U n i v e r s i t y

E v a n s t o n , I l l i n o i s  R e c e i v e d  J u l y  5, 1938

The Methylation of Sugars
B y  B. C l i f f o r d  H e n d r i c k s  a n d  R o b e r t  E. R u n d l e

The importance of fully methylated sugars as 
reference compounds in carbohydrate chemistry 
has led to many attempts to find more satisfactory 
methods for their synthesis. Irvine and Purdie1’2 
used methyl iodide and silver oxide in their 
preparation. A more generally used method3 is 
that of Haworth in which dimethyl sulfate and 
sodium hydroxide are the reagents used. More 
recently West and Holden4 have modified the 
method of Haworth by using carbon tetrachloride 
as a solvent, a more concentrated alkali and a 
different method of hexoside hydrolysis to obtain 
the free methylated sugar.

The authors found that the concentrated al­
kali, used by West and Holden for the last step 
in the methylation, produced sugar decomposition. 
Their first steps, however, were satisfactory for 
partial methylation.

Muskat5 has shown that methylation may be 
accomplished by using free alkali metal and 
methyl iodide on a hexoside in liquid ammonia. 
He used potassium which is expensive and pre­
pared only small amounts of the sugars. If 
sodium metal is substituted for the potassium the 
cost is reduced but for larger quantities of re­
actants the insolubility of the tetrasodium salts

(1) Irvin e  and Purdie, / ,  C h em . S o c ., 83, 1021 (1903).
(2) Irvin e and Purdie, ib id .,  85, 1052 (1904).
(3) H aw orth , ib id . ,  107, 11 (1915).
(4) W est and H olden , T h i s  J o u r n a l , 56, 930 (1934).
(5) M u sk at, ib id .,  56, 695 (1934).
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of the hexosides makes it difficult to methylate 
more than one or two carbons of the sugar. 
For that reason the procedure here reported uses 
liquid ammonia only for completing methylation 
started by the West and Holden process.

Experimental
Forty grams of hexoside with 25 ml. of water was put 

into a flask equipped with a heavy stirrer, separatory or 
dropping funnel and attached to a condenser. This mix­
ture was then wanned to 50 ° by a water-bath. A mixture 
of 108 ml. of dimethyl sulfate in 150 ml. of carbon tetra­
chloride was then added and the resulting mixture vigor­
ously stirred. A solution of 92 g. of sodium hydroxide 
in 130 ml. of water was introduced into the flask by means 
of the separatory funnel at the rate of one drop in two 
seconds. This rate was increased in such manner that 
heat resulting barely raised the reaction mixture to the 
boiling point of the carbon tetrachloride. After the first 
half of the alkali solution was used the remainder was 
added more rapidly and the stirring continued for thirty 
minutes after the last addition.

The contents of the flask were then treated as directed by 
West and Holden4 except the partially methylated sirup 
was dried thoroughly in preparation for the ammonia 
methylation. To accomplish this it was dissolved in ethyl 
ether, this solution dried by calcium chloride and after 
filtering the ether evaporated under reduced pressure.

The liquid ammonia methylation was done in two un­
silvered Dewar flasks of about 750 ml. capacity. Flask 
number one equipped with separatory funnel, an outlet 
tube and protected from moisture by some desiccant such 
as calcium oxide was to contain the sirup. The other 
flask was connected to the first by a glass tube which ex­
tended to the bottom of the second. This second flask 
also had an outlet tube closed by a clamp by means of 
which liquid ammonia could be forced into flask one by 
closing the clamp.

Into the first flask 500 ml. of liquid ammonia was passed 
direct from the tank. A piece of metallic sodium was 
added to dry the ammonia, after which the sirup was 
added. The 150 ml. of liquid in the second Dewar 
received the shavings of metallic sodium (3-4 g.). The 
sodium salt of the methylated hexoside was then prepared 
by forcing small portions of the sodium-ammonia solution 
into the first flask, containing the sirup, as described above. 
As the hexoside reacts with the sodium the blue color of 
the solution clears. Successive additions of the sodium 
were continued until the blue color persisted for an hour 
after the last addition. At that point 12 ml. of methyl 
iodide was added dropwise through the separatory fun­
nel. Less of the iodide was used if less than the prepared 
amount of sodium-ammonia solution had been previously 
consumed. The liquid ammonia was then permitted to 
vaporize off and the residue neutralized by 2 N  hydro­
chloric acid. After neutralization 400 ml. more of 2 N  
hydrochloric acid was added and the mixture steam hy­
drolyzed.4 The product of this hydrolysis was isolated 
and crystallized as described by West and Holden.

The authors successfully prepared the following tetra- 
methylhexoses by this combination method.

Tetramethyl- a-d-Glucose a-d-Mannose «-d-Galactose
M. p., °C. 92.5-93.5 49-50 70.5-71.5

Spe­ T .. ƒ  [flf]°D 
I m t - \  [ « ] - D

+  104.0 +  11.5 +  146.0
cific +  104.0 +  6 .3 +  150.5
r o ta ­

Fmal \  [«]*D
+  8 0 .4 +  2 .5 +  112.1

tio n +  8 4 .8 -  0 . 2 + 1 1 9 .9

The yield for the tetramethyl ot-d-glucose was 20-25 g.: 
for the other two somewhat less. Those two sugars were 
rather difficult to crystallize6 though the quantity of sirup 
in each case was as great as for the glucose.

In this combination method of methylation the amounts 
of methylating agents used were but slightly more than the 
theoretical, making the cost comparatively small. The 
time required was more than for the procedure of West and 
Holden but much less than that by Haworth's method. 
The quantities of sugars processed were larger than those 
used by Muskat.

(6) Accomplished by aid of seed crystals generously furnished by 
Dr. M. L. Wolfrom of The Ohio State University.

A v e r y  L a b o r a t o r y  
U n iv e r s it y  o f  N e b r a s k a
L in c o l n , N e b r a s k a  R e c e iv e d  J u l y  29, 1938

The Ineffectiveness of 0-Aminopyridine in 
Blacktongue

B y  F. M. S t r o n g , R. J . M a d d e n  a n d  C. A. E l v e h j e m

Subbarow, Dann, and Meilman1 recently re­
ported that /3-aminopyridine was highly active in 
the treatment of blacktongue in dogs. Our at­
tempts to demonstrate the activity of this com­
pound have given uniformly negative results.

The compound was prepared by a Hoffman 
degradation of nicotinamide according to Poliak,2 
and after being purified by distillation (b. p. 132- 
134° at 20 mm.) and crystallization from Skelly 
solve “B,” formed glittering, colorless plates, m. 
p. 61-63°. Anal. Calcd. for C5H6N2: C, 63.82; 
H, 6.43. Found: C, 63.80; H, 6.35.

The picrate was prepared in dilute alcohol solu­
tion, and after being crystallized from alcohol 
melted at 200-201°. The chloroaurate precipi­
tated instantly on mixing aqueous solutions of the 
reactants and was crystallized from 1-1 hydro­
chloric acid as red-brown needles, m. p. 237-239° 
(dec.). Anal. Calcd. for CsHe^-HAuCh: Au, 
45.4. Found: Au, 44.8, 44.8.

The dihydrochloride which was obtained from 
the free base and concentrated hydrochloric acid 
was recrystallized twice from concentrated hydro­
chloric acid and then from absolute alcohol. 
Colorless, granular crystals of m. p. 170-173°

(1) Subbarow, Dann and Meilman, T h i s  J o u r n a l , 60, 1510 
(1938).

(2) Poliak, M onatsh ., 16, 54 (1895).



O ct., 1938 N otes 2565

were obtained. AnaL Calcd. for C5H8N2CI2: 
Cl, 42.47. Found: Cl, 42.34, 42.54. Mixed 
with a sample of jS-aminopyridine dihydrochloride 
kindly sent to us by Dr. Y. Subbarow, the melting 
point was 173-175°. There thus seems to be no 
question but that the compound assayed in each 
laboratory was actually /ft-aminopyridine.

The following results were obtained when the 
compound was administered to dogs suffering 
from blacktongue. The method of producing 
blacktongue has been described.3

1. On 6/13 a 6800-g. dog showing slight symptoms of 
blacktongue was given 23 mg. of /3-aminopyridine orally, 
and on the next day a further oral dose of 23 mg. was given. 
During the next two days the symptoms became progres­
sively worse, and the weight dropped 100 g. On 6/15 two 
30-mg. doses of nicotinic acid were fed. Two days later 
the symptoms were much improved and the dog weighed 
7200 g. On 6/22 the weight was 8000 g. and the dog was 
completely cured.

2. On 6/21, 100 mg. of /3-aminopyridine was given 
orally to a 5400-g. dog suffering from severe blacktongue. 
Two days later the symptoms were slightly worse, and the 
weight had dropped to 4900 g. One hundred mg. of nico­
tinic acid was then fed. Four days later the dog weighed 
5500 g. and was completely cured.

3. An aqueous solution of /3-aminopyridine dihydro­
chloride containing 6.67 mg. per cc. was adjusted to pH  4.4 
with sodium hydroxide. A dog which had been kept on 
the blacktongue-producing diet until its weight had 
dropped from 5600 g. to 4800 g., but in which symptoms 
of blacktongue had not yet appeared, was given daily doses 
of 20, 20, 20, 20, 15 and 15 mg., respectively, of the dihy­
drochloride by subcutaneous injection of the above solu­
tion. During this six-day period (7/7-13) the weight 
remained at 5000 g., and no symptoms of blacktongue ap­
peared. On each of the four succeeding days (7/13-16) 15 
mg. of nicotinic acid were administered by subcutaneous 
injection. After four days of this treatment the animal’s 
weight had increased to 5600 g., and three days later 
(7/19). to 6200 g.

4. A 4250-g. dog suffering from rather severe black­
tongue was given three 20-mg. doses of (3-aminopyridine 
dihydrochloride on three successive days. Administration 
was by subcutaneous injection of the above described 
solution, which had been readjusted to pH  1.8 (approxi­
mately the pH  of a solution of 6.67 mg. of the pure dihy­
drochloride in 1 cc. distilled water). Since the dog weighed 
only 3800 g. and was much worse on the third day, the 
dose for the fourth day was increased to 40 mg. On the 
fifth day of the assay the dog weighed 3400 g., and was in 
such bad condition that death ensued, despite the injection 
of 30 mg. of nicotinic acid.

5. A 10-kg. dog was given 100 mg. of /S-aminopyridine 
dihydrochloride daily for three days (7/29-31). The sub­
stance was injected subcutaneously in the form of a solu­
tion containing 12.3 mg. per cc., pH  1.25. The /3-amino- 
pyridine used in this case was obtained from Dr. T. Spies,

(3) Woolley, Strong, Madden and Eivehjem, J . Biol. Chem., 
124, 715 (1938).

University of Cincinnati. The symptoms of blacktongue 
which were slight at first had become worse at the end of 
the third day, and the weight had dropped to 9600 g. 
The dog was allowed to remain untreated for two more 
days and the weight dropped to 9100 g., while the symp­
toms became very severe. One hundred mg. nicotinic acid 
was then injected (8/2) and after two days the dog weighed 
9600 g. and showed definite improvement. On 8 /5  50 
mg. of nicotinic acid was injected and on 8 /8  the weight 
was 10,100, and the animal was completely cured.

6. A 9200-g. dog was given 100 mg. of /3-aminopyridine 
dihydrochloride daily for three days (8/19-21). The 
substance was injected subcutaneously in the form of a 
solution containing 12.3 mg. per cc., pH  1.25. The /3- 
aminopyridine dihydrochloride used in this case was ob­
tained from Dr. Y. Subbarow, Harvard University. The 
symptoms of blacktongue which were slight at first re­
mained unchanged but the weight dropped to 8900 g. 
The dog was allowed to remain untreated for one more day 
and the weight dropped to 8400, while the symptoms re­
mained the same. One hundred mg. of nicotinic acid was 
then injected (8/23) and after two days the dog weighed 
9200 g. and the symptoms of blacktongue were markedly 
improved. On 8/25 100 mg. of nicotinic acid was injected 
and on 8/29 the animal weighed 10,400 g. and was com­
pletely cured.

In this connection it has been found in this Laboratory 
(unpublished data) that /3-aminopyridine cannot replace 
nicotinic acid as a growth essential for Staph, aureus.

It is evident from these results that /3-aminopyridine as 
tested in our laboratory has no activity as compared to 
nicotinic acid in the treatment of blacktongue.

D e p a r t m e n t  o f  B io c h e m is t r y  
C o l l e g e  o f  A g r ic u l t u r e  
U n iv e r s it y  o f  W is c o n s in
M a d is o n , W is c o n s in  R e c e iv e d  S e p t e m b e r  12, 1938

The Inactivity of 0-Aminopyridine in Black­
tongue

B y  Y. S u b b a r o w  a n d  W. J. D a n n

Dr. Eivehjem has informed us privately of his 
findings as reported in the preceding communica­
tion and as a result we have re-examined the ques­
tion of the activity of /8-aminopyridine in black­
tongue. We have been unable to repeat our 
earlier observation that small doses of this sub­
stance will cure blacktongue, or to account for the 
cures then obtained. It is, however, clear that 
our earlier conclusion is incorrect and that p~ 
aminopyridine is not a blacktongue preventive 
factor.
M e d ic a l  S ch o o l  D u k e  U n iv e r s it y
H a r v a r d  U n iv e r s it y  M e d ic a l  S c h o o l
B o s t o n , M a s s . D u r h a m , N. C.

R e c e iv e d  S e p t e m b e r  16, 1938



2566 Vol. 60

COMMUNICATIONS TO THE EDITOR

THE QUANTUM YIELD OF CHLOROACETIC ACID 
HYDROLYSIS

Sir:
Following the report by Rudberg [Z. Physik, 

24, 247 (1924)] of a quantum yield of unity for the 
hydrolysis of monochloroacetic acid in aqueous 
solution at 2537 A., this reaction has been em­
ployed in a number of cases as an actinometer.

A deviation in the results obtained with the 
uranyl oxalate and chloroacetic acid actinometers 
at 2537 A. has led us to reinvestigate both reac­
tions. A solution 0.01 M  in uranyl sulfate and
0.05 M  in oxalic acid gave an average quantum 
yield of 0.60, in agreement with the value re­
ported by W. G. Leighton and Forbes for this 
wave length [Th is  J o u r n a l , 52, 3139 (1930)]. 
For a solution 0.5 M  in monochloroacetic acid, at 
25° and an incident intensity of 2 X 1012 to 1 X 
1013 quanta/mm.2 sec., we find a quantum yield of
0.3 to 0.4 at 2537 A. This result has been checked 
on two independent experimental set-ups, using 
different thermopiles and standard lamps as well 
as different samples of chloroacetic acid. Amount 
of hydrolysis was determined in both cases by 
potentiometric titration of the chloride ion. The 
results show some variability the source of 
which has not been located. There seems little 
doubt, however, but that under our conditions the 
quantum yield at 2537 A. is much below unity, 
and we wish to call this to the attention of any 
who may be using or considering the use of this 
reaction as an actinometer.
D e p a r t m e n t s  o f  C h e m is t r y  W . G . L e ig h t o n
P o m o n a  C o l l e g e  a n d  R. N. S m it h
S t a n f o r d  U n iv e r s it y  P . A. L e ig h t o n
C a l if o r n ia

R e c e iv e d  S e p t e m b e r  19, 1938

LOCATION OF OXYGEN IN CERTAIN STEROIDS
Sir:

In certain compounds of a steroid nature which 
occur in the adrenal gland there is an atom of 
oxygen which is exceedingly inert whether in the 
form of a ketone or of a hydroxyl group [Mason, 
Hoehn, McKenzie and Kendall, J. Biol. Chem., 
120, 719 (1937)]. Consideration of the possible

locations for such an oxygen atom led to the con­
clusion that it must occupy position 11 or 12 of the 
steroid nucleus [Kendall, Mason, Hoehn and Mc­
Kenzie, Proc. Staff Meet. Mayo Clinic, 12,136, 270
(1937) ; Steiger and Reichstein, Helv. Chim. Acta, 
20, 817 (1937)]. Steiger and Reichstein [Helv. 
Chim. Acta, 21, 828 (1938)] have recently com­
pared the acid (our acid 1) obtained by oxidation 
of corticosterone (our compound B) with the
3.11- diketo- A4-e/ftf-cholenic acid prepared by deg­
radation of digoxigenin and have found it to be 
different. They consider that this result casts 
doubt on position 11 as the location of the oxygen 
atom in question although it is not conclusive in 
view of the possible isomerism of the steroid skele­
ton. We have made a similar comparison with
3.12- diketo- AA-etio-cholenic acid and have found 
that the acid derived from corticosterone differs 
widely in its properties. This result eliminates 
the possibility that the oxygen atom in question 
occupies position 12 of a normal steroid nucleus. 
The close similarity of the behavior of this oxygen 
atom with that of the oxygen atom of sarmento- 
genin which has been assigned to C -ll argues for 
an identity of position. Degradation of sarmen- 
togenin, which is known to differ from digoxigenin 
only in the configuration of 1 asymmetric center, 
probably C-9, should yield a definite answer to 
this problem.

The degradation of desoxycholic acid to 3,12- 
diketo-e^0-cholanic acid has been described 
[Hoehn and Mason, T h is  Jo u r n a l , 60,’ 1493
(1938) ]. Bromination in acetic acid solution gave
4-bromo-3,12-diketo-efo‘ö-cholanic acid, m. p. 197- 
198° (dec.); [a]2\ m +  109 =±= 2°. (Calcd. for 
C2oH2704Br: C, 58.52; H, 6.64; Br, 19.42. 
Found: C, 58.40; H, 6.65; Br, 19.19.) This 
bromo acid lost hydrogen bromide when refluxed 
with pyridine to yield 3,12-diketo- A4-efo0-cholenic 
acid, m. p. 205-207°; [a]25646i +240 =*= 5°.
(Calcd. for C2oH2604: C, 72.68, H, 7.93. Found: 
C, 72.35; H, 8.24.) Our acid 1 melts at 267- 
269°; [a]25546i +291°. Use of the methyl esters 
gave better yields and the final product was more 
readily purified. The ester of the bromo acid 
melts at 200-201°; [a]am  +170 ±  3°. (Calcd. 
for C2iH290 4Br: Br, 18.79. Found: Br, 18.94.)
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Methyl 3,12-diketo- A4-e&*0 -cholenate melts at 
235-237°; [a]2\ m  +242 =* 2°. (Calcd. for
C2 1H28O4 : C, 73.23; H, 8.19. Found: C, 73.25; 
H, 8.36.) The methyl ester of acid 1 melts

at 178-179°; [a]25546i +289 ±  7°.
D e p a r t m e n t  o f  B io c h e m is t r y  H. L. M a s o n
T h e  M a y o  F o u n d a t io n  W. M. H o e h n
R o c h e s t e r , M in n e s o t a

R e c e iv e d  S e p t e m b e r  16, 1938

NEW BOOKS

An Introduction to Microchemical Methods for Senior 
Students of Chemistry. By C e c il  L. W il s o n , M.Sc., 
Ph.D., Senior Assistant in Chemistry, The Queen’s 
University of Belfast. Chemical Publishing Company 
of New York, Inc., 148 Lafayette Street, New York,
N . Y., 1938. 196 pp. 93 figs. 12.5 X 19 cm. Price,
$3.00.
The book is written for the use of senior students in 

introductory courses on microchemistry. The author 
will acquaint the students “with the large field covered by 
microchemistry,” but he has no intention of making the 
students capable “of undertaking advanced work utilizing 
microchemical methods.” The scope of the proposed 
course is wide as may be derived from the following list of 
chapters: the compound microscope and its use (35 pp.), 
crystallization (6 pp.), observation of transition points and 
Liesegang rings (7 pp.), the polarizing microscope (16 pp.), 
classification of crystals (9 pp.), crystal tests (6 pp.), spot 
tests (8 pp.), inorganic qualitative analysis (29 pp.), in­
organic gravimetric analysis (16 pp.), inorganic volumetric 
analysis (4 pp.), the tintometer (3 pp.), the colorimeter (6 
pp.), the nephelometer (3 pp.), organic operations (12 
pp.), residue- and Kjeldahl determinations (3 pp.), photo­
micrography (6 pp.), and the spectrograph (10 pp.). It is 
obvious that the number of suggested experiments must 
be small in every chapter.

The reviewer is of the opinion that the book would have 
gained in value if various rather unimportant discussions 
had been suppressed in favor of a more detailed description 
of the procedures. Nearly the whole page 169 is devoted 
to a discussion of the reasons for not including the more 
important determinations of quantitative organic ele­
mentary analysis, but a list of apparatus is missing, and 
the concentrations of the inorganic solutions listed in the 
appendix are not indicated.

The introduction contains the statement “...this was the 
acknowledged motive which first led Pregl to develop his 
invaluable work on organic microanalysis. Almost at the 
same time Emich was laying similar foundations in the in­
organic branch, his work being at least in part inspired by 
the spectacular success attained by Pregl.”

It may be permitted to recall the facts that Emich 
started his microchemical investigations before 1900, that 
Pregl did not enter the field before 1909 and acknowledged 
in his book that Emich had laid the groundwork, and fi­
nally that Pregl’s “spectacular success”—obviously the 
Nobel Prize awarded in 1923—came far too late to have

any influence on Emich’s numerous contributions to the 
development of microchemistry.

A. A. B e n e d e t t i- P ic h l e r

Katalyse und Determinismus. Ein Beitrag zur Philo­
sophic der Chemie. (Catalysis and Determinism. A 
Treatise on the Philosophy of Chemistry.) B y  A l w i n  
M it t a s c h . Verlag von Julius Springer, Linkstrasse 2 2 -  
24, Berlin W 9, Germany, 1938. ix +  203 pp. 10 figs.
14.5 X 22 cm. Price, RM. 9.60.

This work consists of a discussion of general philosophi­
cal problems, especially those in the philosophy of science, 
e. g., causality, determinism, organicism and teleology. 
The author takes account particularly of the bearing of 
what is now known about catalysis as a basis for his con­
siderations. His standpoint is that of a physical chemist 
who has read widely and carefully in the literature of 
philosophy and who probably attaches more importance to 
philosophical speculation than do most chemists.

L. J. H e n d e r s o n

Die Theorie der Komplexitat und der Allotropie. (The 
Theory of Complexity and Allotropy.) B y Dr. A. 
S m it s , Professor and Director of the Laboratory of 
General and Inorganic Chemistry of the University of 
Amsterdam. Verlag Chemie, G. m. b. H ., Cornelius­
strasse 3, Berlin W 35, Germany, 1938. xii +  372 pp. 
153 figs. 15.5 X 22 cm. Price, RM. 19.50.

The author states that he has set himself the task of set­
ting forth the new material which has accumulated in the 
sixteen years since the appearance of his book on “The 
Theory of Allotropy,” and of discussing it from the stand­
point of the theory of complexity of phases. H e has 
wished to include some of the topics treated in the earlier 
book, but for reasons of space has omitted some of the 
chapters, more particularly that chapter dealing in detail 
with the systems phosphorus and cyanogen.

The early chapters of the book set forth clearly the au­
thor’s theory of phase complexity and his concept of 
pseudocomponents, with plentiful diagrams showing the 
relationship of the unary system at equilibrium to the 
pseudobinary or pseudoternary systems obtainable when 
the approach to internal equilibrium can be inhibited. 
Here, as also in later chapters, it is shown that recent theo­
retical work has postulated an increasing number of finer
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differences in atomic or molecular structure which are in 
accord with the author’s theory of a very general occur­
rence of complexity within a single phase.

The sixth chapter discusses two of the conditions which 
favor the detection of phase complexity, intensive drying 
and low temperatures. The discussion of intensive drying 
omits the consideration of Baker’s well-known experiments, 
which were treated in extenso in the earlier book, but gives 
the author’s results on the heat of condensation of ben­
zene vapor, which are in accord with Baker’s in showing 
that intensive drying gives definite evidence that benzene is 
complex. The separation of ortho and para hydrogen at 
low temperatures is viewed as a notable example of com­
plexity in a substance as supposedly simple as hydrogen 
gas.

The later chapters contain discussions, many of them in 
extended form, of the occurrence of complexity in the 
cases of acetaldehyde, the ammonium halides, sulfur tri­
oxide, etc. The use of the Raman effect in the study of 
the various modifications of sulfur trioxide is given in de­
tail.

It hardly needs to be said that Smits’ latest book con­
tains a fuller exposition of the data and theory of phase 
complexity than exists elsewhere, since the theory and 
much of the data are Smits’ own contribution to chemical 
science. Those who have given little thought to the sub­
ject will be surprised at the frequency with which complex­
ity  in a phase has been shown to exist, and may well bear 
the facts in mind when baffling and supposedly inexplicable 
experimental results turn up. Those who are more 
familiar with the subject will profit by reading Smits’ 
book, though they may find it occasionally somewhat 
repetitious. The printing and diagrams are good; page 
references occasionally are wrong. The “gesenkter Aus- 
landspreis” is RM. 19.50.

A r t h u r  E . H il l
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(1867-1937)



JULIUS STIEGLITZ
May 26, 1867-January 10, 1937

Julius Stieglitz, as also his identical twin, 
Leopold, was born in Hoboken, New Jersey, 
May 26, 1867. His father, Edward Stieglitz, 
was a native of Thuringia, Germany; his mother, 
Hedwig (Werner) Stieglitz, of New York.

The father came to America in 1849 when he 
was fifteen years of age and settled in New York 
City where he was in a short time established as 
a successful importer of woolen goods and after 
due time became a man of considerable wealth.

Other children of the woolen merchant and his 
wife were Alfred, older by three years than the 
twins, as they were always referred to in child­
hood, and three sisters, Agnes, Flora, and Selma.

The father is remembered as an austere and 
stern man, but always very fair toward his chil­
dren. Neither father nor mother had had much 
formal schooling but, with a keen interest in 
literature, music, and art, they gradually ac­
quired that self-made education that led, as is 
often the case, to a high degree of culture.

Julius’ father early determined to give his sons 
the best possible education and all the advantages 
he had lacked in his youth. With this incen­
tive, when the twins were four years old, the 
family moved across the Hudson to New York 
City where a home was established at No. 14 East 
60th Street.

The schooling of the twins began at the Charlier 
Institute in New York. Here instruction was 
largely in the French language. German was 
much spoken in the family circle. Later the 
twins were sent to the city schools where their 
English was developed. There by hard work, 
they soon led their class and maintained this 
standard until 1881 when the work of the pri­
mary schools was completed.

The family treasures a story at which they still

laugh; in an old fashioned spelling match of 
those days for the schools of the city, Julius 
had come through the contest with flying colors 
until only himself and one other contestant were 
left, when he was tripped on the word, “Israelite.”

In 1873 the father took Alfred, the oldest son, 
on a vacation trip which included a visit to Lake 
George, New York. He was so pleased with the 
splendid scenery of the place and the very good 
fishing he found there that he decided to make 
this the site for his summer residence. The fol­
lowing year he brought the family to the Fort 
Henry Hotel on the lake. Some years later the 
beautiful estate, “Oak Lawn,” was acquired 
which became the beloved center of family life. 
Here the entire Stieglitz family gathered, together 
with a host of friends: musicians, artists, actors, 
and other brilliant and talented people drawn 
together by kindred interests. The dinner table, 
at which rarely less than eighteen were present, 
was presided over by the mother, a typical ma­
triarch full of gentle kindness, wit, and unlim­
ited hospitality. The entire family was a large 
clan which kept in touch with each other for fifty 
years.

At the age of fourteen, having finished the 
elementary school, the twins were ready for high 
school. The father, thinking always of the great­
est good for his sons, knowing of the superior ad­
vantages of German schools at that time and con­
vinced of the broadening influence of travel and 
life abroad, interrupted his business and took his 
entire family to Germany.

The twins were placed in the famous Real 
Gymnasium at Karlsruhe.

Here all was new; they were far from home for 
the first time. The going was hard at first, the 
language caused uncertainty for a while; but, at
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the end of six months, most of the difficulties 
cleared up and before long, as in New York, they 
were at the top of their classes. They maintained 
this position throughout their five years at the 
Real Gymnasium.

During the Karlsruhe period they found a home 
with Professor Trautlein who was director in the 
Karlsruhe Gymnasium (not the Real Gymna­
sium). This turned out to be a most happy and 
genial connection. The family and their friends 
were given to philosophical discussions. These 
greatly interested and stimulated the twins.

Aside from their studies, there were other in­
terests and diversions in the life at Karlsruhe. 
The study of music which had been taken up 
earlier was now continued. Julius studied the 
cello under Lindner, first cellist at Beyreuth and a 
noted teacher; Leopold studied the violin. These 
lessons pleased the twins much since they had 
real talent for music.

Social dancing and skating to music offered 
further entertainment in winters. Bicycling in 
the Black Forest and hiking in Switzerland were 
their favorite summer pastimes.

At the age of eighteen, Julius fell in love with a 
girl who was, later, to become his wife. Nothing 
was more natural than that Leopold should enjoy 
the same good fortune with the sister, with like 
ultimate result. The young ladies were Anna 
Maria and Elizabeth Stieffel, daughters of a 
German Lutheran family.

The writer, from personal knowledge, can 
vouch for the beauty, wit, charm, and vivacity 
of Mrs. Julius Stieglitz, whom he came to know 
well in later years.

These early engagements were most fortunate 
for the twins. If the seven years that were to 
elapse before marriage seemed long to Julius, 
the wait had its compensations. He devoted 
himself assiduously and with undivided attention 
to his studies in order to hasten the day when he 
should be able to claim his beloved Anna.

During all these years of study the twins re­
mained in Europe. Their father often advised 
them but left the decision of their careers to their 
own free choice. It is true that his advice was 
strongly against their entering business. He 
wrote that his inquiries led him to think that the 
most promising professions in the future would be 
in engineering, medicine, and chemistry. This 
advice the three sons took seriously. By 1886, 
when the course at Karlsruhe was finished, the

older brother, Alfred (see “Who’s Who”), had 
already begun his studies in engineering.

Leopold chose medicine as his life work and 
doubtless Julius would have preferred this pro­
fession also but for one consideration that, as the 
years passed by, had become more and more ap­
parent.

As far back as memory extended he and his 
brother had been to every one, “The Twins.” 
They were so much alike in appearance as to defy 
identification except by their most intimate 
friends. Their mentalities were equal; their 
tastes and dispositions were identical; what 
one did, the other did also. In school they were 
always in the same class, where they were equally 
proficient.

They began to realize that if they were ever to 
make for themselves separate and independent 
careers they must choose different professions and 
each must go his own way. Therefore when 
Leopold chose to follow medicine and went to 
Heidelberg, Julius decided to take up chemistry 
and for this purpose entered the University of 
Berlin.

Julius began his studies at Berlin in 1886; his 
professors were Tiemann, Hofmann, and Ram- 
melsberg in chemistry and Helmholtz in physics.

His thesis, under Tiemann’s direction, entitled, 
“Ueber die Kondensation der Saureamide und 
analoger Körper durch Abspaltung von Am­
moniak oder dessen Derivaten,” was completed 
in 1889 and led to the granting of the Ph.D. de­
gree. Later Stieglitz went from Berlin to Got­
tingen for a short time to work with Victor Meyer. 
In 1889 he returned to New York. He was now 
2 2  years old and had lived in Germany the pre­
vious eight years.

In 1890 Dr. Stieglitz spent a few months at 
Clark University as a scholar. He was attracted 
there by John U. Nef, a brilliant young organic 
chemist and a Harvard graduate who gained his 
doctorate at Munich with Adolph von Baeyer.

Later in 1890, Stieglitz found a position with 
Parke, Davis and Company, manufacturers of 
pharmaceuticals in Detroit, where his work was 
chiefly in toxicology. His duties centered about 
the examination of bodies of persons suspected of 
having been poisoned. His findings, reported to 
the coroner, often formed when positive the basis 
of indictments for murder. Since life or death 
was dependent upon the accuracy of his analyses, 
the responsibility of his duties weighed heavily
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upon him and the lugubrious work was painfully 
distasteful. After two years he resigned and de­
cided to return to academic life as much better 
suited to his tastes.

He thought he saw his opportunity at the 
newly revived University of Chicago which was 
to open October 1, 1892, with William R. Harper 
as president. Hitherto colleges had started as 
academies and had grown painfully and slowly. 
Now it was proposed, with the backing of John 
D. Rockefeller, to launch a true university. A 
faculty of outstanding strength had been chosen 
by Harper, whose ability to judge men was phe- 
nominal.

Nef was called from Clark University to head 
the department of chemistry. Michelson was 
in physics, Chamberlin in geology, Donaldson in 
neurology, Moore in mathematics, Coulter in 
botany, Whitman in zoology, Loeb in physiology, 
and Hale in astronomy. What wonder that 
young Stieglitz should wish to join such a re­
markable group of scientists! His letter to Nef 
applying for an assistantship in chemistry brought 
the reply that none was available but that if he 
wished he could come as docent without salary, 
but with the privilege of giving lectures from 
which part of the students' registration fees were 
allowed him in lieu of salary. This opportunity 
Stieglitz promptly accepted, thanks to the finan­
cial help from his father which allowed him to 
do so.

The work in chemistry at Chicago was started 
in temporary quarters over a store at 55 th Street 
and Ellis Avenue. A year and three months 
later, January 1, 1894, Kent Chemical Labora­
tory, a stately and commodious Gothic structure 
in Bedford stone was dedicated. In June, 1895, 
when the writer began his work under Dr. Stieg­
litz, not more than one third of the building was in 
use for chemistry. At the start the faculty em­
braced John U. Nef as professor; Henry N. 
Stokes and Edward A. Schneider, assistant pro­
fessors; Massuri Ikuta, assistant; Felix Lengfeld, 
Julius Stieglitz, docents; later Alexander Smith 
succeeded Stokes when the latter went to the 
United States Geological Survey.

The new university under the guidance of the 
magnetic president Harper developed in a way 
that even the latter could scarcely have expected 
although his hopes knew no bounds. And with 
the rapid, unprecedented growth of the univer­
sity, the advancement of the youthful docent

kept equal pace. The progress of Dr. Stieglitz 
is marked by the following steps:

1892- 93..............Docent
1893- 94............. Assistant
1894- 97..............Instructor
1897-02.................Assistant professor
1902-05.................Associate professor
1905-33.................Professor
1912-24.................Director of University Laboratories
1915-33....................................... Chairman of the Chemistry Department
1933-37.............    .Professor Emeritus

The chairmanship of the department followed 
the death of Professor Nef.

During this time the home life of Dr. Stieglitz 
had developed very happily. In 1891 came the 
long-hoped-for marriage to Fraulein Stieffel, who 
had remained in Germany up to this time. The 
ceremony was celebrated at Oak Lawn, Lake 
George, New York. Julius was now twenty-four 
years of age. Three children soon arrived, the 
first died at birth, the others were Hedwig and 
Edward.

One of the strongest traits possessed by Dr. 
Stieglitz was his love for children. His solicitous 
care led to such precautions that the family be­
came known in university circles as the “sterilized 
Stieglitzes.”

I shall never forget an incident that illustrates 
the point. It happened at a departmental picnic 
on the shores of Lake Michigan. One of the ladies 
had washed a lot of fine strawberries, brought by 
Mrs. Stieglitz, in water dipped from the lake and 
mentioned the fact to Mrs. Stieglitz. At this 
that good lady threw up her hands and sighed, 
“Ach! Du lieber Gott. I had carefully washed 
them in distilled water at home; now the poor 
children must get along without strawberries.” 
To this the children, now both doctors of medi­
cine, added, “and we kids caught everything 
that went the rounds!”

The home was at 6026 Kenwood Avenue where 
the family lived in simple but comfortable style. 
With advancing rank and prosperity, emphasis 
was placed on health and education rather than 
on elegance and entertainment. This continued 
to be the home of Dr. Stieglitz and family for the 
rest of his life, thirty-five years.

With his family life so well settled, Stieglitz 
was now in a position to devote his energies to his 
academic work. At first this was two-fold: teach­
ing and research. Later he began to take an 
active part in university affairs, in which he soon
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became one of the leaders. As his fame spread 
his advice was sought by numerous organizations 
beyond the campus.

The activities of Dr. Stieglitz after joining the 
university can best be treated under four head­
ings: Teaching, Research, Academic Committees, 
and Extra-mural Activities.

It was as a teacher that Stieglitz was engaged 
by the university and it was to this task that he 
gave his sincere attention first. His work was 
along two distinct lines: Qualitative and Quanti­
tative analyses, and lectures to graduate students 
on special topics in organic chemistry. These 
early lecture courses were on Carbohydrates, Com­
plex Nitrogen Derivatives, and Terpenes. Each 
course consisted of two lectures a week for a 
“quarter.” The lectures were most carefully 
prepared in written form, then memorized, and 
finally given without a trace of notes. They 
were highly prized and well attended by graduate 
students and were models of conciseness and 
accuracy. Not a surplus word was used; when 
the bell signaled the end of the hour, the last word 
of the argument had usually been given. The 
lecture was a finished whole and might well have 
been printed as delivered. Each time they were 
offered they were revised so as to include the latest 
published work on the subject. In later years 
other courses were offered.

As an illustration of the meticulous care used 
in the preparation of each lecture, one of his 
assistants recalls having been sent to Dr. Stieg­
litz’ desk to search for a certain paper. In going 
through the desk the assistant dug up no less than 
eight different versions of the same lecture all 
written out in an effort to arrive at an ideal form 
for delivery.

Almost from the beginning of his work at the 
university, analytical chemistry was in Stieglitz’ 
charge. By 1895 he was giving lectures on the 
fundamental principles on which qualitative 
analysis is based. At every lecture the long 
table was filled with apparatus used to illustrate 
the fundamental principles of his subject. The 
uniform success of these demonstrations and the 
clarity and simplicity of his arguments aroused 
great enthusiasm and attracted many advanced 
students, other than the undergraduates for 
which they were given. Through these lectures 
Dr. Stieglitz exercised great influence over the 
student body, not only those who went on with 
chemistry, but others who eventually specialized

in other fields. These found his point of view 
an unforgettable inspiration.

In 1911 the two volume work entitled “Quali­
tative Chemical Analysis” appeared. Its scope 
is indicated by the sub-title, “With special con­
sideration of the laws of equilibrium and of 
modern theories of solution.” The introductory 
sentences of the preface clearly state the reason 
for their publication, “In venturing to add another 
book on Qualitative Chemical Analysis to the 
long list of publications on this subject the author 
has been moved chiefly by the often expressed 
wish of students and friends to have his lectures 
on qualitative analysis rendered available for 
reference and for a wider circle of instruction.” 
Volume I embodies these lectures in the form to 
which they have been developed in the course of 
the last sixteen years. The treatment follows the 
lines first suggested by Ostwald’s pioneering 
work, “ Wissenschaftliche Grundlagen der analy- 
tischen Chemie.” These volumes are too well 
known to warrant further description of their 
contents. Mr. Dana H. Ferrin, Vice-President 
of the Appleton-Century Company, writes “There 
have been twenty-two printings (of this work) 
and I estimate that over two hundred universi­
ties and colleges in the United States have used 
these volumes as their class texts.” A most il­
luminating comment comes from Professor Stan­
ley Wilson, Yenching University, Peiping, China, 
“I think, perhaps that those of you who have 
been so close to him (Julius Stieglitz) all these 
years may not realize the full measure of his in­
fluence as a teacher.” Referring to an article in 
which the writer speaks of Stieglitz’ book as revo­
lutionizing the teaching of qualitative analysis 
in the United States, Wilson wrote: “The text 
had a far wider influence than this statement 
would indicate. In my judgment it is practi­
cally the only text produced during the past 
thirty years which has had a really world wide 
influence upon the teaching of this branch of the 
subject. When I came to China twenty years 
ago I found it was employed in nearly all colleges 
and universities here. In 1923 I visited a con­
siderable number of outstanding educational in­
stitutions in Burma and India. Here again I 
found the text was known everywhere and widely 
employed. I was quite surprised at the situation 
in India as the science staffs of these institutions 
were either British or British trained.”

During a period of approximately twenty-five
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years Dr. Stieglitz carried on correspondence 
courses in qualitative analysis and in organic 
chemistry. It seems evident he enjoyed this con­
tact with students.

The incentive which had led Stieglitz to go 
to Chicago as a docent without salary was that 
here he hoped to find not only opportunity for 
research but, what was more important, ade­
quate facilities, and the encouragement and 
stimulation of colleagues with similar tastes. 
He keenly appreciated the belief that research 
must accompany effective teaching and this for 
him meant investigation of the problems of pure 
chemistry.

In all his research Stieglitz was most meticu­
lous and thorough. Of his own work, he was 
always critical; he dealt with opposing views 
with candor tempered with moderation and jus­
tice. No contrary evidence was deemed too 
trivial to consider. If experimental work was 
lacking or inadequate he withheld judgment un­
til he or his students could supply it. No point 
was too small or too difficult to be thoroughly in­
vestigated.

The research papers bearing his name number 
sixty-six; numerous other addresses, reviews, 
etc., bring the total to one hundred and thirty. 
These are supplemented by the theses mostly 
published in whole or in part, of one hundred and 
eighteen doctors who took their degrees with him. 
If we add to this number those whose work was in­
terrupted before having attained the doctorate 
and those who came to work with him after having 
obtained their degrees elsewhere, the total would 
not be far from two hundred.

We may classify his work, which was in pure 
organic chemistry, into a first period of the early 
nineties followed by a group of five subjects car­
ried on more or less simultaneously throughout 
his life. These were: molecular rearrangements, 
catalysis, indicators and theory of color pro­
duction, stereoisomerism, and the electron theory 
in organic chemistry. These groups are so re­
lated and were so naturally developed one from 
another that they form a rather closely knitted 
whole.

The first eight papers covering the work of 
1892 to 1895 resulted from a joint undertaking 
with Dr. Felix Lengfeld (1863-1938). Lengfeld, 
older by four years than Stieglitz, had gone from 
the University of California to Johns Hopkins 
where he made his doctorate in 1888. After two

years at the Universities of Zürich, Liège, Munich, 
and two more in academic work, he, like Stieglitz 
threw his fortune in with the new and promising 
university.

The earlier work of Lengfeld and Stieglitz 
began with the study of the behavior of bromoa- 
mides toward sodium methylate. A specific 
case is that of the reaction between ^-nitrobenz- 
bromoamide and a solution of NaOCH3 in HOCH3. 
The product was a urethan, NO2C6H4NHCO- 
OCH3, formed as a result of a typical rearrange­
ment.

Lengfeld and Stieglitz saw in the urethans, so 
easily obtained, intermediate products which 
might lead, through the corresponding isocya­
nates, to unsymmetrical ureas by the action of 
ammonia or amines. Hofmann had found that 
urethans give isocyanates when treated with 
phosphorus pentoxide. Lengfeld and Stieglitz 
tried phosphorus pentachloride which they hoped 
would react at lower temperatures. In this hope 
they were right; but the reaction went in a differ­
ent way. The first product of the reaction was 
unstable and decomposed giving chlorobromo- 
formanilide and ethyl chloride. They concluded 
that these products had been formed from an 
unstable intermediate body, RNHCCI2OC2H5, 
and this they considered as the salt of a carbon 
base. Numerous stable salts of this class, solu­
ble in water and forming double platinum chlo­
rides, were made. In all such salts it appeared 
that the halogen was attached to carbon. Even 
nitrates having the N 0 3 attached to carbon were 
obtained.

In the following paper carbodiphenylimide 
C6H5N =C =N C eH s was found to react with 
alcohol at 200° to form C6H5NH—C = N C 6H5, an iso-

OC2H5
urea. The same compound was obtained at tem­
peratures below zero by means of sodium ethylate. 
The isourea easily forms with dry hydrogen chlo­
ride a salt, (C6H5NH)2C— OC2H5, which decomposes

Cl
when warmed (60-80°) giving diphenyl urea and 
ethyl chloride.

Later, Dains, working with Stieglitz, made other 
isourea ethers and converted them into ureas by 
these reactions.

Two short papers on thiamines by Lengfeld 
and Stieglitz report the last joint work of the 
authors.
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There was in these earlier studies some fore­
shadowing of Stieglitz’ later work, particularly 
that on molecular rearrangements to which he 
devoted so much time and energy throughout 
his productive years.

Molecular rearrangements1 are generally known 
by the names of their discoverers as the Lossen, 
Hofmann, Beckmann, or Curtius rearrangements. 
Porter1 calls those involving triphenylmethane 
derivatives Stieglitz rearrangements. In that 
which follows an attempt will be made to give a 
brief account of the nature of the problem and 
Stieglitz’ contribution to the subject.

By way of introduction it may be noted that 
the well-known Hofmann method of converting 
acid amides into amines affords one of the sim­
plest examples of rearrangements. The bromoa- 
mide RCONHBr first formed by the action of a 
hypobromite on an amide gives with excess al­
kali first an isocyanate, RNCO, which is hydro­
lyzed by more alkali to form an amine, RNH2, and 
a carbonate.

Similarly, all the rearrangements considered by 
Stieglitz exhibit the same striking singularity; the 
radical R originally bound to carbon becomes in the 
product attached to nitrogen. In these reactions 
the ordinary laws of substitution no longer hold.

Stieglitz’ interest in this subject came about 
from a deep appreciation of its bearing on the 
fundamentals of organic chemistry. In an ad­
dress before the National Academy of Science, 
December, 1914, he pointed out the importance 
of rearrangements in the following words: “In 
most chemical actions taking place at moderate 
temperatures a change affecting an atom or group 
of atoms in a molecule leaves the remaining atoms 
in undisturbed relation one to another. This sta­
bility of grouping of atoms led, especially, in the 
domain of organic chemistry, to the theory of the 
structure of molecules and underlies our methods 
for determining structure. Occasionally, how­
ever, the study of the products of a reaction shows 
that a profound rearrangement of the grouping 
of the atoms in the reacting molecule has taken 
place. Molecular rearrangements of this kind 
are of special importance for the reason that their 
study should shed some light on the forces holding 
atoms in place in molecular structures.”

(1) C. W. Porter, “Molecular Rearrangements,” Chemical Catalog 
Co., New York, 1928 and A. H. Blatt, “The Beckmann Rearrange­
ment,” C h em ica l R e v ie w s , 12, 215 (1933), give extended accounts 
of the subject. Later critical reviews are to be found in the chapters 
by Hurd and by Wallis in Henry Gilman's “Organic Chemistry,” 
John Wiley and Sons, New York, 1938.

At the time the lines here quoted were written, 
Stieglitz’ researches on the subject were in their 
nineteenth year. All rearrangements so far 
studied seemed to find an explanation under one 
simple and unique hypothesis, in which it was 
assumed that a hypothetical body having uni­
valent nitrogen is an intermediate product in each 
case.

By Stieglitz’ hypothesis, the primary action 
of alkali on benzoic bromoamide is the removal 
of hydrogen bromide, leaving CöHöCO-N. The 
great reactivity of the assumed univalent nitrogen 
then causes the observed rearrangement. The 
product, phenyl isocyanate, CeHgNCO, finally 
hydrolyzes in aqueous alkali solution giving aniline 
and a carbonate as end-products. Stieglitz 
tested this view in a wide variety of cases. Only 
those bodies which can lose constituents and form 
a hypothetical intermediate containing univalent 
nitrogen are capable of rearrangement. Similar 
rearrangements occur when each of the following 
classes of compounds is treated with the appro­
priate reagent.

I Acid bromoamides.................... RCONHBr
II Acyloximido acid salts.............. RC (NOAcyl) ONa

III Ketoximes................................... R2C(NOH)
IV Oximido acid esters....................RC(NOH) (OR)
V Oximido acids............................ RCO—NOH

VI Amide oximes............................ RC(NOH)NH2
VII Acid azides.................................RCN(N2)

VIII Benzylazides.............. ................RCH2N(N2)

One of the strongest points in Stieglitz’ theory is 
that in all cases the reagent that must be used to 
bring about the rearrangement is one which will 
combine with the constituents to be removed. 
In the case of azides since only nitrogen is lost no 
reagent is needed; heat alone is sufficient to cause 
the typical reaction.

Stieglitz’ original explanation of the Beckmann 
rearrangement based as it was on the earlier pre­
vailing views of valence could not be more than 
an approach to the ultimate solution; this he him­
self realized.

During the following decade the electron theory 
as proposed by J. J. Thomson had thrown a new 
light on the whole subject of valence. A number 
of chemists had begun to apply Thomson’s sug­
gestions to organic as well as inorganic problems. 
In his National Academy address in December 
in 1914, Stieglitz expresses his theory of rearrange­
ments in terms of the newer views. In a chloro- 
amine the chlorine is the radical of hypochlorous
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acid. It is an atom of chlorine that has lost an 
electron, and is therefore electro-positive. In 
ordinary chlorides the atom of chlorine has gained 
an electron, becoming the familiar negative chlo­
rine ion.

He illustrated his newer views by means of a 
reaction studied by Stieglitz and Leech. Tri­
phenylmethyl chloroamine, (CeHe^CNHCl, when 
treated with sodium hydroxide gives phenylimido- 
benzophenone, (CeHs^CNCe^, by loss of hy­
drochloric acid.

The hypothetical intermediate, (C6Hb)3C-N, 
with univalent nitrogen owes its activity to the 
loss of two electrons required to convert the posi­
tive chlorine, Cl+, into negative chlorine, Cl- . 
The intermediate then undergoes rearrangement. 
Stieglitz then generalizes as follows: “Finally 
there is a whole group of rearrangements analo­
gous to that of the chloroamines. In each in­
stance one can plainly recognize as the common 
characteristic of all rearranging compounds that 
the labile component in the original molecule is an 
unstable electro-positive radical or atom, which 
tends to go over into its stable negative form. 
In every instance, this tendency is found satis­
fied in the action, and as this involves the absorp­
tion of two electrons from neighboring atoms in 
the original molecule, one must conclude that in 
all these cases the tendency mentioned and its 
satisfaction bring about the rearrangement.”

With Miss Vosburg and Mrs. Morgan, Stieglitz 
found, as he expected, that (C6H5)3CNCH3C1 
which contains the very stable NCH3 group could 
not be made to rearrange. On the other hand, 
when the closely analogous hydroxylamine de­
rivative (CöHö) 3CNCH3OH was treated with phos­
phorus pentachloride, Stieglitz with Leech and 
with Stagner proved that a normal rearrangement 
occurs, as shown by the identification of benzo­
phenone and methylaniline after hydrolysis of the 
products of the reaction. Stieglitz now recog­
nized that this exception to the result expected by 
his hypothesis established for the first time that 
substances which could not form simple univalent 
nitrogen derivatives may rearrange and that 
Beckmann's postulate of the direct exchange of 
radicals should be considered.

However, he concluded: “The first result is 
that the positive group of the hydroxyl amines and 
of the oximes undoubtedly becomes a negative 
group in the course of the reaction; it still would 
be the unstable radical in the original molecule

and the satisfaction of its tendency to become 
negative would still be the prevailing influence in 
the rearrangement.”

The work of Stieglitz on rearrangements repre­
sents an enormous effort. He took up a little 
known subject, developed it in many details, 
showed its extent and its limitations, and proposed 
theories for its explanation. The importance of 
his work had been recognized by his contempo­
raries as of outstanding significance.

The second of the four major topics of research, 
catalysis, had its inception soon after Stieglitz 
began his work at Chicago. It continued to oc­
cupy his attention for more than thirty years, 
although little of significance was added to his 
views on this subject after 1917. His war time 
activities together with already heavy academic 
interests left but little time for this subject.

In a paper in 1893 Lengfeld and Stieglitz dis­
cussed briefly the salts of imido esters and con­
cluded with the statement, “The main importance 
of the subject is in its application to esterification 
and saponification by halogen acids.” They fol­
low this with graphic equations showing the forma­
tion of salt-like chlorides of esters as intermediates 
in their saponification.

The subject was taken up again experimentally 
by Stieglitz and McCracken in 1899.

In 1904 Stieglitz discussed his theory of cataly­
sis in an address before the International Con­
gress of Arts and Sciences at the St. Louis Exposi­
tion. His more mature views, based on further 
extensive experimental work with Derby, Schles­
inger, and others, were set forth in numerous pa­
pers in 1908 to 1913.

According to classical theory, catalytic action 
can only be studied in reactions that conform to 
three fundamental principles: (1) Acceleration is 
proportional to the concentration of the catalytic 
agent. (2) The catalytic agent acts simply by its 
presence and does not form a compound with any 
of the components of the reaction. (3) The 
condition of equilibrium in a reversible reaction is 
not measurably changed by the catalytic agent. 
Stieglitz proposed to set aside these principles and 
consider the fact of acceleration as the true cri­
terion for catalysis. He returned to the hypothe­
sis that, in the catalysis of esters, the acid forms 
a salt with the ester, which acts as a weak base. 
He further supposed that the speed of the ensu­
ing catalysis depends on the concentration of the 
salt so formed and proposed to subject the ques­
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tion to a quantitative examination from the stand­
point of the laws of equilibrium and reaction 
velocity.

Since simple esters, although they are theoreti­
cally weak bases, are far too weak to allow direct 
measurement of their affinity constants, Stieg­
litz turned to the imido esters as bases whose 
ionization constants could be measured. The 
imido esters proved to be much weaker bases than 
ammonia, but somewhat stronger than aniline.

The imido esters react catalytically at meas­
urable speeds with acids forming ammonia (or 
its salts) and simple acid esters. As a result of 
extensive studies with Derby, McCracken, and 
Schlesinger, Stieglitz concluded that the positive 
ion of the imido ester salt is the active substance 
and that the accelerating action of the acid is 
due to the formation of larger reacting masses 
of the active ion from the scarcely ionized, weak 
base.

To arrive at this result other possibilities such 
as the activity of the free base or of the total imido 
ester were taken into account by mathematical 
methods and shown not to be valid. But the so- 
called “Salt effect” was noted here, just as in 
catalysis of acid esters, sugar inversion, etc., and 
its effect, which is proportional to the hydrogen 
ion concentration, was deducted in reaching the 
conclusion that it is the positive ion of the imido 
ester salt that reacts with water.

In the work with McCracken nine imido esters 
were studied and a further interesting relationship 
was noted. The affinity constants of the imido 
esters as measured by Stieglitz and Derby were 
not only much smaller than that of ammonia but 
in general the smaller the constant the faster the 
decomposition with water took place.

Although the action of water on an imido ester 
when catalyzed by an alkali yields an alcohol and 
a nitrile instead of ammonia and an acid ester, as 
when an acid is a catalyst, Stieglitz showed that 
the speed of reaction is in accord with his theory. 
In this case it is the negative ion formed by the 
imido ester and alkali whose active mass deter­
mines the speed of catalysis.

Stieglitz now concluded that the three tenets 
of the classical theory of catalytic action are 
practically true only for limiting cases where the 
proportion of salt formed is negligible. None of 
the three is absolutely true under any conditions. 
When the amount of salt formation becomes 
measurable they need not hold even approxi­

mately. It was therefore concluded that ac­
celeration due to an increase in the active mass of 
a reacting component is the only fundamental 
fact common to all catalytic reactions.

A t  t h e  t i m e  o f  h i s  f i r s t  p a p e r s  o n  c a t a l y s i s ,  

1 9 0 4 - 1 9 0 7 ,  h i s  b r i l l i a n t  a t t e m p t  t o  u s e  t h e  i m i d o  

e s t e r s  a s  a  b a s i s  o f  a  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  

t r u e  f a c t o r s  o f  h y d r o g e n  a n d  h y d r o x y l  i o n  c a t a l y ­

s i s  m a d e  a  g r e a t  i m p r e s s i o n .  H o w e v e r ,  t h e  

w o r k  w a s  d o n e  b e f o r e  t h e  n e w e r  a p p l i c a t i o n s  o f  

t h e r m o d y n a m i c s  t o  t h e  s t u d y  o f  s o l u t i o n s .  I n  

t h e s e  h e  d i d  n o t  p a r t i c i p a t e .

The incentive for the papers on indicators seems 
to have been found when Stieglitz reviewed H. 
C. Jones’ book, “Physical Chemistry,” in 1902. 
In the chapter on indicators color change was 
explained by Jones according to one part of 
Ostwald’s theory. This, it will be recalled, as­
sumed that phenolphthalein, for example, is a 
very weak acid which is therefore un-ionized as 
long as the solution remains even faintly acid. 
But at the point where a minute excess of alkali 
prevails, the indicator is converted into its ion­
ized salt. According to Ostwald, the change of 
color is explained by assuming that the un-ion­
ized phenolphthalein is colorless whereas its nega­
tive ion is red.

This very simple explanation seemed so con­
vincing that it was pretty generally accepted, 
especially as so many other physico-chemical 
facts had found their elucidation in the magic 
theory of ionization. Textbooks of physical 
chemistry all presented the view of Ostwald 
without reference to other possible explanations.

Stieglitz, whose familiarity with analytical as 
well as organic chemistry enabled him to see 
clearly the inadequacy of the theory of Ostwald 
respecting change of color, presented briefly in 
this review the contrary evidence from the stand­
point of the organic chemist. A year later he 
elaborated these views into a critical paper on 
the theory of indicators.

After readily endorsing Ostwald’s views of the 
cause of sensitivity as being due to the weak acidic 
or weak basic character of an indicator, he called 
attention to the fact that ten years earlier Bernth­
sen had given an explanation of the color change 
that greatly appealed to organic chemists. Ac­
cording to this view the change of color is due to 
a change of constitution of the indicator brought 
about by the excess of alkali or acid, the subse­
quent ionization being merely incidental.
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The free (colorless) phenolphthalein is pictured 
as a lactone, without a chromophoric group

I OCOC6H4C (C 6H4OH)2

while the red salt has the chromophoric form
/C 6H4OH 

II NaOCOCeHZ
^ C 6H4= 0

The solid (and therefore un-ionized) silver salt, 
is also intensely colored. It undoubtedly has a 
quinoid form like II. This view is further sup­
ported by the work of Nietzki and Bruckhardt, 
who made colorless esters having lactoid forms 
corresponding to I and colored (un-ionizable) 
esters of quinoid form II.

Stieglitz pointed out similar relations for the 
para rosaniline dyes which contain the chromo­
phoric quinoid grouping, whereas the free base is a 
colorless carbinol. When dyes in general are con­
verted by reduction into leuco forms, the change 
of color is concomitant with similar changes of 
structure.

The work of Hantzsch is cited as showing that 
the change of colorless organic compounds 
(pseudo acids) into deeply colored salts is always 
accompanied by a change in the structure of the 
molecule as illustrated by the case of nitrolic 
acid. The regeneration of the free (colorless) 
form of the pseudo acid often takes place quite 
slowly.

Stieglitz points out that to be useful as an in­
dicator the reversible color change must be a 
rapid one.

The behavior of indicators like litmus or methyl 
orange, which show one color in acid solution and 
another in alkaline, is explained quite simply by 
the same theory.

The great merit of Stieglitz' work on indicators 
lies in the fact that he, more than any other, 
was instrumental in showing the insufficiency of 
Ostwald’s ionization theory, and in leading chem­
ists to the acceptance of the sounder view based 
on facts and theories of organic chemistry.

The work on indicators led Stieglitz to propose 
in an address before the National Academy of 
Science and the Franklin Institute a highly sugges­
tive theory of color production.

Even if the seat of color in dyes is ascribed to 
certain rather definite arrangements of atoms in 
the molecule, there still remains to be explained 
why such an arrangement causes the light absorp­
tion that produces the complementary color in

the compound, and why if such atomic groupings 
are absent the compound is colorless.

Stieglitz showed that all dyes which easily can 
be reduced to colorless leuco compounds are 
oxidizing agents. The leuco bodies are reducing 
agents which readily are reconverted again into 
dyes. Stieglitz believed it is the vibration of these 
mobile but restrained electrons of the dyes that 
causes the light absorption which results in color.

In his researches on the stereoisomerism of 
nitrogen compounds, Stieglitz worked with a 
number of assistants and students, including, 
Earle, Hale, Eckstein, Hilpert, Peterson, Raiford, 
and others. In the course of this work a new 
class of nitrogen stereoisomers was sought for and 
found. A dozen years earlier Hantzsch and 
Werner had suggested that the isomerism of the 
benzil oximes of Victor Meyer was to be likened 
to that in the case of derivatives of ethylene. 
Accordingly, we would have the two forms:

X—C—Y X—C—Y

cis and trans forms containing doubly bound 
carbon and nitrogen.

Hitherto all efforts to produce unquestioned 
nitrogen stereoisomers among bodies other than 
oximes and hydrazones, where Z is an atom or a 
simple radical, had been in vain. Stieglitz and 
Earle had sought such bodies in connection with 
studies on the rearrangement of halogen amides 
like RC(=NCl)OCH3. This search was at last 
rewarded when they succeeded in making two 
methyl chloroimido-m-nitrobenzoates

N 02C6H4—C—OCHs N 0 2C6H4—C—OCHs

A little later Stieglitz and Hale made the analogous 
pair of ethyl esters. Hilpert made three and 
Peterson made several others. It was shown 
conclusively that each of a given pair of sub­
stances has identical composition, molecular 
weight, and structural arrangement, excepting 
of course in the orientation of the nitrogen- 
chlorine groups. Each isomer maintains its 
identity under physical conditions, such as solu­
tion, melting, and even volatilization in vacuum.

The only means found to convert the isomers, 
each into an equilibrium mixture of the two, was 
the action of chlorine gas on the fused substance. 
Although the stereoisomers have different solu­
bilities and melting points, their complete indi­
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viduality was established. Like acid chloro- 
amides these bodies react with hydrochloric acid 
to form salts of imido esters and free chlorine.

This record of achievement in research marks 
Stieglitz as one of the strong men of his time. 
In addition to splendid teaching and high class 
research, he carried on other activities of great 
importance both to his university and to the 
nation.

It was no part of Stieglitz’ philosophy that 
teaching, research, and the writing of textbooks 
should constitute all of one’s duties as professor. 
His horizon had a much wider scope and not many 
years had passed before he took an active part 
in faculty matters. His thorough investigation 
of the questions involved, his logical and forceful 
method of presentation of their significance, and 
his fairness to both sides soon were recognized.

He became a key man whose advice on uni­
versity affairs was eagerly sought; his was the 
guiding influence in many committees. I will 
mention only two instances of the many where 
his services were of great value; and, in later 
years, there was scarcely an important question 
about which he was not consulted.

Of his many memorable achievements, one 
was that concerned with the conflict between 
science and the classics. In the early nineties 
Chicago in common with most other colleges 
still adhered to a rigid requirement in the classics 
as a prerequisite for the bachelor’s degree even 
for science students. This inheritance from 
medieval times was becoming very irksome to 
the students in Physical and Biological sciences. 
The preceding twenty years had witnessed amaz­
ing and unprecedented developments in Natural 
Philosophy which had now become a group of 
experimental sciences with seemingly unlimited 
possibilities. To be required to thumb through 
musty tomes of Latin and Greek when so much 
of greater interest and practical value was at 
hand seemed, to science students, a sacrilegious 
waste of time. The battle for the removal of 
this restriction waxed long and hard; Stieglitz 
was the leader for the cohorts of science.

In the department of Chemistry at Chicago, 
Stieglitz’ students commemorated the ultimate 
triumph of the science group by presenting 
him with a parchment scroll expressing their 
gratitude for his untiring efforts in their behalf; 
the names of many who have since risen to promi­
nence are appended.

For one without special training in the subject, 
Stieglitz was outstanding among his colleagues 
for having a remarkable knowledge of medicine. 
This interest arose in early life and doubtless 
would have led him into that profession but for 
reasons already mentioned. Perhaps, also, the 
facts that Mrs. Stieglitz was afflicted with asthma 
for long years, and that their first child had died 
at birth and the other two passed through nu­
merous contagious ailments had much to do 
with the strengthening of this interest.

It seems natural then that in 1901 when Presi­
dent Harper in his desire for a medical school 
at Chicago began to strive for a union with Rush 
Medical College as a means to this end, Stieg­
litz should find a place on the committee of which 
the late Dr. H. H. Donaldson was chairman.

With only $50,000 in sight, Harper proposed 
to begin in a modest way by transferring to the 
university campus the work of the two preclinical 
years. After a memorable conference of Presi­
dent Harper with the combined committee of 
the two institutions, in which ways and means 
were thoroughly discussed, Stieglitz asked Dr. 
Ingals, treasurer of Rush, the critical question 
he long had had in mind; that was, whether 
the tuition fees of the transferred students would 
revert to the university. When Ingals replied in 
the affirmative, Stieglitz saw at once that with 
this additional income the union so greatly 
desired by the University could be safely made 
with the $50,000 available. Harper was equally 
quick to grasp the situation and, in his character­
istic fashion, changed the subject immediately 
and quickly brought the conference to a close. 
On the way out he said privately to Stieglitz, 
‘‘Mr. Stieglitz, let me have your budget by next 
Saturday morning.”

Stieglitz had already worked out the details, 
but to avoid any serious blunders he and Dr. 
Donaldson made a hurried visit to four leading 
eastern medical schools prospectuses of which 
they had studied. They returned convinced 
that with the laboratories and staffs at the 
University, together with the modest sum the 
President had mentioned as being in sight, they 
could offer facilities equal or superior to those 
of the schools they had visited.

The union of Rush and the University was soon 
consummated and proved successful from the start. 
The hitherto nearly empty Hull laboratories were 
filled with medical students. The departments
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of anatomy, physiology, pathology, physiological 
chemistry, and bacteriology became realities 
instead of mere names, and suddenly took on 
new life.

The union with Rush was looked upon by Stieg­
litz as a vital transfusion of blood into all science 
departments. He was justly proud of the part 
he had played in helping to lay the foundation 
of a great medical institution now a part of the 
University.

After the premedical courses had been brought 
to the university the deanship for the new di­
vision was offered to Dr. Stieglitz by President 
Harper. The former with characteristic far­
sightedness begged to decline the honor and 
pointed out to the President that he considered 
it a better policy to put a Rush medical pro­
fessor in the deanship.

Stieglitz' close association with physicians and 
surgeons during the period of negotiations with 
Rush Medical College led to lifelong friendships 
with many leading medical men. This was the 
beginning of his affiliation with the American 
Medical Association that lasted officially two 
decades, but actually existed throughout his life­
time. In 1905, he became vice-chairman of the 
powerful Council of Pharmacy and Chemistry, 
a responsibility he held until 1924. A record for 
the year 1920 shows Stieglitz' name on five of 
the fourteen committees of the Council.

Dr. Leech, present secretary of the Council, 
commenting on Stieglitz' services to the American 
Medical Society says: “It is proof of his fine
judgment and parliamentary ability to note 
that the rules are essentially the same today 
as thirty-two years ago. He took great interest 
in seeing that every safeguard was put in the rules 
for impartiality of decisions.

“In his capacity as vice-chairman of the Council, 
Stieglitz exerted a powerful influence on its action 
during the nineteen years of his tenure of office."

The summer of 1914 marked the beginning of 
the most critical period for chemistry in America. 
The British blockade that quickly followed the 
beginning of the World War shut off importation 
from Germany and thus soon produced a dearth 
of the previously imported fine chemicals so 
necessary for medicine and industry. The situa­
tion threatened speedy disaster. In the decade 
that followed Stieglitz played a conspicuous part 
among the army of loyal chemists whose efforts 
proved so successful in this emergency.

On January 1, 1917, Dr. Stieglitz became 
president of the American Chemical Society. 
The war was now in the middle of its third year. 
Three and a half months later America joined 
the cause of the Allies. As never before, war 
had developed into a conflict of chemists. Few 
officers of our society faced graver tasks than did 
Stieglitz and none deserves greater credit than he 
for his unselfish services in aiding in the stu­
pendous developments that finally brought re­
lief to medicine and industry and chemical inde­
pendence to America. His notable success was 
due not only to his sound and extensive knowl­
edge of organic chemistry, to his love of the 
science and art of medicine, to his deep interest 
in synthetic drugs, as evinced by his long service 
on the Council of Pharmacy and Chemistry of 
the American Medical Association; but, in no 
small measure, to his subsequent election or 
appointment to leading positions in organiza­
tions where his opportunities for acquiring infor­
mation about existing conditions were unexcelled.

On February, .1917, he was appointed Chair­
man of the Committee on Synthetic Drugs 
of the National Research Council which com­
mittee was the scientific adviser of the Govern­
ment, and which had been organized in the fore­
going year under the authority of the National 
Academy of Sciences. He also held a semi­
official position as adviser to the Federal Trade 
Commission.

In 1918, he became president of the Chicago 
Institute of Medicine, an organization having for 
its object the promotion of medicine through 
scientific research. At the same time he accepted 
an appointment in the United States Public 
Health Service as Special Expert in Arsenicals.

The Chemical Foundation was incorporated in 
February, 1918; the following month Mr. 
Francis Garvin became its president and Dr. 
Stieglitz its Chemical Adviser. In 1920 he was 
chosen Consultant for Chemical Warfare Serv­
ice by General Amos A. Fries. During this 
period he also maintained his position as Director 
of the Department of Chemistry at the University 
of Chicago.

Thus his facilities for acquiring accurate in­
formation regarding the chemical situation in 
America were unexcelled, and his prestige assured 
him a sympathetic hearing among those in 
authority whenever his advice was offered.

For months the lamentably insufficient supply
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of synthetic drugs had been an acute problem. 
Such drugs were formerly imported from Ger­
many almost exclusively. Their number had 
been much greater than necessary. Many of 
them had been introduced merely for com­
mercial reasons. Through his various medical 
connections Stieglitz was able to ascertain that 
most of these could be dispensed with if but 
a very small number of the most reliable ones 
were made available. Only four or five were 
indispensable and for several reasons it seemed 
desirable to give these substances new, American 
names. Arsphenamine was the name coined 
by Stieglitz for the drug called Salvarsan by the 
Germans. It is the “606” of Ehrlich and is the 
recognized cure of syphilis, a disease with which 
ten million Americans were said to be afflicted.

Barbital (formerly called Veronal) was the 
most widely used and reliable hypnotic. Pro­
caine (formerly called Novacaine) was the most 
useful of all local anesthetics. Lack of it necessi­
tated the so-called “Bulgarian operations,” those 
made without anesthesia. Cincophen (Atophan) 
was the most efficient drug in the treatment 
of gout and rheumatism. Phenobarbital (luminal) 
a sedative and hypnotic, was a specific drug for 
the prevention of the seizures of epilepsy. Phy­
sicians and hospitals were literally begging for 
this drug for two years before it was made in 
America.

As a member of the Committee on Synthetic 
Drugs, it was the duty of Stieglitz to see that the 
public received supplies of these indispensable 
drugs as quickly as possible. To this end he 
either induced or encouraged certain reliable 
pharmaceutical manufacturers to take up their 
production. He gave them chemical advice and 
aided them in obtaining the supplies of auxiliary 
chemicals that were required, as, for example, 
hydrosulfite, needed to make arsphenamine and 
bromine, used in the synthesis of procaine.

As Adviser to the Federal Trade Commission, 
his trying duty was to decide to which manu­
facturers licenses were to be issued, for the pro­
duction of each drug.

When, in 1918, it became known to the Federal 
Health Service that some domestic supplies of 
arsphenamine were causing serious trouble in the 
treatment of army cases, Stieglitz, as Special 
Expert in arsenicals, rendered much valuable 
service.

Speaking of the Public Health Service, Dr.

George W. McCoy, chief of its Hygienic Labora­
tory, says, “We were urgently in need of the very 
best advice available anywhere with respect 
to the standardization as to quality and safety 
of the preparation of the arsphenamine group. 
Professor Stieglitz gave unstintedly of his time 
and effort. It was always a source of great com­
fort to know that we were proceeding in accord­
ance with the advice and suggestions of Pro­
fessor Stieglitz.”

In his capacity as Professor of Chemistry of 
the University, Stieglitz and his students con­
ducted important researches on arsphenamine in 
the course of which it appeared to his satisfaction 
that the specifications given in the patent were 
not sufficient to guide a trained chemist to the 
preparation of a safe product. The additional 
steps which he employed were highly necessary. 
His investigations on Phenobarbital, so long in 
demand by physicians, led to work by Stieglitz 
and Mary M. Rising that resulted in the finding 
of improved methods for its preparation through 
substitution of methyl esters, which are solids 
easily purified by recrystallization, for the liquid 
ethyl esters used originally.

It was Stieglitz more than any other chemist 
who stressed the close genetic relationship be­
tween the three great classes of organic substances: 
dyes, war chemicals, and medicinals. To these, 
of course, may be added photographic chemicals. 
In all his efforts to keep this connection to the 
forefront he clearly saw that an ultimate solution 
could only be reached through the establishment 
in this country of a great dye industry. The 
dye “intermediates” are just those chemicals 
which form the starting material for explosives, 
war gases, synthetic drugs, and photographic 
chemicals. For economic reasons all must go 
together. The works and equipment for the 
manufacture of one class of products serves with 
little modification for all. It was through his 
connection with the Chemical Foundation that 
his greatest efforts on this subject were made. 
In the record of the trial of this organization, 
Stieglitz' achievements are recorded in much 
detail.

It will be remembered that this was the cele­
brated case in which the Government tried to set 
aside as illegal the purchase of over four thousand 
German patents covering dyes and related sub­
stances and their subsequent license to American 
firms. The Chemical Foundation had acquired
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title to the patents through their purchase for 
$250,000 from the Alien Property Custodian.

The trial occurred in Wilmington, Delaware, 
in December, 1923, before the Honorable Hugh 
M. Morris, United States District Judge. In 
the. course of the trial Stieglitz gave valuable 
testimony in support of the contention of the 
defendant (C. F.) that a complete domestic dye 
industry is the logical and only practical defense 
against a recurrence of the perilous situation in 
which the country was placed at the outbreak 
of the World War.

He showed clearly to the satisfaction of the 
court how and why an adequate supply of dye 
intermediates would provide those chemicals 
indispensable for the manufacture, not only 
of the dyes themselves but also of explosives, 
war gases, medicinals, photographic, and other fine 
chemicals. The climax of Stieglitz’ testimony, 
at least for the non-technical audience, was 
reached when by permission of the court he 
illustrated his point by an actual demonstration 
in which he showed that a given intermediate 
might serve for the preparation of a dye, a medici­
nal, or a war gas. He placed a few drops of aniline 
in each of three test-tubes: in the first he pro­
duced the dye, mauve, by oxidation of the crude 
aniline with a drop or two of ferric chloride. 
In the second tube he converted the aniline 
into the popular sedative, acetanilide (“aspirin”), 
by the action of acetyl chloride. To the aniline 
in the third tube he added alcoholic potash and 
a drop of chloroform. The nauseating phenyl 
isocyanate formed was convincing as a war 
gas.

Referring to Stieglitz’ testimony in this suit, 
Dr. Charles L. Parsons writes: “I remember how 
completely he confounded the opposition who 
thought they were going to make a point by asking 
him as to the fees he drew from the Chemical 
Foundation by quietly stating that he never 
went into court except in the public interest 
and consequently never accepted any fee therefor. 
The statement was extremely affective in the 
outcome of the trial, which was won by the 
Chemical Foundation.”

Dr. Stieglitz was editor of and contributor 
to the well known book, “Chemistry and Medi­
cine,” a most interesting and informing docu­
ment. This contribution of forty-three leading 
scientists was sponsored by the Chemical Founda­
tion and widely distributed, gratis, by Mr.

Garvan as a memorial to his daughter, Patricia, 
who died in childhood.

His services as Adviser to the Chemical 
Foundation are thus described in a letter by Mr. 
William Buffum, treasurer and general manager 
of the organization, “His council was often sought 
and freely given. He was always very coopera­
tive in assisting us to solve our general and specific 
problems. It can undoubtedly be said that Dr. 
Stieglitz was the foremost exponent for American 
chemotherapeutic research. He was one of Mr. 
Garvan’s and my closest friends.” As concrete 
evidence of his friendship and admiration, Mr. 
Garvan created the Stieglitz Foundation which 
was put at the disposal of Dr. Stieglitz for re­
search on problems in the field of Chemistry as 
applied to medicine.

In accord with university regulations Stieg­
litz’ retirement took place in September, 1933, 
at the age of sixty-five. This change in official 
status did not prevent his retention of his rooms 
at Jones Chemical Laboratory, the splendid 
new home of the department given by George 
Herbert Jones, where, as emeritus professor, 
he continued to give advice on departmental 
matters whenever requested to do so. His 
students were so loath to give him up that they 
raised a special fund which permitted him to 
continue his lectures and direct research.

Although he had numerous attractive oppor­
tunities he had steadfastly refused to act as a 
consulting chemist for industry during his pro­
fessorship. It was only after his retirement that 
he made his first and only connection of this kind, 
a “half-time” position on the staff of Universal 
Oil Products Company. Here he was associated 
with the able organic chemists Egloff, Ipatieff, 
and others.

Many additional honors came to Professor 
Stieglitz. Several honor societies elected him to 
membership: the National Academy of Sciences, 
the American Philosophical Society, and the 
American Academy of Arts and Sciences. The 
Society of Sigma Xi elected him national president 
in 1917. In 1920 he was the presiding officer 
of the Chicago Chapter of the same society. 
He was a member of the Société Chimique de 
France, the Washington Academy of Sciences, and 
the American Association for the Advancement of 
Science, of which he was vice-president in 1916.

For the years 1912-1919 he was an associate 
editor of This Journal.
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Stieglitz was a charter member of the Chaos 
Club, an informal group whose personnel is 
chosen from eminent scientists in and about 
Chicago.

In 1909 Clark U n iv ers ity  conferred upon him 
the honorary Doctor of Science degree and in 1916 
he received the honorary degree of Doctor of 
Chemistry from the University of Pittsburgh. 
In 1923 he was the recipient of the Willard Gibbs 
medal.

Many institutions honored him with special 
lectureships. He was Lecturer at the Exposition 
of Arts and Sciences at St. Louis in 1904; he 
held the Hitchcock Lectureship at the University 
of California in 1909 and later in 1915. Stanford 
University honored him with a lectureship in 1921 
and he also held the Dohme lectureship at The 
Johns Hopkins University in 1924, the Fenton 
lectureship at the University of Buffalo in 1933, 
and in 1936 he delivered the Edgar F. Smith 
Memorial Lecture at the University of Pennsyl­
vania.

He was a trustee for International Critical 
Tables, as representative of the American Chemi­
cal Society, and contributed materially to its 
ultimate successful publication. He was a member 
of the International Commission for the Annual 
Tables of Constants 1915-1921. For approxi­
mately a quarter of a century, he was a member 
of the advisory council of the Sprague Institute 
in Chicago.

The bust of Dr. Stieglitz that has occupied a 
pedestal in the entrance hall of Jones Chemical 
Laboratory, along with those of Dr. Nef and Dr. 
Alexander Smith, was the gift of his admiring 
students and other friends. It stands as a 
lasting memorial of the esteem in which he was 
held by those who knew him best.

The personal life of Professor Stieglitz has been 
sketched up to the time he joined the University 
of Chicago. In the years that followed he and 
Mrs. Stieglitz with their two children continued a 
happy and uneventful home life. Both children 
passed through the University and Rush Medical 
College, and subsequently established homes for 
themselves. Both are actively engaged in the 
practice of Medicine. The elder, Hedwig, is 
the wife of Dr. Hugh Kuhn (M.D.) of Hammond, 
Indiana. The younger, Edward J., in addition 
to his practice is also Associate Clinical Professor 
at Rush Medical College.

After having been afflicted with asthma for

many years, Mrs. Anna Stieglitz died on De­
cember 25, 1932.

Following his great loss, Dr. Stieglitz tried to 
live alone in the old home. His friends were de­
lighted when he married his former student and 
colleague, Dr. Mary Meda Rising, August 30, 
1934.

Dr. Rising is the daugher of Roland S. and Meda 
(Menardi) Rising who now reside in Hollywood, 
California. Mr. Rising is a retired banker; 
Mary Rising was bom in Ainsworth, Nebraska, 
in 1889. After graduation from Mt. Holyoke 
College in 1912, where she was a student under 
Professor Emma P. Carr, she went to the Uni­
versity of Chicago for graduate work in chem­
istry. There she received her doctorate degree 
in 1922 and from that time to the date of her 
marriage Dr. Rising was a member of the Depart­
ment of Chemistry where she was Associate 
Professor at the time of her marriage. She then 
gave up her professorship to become Research 
Associate.

A few years prior to her marriage, Dr. Rising 
had adopted a baby daughter, Kate. It is not 
strange that after the marriage, little Kate was 
soon so firmly established in the affection of Dr. 
Stieglitz that he too adopted her. Professor 
Stieglitz often spoke feelingly of his fondness for 
children. A typical remark was “Babies, I 
love them. If I could, I would like to have 
them in the house all the time!” With his three 
grand-children, two sons of Mrs. Kuhn and the 
daughter of Edward, his desires seem to have 
been realized. The home, thus newly established, 
provided those things which for him were so 
necessary for life and productive work.

In spite of a most strenuous and time-consum­
ing schedule, Stieglitz found some time for 
diversions. In his younger days, tennis and 
billiards were favorites. Later their place was 
substituted by golf. Stieglitz never played 
bridge; once when the subject was brought up, 
Stieglitz remarked, “I hate cards, that is, except 
poker; that's not cards but a play of human 
nature.”

A hobby in which he attained results of high 
artistic merits was photography. This was the 
field in which his elder brother, Alfred, had reached 
world-wide distinction. Much time was spent 
at this diversion and many splendid prints attest 
his skill.

Dr, Stieglitz' love for music inspired him to
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maintain his practice on the cello throughout 
his life. He was very fond of opera, which he 
patronized as often as time and finances per­
mitted; his favorite was Tristan and Isolde. 
Of composers, Mozart, Beethoven, Bach, Schu­
bert, and Wagner interested him most. In later 
years he found great pleasure in the radio, which 
brought to him both opera and symphony.

Up to the time of his last illness, Stieglitz had 
enjoyed consistent good health; on but very 
few occasions were his regular duties interrupted 
by illness.

In the summer of 1936 he suffered a heart 
attack which caused Mrs. Stieglitz to be sum­
moned home from California. From this illness 
he recovered quickly. The following Thanks­
giving Day he had a more severe attack. This 
was followed by pneumonia, from which he 
rallied after some weeks. The end came suddenly 
on January 10, 1937, due to coronary thrombosis.

This account would be incomplete without 
further comment on the remarkable character 
of the man whose career was thus brought to a 
close.

To the countless thousands who knew him 
only by his published works Julius Stieglitz 
was a chemist of high attainments. To the 
smaller favored number whose acquaintance was 
more intimate, his friends, colleagues, and 
students, he was a unique and highly gifted 
personality.

His life work formed an exceptionally consistent 
whole in full accord with his oft-expressed formula 
of a complete academic career. His activities 
were apportioned with rare idealism between 
teaching, research, university administration, 
and public service. To have made a success in 
one or two of these lines of endeavor would 
have assured him a lasting remembrance. His 
pre-eminence in all four is a symbol of his versa­
tility and stamps him as one of the outstanding 
men of his time.

Although Dr. Stieglitz' solicitous care for the 
welfare of his family was at all times uppermost 
in his mind, his personal interests were always 
subordinated in favor of the attainment of his 
ideals. As an example of this it is related on 
excellent authority that he once refused a position 
as chemist in a major industry at $50,000 a year.

It was a rare trait of Stieglitz' character that 
in the accomplishment of a desired end he did 
not merely lend his support to the movement.

It was his custom to work out in complete detail 
a plan by which the project could be carried 
out. Thanks to his prodigious and accurate 
memory he could take a conflicting mass of de­
tails, sift them, discard the irrelevant, and weave 
the sound arguments into a convincing whole. 
His erstwhile opponents were wont to give way 
with the remark, “What's the use; Stieglitz 
is too logical."

Perhaps it was in his relations with his students 
that his memory is most highly cherished. His 
popularity as a teacher is attested by the signifi­
cant fact that in all the University, the number of 
students who made their doctorate with him was 
greater than with any other professor. Among 
this number, 118, are many men and women who 
have achieved a national reputation. Among 
those whose life's work is complete and who were 
most widely known are Dr. Otto Folin, Professor 
of Biological Chemistry, Harvard Medical School, 
and Dr. Edwin E. Slosson, author of “Creative 
Chemistry" and founder of Science News Serv­
ice. Numerous others occupy high places in 
the field of pure and applied Chemistry.

The problems he set for his research students 
were always well thought out in advance, never 
too difficult or impossible. In the laboratory 
his attitude was dignified and formal, but quiet 
and kindly, never seemingly hurried, but never 
wasting time or words, never neglecting students 
but always keeping before them the highest 
ideals. A typical remark, “I think the com­
pound can exist, Mr. X . In a week you should 
have at least ten grams of it," was taken by the 
student as an order that he exerted himself to 
the utmost to fulfill, although its accomplishment 
won only the equally mild, but greatly valued, 
approval, “Very good, Mr. X."

Excepting during the earliest years at Chicago, 
Dr. Stieglitz rarely carried out his researches 
with his own hands. Nevertheless he was always 
critical of apparatus and technique. Often when 
he was forced to disapprove, his criticism was 
couched in so humorous a vein as only to spur 
the man to greater efforts toward improvement. 
A beginner at research had set up a piece of 
apparatus that differed greatly from that de­
scribed in the reference given. On seeing it Dr. 
Stieglitz remarked, “That is not the apparatus
used by ............ Mr. Y." When the student
excused the fault as due to his scanty knowledge 
of German, Dr. Stieglitz left without a word;
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a minute later he returned, placed on the desk 
the volume in question, opened to the page 
showing a figure of the apparatus, saying, “The 
picture is not in German, Mr. Y."

On another occasion when a student in qualita­
tive analysis explained that he was evaporating 
a solution of ammonia to concentrate it, Stieg­
litz’ only comment was, “Go right ahead, Mr. Z.”

To his students Dr. Stieglitz always lent his 
helpful sympathy when other resources failed. 
He was ever ready and willing to listen to their 
problems and was most happy when he was 
able to work out a satisfactory solution of their 
difficulties. With students, as with others, he 
had a great reputation for fair dealing. In 
many cases the advice was more personal, ex­
tending as his daugher (Dr. Hedwig Stieglitz 
Kuhn, M.D.) humorously avers, “To every 
subject from the proper selection of the bride's 
silver to the choice of an obstetrician."

Always overworked, with his time sorely 
crowded, it is not strange that those who came to 
his room unannounced to speak on trivial matters

often mistook a brusque dismissal for surliness. 
This was only apparent and not intended. Until 
late in life he had no secretary who could pro­
tect him from thoughtless intrusions.

On his part Dr. Stieglitz was always considerate 
of the time of others. For years the writer's 
laboratory was directly across the hall from his. 
He very rarely came informally to discuss matters, 
instead it was his custom to place handwritten 
notes in my box.

The esteem in which Dr. Stieglitz was held by 
his contemporaries is amply attested by the many 
positions of honor and responsibility to which 
he was called. Little can now be added to his 
fame by the laudation of his biographer. To 
employ a favorite maxim of Dr. Stieglitz: “Let 
the work show its worth by itself." The work of 
Julius Stieglitz is his memorial; a fitting testi­
mony to a splendid career. In this work he re­
alized his highest ideal: a life devoted to the 
advancement of science and the promotion of 
human welfare.

Herbert N. M cCoy
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The Separation of Primary Active Amyl Alcohol from Fusel Oil by Distillation
B y  F r a n k  C. W h i t m o r e  a n d  J. H a r r i s  O l e w i n e

Fusel oil, regardless of its origin, generally con­
sists of primary activé amyl alcohol CH3CH2- 
CH(CH3)CH2OH, and isoamyl alcohol (CH3)2CH- 
CH2CH2OH. These two alcohols, boiling at 128° 
and 130.5°, respectively, had never before been 
separated effectively by distillation alone.

Klages and Sautter1 obtained active amyl al­
cohol in 42-61% purity by distillation of fusel oil 
from beet sugar molasses. Votocek and Vesely2 
isolated the active alcohol in only 46% purity 
by the distillation of fusel oil obtained from molas­
ses. Since the completion of the present study 
(1936), Brauns has reported such a successful sepa­
ration.3 In this paper, the fractionation of fusel 
oil to give primary active amyl alcohol of approxi­
mately 95% purity, is described. The separation 
necessitated the use of very efficient columns.4,5

Experimental
The fusel oil used was a refined product6 obtained in the 

fermentation of cane molasses, a 33D —0.69°. Prior to 
fractionation, it was dried a t 0 ° for forty-eight hours with 
anhydrous sodium sulfate.

Preliminary Fractionation.—In a series of trial frac­
tionations, two packed columns of metal construction were 
used. One column was 27 feet (7.9 meters) long and 3 
inches (7.6 cm.) in diameter with a capacity of 13 gallons 
(49 liters), the other column was 52 feet (15.4 meters) long 
and 3/ 4 inch (1.9 cm.) in diameter with a capacity of 1.5 
gallons (5.7 liters). The construction and operation of

(1) Klages and Sautter, B e r ., 37, 649 (1904).
(2) Votocek and Vesely, ib id . , 47, 1515 (1914).
(3) Brauns, J .  R esearch  N a t.  B u r . S ta n d a r d s , 18, 315-31 (1937).
(4) Fenske, Quiggle and Tongberg, Ind'. E n g . C h em ., 24, 408 

(1932).
(5) Fenske, Tongberg, Quiggle and Cryder, ib id ., 28, 644 (1936).
(6) Obtained from the U. S. Industrial Chemical Company, Balti­

more, Maryland.

these columns already has been described in detail.4 5 In 
one preliminary fractionation, 40 liters of the refined fusel 
oil was first distilled in the 27-foot (7.9-m.) column and the 
best intermediate fractions therefrom were then twice re­
distilled in the 52-foot (15.4-m.) column. Approximately
0.6 liter of primary active amyl alcohol was obtained, b. p. 
128° (760 mm.), w20d 1.4111, having an average observed 
rotation of a 33D —4.27° in a 1-dm. tube. The maximum 
rotation included in this average value was —4.34°, spe­
cific rotation [a]33D —5.32°. Based on —5.9° as the 
specific rotation of pure primary active amyl alcohol, 
the alcohol thus obtained was approximately 90% pure.

Isolation of Primary Active Amyl Alcohol.—The design 
and efficiency of the distillation equipment used in this 
fractionation had been described previously.6 The 
column was of nickel construction with a height of packed 
section of 38 feet (11.4 meters) and having a distilling 
capacity of 12 liters. When tested with w-heptané and 
methylcyclohexane and operating at a velocity of 3.4 liters 
per hour a t the top of the tower, the column had the equiva­
lent of 101 theoretical plates.

Four fractionations were made using a total of 35.2 liters 
of fusel oil. The following describes a typical run. A 
charge of 10 liters of fusel oil was refluxed for twelve hours 
to bring the column to equilibrium, after which the distil­
late was collected a t a rate of approx. 70 cc. per hour during 
a period of continuous operation for eight and one-half 
days. This rate enabled an average reflux ratio of 30:1 to 
be maintained and to give a t 760 mm.: Fractions 1-13, 
1310 cc., b. p. (Cottrell) 107.8-117.4°, n20d 1.3835-1.4000; 
14-17, 450 cc., 119.6-128.7°, 1.4025-1.4102, obsd. rotation 
(1-dm. tube) a27d -0 .7 2  to -3 .81°; 18-42, 3300 cc., 
129.3-130.8°, 1.4101-1.4069, -3 .49  to 0.00°; 43-62,3973 
cc., 130.8-131°, 1.4069; residue, 725 cc.

The cuts of the four fractionations having the highest 
concentration of active alcohol were combined (8209 cc.) 
and refractionated through the nickel column during seven 
days to give: Fractions 1-7, 625 cc., b. p. 125.1-127.9° 
(760 mm.), n20D 1.4003-1.4110, « 28d -0 .41  to -4 .90 ;
8-22, 1310 cc., 127.7-128.5°, 1.4110, -4 .91 to -4 .93°,

2569
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d*h 0 .8169-0 .8137; 2 3 -3 4 , 1465 cc ., 1 2 8 .5 -1 2 9 .8 ° , 1 .4 1 1 0 -  
1.4103, - 4 . 9 2  to  - 4 . 1 2 ° ,  0 .81 3 7 -0 .8 1 3 0  ; 3 5 -4 4 , 1210 cc.,
1 2 9 .7 -1 3 1 .0 ° , 1 .4097-1 .4070 , - 3 . 5 5  to  - 0 .7 0 ° ,  0 .8130.

F ractions 8 -3 4  are prim ary a c tiv e  am yl alcohol of h igh  
rotatory  pow er. T h e  m axim um  observed  rotation  for the  
b est fraction  w as « 28d  —4 .9 3 °; specific rotation  la  128d 
—6.0 4 °. T h e  co n sta n ts (average) o f th e  prim ary a c tiv e  
am yl a lcohol are: b . p. 1 2 8 -1 2 9 °  (760  m m .), m20d 1.4109, 
d ™4 0.8189, (ca lcd .)  0 .813 , a 27-6D - 4 .7 7 ° ,  fa]27-6D
—5.8 6 ° (1-dm . tu b e). T h e  ro ta tion  o f an  a liquot sam ple  
w as k in d ly  ch eck ed  b y  L even e,7 w ho reports a 2Es87s.6

(7) Dr. P. A. Levene, Rockefeller Institute of Medical Research,
New York City, private communication.

—9.186 =*= 0 .0 0 3 °  (2 -d m . tub e), and  W a llis ,8 4 5 6 7 w ho reports  
otu -h m  —4 .5 2 °  (1 -d m . tu b e).

Summary

Primary active amyl alcohol having a high 
optical purity can be separated from fusel oil by 
a laboratory distillation process. The physical 
constants are reported.

(8) Dr. E. S. Wallis, Princeton University.

State College, P en n a . R eceived  July 11, 1938

[Contribution from the S chool of Chemistry and  Physics of the P ennsylvania  State College ]

The Primary Active Amyl Halides

B y  F r a n k  C. W h i t m o r e

The separation of approximately 95% pure 
primary active amyl alcohol by fractionation of 
fusel oil has been described in the preceding pa­
per.1 Disagreement concerning the optical pu­
rity of the halides prepared from this alcohol ex­
ists in the literature.2 In the present work, the 
preparation and properties of the active halides 
are reported. The chief objective of the study 
was the determination of the amount of racemi­
zation on conversion to the Grignard reagent 
and then to the alcohol.
C2H5—CH— CH2X — >  C2H5—CH—CH2MgX — >

I I
CHs CHS

C2H5—CH—CH2OH 

CHs

The action of thionyl chloride on primary 
active amyl alcohol in pyridine gave the cor­
responding chloride in 77% yield, specific rota­
tion [u ]28-5d  +1.66°. Treatment of the alcohol 
with phosphorus tribromide produced the active 
halide in 29% yield, H 29d  +3.75°. These 
values agree closely with those of Brauns2 but are 
lower than those of Marckwald.3 The iodide, 
[ a ] 28D  +4.84°, was prepared in 17.5% yield by 
conversion of the alcohol to the benzoate and 
treatment with magnesium iodide. The low 
value for the rotation indicated racemization.

(1) Whitmore and Olewine, T h i s  J o u r n a l , 60, 2569 (1938).
(2) Le Bel, B u ll. soc. c h im ., 25, 546 (1876); Marckwald, B er ., 37, 

1046 (1904); Klages and Sautter, ib id ., 37, 649 (1904); Neuberg and 
Federer, ib id ., 38, 1248 (1905); Jones, J .  C h em . S o c ., 87, 138 (1905); 
Hardin and Sikorsky, J .  ch im . p h y s ., 6, 179-211 (1908); McKenzie 
and Clough, J .  C h em . S o c ., 103, 690 (1913); Brauns, J .  R esearch  
N a t. B u r. S ta n d a rd s , 18, 315-31 (1937).

(3) Marckwald, B e r ., 37, 1038 (1904); 42, 1583 (1909).

a n d  J . H a r r i s  O l e w i n e

Conversion of the chloride and bromide to the 
Grignard reagents, and treatment with oxygen 
regenerated the active amyl alcohol with a total 
racemization not greater than 10% for the four 
reactions. Similar treatment of the iodide gave 
no active amyl alcohol. This reaction will be 
investigated further.

Experimental
Preparation of Primary Active Amyl Chloride.—The 

method of Clark and Streight4 was used in a series of one 
mole preparations. Addition of 2 moles of thionyl chloride 
to a solution of one mole of primary active amyl alcohol in 
one mole of dry pyridine gave the crude chloride. Purifi­
cation in the usual fashion and fractionation with an effi­
cient column, 75 X 2 cm.,6 packed with 4-mm. single-turn 
glass helices,6 gave a 77% yield of primary active amyl 
chloride, b. p. (Cottrell) 50.5-51° (140 mm.), »20d 1.4125, 
d2040.8852, [a]28'5D +1.66°.

Preparation of Primary Active Amyl Bromide.—The
method of Jones2 was used. The crude product from the 
addition of 0.37 mole of phosphorus tribromide to one 
mole of primary active amyl alcohol a t 5-15 ° was purified 
and fractionated to give a 29% yield of active amyl bro­
mide, b. p. 69.6° (140 mm.), w20d 1.4450, d2V 1.2239, 
[q:]29D +3.75°.

Preparation of Primary Active Amyl Iodide.—The
halide was prepared by the action of magnesium iodide on 
active amyl benzoate.7 Treatment of 1.5 moles of primary 
active amyl alcohol with 2 moles of benzoyl chloride gave 
an 80% yield of the benzoate, b. p. (Cottrell) 140.2° (20 
mm.), w20d 1.4948, d204 0.9913, a 28D 4-6.09° (1-dm. tube). 
Magnesium iodide was prepared from magnesium and 
iodine in dry ether. Refluxing of a solution of 1.5 moles of

(4) Clark and Streight, T r a n s . R o y . S o c . C a n ., 23, 77 (1929).
(5) Whitmore and Lux, T h is  J o u r n a l , 54, 3451 (1932).
(6) Wilson, Parker and Laughlin, ib id ., 55, 2795 (1933).
(7) Zal’kind, J .  R u ss . P h y s .-C h e m . S o c ., 46, 692 (1914); Gomberg 

and Bachmann, T h is  J o u r n a l , 50, 2762 (1928).
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Average values for original Average values for regenerated
primary active amyl alcohol primary active amyl alcohol

to make the obtained from the
Chloride Bromide Chloride Bromide

B. p., °C. (20 mm.) 50.1 50.1 50.1 50.1
n20d 1.4109 1.4109 1.4109 1.4109
d2Q4 0.81876 0.81846 0.81842 0.81829
di 0.81327-5 0.81327-5 0.79626 0.79527
otX> —4.827-5 —4.827-5 —4.2826 —4.4827
[o ]d —5.927-6 —5.927-8 —5.3826 —5.6327

magnesium iodide and one mole of the ester in 500 cc. of 
ether for two weeks gave 126.5 g. of crude iodide and much 
resin formation. Fractionation of the crude product gave 
17.5% of primary active amyl iodide, b. p. (Cottrell) 47.1 ° 
(20 mm.), n20D 1.4969, d2\  1.5227, [<*]28d +4.84°.

Regeneration of Primary Active Amyl Alcohol from 
the Corresponding Chloride and Bromide.—The primary 
active amyl chloride and bromide were converted into the 
Grignard compounds in 83 and 76% yields, respectively. 
Treatment of the Grignard compounds with oxygen at 0 ° 
and decomposition of the complex with water regenerated 
the primary active amyl alcohol. A comparison of the 
constants for the regenerated alcohol with those of the 
original alcohol is given.

A similar attem pt to regenerate the active alcohol from 
primary active amyl iodide failed.

Summary
1. The preparation and physical constants of 

the primary active amyl chloride, bromide and 
iodide are reported.

2. Primary active amyl alcohol can be re­
generated from the corresponding chloride or 
bromide by conversion to the Grignard com­
pound and treatment with oxygen. The iodide 
cannot be used for the conversion.

3. The total racemization in the steps alco­
hol —> bromide or chloride —> Grignard reagent —» 
alcohol is not over 10%.
State College, Penna. Received July 11, 1938

[Contribution from the School of Chemistry and Physics of The Pennsylvania State College]

The Nonanes. 2-Methyloctane, 3-Bthylheptane, 2,3-Dimethylheptane and
2,2,4,4-T etramethylpentane1

By F r a n k  C. W h it m o r e  a n d  H a r r ie t  A. S o u t h g a t e

The present work was undertaken because of 
the interest in this Laboratory in petroleum hy­
drocarbons, in rearrangements in the aliphatic 
series, in the limitations of typical aliphatic re­
actions and in the relation of structure to physical 
properties of aliphatic compounds.

Theoretically, thirty-five structurally isomeric 
nonanes are possible. Twelve were known when 
the present work was started, namely, ^-nonane, 
the three monomethyloctanes, 2,4-, 2,5-, 2,6- and
3,3-dimethylheptanes, 4-ethylheptane, 2,3,5- and
2,2,5- trimethylhexanes, and 3,3 - diethylpentane. 
The scattered and incomplete data on the physi­
cal properties of these eleven nonanes indicate 
that regularities exist similar to those found in 
the hexanes, heptanes and octanes.

Three new nonanes, 3-ethylheptane, 2,3-di- 
methylheptane and the most highly branched 
nonane, 2,2,4,4-tetramethylpentane, have been 
synthesized in the present study. Since the data

(1) Original manuscript received April 23, 1934.

on 2-methyloctane are meager,2 this compound 
also was prepared.

The 2,2,4,4-tetramethylpentane was obtained 
in poor yield from 2,2,4-trimethyl-4-bromopentane 
or the corresponding chloride with dimethylzinc. 
The main course of the latter reaction involved 
the removal of halogen acid to form the known 
diisobutylenes. This agrees with results obtained 
by S. N. Wrenn of this Laboratory on the action 
of a variety of alkaline agents with these halides. 
The other three nonanes were obtained by de­
hydration of the tertiary alcohols, 2-methyl-2- 
octanol, 3-ethyl-3-heptanol, and 2,3-dimethyl-3- 
heptanol by Hibbert’s3 iodine method and hydro­
genating the olefin mixtures at high pressure using 
a nickel catalyst supported on alumina.

The reactions involved in these syntheses are 
not ones which are accompanied by rearrange-

(2) Spath, M o n a tsh ., 34, 1965 (1913); Richards and Shipley, T h i s  
J o u r n a l , 41, 2002 (1919); Dobjranski and Chessin, C h em . Z e n tr ., 
101, I, 2662 (1930).

(3) Hibbert, T h i s  J o u r n a l , 37, 1748 (1915).
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ments. The physical constants recorded for the 
four nonanes indicate a high degree of purity. It 
is interesting that the most highly branched 
nonane boils lower than ^-octane.

Minutes.
Fig. 1.—A. Freezing curve of 2,2,4,4,-tetramethyl- 

pentane: cooling medium, carbon dioxide +  acetone; 
B, C, D. Freezing curves of 2-methyloctane, 3-methyl- 
heptane, and 2,3-dimethylheptane: cooling medium, 
liquid air.

Experimental
Dimethylhexylcarbinol.—Methyl hexyl ketone, b. p. 

169.9-171.5° (735 mm.), w20d 1.4150, was prepared in 26- 
32% yield by dehydrogenation with a copper catalyst of 
capryl alcohol supplied by the Rohm and Haas Company 
of Philadelphia. I t  was treated in 2-mole lots with 
methylmagnesium chloride solution in the usual way. 
The product was fractionated under reduced pressure 
through a 43 X 1.4 cm. column of the usual type used in 
this Laboratory. The dimethylhexylcarbinol, b. p. 82- 
85 ° (20 mm.), w20d 1.427, was obtained in 85% yield.

Methylisopropyl-w-butylcarbinol.—Methyl isopropyl ke­
tone, b. p. 93-95° (732 mm.), prepared fromF-amyl alcohol4 
supplied by the Sharpies Solvents Corporation of Phila­
delphia was treated in 3-mole lots with w-butylmagnesium 
bromide as usual. The methylisopropyl-w-butylcarbinol, 
b. p. 75-78° (16 mm.), n20D 1.4355, was obtained in 65% 
yield.

Diethyl-w-butylcarbinol.—Diethylcarbinol, b. p. 113- 
118° (732 mm.), was oxidized by chromic acid mixture to 
diethyl ketone, b. p. 102-105°, in 65% yield. Diethyl 
ketone in a 4-mole lot was treated as usual with w-butyl-

(4) Whitmore, Evers and Rothrock, O rg. S y n th e s e s , 13, 68 (1933).

magnesium bromide. The yield of diethyl-w-butylcarbi- 
nol, b. p. 95-97° (36 mm.), was 67%.

D ehydration  of th e  C arbinols.—This was done by re­
fluxing with a trace of iodine. The olefins were dried 
with anhydrous copper sulfate, refluxed over sodium and 
fractionated. Dehydration of 260 g. of 2-methyl-2-octanol 
gave 165 g. of olefins, b. p. 144.5-146° (722 mm.), » 20d 
1.4223 ; 360 g. of 3-ethyl-3-heptanol gave 242 g. of olefins 
b. p. 137.5° (734 mm.), 1.4261; 319 g. of 2,3-dimethyl-3- 
heptanol gave 181 g ., b . p. 135-140° (735 mm.), 1.4237- 
1.4252. Hydrogenation using a nickel catalyst on acti­
vated alumina and hydrogen under pressure gave the 
corresponding hydrocarbons in 98-100% yield.

2 ,2 ,4 ,4 -T etram eth ylp en tane.—Dimethylzinc was pre­
pared in 82-100% yields in lots up to 4 moles.5 2,2,4- 
Trimethyl-4-bromopentane, b. p. 75° (36 mm.), n 20D 
1.455, was prepared by saturating a diisobutylene fraction 
of n20D 1.4085 with dry hydrogen bromide a t 15°.6 Re­
moval of excess hydrogen bromide was found to be essen­
tial. This was done by cooling the mixture and applying 
reduced pressure and by passing carbon dioxide through 
the mixture. The corresponding chloride has been ob­
tained by heating diisobutylene with fuming hydrochloric 
acid in sealed tubes a t 105 °7 and by simply saturating 
diisobutylene with hydrogen chloride a t 15°. The 2,2,4- 
trimethyl-4-chloropentane, b. p. 53° (29 mm.), n20d 1.431 
was obtained in 75% yield.

Dimethylzinc was treated in an atmosphere of carbon 
dioxide with 2,2,4-trimethyl-4-chloropentane or the corre­
sponding bromide. The chloro compound gave better 
results. During ten hours 408 g. (2.8 moles) of the chlo­
ride was added to a stirred solution of 147 g. (1.55 moles 
titrated) of dimethylzinc in 150 cc. of dry tetralin in a 3- 
necked flask provided with a dropping funnel, condenser, 
and mercury-seal stirrer. The temperature was main­
tained a t 40°. Precipitation started almost immediately 
and rendered stirring difficult. After standing overnight 
the mixture was acidified with hydrochloric acid. The 
organic layer was washed with sodium bicarbonate solution 
and dried with 10 g. of calcium chloride. Fractionation 
through the 43 X 1.4 cm. column yielded mainly diiso­
butylenes formed by the removal of hydrochloric acid 
from the chloride, a small amount of higher polyisobutyl­
enes and a yield of 18% (average of many runs) of the 
crude 2,2,4,4-tetramethylpentane, b. p. 120-125° (730 
mm.), n20d 1.408.

P urification of th e  N o n a n es .— Each of the four nonanes 
was shaken with successive one-tenth volume portions of 
concentrated sulfuric acid until a fresh portion showed no 
color. All acid was removed by washing with sodium 
bicarbonate solution and then with water. After drying 
over calcium chloride the product was fractionated.

M easu rem en t of P h y sica l P roperties.—A Valentine No. 
451 refractometer was used for determining the refractive 
indices. The temperature was controlled to 0.1°.

Boiling points were measured with a Cottrell type 
boiling point apparatus. The temperature was read by 
means of a copper-copel thermocouple checked against a

(5) Lachman, A m . C h em . J . ,  19, 410 (1897); Noller, T h is  
J o u r n a l , 51, 494 (1929); Renshaw, ib id ., 42, 1472 (1920).

(6) Tongberg, et a l. ,  ib id . 54, 3706 (1932).
(7) Butlerow, A n n ., 189, 44 (1877); Kondakow, J .  p r a k t.  C h em .,

[2] 54, 449 (1897).
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Table I
Summary o. Physical Properties

B. p. (760 in.
Nonane F. p., °C. °C.

2-Methyloctane -8 0 .1 142.80
2,3-Dimethylheptane (-1 1 6 .7 ) 140.65

glass initial
3-Ethylheptane glass ( —114.9) 143.10
2,2,4,4-Tetramethylpentane -6 6 .9  

to -6 7 .1
122.30

Bureau of Standards couple and also checked at the boiling 
points of w-hexane, ^-heptane, water, 2,2,4-trimethyl- 
pentane, naphthalene and toluene. Boiling points re­
corded represent the boiling point when 50% of the sample 
had been removed.

The freezing points were determined with samples of 
about 20 cc. of the nonane placed in a glass-jacketed test- 
tube which was lowered into a Dewar flask containing a 
mixture of carbon dioxide snow and acetone or liquid air. 
The sample was stirred vigorously and the temperature 
determined every twenty to thirty seconds by means of a 
chromel-copel thermocouple8 and a Leeds Northrup Port­

(8 )  Tongberg, Pickens, Fenske and Whitmore, T h i s  J o u r n a l , 
54, 3706 (1932).

Viscosity-
B.

°C. p. Mm. w2°°D d20.14
37.8®

poises
100° 

X 10
141.65 727.5 1.40285 0.7107 5.25 2.79
139.05 728.0 1.40850 .7235 5.21 3.30
in it ia l
142.10 738.5 1.40900 .7260 4.90 2.61
121.30 738.5 1.40695 .7185 6.80 3.39

able, Double Range Potentiometer. The cooling curves 
are given in Fig. 1.

Densities and viscosities were determined by 
W. A. Herbst of this Laboratory.

Summary
2-Methyloctane and three new nonanes, 2,3- 

dimethylheptane, 3-ethyloctane and 2,2,4,4-tetra­
methylpentane have been prepared.

Boiling point, index of refraction, density, 
freezing curves and viscosity have been deter­
mined for the four nonanes.
State College, Penna. Received August 15, 1938

[Contribution from the School of Chemistry and Physics of the Pennsylvania State College]

A New Synthesis of Tertiary Hydrocarbons

B y  F r a n k  C. W h it m o r e  a n d  H. P h i l i p  O r e m

The general method of preparation of saturated 
aliphatic hydrocarbons involves the hydrogena­
tion of an olefin formed by dehydration of the 
corresponding alcohol or by removal of halogen 
acid from the alkyl halide.1 Other methods, 
such as the hydrolysis of the Grignard reagent 
and the reduction of the halide with 4‘nascent" 
hydrogen2 have been used.

Levene3 prepared hexadecane from cetyl iodide 
by adding zinc dust to the iodide and passing in 
dry hydrogen chloride with heating for several 
hours. In the present study, a modification of 
this method has been applied to tertiary iodides. 
Five tertiary aliphatic hydrocarbons have been 
prepared from their corresponding tertiary alco­
hols by the modified method. This offers a new 
and simple method of preparing branched-chain 
hydrocarbons from tertiary alcohols.

(1) Edgar, Calingaert and Marker, T h i s  J o u r n a l , 51, 1483 
(1929); Calingaert and Soroos, ib id ., 58, 635 (1936).

(2) Clarke, ib id . , 30, 1147 (1908); 31, 589 (1909).
(3) Levene and West, J .  B io l . Chem.,, 20, 523 (1915),

Experimental
Preparation of the Alcohols.—Four of the alcohols were 

prepared from Grignard reagent and ketone; the other 
from Grignard reagent and acid chloride.

Preparation and Purification of the Hydrocaibons.—The 
hydrocarbons were prepared by treating the tertiary alco­
hols with dry hydrogen iodide4 until one and one-half 
times the theoretical quantity of hydrogen iodide had been 
added. Then zinc dust (Baker c. p . 95%) was added in 
small quantities until reaction ceased. The mixture was 
then stirred and dry hydrogen chloride was passed in with 
the addition of more zinc until four times the theoretical 
quantity was added. The flask was heated to 70-80 ° with 
stirring and the addition of hydrogen chloride for approxi­
mately ten hours for each half mole of alcohol used. 
Water was then added slowly to give equal volumes of 
water and reaction product in the flask. The hydrocarbon 
was steam distilled and separated from the water layer.

The hydrocarbon was purified by washing with 70% (by 
weight) sulfuric acid until only a pale yellow color re­
mained’ then with 85% sulfuric acid, and finally with 
concentrated sulfuric acid until little color appeared upon 
adding fresh acid. The product was then washed once

(4) Kastle and Bullock, T h is  J o u r n a l , 18, 109 (1896),
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Carbinols w20d Reaction Yield, %
2-Methylhexanol-2 1.4186 0.8146 BuMgBr Me2CO® 80
2-Methyloctanol-2 1.4280 .8210 MeMgCl Me-w-hexyl ketone 74
3-Ethylheptanol-3 1.4360 .8429 EtMgBr Valery 1 chloride6 66
S-Methylnonanol-3 1.4358 .8311 EtMgBr Me-w-hexyl ketone 76
4-Methyldecanol-4 1.4375 .8296 PrMgBr Me-w-hexyl ketone 56

® Acetone was purified by fractional distillation from solid potassium permanganate and freshly prepared calcium oxide.
6 n-Valeryl chloride (b. p. 126° (730 mm.); n20d 1.4200) was prepared from the acid by treatment with thionyl chloride 

in 84% yield. The valeric acid (b. p. 86° (18 mm.), n20d 1.4080) was prepared in 81% yield by treating w-butylmagne- 
sium bromide with carbon dioxide. The flask containing the Grignard reagent was cooled to 0 °, solid lumps of carbon 
dioxide were dropped into the solution and the material allowed to stand overnight. Secondary and tertiary alcohols may 
be formed if the addition of carbon dioxide gas is slow. Gilman, Rec. trav. chim.. 49,1172 (1930).

Properties of the Hydrocarbons

Hydrocarbons
B. p. 

°C. Mm.
B. p.°c.« Mm. W204 m20d F. p., °C.

Yield,
%

2-Methylhexane 89.1 735 90.3 760 0.6794 1.3851 -1 2 0 .3 23.7
2-Methyloctane 141.6 736 142.8 760 .7132 1.4030 b 48.8
3-Ethylheptane 141.9 736 143.1 760 .7272 1.4090 b 38.3
3-Methylnonane 166.3 732 167.6 760 .7319 1.4123 -9 0 .0 30.1
4-Methyldecane 186.8 739 188.1 760 .7422 1.4177 -9 2 .9 27.8

® The boiling points were taken at 760 mm. with a Cottrell b. p. apparatus and a barostat, 
6 Refer to Frank C. Whitmore and H. A. Southgate, This Journal, 60,2571 (1938).

with water, twice with 25% sodium hydroxide solution, 
and dried over sodium. I t  was carefully fractionated5 1 2 3 4 
from sodium-potassium alloy, washed with concentrated 
sulfuric acid, water, 25% sodium hydroxide, dried over 
sodium, and refractionated from sodium-potassium alloy 
to give a constant index material that gave no halide test

(5) Whitmore and Lux, T h i s  J o u r n a l , 54, 3451 (1932).

with copper wire and no olefin test with bromine in carbon 
tetrachloride.

Summary
A new synthesis of tertiary hydrocarbons has 

been described, and applied to five aliphatic hy­
dro carbons.
State College, Penna. R eceived August 16, 1938

[Contribution from the Biological Institute of the Carlsberg Foundation, Copenhagen]

Hydrogenation of Vitamin Bx and Other Quaternary Thiazoles1
B y  F r it z  L i p m a n n  a n d  G e r t y  P e r l m a n n

Dehydrogenation of various substrates in the 
cell is effected by quaternary pyridine com­
pounds—nicotinic acid derivatives2,3—acting as 
hydrogen-transporting systems between the re­
spective substrates and other hydrogen carriers.2,4 
The catalytic action of these pyridinium com­
pounds is due to alternate hydrogenation and 
dehydrogenation at the double bond adjoining 
the quaternary nitrogen.

H H
h / 'N c ONHü + 2H  h /% C O N H 2

<- 2 H  H (N/H +  H+ (1)

R R
(1) This investigation was supported by a grant from the Ella 

Sachs Plotz Foundation.
(2) (a) O. Warburg and W. Christian, B iochem . Z., 287, 291 (1936); 

(b) O. Warburg, E rg eb n isse  E n zy m fo rsc h u n g ., 7, 210 (1938).
(3) P. Karrer, G. Schwarzenbach, F. Benz and U. Solmsson, H e lv . 

C h im . A c ta , 19, 811 (1936).
(4) H. v. Euler, E rg eb n isse  P h y s io l . , 38, 1 (1936).

The action of vitamin Bi (which hereafter in 
this paper will be referred to as “thiamin”) as 
codehydrase for pyruvic acid dehydrogenation 
was made highly probable by the work of Peters 
and co-workers5 with avitaminotic tissues (see 
also Lipmann6). Using the pyruvic acid dehy­
drogenase of Bacterium Delbruckiij the codehy­
drase function of thiamin—as thiamin pyro­
phosphate, Lohmann’s cocarboxylase7—could be 
shown definitely.8

The presence of a quaternary thiazole in thi­
amin,9 the well-known similarity between thia­
zoles and pyridines together with the codehydrase 
function of thiamin suggested a similar mode of 
action for the pyridine and thiazole codehydrases.

(5) R. A. Peters, B io ch em . J . ,  31, 2240 (1937).
(6) F. Lipmann, S k a n d . A rc h . P h y s io l . , 76, 255 (1937).
(7) K. Lohmann and P. Schuster, B io c h e m . Z . , 294, 188 (1937).
(8) F. Lipmann, E n zy m o lo g ia , 4, 65 (1937).
(9) R. R. Williams and A. E. Ruehle, T h i s  J o u r n a l , 57, 1856 

(1935).
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In a previous short communication10 the dehy­
drogenation of thiamin with sodium hyposulfite 
(Na2S20 4) was described. The reaction was fol­
lowed by the use of Warburg's manometric meth­
od,11,12 which measures bicarbonate decomposi­
tion due to oxidation of neutral hyposulfite to 
acid sulfite (Na2S204  +  R +  2NaHC03 =  2Na2- 
S 0 3 +  H2R +  2 CO2). It was found that for 
each mole of thiamin approximately 3 moles of 
bicarbonate was decomposed. In accordance 
with the findings of Warburg2b and Karrer3 with 
the quaternary pyridines (equation 1), the ap­
pearance of one extra equivalent of acid was inter­
preted as being due to the change from strong to 
weak basicity on reduction. This led to the con­
clusion that the hydrogenation of thiamin takes 
place at the double bond adjoining the quater­
nary nitrogen in the thiazole part of the molecule
HOH4C2Ü— S

+2H  -------^
HOH4C2

h 3c
I »

U :
H CH2 NH2
I I I 

c = c — c

! SH + H +  (2) 
H CH2 NH2

U - A

N = C ----- N N = C — -N

CH3 CHs
This interpretation is supported by the recent 

findings of Erlenmeyer13 that thiazole-5-carboxylic 
ester methiodide is hydrogenated with hyposulfite 
in exactly the same manner as the corresponding 
pyridine compound, both yielding one extra 
equivalent of acid on reduction.

The results mentioned above made it desirable 
to study the hydrogenation of thiamin and other 
quaternary thiazoles more in detail.

Throughout the work, the hydrogenation with 
hyposulfite was measured by the manometric 
method of Warburg.11,12 Hydrogenation with 
platinum black and hydrogen was measured in 
Warburg manometers. The platinum black was 
prepared according to the directions of Will­
statter and Waldschmidt-Leitz.14

For all the experiments carried out with thia­
min, the synthetic product of the I. G. Farben- 
industrie was used, for a large gift of which we are 
greatly indebted to the staff of the I. G. Farben- 
industrie.

(10) F. Lipmann, N a tu r e , 138, 1097 (1936).
(11) O. Warburg, W. Christian and A. Griese, B ioch em . Z ., 282 

157 (1935).
(12) E. Haas, ib id ., 285, 368 (1936).
(13) H. Erlenmeyer, A. Epprecht and H. von Meyenburg, H elv. 

C h im . A c ta , 20, 514 (1937).
(14) R. Willstatter and E. Waldschmidt-Leitz, B e r ., 54,113 (1921).

The Hydrogenation of the “Cleavage Prod­
ucts.”—To exclude the possibility that hydro­
genation takes place upon the pyrimidine part, 
the split products obtained by the sulfite cleavage 
of Williams15 were tried separately. As shown 
by Williams, thiamin is split into pyrimidine-sul­
fonic acid and thiazole by the action of acid sulfite 

Ci2Hi6N4OS +  H2SO3— >  CeHgNsSOs +  C6H 9NOS 

Thereby the quaternary thiazole is converted into 
a tertiary. The methiodide of the thiazole part 
was prepared according to Buchman, Williams 
and Keresztesy.16

Hydrogenation with Hyposulfite.— The results 
of the manometric measurements are assembled 
in Table I.

Table I
Hydrogenation of the “Cleavage Products” with 

Hyposulfite: M anometric Measurements

No. Substance
Moles
co2

Atoms
hydrogen

Extra
acid

1 Pyrimidine 0 0

2
sulfonic acid 

Thiazole part 0 0

3
(tertiary) 

Thiazole part 3.1 2 1.1

4
(quaternary)

Thiamin 2.75 2 0.75

It appears from the table that none of the split 
products (Nos. 1 and 2) reacts with hyposulfite 
but that the thiazole methiodide (No. 3) reacts in 
the same manner as thiamin (No. 4), but more 
slowly (see last column and Fig. 1). In both

Time, hours.
Fig. 1.;—Manometric experiment with 

0.405 X 10 “2 millimole of thiamin (upper 
curve) and 0.383 X 10“2 millimole of 4- 
methyl-5-hydroxyethylthiazole methiodide 
(lower curve); temperature 30°.

(15) R. R. Williams, R. E. Waterman, J. C. Keresztesy and E. R. 
Buchman, T h i s  J o u r n a l , 57, 536 (1935).

(16) E. R. Buchman, R. R. Williams and J. C. Keresztesy, ib id . ,  
57, 1849 (1935),



2576 F r it z  L ip m a n n  a n d  G e r t y  P e r l m a n n Vol. 60

cases nearly one equivalent of extra acid appears 
on reduction. Since the pyrimidine part does not 
and the thiazole part, when quaternary, does, 
react as the whole, evidence is thus obtained that 
the hydrogenation of thiamin with hyposulfite 
takes place in the thiazole part of the molecule.

Hydrogenation with Platinum Black-Hydro­
gen.—Though only the hydrogenation with 
hyposulfite can be taken as significant as a model 
reaction, reduction with Pt-H 2 was also meas­
ured for comparison. The results are assembled 
in Table II. As mentioned in the first publica­
tion,9 thiamin absorbs nearly one mole of hydro­
gen (Nos. 7 and 8). The reactivity of the pyrimi­
dine part depends on pH  (or buffer system). In

Table II
H ydrogenation of the “Cleavage Products” and 
Quaternary Thiazoles with Platinum Black and

Hydrogen
Moles Time,

No. vSubstance pH h2 hours
1 Pyrimidine sulfonic acid 10.5 0.12 4
2 Pyrimidine sulfonic acid 8 1.88 20
3 Thiazole part tertiary 10.5 0.1 4
4 a Thiazole part quaternary 

b
8 1.0

1.97
1.5

20
5 Thiamin 8 0.92 4
6 Thiamin 10.5 1.07 8
7 4-Methyl-5-carboxylic 

ester thiazole methiodide
8 1.2 18

8 4-Methylthiazole
methiodide

8 1.8 18

borate at pH  10.5 a very sluggish absorption takes 
place (No. 1). In phosphate at pH  8 approxi­
mately two moles of hydrogen were taken up at a 
medium rate. The thiazole part (tertiary) ab­
sorbs virtually no hydrogen (No. 3). The 
quaternary thiazole absorbs a total of two moles. 
The absorption curve shows a break after one 
mole is taken up (No. 4 a and b). Besides, two 
other quaternary thiazoles were tried: 4-methyl-
5-carboxylic ester thiazole methiodide and 4- 
methylthiazole methiodide, both prepared ac­
cording to Clarke and Gurin.17 The ester thia­
zole, like thiamin, takes up approximately one 
mole at a rapid rate, the methylthiazole takes ap­
proximately two moles; the first at a rapid, the 
second at a slower, rate.

The reactivity of the second double bond in 
quaternary thiazoles depends apparently to a 
large extent on the nature of the substituents. 
When reacting, it always went more slowly than 
the first. It is to be noted that the pyrimidine-sul-

(17i H. T. Clarke and S, Gurin, T h i s  J o u r n a l , 57, 1876 (1935).

fonic acid is hydrogenated with Pt-H 2. That the 
one mole of hydrogen taken up by the thiamin goes 
to the same place as on hydrogenation with hy­
posulfite seems quite probable, since it was found 
that with Pt-H 2 also one mole of acid appears on 
reduction (by titration of a larger sample before 
and after reduction, in Na2HPC>4 with thymol- 
phthalein as indicator).

The Colored Intermediate Hydrogenation
Product.—It was observed that a transient yel­
lowish-green color appears on addition of hypo­
sulfite to neutral thiamin solutions.18 Experiments 
with various thiazoles (see next paragraph) have 
shown that the greenish colored intermediate 
appears generally on hydrogenation of quaternary 
thiazoles with hyposulfite. In the special cases, 
the intensity of the color depends on the rate of 
reaction. With the fast-reacting ester thiazole 
(Table III, No. 3) a bright color appears in very 
dilute solution; with a slow reacting substance as
4-methyl-5-ethoxythiazole methiodide only con­
centrated solutions give a coloration. To com­
pare the described phenomenon with the corre­
sponding one found by Karrer and Benz19 and 
Adler, Hellström and von Euler20 with quaternary 
pyridines and cozymase, nicotinic acid amide eth- 
iodide21 was prepared. The course of events is ex­
actly the same with the two classes of compounds. 
With the pyridines the color is more orange.

On reduction of thiamin with zinc and normal 
hydrochloric acid, a very similar transient color 
appears. After the disappearence of the color 
vigorous hydrogen sulfide formation sets in, in­
dicating that here hydrogenation is followed by 
profound degradation.

The most obvious explanation for the transient 
coloration, proposed already for the pyridines,19 
is that hydrogenation occurs in two steps.22 
The half reduced colored compound, of a semi­
quinone type, is decolorized by further reduction. 
As the two-step oxidation or reduction is very 
common with the oxido-reduction catalysts of the 
cell (flavin, pyocyanine, pyridine coferments, 
etc.), it seems of importance that it occurs also 
with thiamin.

The Hydrogenation of Various Quaternary 
Thiazoles with Hyposulfite.— We have studied 
the reaction with 4-methyl-5-carboxylie acid

(18) F. Lipmann, N a tu re , 140, 849 (1937).
(19) P. Karrer and F. Benz, H elv . C h im . A c ta , 19, 1028 (1936).
(20) E. Adler, H. Hellström and H. v. Euler, Z . p h y s io l .  C h em ., 

242, 225 (1936).
(21) P. Karrer and F. J. Stare, H elv . C h im . A c ta , 20, 418 (1937),
(22) L. Michaelis, C h em . R ev ., 16, 243 (1935).
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ethyl ester methiodide, a compound similar to 
that studied by Erlenmeyer.13 From the ester 
the corresponding acid amide was prepared, fol­
lowing a procedure used by Karrer3 to prepare 
nicotinic acid amide. The similarity of con­
stitution of the two acid amides made the study 
of this thiazole interesting. Benzothiazole methi­
odide was prepared according to Möhlau and 
Krohn.23 This substance has been studied by 
Mills and co-workers.24 Their work, to be dis­
cussed later, made the inclusion of it desirable.

In Table III all our manometric experiments 
with quaternary thiazoles are summarized. For

Table I II
Hydrogenation of Quaternary Thiazoles with 

H yposulfite: Manometric Measurements

No.
Moles

Substance CO2
Atoms

H
Extra
acid

50%
Reduction

time,
min.

1 Nicotinic acid 3.1 2 1.1 1.5
amide ethiodide

2 Thiamin 2.8 2 0.8 15
3 4-Methyl-5- 3.1 2 1.1 57

ethoxy thiazole methiodide
4 4-Methyl-5- 2.9 2 0.9 3

carboxylic acid ethyl ester thiazole methiodide
5 4-Methyl-5- 2.88 2 0.88 5

carboxylic acid amide thiazole methiodide

comparison the nicotinic acid amide ethiodide is 
included. In all the cases approximately one 
mole of extra acid appears in addition to the two 
moles originating from the transfer of two hy­
drogens. The rate of reaction (see last column) is 
greatest for derivatives of the acid, nearly ap­
proaching that of the pyridine compound. It is 
intermediate with thiamin and slowest with the 
methiodide of the cleavage product.

The behavior of benzothiazole methiodide was 
somewhat different. Mills and co-workers have 
described the reduction of this compound with 
zinc and hydrochloric acid. The a-dihydroben- 
zothiazole, a water-insoluble substance of char­
acteristic odor, was isolated in good yield. They 
described also the reversion of the dihydrothiazole 
to thiazole methiodide by oxidation with iodine 
in alcoholic solution.

When benzothiazole methiodide, freshly dis­
solved in bicarbonate, is treated at once with 
hyposulfite, we found that the bright greenish 
color of the intermediate appeared, the solution 
became cloudy and a characteristic odor, the

(23) R. Möhlau and C. W. Krohn, B e r ., 21, 59 (1888).
(24) W. H. Mills, L. M. Clark and J. A. Aeschlimann, J .  C hem . 

S o c ., 123, 2353 (1923).

same as on reduction with Zn-HCl, developed. 
The experiment showed that benzothiazole meth­
iodide is reduced by hyposulfite in the same man­
ner as other quaternary thiazoles. Therefore, it 
was surprising to find that the manometric ex­
periment did not show any reaction, when carried 
out in the usual manner—that is to dissolve the 
thiazole in bicarbonate, equilibrate the vessel in 
the thermostat and to tip the hyposulfite into the 
solution. The explanation is found in the fact 
that benzothiazole methiodide reacts rapidly with 
bicarbonate. In about fifteen minutes at 30° 
two moles of bicarbonate was decomposed. It 
is known from the work of Mills and of Williams 
that by the action of strong alkali the pseudobase 
is formed first and then the thiazole ring is opened 
in the following manner

I CH -<■
\ / \ £ /  I -

+N aO H  
—>

/ \
I /O H

C< + N a I  <-
\ / \ N/  Xh

I
R

II

/ V - S N a

+NaOH

\ / ~ f _C^ H + Ha°  (3)
R
III

Mills called attention to the strong acidity of the 
thiophenol derived from benzothiazole. It must 
be an appreciably stronger acid than carbonic 
acid. Therefore in bicarbonate at the end of 
the reaction practically only molecule III is pres­
ent in the solution. Molecule I, which reacts 
with hyposulfite, has disappeared.

The amide reacts similarly, but only incom­
pletely. The equilibrium can be driven back in the 
direction of molecule I by saturation with carbon 
dioxide. Therefore the manometric experiment 
with the amide was carried out with carbon di­
oxide in the gas phase. The other thiazoles did 
not decompose bicarbonate.

The Question of Reversibility. Discussion
At an early stage of this investigation, attempts 

were made to isolate the hydrogenated thiamin,
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but met with great difficulties, which it has not 
been possible to overcome up to now. On ex­
traction of the more or less alkaline solutions with 
chloroform or ether, the greater part of the prod­
ucts of reaction remained always in the water 
phase. The brownish oily residue from chloro­
form or ether was obviously inhomogeneous. 
Furthermore, it was not possible to reoxidize the 
product of reduction to thiochrom with ferricya­
nide and alkali. Only a comparatively feeble 
blue fluorescence appeared. Therefore it was not 
surprising to find that the biological activity was 
lost after hydrogenation.

A similar behavior was found with the ester 
thiazole and the acid amide thiazole methiodides. 
The latter substance required attention because 
the work of Karrer25 showed that the acid amide 
group has a stabilizing effect on the equally un­
stable dihydropyridines. The only thiazole which 
yielded with hyposulfite a stable hydrogenated 
product, was benzothiazole. The identity of this 
product with benzodihydrothiazole obtained on 
reduction with Zn-HCl by Mills and co-workers, 
though still to be established, can scarcely be 
doubted. With this compound the reversibility 
of dehydrogenation had been shown before. As 
our experience makes it quite probable that the 
primary process of reduction is the same in all 
cases, it might be concluded that, primarily a re­
versible hydrogenation product, the 2-dihydrothia- 
zole is always formed which subsequently under­
goes irreversible rearrangements.

If the codehydrase action of thiamin or, better, 
thiamin pyrophosphate should—as was suggested 
in the beginning of this paper—be due to a re­
versible hydrogenation of the thiazole, the hy­
drogenated thiamin must be stabilized in the 
enzyme (codehydrase-protein compound). This 
could possibly be effected by the combination with 
the specific protein. It has been described else-

(25) P. Karrer, F. W. Kahnt, R. Epstein, W. Jaffe and T. Ishü, 
H elv. C h im . A c ta , 21, 223 (1938).

where8 and has been confirmed recently26 that in 
pyruvic acid dehydrogenase the codehydrase is 
strongly bound to the protein and most probably 
does not dissociate in the cell. Thus the thiamin 
enzyme differs from the pyridine enzymes, in 
which the pyridine-protein dissociates easily.

We wish to thank Dr. Albert Fischer, Director 
of this Laboratory, for the kind support he has 
given to the above work. We also wish to ex­
press our gratitude to Dr. Stig Veibel for his help 
in obtaining materials for the preparation of some 
of the compounds used.

Experimental
4-Methyl-5-carboxylic Acid Amide Thiazole Methiodide.

—One and one-half ml. of 4-methyl-5-carboxylic ester thi­
azole17 was dissolved in 3 ml. of methanol and saturated 
with ammonia a t —18°. The mixture was heated in a 
bomb tube for twelve hours to 150 °. On cooling crystals 
separated from the methanolic solution. The methanol 
and ammonia were distilled off. From the brownish, 
mostly crystalline residue, the amide was extracted by 
boiling three times with benzene. The substance crystal­
lized from the benzene in only slightly discolored crystals, 
yield 0.75 g. Anal. Calcd. for C5H6N2OS: N, 19.67. 
Found: N (Dumas), 18.81. Without further purification 
the product was treated with methyl iodide. I t  was dis­
solved in 2 ml. of absolute alcohol mixed with 7 ml. of 
methyl iodide and boiled gently on the reflux condenser for 
twelve hours. After removal of the methyl iodide, the 
methiodide was crystallized twice from absolute alcohol.

Anal. Calcd. for C6H9N2OSI: N, 9.84. Found: N 
(Dumas), 9.73.

4-Methyl-5-carboxylic Acid Ethyl Ester Thiazole Meth­
iodide.—The ester was mixed with an excess of methyl io­
dide and warmed in a sealed tube to 40 ° for twenty-four 
hours. A brown oil separated on the surface. After 
removal of the methyl iodide, the solid, partly crystalline 
residue was dissolved in absolute alcohol. On careful 
addition of ether, the methiodide crystallized in large light 
yellow needles, m. p. 140

Summary
The dehydrogenation of vitamin Bi (thiamin) 

and other quaternary thiazoles is studied in con­
nection with the codehydrase function of thiamin.

(26) Unpublished experiments.
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Quantitative Measurement of the Ultraviolet Activation of Sterols. X. Ergosterol
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Ten years ago Kon, Daniels and Steenbock1 
reported that the ergs of radiant energy necessary 
to form from ergosterol an amount of vitamin D 
sufficient to demonstrate a deposition of calcium 
in the bones of rachitic rats was constant (700- 
1000 ergs) for mercury lines 2560, 2652, 2804 and 
2937 A.

Another paper, that by Marshall and Knud- 
son,2 reported that the rate of production of 
vitamin D is directly proportional to the number 
of light quanta absorbed by ergosterol and is inde­
pendent of the wave length. They also stated 
that one quantum produced an average of 0.3 
molecule of vitamin D.

A more recent publication3 has reported that 
one International Unit of vitamin D was synthe­
sized from ergosterol by 900 ergs of ultraviolet 
energy and that lines 249, 254, 265, 275, 280, 
297 and 303 m/x were equally effective on a quan­
tum basis. These results have created confusion, 
since they indicate that the photochemical 
conversion of ergosterol into vitamin D by various 
frequencies is dependent upon (1) the ergs of 
radiant energy irrespective of wave length (in 
the active region), (2) the quanta of energy 
irrespective of wave length and (3) equal ergs 
and equal quanta for the various wave lengths. 
Since ergs and quanta do not have a constant 
relation as wave lengths are varied, there is some 
obvious discrepancy.

The study which is being reported at this time 
was undertaken to determine more accurately 
the antirachitic effectiveness of the various lines 
in the mercury arc spectrum, and to determine 
the efficiency of the photochemical reaction in 
which ergosterol is converted into its antirachiti- 
cally active isomer vitamin D (vitamin D2 or 
calciferol). In this study 600 rachitic rats were 
used with a double quartz monochromator in 
a study of the active ultraviolet lines.

Procedure.—In this study we used the five active lines4 
of the mercury arc spectrum. The quantum-erg rela­
tionship of these lines is as follows.

(1) Kon, Daniels and Steenbock, T h i s  J o u r n a l , 50, 2573 (1928).
(2) Marshall and Knudson, ibid., 52, 2304 (1930).
(3) Haman and Steenbock, Ind . Eng. Chem., Anal. E d 8, 291 

(1936).
(4) Bunker and Harris, N . E. J . Med., 216, 165 (1937).

A. Ergs/quantum

3025 6.50 X 10~12
2967 6.62 X 10~12
2804 7.01 X 10~12
2652 7.41 X 10“12
2537 7.74 X 10"12

Irradiation Procedure.—In all experiments a cylindrical 
quartz vessel (27 mm. diameter, 152 mm. long) with flat 
ends was filled to capacity (approximately 80 cc.) with a 
0.1% solution of ergosterol (du Pont) in c. p. anhydrous 
ethyl ether. This cell was mounted against the exit 
slit of a Bausch and Lomb quartz monochromator4 (type 
no. 33-86-05) with prisms 8 X 8  cm. in such a way that 
the incident energy entered the front face of the vessel 
and passed into the ergosterol solution along the axis of 
the vessel.

By the use of photographic paper and malachite green 
leucocyanide reagent,5 it was shown with all wave lengths 
studied that the energy was all absorbed in passing through 
the ergosterol solution.

These experiments were designed to compare the rela­
tive ability, on a quantum basis, of the different lines to 
activate ergosterol. Exposure times were calculated so 
that in a given experiment the ergosterol solution was 
exposed to the same number of quanta. Because of varia­
tions in the energy emission of the mercury arc the ex­
posure times were different for each line. The emission 
from this lamp was measured from time to time during the 
course of the investigation.

To ensure the greatest accuracy the time was varied 
until an exposure would produce an amount of vitamin 
which, when fed to eight standard rachitic rats (Steenbock 
diet 2965), would produce a Steenbock unit of healing. 
Concurrent assays were run with USP Reference Oil so 
that in all cases a conversion into USP or International 
Units was possible.

The amount of energy entering the quartz cell was de­
termined with the thermopile-galvanometer (type HS, 
Leeds and Northrup), using a Bureau of Standards K-4 
lamp as a reference. The vertical six-inch (15 cm.) 
Uviarc was housed in a white transite box with an open 
window. The lamp was placed in the principal optical 
axis of the monochromator, at a distance of 13 cm. from 
its front face. The lamp was operated at 170-174 v. 
and 4.0-4.5 amp. The voltage was controlled by a photo- 
electrically operated voltage regulator (Stockbarger, to be 
published).

Following exposure the ergosterol solution was run into 
20.0 g. of pure olive oil, three rinsings with anhydrous 
ether were added to the oil. The ether was removed from 
the oil under carbon dioxide by vacuum and the oil solu­
tion of irradiated ergosterol then thoroughly incorporated 
into 360 g. of Steenbock diet 2965. The mixture was 
divided into eight portions of 45 g. each and fed to eight

(5) L. Harris and J. Kaminsky, T h i s  J o u r n a l , 57, 1154 (1935).
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rachitic rats. Additional 2965 diet was placed in the 
cages of the animals when this special mixture had been 
consumed. The animals were killed at the end of ten 
days, their leg bones X-rayed and line tested so that the 
degree of healing could be calibrated. In all cases, Wistar 
strain albino rats were placed in individual cages and given 
the rachitogenic diet when twenty-eight days old. They 
were fed the irradiated ergosterol supplement after twenty 
to twenty-four days on the diet.

Results
Early in the research it was found that the 

efficiency of our irradiation procedure was better 
than that reported by Marshall and Knudson,2 
for 11.6 X 1013 quanta in our hands produced 
more than one USP unit of vitamin D. In six 
successive stages the irradiation time was de­
creased until it was established that 7.5 X 1013 
quanta produced a unit of rachitic healing.

Space does not permit a presentation of the 
data in full. A total of sixteen complete experi­
ments has been run with each active mercury 
line, the last ten of which are summarized in 
Table I.

Table I
Quantum Efficiency of Activation of Ergosterol in 

Ether
Number of Lambda Energy received in Average

Runs Animals> in A. Ergs/sec. Quanta healing
10 77 2537 81.1 7.5 X 1013 2.26
10 77 2652 86.2 7.5 X 1013 2.39
10 78 2804 48.5 7.5 X 1013 2.58
10 78 2967 60.3 7.5 X 1013 2.20
10 78 3025 120.9 7.5 X 1013 2.46
10 74 USP Reference Oil 2.33

Discussion
The arithmetical values of healing displayed 

in Table I show a variation between 2.20 and 
2.58 for the averages of recorded response to 
administration of ergosterol activated by mono­
chromatic ultraviolet of various wave lengths. 
The interpretation of these mathematical differ­
ences is complicated by the fact that there is no 
evidence that the scale of healing (1+ to 4+) 
represents corresponding linear variations in 
physiological response. The intent of the experi­
mental work was to produce a degree of healing

as nearly identical as possible with that induced 
by measured dosages of USP Reference Oil in 
the neighborhood of 2.0. Individual animal 
variations in response are compensated to some 
degree by employing groups of at least eight 
animals for each feeding level.

The mathematical symbols used to represent 
observational data in the bioassay for vitamin D 
are in general recognized to be approximations 
rather than precise values. Differences in such 
values, to be significant, must be greater than 
those which can be computed mathematically as 
significant upon a purely statistical basis. This 
defect in the assay procedure is universal and is not 
peculiar to the experiments reported herein. We 
believe that the results herein reported comprise 
a minimum of probable error for such work.

Considering the results for the several wave 
lengths on the basis of the averages for eighty 
animals and comparing them with the value 2.33 
which is the average for control animals fed 
USP Reference Oil concurrently, we are of the 
opinion that no significant differences have been 
demonstrated in the quantum efficiency of the 
several active wave lengths of ultraviolet in the 
photochemical activation of ergosterol.

Upon examining the original data from another 
point of view, namely, by groups of eight animals, 
and having regard for the slight changes in sever­
ity of experimental rickets, one is impressed with 
a tendency for more effective activation by the 
mercury line 2804, and whether or not it be co­
incidence that this line is one that shows maxi­
mum absorption by ergosterol or whether it be an 
indication of correlation between absorption and 
activatability only further work, with probably 
greater refinements than are now known to us, can 
definitely demonstrate.

Conclusion
1. The photochemical activation of ergosterol 

in ether by monochromatic ultraviolet light of 
2537, 2652, 2804, 2967 or 3025 A. is substantially 
uniform per quantum of energy applied. 
Cambridge, Mass. Received J uly 25, 1938
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Aqueous Solubilities of Some Isomeric Heptanols

B y  P . M . G i n n i n g s  a n d  M a r y  H a u s e r
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Aqueous solubilities of the pentanols1 and some 
hexanols2 have been determined in previous in­
vestigations. This is a similar investigation of 
nine heptanols that seemed of greatest interest. 
These nine include the seven tertiary and the 
two secondary isomers of most compact structure. 
Apparently the solubility of only one heptanol 
has been determined precisely. Butler3 using an 
interferometric method found a value of 0.180 
weight per cent, at 25° for normal heptanol.

The results of our determinations, which are 
given in the table, seem to be in accord with the 
theory outlined in previous investigations. As in 
the lower alcohols, the seven tertiary isomers are 
more soluble than the two secondary isomers of 
most compact structure, and increase of tempera­
ture is always accompanied by a decrease in solu­
bility. Six of the seven tertiary heptanols can 
be considered as being derived from the six sec­
ondary hexanols by addition of a methyl group to 
the alpha carbon atom. It is noteworthy that 
the relative solubilities of the resulting six hep­
tanols remain in the same order as in the hexanols. 
In the case of compound no. 1, the measurement 
of the solubility at the usual temperatures of the 
others was prevented by separation of the solid 
phase of the crystalline hydrate of the alcohol. 
However, determination of the solubility of the 
next alcohol (no. 2) at 40° also supplied a definite 
basis for comparison with the rest of the isomers. 
The importance of the compact molecule is easily 
noticed by a comparison of the solubilities of com­
pounds nos. 1 and 2, where the former has a much 
more compact molecule than the latter. In the 
case of the two secondary isomers (nos. 8 and 9), 
the asymmetrical molecule containing the ter­
tiary butyl group seems to dominate slightly the 
symmetrical molecule of no. 9.

Experimental
All compounds were prepared by some modification of 

the Grignard reaction with the usual procedure and purified 
by careful fractionation through a 1-meter column with a 
reflux ratio of about 10:1. Usually calcium oxide was also 
used in the distillation. The following specific reagents 
were used: no. 1 from /-butylmagnesium chloride and ace-

(1) Ginnings and Baum, This J o u r n a l , 59, 1111 (1937).
(2) Ginnings and Webb, ibid., 60, 1388 (1938).
(3) Butler, Thomson and Maclennan, J . Chem. Soc., 674 (1933).

T a b l e  I
d25i of pure di of liquid phase

No.
ale. and b. p., 
°C. (760 mm.)

Temp.,
°C. Wt. % ale.

Ale.rich Waterrich
2,3,3-Trimethylbutanol-2

1 0.8380 40 2.20 94.72 0.8352 0.9902
130.3-130.8

3-Ethylpentanol-3
2 0.8402 20 1.91 94.25 .8541 .9964

143.1- 25 1.68 94.24 .8502 .9957
143.2 30 1.50 94.21 .8457 .9945

40 1.26 94.31 .8366 .9921
2,3-Dimethylpentanol-3

3 0.8365 20 1.87 94.11 .8513 .9965
139.6- 25 1.64 94.12 .8470 .9961
139.8 30 1.43 94.12 .8430 .9945

2,3-Dimethylpentanol-2
4 0.8307 20 1.69 93.69 .8477 .9964

138.5- 25 1.54 93.69 .8441 .9955
139.5 30 1.40 93.71 .8404 .9943

2,4-Dimethylpentanol-2
5 0.8100 20 1.50 93.49 .8279 .9962

132.5- 25 1.34 93.48 .8240 .9954
133.5 30 1.22 93.49 .8199 .9943

3-Methylhexanol-3
6 0.8202 20 1.35 94.77 .8348 .9965

142.7- 25 1.19 94.75 .8312 .9958
142.9 30 1.07 94.73 .8272 .9946

2-Methylhexanol-2
7 0.8093 20 1.08 93.77 .8268 .9967

143.0- 25 0.97 93.65 .8233 .9958
143.2 30 .87 93.56 .8199 .9946

2,2-Dimethylpentanol-3
8 0.8224 20 .88 97.00 .8329 .9971

134.7- 25 .82 96.94 .8289 .9962
135.1 30 .79 96.88 .8253 .9950

2,4-Dimethylpentanol-3
9 0.8254 20 .78 96.79 .8351 .9974

138.4- 25 .70 96.68 .8315 .9965
138.9 30 .67 96.56 .8271 .9955

tone; no. 2 from ethylmagnesium bromide and ethyl pro­
pionate; no. 3 from ethylmagnesium bromide and z-propyl 
methyl ketone; no. 4 from ^-butylmagnesium bromide and 
acetone; no. 5 from z-butylmagnesium bromide and ace­
tone; no. 6 from w-propylmagnesium bromide and methyl 
ethyl ketone; no. 7 from ^-butylmagnesium bromide and 
acetone; no. 8 from /-butylmagnesium chloride and 
propionaldehyde; no. 9 from z-propylmagnesium chloride 
and z-butyraldehyde.

The procedure used for the measurement of the solubili­
ties was essentially identical with that used in the work on
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pentanols and hexanols. If details are desired, reference 
should be made to the article on pentanols. The results 
seem reliable to better than 0.1 weight per cent, and the 
authors feel that the validity of the results will approach 
this limit.

Summary
Aqueous solubilities of eight isomeric heptanols 

have been determined for 20, 25 and 30° and one

for 40°. The seven tertiary isomers are more 
soluble than the two most compact secondary 
isomers. Maximum solubility is obtained by 
having the hydroxyl group as close as possible 
to the center of a compact tertiary molecule. 
Solubility of the isomers decreases as the tempera­
ture increases from 20 to 30°.
G r e e n s b o r o , N. C. R e c e iv e d  J u n e  27, 1938

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

The Densities of Aqueous Solutions of Urea at 25 and 30° and the Apparent Molal
Volume

B y  F r a n k  T . G u c k e r , J r ., F r e d

Introduction
In 1929 Masson1 2 showed that the apparent 

molal volume of an electrolyte is a linear function 
of the square root of the concentration, while that 
of a weak electrolyte or a non-electrolyte is a linear 
function of a higher power of the concentration. 
The relationship for electrolytes has been con­
firmed by numerous investigators. In reviewing 
this and other properties of electrolytic solutions, 
one of us3 pointed out that the data of Perman 
and Urry4 for the apparent molal volumes and 
compressibilities of sucrose and of urea also might 
be represented as linear functions of the square 
root of the concentration. Redlich and Klinger5 
subsequently proved from more accurate density 
data that the change of the apparent molal volume 
of sucrose was much more nearly linear with the 
first power than with the square root of the con­
centration. We then found that the data of Per­
man and Urry could be represented equally well 
by either plot, within the limit of 0.1% to which 
their data were tabulated. The present work was 
undertaken to determine the apparent molal 
volumes of urea in aqueous solutions with high 
enough precision to determine whether it was 
also a linear function of the concentration—like 
sucrose.

Experimental Methods.—In order to attain an accuracy 
of a few parts per million (p. p. m.) the densities were

(1) Part of this paper was presented before the Symposium on 
“The Electrochemistry of Solutions” held by the Division of Physical 
and Analytical Chemistry at the Kansas City meeting of The 
American Chemical Society, April, 1936.

(2) Masson, Phil. Mag., [7] 8, 218 (1929).
(3) Gucker, Chem. Rev., 13, 111 (1933).
(4) Perman and Urry, Proc. Roy. Soc. (London), A126, 44 (1929).
(5) Redlich and Klinger, Sitzb. Akad. PFïss. Wien, Abt. lib , 143, 

489 (1934); M onatsh., 65, 137 (1934).

of Urea1
W . G a g e  a n d  C h a r l e s  E . M o s e r

measured differentially, using three pycnometers of about 
60-ml. capacity. Two of them were filled with solution 
and the third with water. After all three had come to 
equilibrium in a thermostat and the volumes were adjusted 
in the capillaries, the pycnometers containing solution 
were weighed successively against the water-filled tare. 
Such a differential arrangement minimizes errors due to 
changes in the temperature of the thermostat, and also 
decreases the errors due to adsorption of moisture on the 
surface of the pycnometers and the correction required in 
reducing the weights to the vacuum standard.

In adjusting the pycnometers, they were placed in a 
thermostat holding 38 liters of water. The bottom and 
sides of the thermostat were protected by a 5-cm. layer of 
magnesia insulation and the top was covered with a wooden 
lid, in the center of which was a glass panel, through which 
the capillaries of the pycnometers were read.

The thermostat was equipped with an adequate stirrer 
and heated by means of three coils of bare nichrome wire 
connected to the lighting circuit through a thyratron relay. 
During the first series of measurements (made by F. W. G.) 
the relay was actuated by a large ether-filled regulator with 
mercury contact, which kept the temperature constant to 
±0.002° under most conditions and to ±0.005° at all 
times. The temperature throughout the bath was found 
to be uniform to 0.001°. These temperatures were meas­
ured with a calibrated Beckmann thermometer. During 
the second series of measurements (made by C. E. M.) the 
regulator consisted of a pair of 100-ohm nickel resistance 
thermometers, connected in opposite arms of a Wheatstone 
bridge, equipped with a sensitive galvanometer. The 
light from the galvanometer mirror actuated a photoelec­
tric cell which controlled the relay. This system gave more 
rapid response and kept the temperature constant to 
±0.0004°, as measured by a platinum resistance ther­
mometer. This regulator has the added advantage of 
great flexibility and instant response at any desired tem­
perature.

The pycnometers were constructed of Pyrex glass, which 
has the advantage of chemical inertness but the disadvan­
tage of changing volume appreciably with time. The body 
of each pycnometer was made from 2-cm. tubing bent into 
a U which was 6 cm. in total width and about 13 cm. high.
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Heavy capillary tubes of 0.4-mm. bore, sealed to the tops 
of the U, extended vertically for 2 cm. and then were bent 
at right angles. Each horizontal section was 6 cm. in 
length and its end was covered with a ground glass cap to 
minimize evaporation. The end of one was drawn down to 
a bore of about 0.1 mm., while the central portion of the 
other was graduated with 20 clearly-etched lines about 1 
mm. apart. This allowed a latitude of about 0.002 ml. in 
setting the pycnometer. If a single mark were used, the 
volume would have to be set to 0.00006 ml. in order to give 
a sensitivity of 1 p. p. m.

Before the graduated capillaries were sealed into place, 
each was tested by measuring the length of a short mercury 
thread in different positions. When it was found to be 
uniform,6 it was calibrated by measuring the length of a 
mercury thread which nearly filled the graduated section 
and then weighing the mercury. The volume per gradua­
tion was 0.00012 ml. in pycnometers 1 and 3, and 0.00013 
ml. in number 2. An error of 0.5 mm. in reading the 
capillary therefore would only make an error of 1 p. p. m.

The volume of each pycnometer was determined by fill­
ing it with distilled water to some point on the graduated 
capillary and weighing the water it contained. The 
volume from the constricted end to the first mark on the 
graduated arm was then found by subtracting the volume 
of water in the graduated arm. The pycnometers were 
standardized at 25° and then at 30° in the summer of 1936. 
Two standardizations were carried out at each tempera­
ture, agreeing on the average to 12 p. p. m. No regular 
change in volume was observed during the few weeks in 
which the work was done. However, when the second 
series of measurements were made, starting in December, 
1937, a decrease of 0.114% was found in the volume of 
pycnometer 2 and a decrease of 0.115% in 1 and 3. This 
evidently was due to the contracting of the pycnometers on 
aging, although they were annealed when they were made.

The weights used in this investigation were standardized 
to 0.01 mg. by the well-known method of Richards7 as 
modified by Weatherill to employ transposition. They 
were checked from time to time and found consistent to a 
few hundredths of a milligram. The weighings in the first 
series of experiments were made on a good analytical bal­
ance of the required sensitivity. Those in the second 
series were made on a semi-micro balance with a notched 
beam graduated in hundredths of a milligram and with 
magnetic damping which decreased the time required to 
determine the balance point. In the second series, all 
weighings were made by transposition, to eliminate the 
effect of a difference of about 0.01% in the length of the 
balance arms.

Throughout this work, all weighings were reduced to the 
vacuum standard. The density of the brass weights was 
taken as 8.4, the figure given by the manufacturer. Calcu­
lations showed that an error of 10% in this value would not 
affect the results by 1 p. p. m. The density of 2.25 for 
Pyrex, given in the “International Critical Tables,”8 was 
used in calculating the vacuum corrections for the pyc­
nometers in the first series of experiments. Later, direct

(6) These fine, uniform tubes were supplied to us b3  ̂ the Corning 
Glass Works, through the courtesy of Dr. Ralph K. Day.

(7) T. W. Richards, T h i s  J o u r n a l , 22, 144 (1900); Weatherill, 
ibid., 52, 1938 (1930).

(8) “ I. C. T .,” Vol. II, p. 93.

weighings in air and in water gave the value 2.234 which 
was used in the second series. The density of solid urea 
was taken as 1.3359 at 20°. At the end of this work we 
found the value 1.329 at 25° as described in a later para­
graph. Both these differences are negligible in calculating 
vacuum corrections. The atmospheric pressure was read 
on a mercurial barometer, corrected for temperature and 
the local value of the gravitational acceleration. The rel­
ative humidity was read on a hair hygrometer. The 
density of the air was calculated from these values, the 
room temperature and corresponding aqueous tension, 
by the formula given in the “International Critical 
Tables.”10

Materials and Solutions.—The urea used in this work 
was prepared by crystallizing the commercial c. P. product 
twice from water, draining the crystals centrifugally and 
drying the product in vacuo at 50-60°, as described in a 
previous paper.11 After use in the pycnometers, the solu­
tion was evaporated at 50° until crystallization began, 
then poured into an equal volume of redistilled ethanol 
held in an ice-bath at 0°. The urea precipitated in this 
way was collected on a sintered glass crucible and dried as 
before. Since urea is fairly soluble in 50% alcohol the 
filtrate was evaporated further and a second batch of crys­
tals was reclaimed.

The water used in this work was redistilled from alkaline 
permanganate and had a specific conductance of about 1.5 
X 10~6 mhos. It was always deaerated immediately be­
fore use by means of a water aspirator.

The solutions were made up determinate from the dry 
urea and this water. The urea was weighed into a 500-ml. 
flask to which the desired amount of water was added. 
After the solution was mixed thoroughly and brought up 
to room temperature, it was weighed and the amount of 
water found by difference. The solutions more concen­
trated than 4 molar required special treatment to prevent 
the appearance of small air bubbles which coalesced very 
slowly in the viscous medium. It was necessary to apply 
the full suction of the water aspirator, or the partial suction 
of a Hyvac pump, and to shake the flask at intervals for 
about a half hour in order to deaerate the solution com­
pletely. The final weighing was not made until this proc­
ess was complete.

The pycnometers were cleaned with sulfuric acid and 
dichromate solution, rinsed with distilled water and dried 
with a current of filtered air. One of the capillary tubes 
was then connected, by means of a piece of gum-rubber 
tubing, to a glass tube extending through a rubber stopper 
into the suction flask containing the solution. The solu­
tion was forced into the pycnometer by air pressure from a 
rubber aspirator bulb connected to the side-arm of the flask. 
In some of the most concentrated solutions, a small 
amount of insoluble matter was removed by connecting a 
platinum sponge filter to the end of the glass tube through 
which the solution was forced.

After the pycnometers had come to equilibrium in the 
water-bath, the liquid menisci were adjusted as usual with 
a thin V-shaped piece of filter paper. When the meniscus 
remained stationary for five minutes, its position was read

(9) “I. C .T .,” V o l.I ,p . 177.
(10) “I. C. T .,” Vol. I, p. 71.
(11) Gucker and Ayres, T h i s  J o u r n a l , 59, 2152 (1937).
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Table F
Densities of Aqueous Solutions of Urea at 30° and Corresponding Apparent and Partial Molal Volumes

Expt. c d
Ad

(m p. p. m.)
$v2(obsd.) <I>V2(calcd.) v2(calcd.) Vi(calcd.)

0.00000 0.995673 44.546 44.546 18.0945
6a .08056 .996976 39 44.1 44.55 44.56 18.0945

b .996926 -1 1 44.7
10a .15060 .998069 33 44.34 44.56 44.58 18.0945

b .998017 -1 9 44.69
3 .19976 .998785 -2 1 44.67 44.57 44.59 18.0944
4a .39455 1.001898 45 44.47 44.59 44.63 18.0941

b 1.001842 -1 1 44.61
8a .49616 1.003471 32 44.53 44.60 44.65 18.0940

b 1.003407 -3 2 44.66
7a .66822 1.006159 40 44.56 44.62 44.69 18.0936
b 1.006104 -1 5 44.64

9a .82859 1.008651 , 39 44.59 44.64 44.72 18.0931
b 1.008596 -1 6 44.65

la 1.15522 1.013644 -2 7 44.695 44.672 44.791 18.0919
b 1.013631 -4 0 44.706

2a 1.92868 1.025517 -4 3 44.778 44.756 44.948 18.0872
b 1.025506 -5 4 44.784

5 2.95029 1.041061 -  5 44.868 44.867 45.145 18.0774
11a 4.39481 1.062650 46 45.013 45.024 45.406 18.0566

b 1.062601 -  3 45.024
a In this table and the next, c is the concentration of solute in moles per liter; d, the density of the solution in g .  per 

ml.; and Ad, the observed density minus that calculated from the equation. The density of pure water is taken from the 
“I. C. T.,” Vol. I ll, p, 25.

and recorded. All three pycnometers were then removed 
from the water-bath, rinsed with distilled water, wiped 
with a lintless towel and hung in the balance room. After 
a period of thirty or forty-five minutes, the weighings were 
made.

-------------1________ l ...  I f . - I -  ■ l — I

0 1 2 3 4 5
c (moles/1.).

Fig. 1.—Apparent and partial molal volumes of urea at 
30°: ®, this investigation; ©, Perman and Urry.

Experimental Results.—We originally planned 
a series of experiments over the whole concentra­
tion range at 25°. After the first six of these were 
made (by F. W. G.), hot weather necessitated a 
change to 30°. The series at 25° was completed 
later (by C. E. M.). The experimental results, 
numbered chronologically, are collected in Tables I 
and II, which include all the experiments except

those affected by some known error. Duplicate 
experiments were always made, but in seven cases 
minor accidents prevented the completion of one 
of the pair. From the densities, the apparent 
molal volumes were calculated by the equation

where c is the concentration in moles per liter, d\ 
and d the densities of water and of solution, and 
M2 the molecular weight of urea (60.058). A 
plot of the apparent molal volume at 30° (Fig. 1) 
showed that within experimental error it is a lin­
ear function of c up to the highest concentration 
studied. The best straight line representing the 
experimental values was found by the method of 
least squares, weighting each point according to 
its probable accuracy, measured by (<d — di). I t 
was found to be

4>V2 = 44.546 +  0.1087c

Substituting this value in equation (1) gives for 
the density the equation

d =  0.995673 +  0.015705c -  1.082 X 10 “4 c2

Values calculated from this equation were com­
pared with the experimental results and the differ­
ences, as shown in Table I, average ±29 p. p. m.
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T a b l e  II
Densities o f  Aqueous Solutions of Urea at ,25° and Corresponding Apparent and Partial Molal Volumes

Expt. c d
Ad(in p. p. m.) $v2(obsd.) $v2(calcd.)

v2(calcd.) Vi(calcd.)
0.00000 0.997074 44.218 44.218 18.0691

4a .11394 .998896 5 44.20 44.23 44.25 18.0691
b .998888 -  3 44.26

2 .15077 .999475 -  4 44.26 44.24 44.26 18.0690
7a .35215 1.002682 2 44.26 44.27 44.32 18.0688
b 1.002683 3 44.26

la .41500 1.003676 -  1 44.28 44.28 44.34 18.0687
b 1.003674 -  3 44.28

3 .62386 1.006983 0 44.30 44.30 44.38 18.0681
5a 1.00812 1.013039 6 44.351 44.356 44.486 18.0666
b 1.013038 5 44.352

8a 1.36866 1.018667 -  9 44.411 44.405 44.576 18.0646
b 1.018670 -  6 44.409

6a 1.88532 1.026703 2 44.472 44.473 44.698 18.0607
b 1.026694 -  7 44.477

13a 2.42107 1.034945 -  9 44.546 44.542 44.817 18.0556
b 1.034936 • -18 44.550

12a 3.33355 1.048842 -  9 44.659 44.656 45.004 18.0445
b 1.048833 • -18 44.662

10a 3.98193 1.058615 4 44.734 44.734 45.123 18.0350
b 1.058608 -  3 44.735

9 5.05362 1.074560 17 44.856 44.859 45.302 18.0168
11a 5.92297 1.087291 -  7 44.958 44.956 45.428 18.0002

b 1.087287 -1 1 44.958
14 7.28543 1.106989 - 1 7 45.103 45.100 45.597 17.9717
15a 8.20269 1.120038 - 6 0 45.199 45.191 45.690 17.9516

b 1.120039 -59 45.199
16a 9.52555 1.138980 220 45.293 45.315 45.801 17.9220

b 9.52469 1.138878 130 45.302 45.315 45.801 17.9220
17a 9.53161 1.138911 67 45.310 45.316 45.802 17.9219

b 1.138909 65 45.310

The partial molal volumes of solvent (V i) and 
solute (V2) are defined as

where V is the volume occupied by n\ moles of 
solvent and n2 of solute. These values were cal­
culated from the apparent molal volume of the 
solute by the equations12

Vl = 1000 Vi°

1000 + c2

V2 — <ï)V2 T

d $V 2
be

1000 -  c$V2

1000 + 5^V2
be

.5JV 2 

be

(2)

(3)

These values are also collected in Table I and V2 
is plotted in Fig. 1. I t starts with twice the slope

(12) The first is analogous to that derived by Gibson, J . Phys. 
Chem., 38, 320 (1934), and listed as equation (6). The second was 
derived by Geffcken, Z. physik. Chem., A155, 1 (1931), and used by 
Gucker, J . Phys. Chem., 38, 311 (1934).

of the <Ï>V2 curve and is practically linear to 1 
molar, above which it increases somewhat less 
rapidly, as shown.

In Table II are given the results of the more 
complete series at 25°, which extends nearly to 
the saturated solution. Here also the apparent 
molal volume of urea may be represented as a 
linear function of c to a concentration of 3 molar by 
the equation

$V2 =  44.224 +  0.1319c

which was fitted to these data by the method of 
least squares. The corresponding equation for 
the density

d =  0.997074 +  0.015964c -  1.315 X 10~4c2

reproduces the experimental values with an aver­
age deviation of =±=5 p. p. m.

In more concentrated solutions, the increase is 
less rapid, as shown in Fig. 2. The whole series
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0 1 2 3 4 5 6  7 8 9  10
c.

Fig. 2.™Apparent and partial molal volumes of urea at 25 °: #  and D, our data; Q, Dunstan and Mussel!.

lies along a smooth curve which is represented 
very satisfactorily by the second order equation 

4>V2 =  44.218 +  0.13999c -  0.002601c2 

The corresponding expression for the density is
d = 0.997074 + 0.0159686c -

1.3958 X 10“4c2 +  2.593 X 10“6c3

The experimental results agree with the values 
calculated from this equation with an average de­
viation of only =*=7 p. p. m. up to 7 molar and 
=*=26 p. p. m. over the whole range. The values 
of Vi and V2 were calculated as before and are in­
cluded in Table II.

One other interesting experimental value was 
the density of solid urea, from which its molal 
volume in the solid state could be calculated. The 
value of 1.335 for the density at 20° which is 
tabulated in the “International Critical Tables’’9 
apparently was determined by Mez.13 It is fre­
quently quoted in the literature. We were sur­
prised to find, however, that another volume of 
the same Tables14 listed, among “values reliable 
to four decimals or values over a temperature 
range,” the figures of 1.3190 and 1.3617 deter­
mined by Dewar15 at 17 and —188°, respectively. 
Assuming linear expansion, this would give the 
value 1.3184 at 20°, which is 1.2% lower than 
the value of Mez. Further search also disclosed 
the values of 1.333 and 1.323 found by Schröder16 
by the displacement of benzene and olive oil, re­
spectively. No statement of the temperature was 
found, but it was probably 18 or 20°. Because of 
the diversity of these results, we measured the den-

(13) Mez, Z. Krist., 35, 247, quoted in Beilstein, “Handbuch” 4th 
Edition, Vol. I l l ,  p. 45.

(14) “I. C. T .,” Vol. I II .p . 45.
(15) Dewar, Chem . News, 91, 216 (1905).
(16) Schroder, Ber., 12, 562 (1879).

sity at 25° in a specific gravity bottle with a ground 
plug. As the displacing liquid we used ^-heptane, 
in which urea was found to be insoluble. The urea 
was powdered and dried as before and the liquid 
level was adjusted in the same thermostat. Five 
experiments were made. One of these was dis­
carded because, for an unknown reason, the weight 
of the bottle increased upon standing on the bal­
ance pan. The other results were 1.3308, 1.3286, 
1.3284 and 1.3279. We therefore took as a re­
liable average of our results the value 1.329 
g./ml. at 25°. Correcting the other values to 
25° we find that our results are half-way between 
those of Schroder and Mez, and about 1% higher 
than those of Dewar, as the following comparison 
shows:

Dewar (corr.).............. ................................  1.317
Schroder (corr.)...........................................  1.327
This investigation.......................................  1.329
Mez (corr.)............................................... .... 1.334

Discussion
These measurements show conclusively that the 

apparent molal volume of urea is a linear function 
of thé first power of the volume concentration from
0.1 to about 3 molar. This is demonstrated in 
Fig. 3, where the results for 25° are plotted against 
c along the upper line and against c /% in the lower 
curve. The same conclusion follows from the re­
sults at 30°, although the experimental uncer­
tainty is somewhat greater. Our results at 25° 
show a maximum difference from those of Dun­
stan and Mussell17 of —0.6% and an average of 
— 0.2%. Since their results are only given to
0.1%, this agreement is quite satisfactory. Our 
results at 30° agree with those of Perman and

(17) Dunstan and Mussell, J . Chem. Soc., 97, 1935 (1910).
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Urry4 within the accuracy of 0.1% with which 
they were tabulated. Four of their values, cover­
ing the range of our results, are plotted in Fig. 1, 
and six of the eight data of Dunstan and Mussell 
in Fig. 2. One of the others fell above and the 
second below the range of our figure. The large 
scattering emphasizes the difficulty of determin­
ing the true function of the concentration from 
them. Taking our value of the density of the solid, 
we find that its molal volume is 45.19 ml. at 25°. 
This differs very little from the volume in solution. 
In fact, it is the same as the apparent molal vol­
ume in a 6.5 molar solution or the partial molal 
volume in a 3.5 molar solution. Urea therefore 
is very nearly a perfect solute and does not cause 
the large electrostriction typical of electrolytes and 
of polar non-electrolytes,18 nor does its apparent 
molal volume change so much with concentration. 
The increase from 0 to 1 molar solution is only 
about 4% of that of a typical 1-1 electrolyte.

Since the apparent molal compressibility19 is 
the pressure derivative of the apparent molal 
volume

we would expect it to be the same function of the 
concentration as the apparent molal volume. A 
review of the literature did not disclose enough 
accurate data to prove this point, but we may rea­
sonably assume that accurate compressibility 
measurements would show that the apparent 
molal compressibility of urea is also a linear func­
tion of c rather than c /2 as we first thought.3

In the case of electrolytes, the apparent molal 
heat capacity was found to parallel the volume 
properties.3 The same is true of sucrose,20 but 
the case of urea is different, since the apparent 
molal heat capacity11 does not change in a simple 
manner with either c or c^\

Added in Proof.—Recently we have found an 
article by Skarre, Demidenko and Brodskii,21 on 
the densities and apparent molal volumes of urea 
at 25° from 0.003 to 1.3 molar. They employed 
the differential flask method which Washburn22 
and his collaborators used to determine the den­
sity of heavy water, and consider their results ac-

(18) Cohn, McM eekin, Edsall and Blanchard, T h i s  J o u r n a l , 56, 
784 (1934).

(19) Gucker, ibid., 55, 2709 (1933), see also reference (3).
(20) óucker and Ayres, ibid., 53, 447 (1937).
(21) Skarre, Demidenko and Brodskiï, J . Phys. Chem. (U. S. S. R .), 

9, 152 (1937); Acta Physicochim., U. R . S . S ., 6, 297 (1937).
(22) Washburn, Smith and Frandsen, Bur. Standards J . Research, 

11 ,457  (1933); 12 ,306  (1934).

C.

Fig. 3.—Comparison of abscissas for urea at 25°.

curate to 1 p. p. m. Their ten results from 0.003 
to 0.09 molar differ on the average by only =±=1.3 
p. p. m. from the densities calculated from our 
equation, using the 1936 value of the molecular 
weight (60.047) which they apparently employed. 
Their results at the four higher concentrations show 
increasingly negative deviations of 16, 26, 66 and 
102 p. p. m. for which we have no explanation.

They plotted their results against c /2 and found 
a nearly linear relationship from 1.3 down to
0.05 molar. At greater dilution, their results 
fell below the line, and they hesitated to extra­
polate to infinite dilution. However, their values 
of the apparent molal volume, tabulated to 0.001 
ml., are accurate only to 0.1 ml. at 0.1 molar and 
1 ml. at 0.004 molar. The average deviation in 
density is only 1 p. p. m., which seems to us to be 
within their probable experimental error. Their 
range of concentrations was not great enough to 
allow a satisfactory comparison of the c /2 and 
c plot, although they state that unpublished work 
by Dikowa in their laboratory indicates an upward 
concavity in the c /2 plot such as we have found.
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grant, purified the urea for these measurements; 
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Summary
Using a differential pycnometer method, we 

have measured the densities of aqueous solutions 
of urea from 0.1 to 4 molar at 30° and from 0.1 to
9.5 molar at 25°.

The apparent molal volume of urea is a linear
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function of the volume concentration, c, over the 
whole range at 30° and up to 3 molar at 25°. 
Urea therefore behaves like sucrose and not like 
typical electrolytes, the apparent molal volumes 
of which increase linearly with The experi­
mental results and the partial molal volumes of

urea and water are tabulated. Equations giving 
the apparent molal volume and density as func­
tions of concentration are also included.

The density of solid urea is found to be 1.329 
g./ml. at 25° and its molal volume 45.19 ml. 
E v a n s t o n , I l l in o is  R e c e iv e d  A u g u s t  1, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , C o l u m b ia  U n i v e r s i t y ]

Kinetics of Neutralization of Pseudo Acids in H 20  and D20

By Samuel H. Maron1 and Victor K. La M er

In this paper are reported kinetic measurements 
by a conductance method on the neutralization at 
0 and 5° of nitromethane, nitroethane, and nitro- 
isopropane by hydroxyl and deuteroxyl ions.

The familiar protolytic processes of ionization 
and neutralization of acids are in most cases not 
amenable to kinetic study for they proceed, if not 
instantaneously, at least with velocities too high 
to measure. In the class of substances designated 
as pseudo acids, however, ionization and neutrali­
zation proceed at a much slower rate, and in cer­
tain cases can be followed kinetically.

This difference in rates of protolytic transfer 
has been employed by Hantzsch2 to define a 
pseudo acid as a substance whose salt formation 
is a function of time, as against the acid whose 
neutralization is essentially instantaneous. He 
states, further, that “if the salt formation is a 
function of the time, then it is evidence that the 
molecule undergoes a change in the salt forma­
tion process; it is also evidence for the fact that 
the undissociated substance and its ions are con­
stitutionally different.”

As a class, the primary and secondary nitro-
paraffins have long been recognized as pseudo
acids. Ley and Hantzsch3 have postulated that
the primary and rate determining step in the
neutralization of a nitroparaffm by a base is the
isomerization of the nitro to the aci form, with
subsequent rapid neutralization of the latter, i. e.
RCH2NO2 +  B — >  RCH—NOOH +  B ---->-

k\ kz
RCH=NOO~ +  BH+ (1)

and k i « k 2. In this mechanism the sequence of 
transformations is nitroparaffm —> undissociated

(D Present address: Department of Chemical Engineering, Case 
School of Applied Science, Cleveland, Ohio.

(2) Hantzsch, Ber., 32, 575-600 (1899).
(3) Ley and Hantzsch, ibid., 39, 3149 (1906).

aci acid —> aci ion. However, Pedersen4 has 
shown that this view is inconsistent with present 
ideas of acid-base catalysis as outlined by Brön­
sted.5 The isomerization of a nitroparaffm must 
be considered a prototropic process, and as such 
it cannot take place spontaneously, but must in­
volve the intermediary of an acid or basic cata­
lyst. In conformity with this view he actually 
found the isomerization of nitromethane to the 
aci form to be a reaction subject to general base 
catalysis.4 He consequently postulated as the 
mechanism of neutralization
RCH2NO2 +  B RCH--N02 +  BH + - j - > -

R C H =N 02-  +  BH+ (2)

i. e.y the nitro form donates a proton to the base, 
and the residue is converted rapidly by an elec­
tron shift to the ion. Thus k[ «  and is rate 
determining. The aci ion may associate under 
the proper conditions, to form the aci acid. In 
this scheme the sequence is nitroparaffm aci 
ion — aci acid.

Pedersen's formulation of the mechanism of 
isomerization of the nitroparaffins has been ac­
cepted by Junell,6 Wynne-Jones,7 and Reitz,8 and 
will be employed to explain the results of this 
paper.

Following Hantzsch and Veit's9 orienting semi- 
quantitative conductivity measurements, Junell6 
studied in H20  at 0° the neutralization by sodium 
hydroxide of nitromethane, nitroethane, nitropro- 
pane, and nitroisopropane by a modification of

(4) Pedersen, Del. Kgl. Vidensk. Selskab., M ath.-fys. Medd., 12, 
1-16 (1932) (in English).

(5) Brönsted, Chem. Rev., 5, 231 (1928).
(6) Junell, (a) A rkiv  K em i, 11B, No. 34 (1934); (b) Svensk Kern. 

Tid., 46,125-136 (1934); (c) Dissertation, Uppsala, 1935.
(7) Wynne-Jones, J .  Chem. Phys., 2, 381-385 (1934).
(8) Reitz, Z. physik. Chem., A176, 363-387 (1936).
(9) Hantzsch and Veit, Ber., 32, 607-627 (1899).
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the bromination method. Wynne-Jones, on the 
other hand, employing a conductance method, 
studied the neutralization of nitroethane by Ba- 
(OH)2 and Ba(OD)2 at 0° in both light and heavy 
water.

A reinvestigation of the problem by the con­
ductance method has been undertaken in order: 
(a) to confirm, refine, and extend Wynne-Jones' 
measurements, which in heavy water were re­
stricted to a single experiment employing a very 
small volume of solvent; (b) to ascertain whether 
the bromination method gives a true measure 
of the rate of isomerization; (c) to determine the 
effect of substitution of alkyl groups in the mole­
cule on prototropic rates in light and heavy 
water; (d) and to determine the rates of proton 
and deuteron transfer, and their temperature co­
efficients.

Experimental
Of the two methods available for following the rates of 

neutralization of nitroparaffins, conductance is more di­
rect, avoids analytical determinations, and is free of the 
assumptions of the bromination method. The conduc­
tance method depends on the fact that as neutralization 
proceeds in an equivalent mixture of nitroparaffm and hy­
droxide, the highly mobile hydroxyl ions are removed, to be 
replaced by the considerably slower anions of the aci acid 
formed. Consequently the resistance of the solution in­
creases with time from an initial value, Ro, to a final limit­
ing value R od , due to the salt of the aci acid. The concen­
trations and velocity constants can be calculated in terms 
of the measured resistances.

Apparatus.—The bridge employed for measuring re­
sistances was composed of a 1000-cycle microphone hum­
mer, tuned Brown headphones, two variable, 10,000-ohm 
standard resistance boxes, and an L & N Student Type 
slide wire. This form of slide wire was preferred to the 
more accurate Kohlrausch type because balancing and read­
ing could be accomplished with greater speed—an impor­
tant consideration with the very fast reactions studied.

Four cells differing in size and shape of both cell and 
electrodes were employed. One was of the Henry type, 
one of the Freas type, while two were of special design. 
The latter had a total capacity of 20-25 ml., but required 
only 2-3 ml. of liquid to cover the electrodes. In these 
cells measurements could be made with small or large 
quantities of material; dilutions or additions of reagent 
could be made with ease. All the runs in D20  were made 
in these special cells.

The electrodes were in all cases platinized. No cata­
lytic effect due to the electrodes was observed.

One thermostat consisted of a 12-liter Dewar vessel of 
large opening, and filled with distilled water and crushed 
ice. Once charged, and with only occasional manual stir­
ring, the temperature could be kept constant for twenty- 
four hours. For the experiments at 5° a large capacity 
water thermostat was operated in conjunction with a re­
frigerating unit, and regulated to =*= 0,005°,

Chemicals.—The nitromethane and nitroethane were 
Eastman products, and were purified by repeated frac­
tional distillation. For nitromethane only the fraction 
boiling at 100.0° at 741.5 mm. was retained, while for nitro­
ethane the fraction boiling at 112.5-113.0° at 739.3 mm. 
was used.

Nitroisopropane was prepared from purified isopropyl 
iodide and freshly prepared silver nitrite according to the 
directions of Kohler.10 The fraction boiling between 119- 
120° was collected. Since the product was found to con­
tain nitrous acid, it was treated with urea, dried with 
calcium sulfate and calcium chloride, and distilled twice 
under vacuum. The final product was a very mobile, 
colorless liquid, with a characteristic odor.

The distilled H20  had a specific conductance of about 
1X10“6 mhos. The D20, obtained from Hydro Norsk, 
was purified by molecular distillation under high vacuum 
twice from alkaline permanganate, and once without any 
addition. After use the D20  was freed from organic mat­
ter by heating to 60-70° with alkaline permanganate and 
then distilling several times molecularly in vacuo. Water 
of satisfactory purity could be obtained in this manner 
without difficulty. Density measurements were made 
with a 10-ml. pycnometer.

The Ba(OH)2 solution was prepared by dissolving c .  p . 
Ba(0H)2-8H20, peroxide free, in distilled water. Carbon­
ate was removed by filtration in a closed system through a 
sintered glass funnel. The Ba(OD)2 was prepared in the 
same manner by dissolving anhydrous c .  P . Ba(OH)2, 
peroxide free, in D20, and removing the carbonate by 
filtration through a micro, all-glass funnel.

The H2SO4 was prepared by diluting concentrated c. p. 
acid with distilled water. The D2S04 was prepared from 
thrice recrystallized pyrosulfuric acid and D20 . The re­
crystallization was accomplished by melting the solid, and 
allowing part to crystallize.

Both acid and alkali were standardized by titration and 
on several occasions also gravimetrically as barium sulfate. 
The Ba(OH)2 and Ba(OD)2 were approximately 0.17 N , 
the acid solutions 0.3 N.

Procedure.—Since it is difficult to weigh into a cell 1-4 
mg. of a volatile liquid with the desired accuracy, stock 
solutions, 0.04-0.06 N  in nitroparaffm, were prepared 
in both light and heavy water. No decomposition in 
these solutions could be detected after several weeks 
at 0°.

A definite quantity of solution of the nitroparaffm in 
H20  (or D20) was pipetted into a cell, water added in 
quantity sufficient to give the desired initial concentration, 
and the cell placed in the thermostat. The total volumes 
ranged from 2.4 to 7 cc. for the D20  and from 5 to 18 cc. for 
H20. T o initiate reaction an equivalent quantity of Ba- 
(OH)2 [or Ba(OD)2], precooled to the same temperature, 
was delivered into the cell with a hypodermic syringe; a 
stop watch was started simultaneously.

Since the reactions are very rapid, and the quantity of 
reagent to be added in each case was small, 0.15-1.60 cc., 
it was especially important to deliver the reagent rapidly, 
with accuracy, and at the same time produce thorough mix­
ing. A set of hypodermic syringes, ranging in capacity 
from 0.25-2.00 cc., was found to be highly satisfactory

(10) K o h le r ,  T h is  J o u r n a l , 38, 898 (1916).
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after calibration.11 When provided with rustless steel or 
platinum needles these syringes deliver their charge in one 
to three seconds with a force sufficient to stir the contents 
of the cell thoroughly. This stirring was supplemented in 
the initial stages of a run by manual shaking of the cell to 
eliminate any possibility of concentration differences in the 
solution.

Resistance readings were taken within ten to thirty 
seconds after the addition of hydroxide. For nitrometh­
ane and for nitroethane at 5°, readings were taken at ten- 
second intervals for the first few minutes, and less fre­
quently thereafter; for nitroisopropane, and for nitro­
ethane at 0°, readings were made at fifteen-second intervals 
or less frequently, as the occasion demanded. In practi­
cally all cases the reaction was followed considerably past 
the point of half neutralization.

In many of the runs after completion of neutralization 
the nitroparaffm was regenerated from its barium salt by 
the addition of an equivalent quantity of sulfuric acid 
which precipitated the barium and liberated the aci acid. 
The isomerization of the aci acid to the nitro form is also a 
time reaction, subject to general acid catalysis.6b,c The 
kinetics of this reaction will be reported in another paper.

Once the nitro form of the pseudo acid had been re­
generated, barium hydroxide in equivalent quantity was 
again added, and the whole sequence of measurements re­
peated. Thus the reproducibility of the rate and the re­
versibility of the isomerization process could be established.

Results of Measurements
The neutralization of a primary or secondary 

nitroparaffm by Ba(OH)2 proceeds according to 
the equation
R\
R/

>CHN02 +  y aBa++ +  OH-

R\
Ry

>C =N02-  +  1/ 2Ba++ +  H20  (3)

where R and R ' are either a hydrogen atom or an 
alkyl group. The rate of reaction follows the 
equations

dx/dt = k‘2 ^  ^>CHN02̂ (0H -) (4a)

= &2 (a — x)2 (4b)
In terms of resistances it can be shown that Eq. 
(4b) on integration takes the form

= 1  p  -  Ro 1 Ro, 
at U T  — i?J Ro (5)

where a is the initial concentration of nitroparaffm 
(and hydroxyl ion), R0 the initial resistance, R* 
the final, and R  the resistance at time t.12

( 1 1 )  T h e  sy r in g e s , m a n u f a c t u r e d  b y  B e c t o n , D ic k in s o n  &  C o .,  
R u t h e r f o r d , N .  J . ,  w ere of th e  T u b e r c u l in  o r P r e c is io n  ty p e . T h e  
0 .2 5 -c c .,  th e  0 .5 0 -c c .,  a n d  th e  1 .0 0 -c c .  s y r in g e s  w ere s u b d iv id e d  in to  
0 .0 1  cc ., a n d  c o u ld  b e e s t im a te d  f u r t h e r  to  0 .0 0 1 ,  0 .0 0 2 , a n d  0 .0 0 3  
c c ., re s p e c t iv e ly . T h e  2 .0 0 -c c . s y r in g e  w a s s u b d iv id e d  in t o  0 .0 5  cc. 
a n d  c o u ld  be re a d  e a s ily  to 0 .0 1  cc .

( 1 2 )  W y n n e -J o n e s 7 g iv e s  t h is  e q u a t io n  w ith o u t  p ro o f. W e  fin d  
t h a t  in  o rd e r to  d e r iv e  t h is  e x p re ss io n  i t  is  n e c e ssa ry  to  a ssu m e  t h a t  
th e  specific  c o n d u c ta n c e s  of th e  io n ic  sp e cie s  p re se n t in  so lu t io n  are  
a d d it iv e  a n d  t h a t  t h e y  v a r y  l in e a r ly  w it h  c o n c e n tra t io n .

R  and R m in (5) can be measured directly, but 
Ro must be obtained by extrapolation of the R  
values to zero time. For rapid reactions, like 
those of nitromethane and nitroethane, where the 
resistance increases rapidly with time in the initial 
stages, it is practically impossible to make such an 
extrapolation with any certainty or accuracy. 
Equation (5) can be rearranged to

«*- -  «  -  [ i & ]  R ~ w, <»>
Since for any one experiment the variables are 
only t and R , a plot of t(Rm — R) vs. R  should be 
a straight line with slope given by

slope = Rn/akzRo (7)
and y-intercept, b

b =  — R m/ak2 (8)
From the latter k2 follows as

k2 = — Ro>/ab (9)
This method of evaluating k2 was found to be sat­
isfactory, and eliminated the uncertainty in the 
determination of Rq.

In Fig. 1 are shown plots of t(Rn — R) vs. R  for 
nitroethane and nitroisopropane in H20  and in 
D20. The linear character of the plot furnishes 
evidence of the fidelity with which equation (6), 
and hence equation (4), reproduces the data in a 
given experiment.

The results obtained with nitromethane, nitro­
ethane, and nitroisopropane in both light and 
heavy water are summarized in Tables I, II and
III. The A runs refer to the first neutralization 
of the nitroparaffm; the B runs are those made 
with nitroparaffm which had been neutralized, 
reconverted to the nitro form, and again neutral­
ized. Because of its high rate, the neutralization 
of nitromethane was measured only at 0° in light 
water. Nitroethane has been studied at both 0 
and 5° in light water and at 5° in heavy water. 
Only once were we fortunate in maintaining super­
cooling to obtain a measurement at 0° in heavy 
water; in five subsequent attempts the super­
cooled D20  solutions froze and made rate measure-

T a b l e  I

T h e  N e u t r a l iz a t io n  o f  N it r o m e t h a n e  i n  H 20  a t  0 °

R u n
C o n c n .,  
e q u iv . 1. ki

43-A 0.00693 235.1
41-A .00489 240.1
40-A .00451 237.2
44-A .00306 238.1
44-B .00298 (254.2)

237.6 ± 1 .5
±  0.63%
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ments impossible at that temperature. Conse­
quently nitroisopropane has been studied at 0 and 
5° in light water, and only at 5° in D20.

T a b l e  II
T h e  N e u t r a l iz a t io n  o f  N it r o e t h a n e

Solvent

H20
Tem p., °C. 

0.00
Run

8-A 
26-A 

7-A 
26-B

6- A
7- B

23- A 
22-A
24- A 
24-B

6-B

Concn.

0.0419
.0415
.0329
.0299
.0283
.0251
.0237
.0237
.0236
.0193
.0168

i n  H20  a n d  D20
ki

38.43
39.02
39.03
39.32 
39.50 
38.88 
39.53
39.32
39.33 
39.23 
38.60
39.11 =*= 0.29

*  .74%
H20  5.00 53-A .0310 57.88

51-A .0273 58.57
54-A .0244 58.27
50-A .0200 59.20
50-B .0157 58.84
52-A .0120 57.46

58.37 ±  0.50
*  -86%

First stage
99.3% D20  0.00 45-A 0.0266 55.6
99.1% D20  5.00 46-A .0266 81.69

56-A .0201 81.95
57-A .0175 81.00
58-A .0155 80.69

81.33 ±  0.49
'=*= .60%

Second stage
99.3% D20  0.00 45-B 0.0207 20.7
99.1% D20  5.00 46-B .0207 29.82

48-B .0169 29.58
56-B .0169 29.54
57-B .0150 29.21

29.54 ±  0.16é
*  .54%

Attention should be directed to the B runs in
Table II. The results of these runs are evidence 
that the barium salt of nitroethane is stable, and 
that it can be reconverted completely to the nitro 
form by the addition of an equivalent quantity 
of sulfuric acid. The same can be said for Run 
44-B in Table I. Although the result deviates 
from the mean, still it must be considered as satis­
factory evidence, if the uncertainties of reagent 
addition, barium sulfate precipitation, and the 
high rate of the reaction be recognized.

No B runs could be made with nitroisopropane. 
Although the barium salt was stable, the free acid,

145
245

155
275

165
305

A
C

290
480

310
540

330
600

B
D

R.
Fig. 1.—Plot of -  R) vs. R  at 5°: A, 0.0168

N  nitroisopropane in H20; B, 0.0245 N  nitroisopro­
pane in D20; C, 0.0273 N  nitroethane in H20; D, 
0.0266 N  nitroethane in D20.

liberated on addition of an equivalent quantity 
of sulfuric acid, decomposed partially to yield a

T a b l e  III
T h e  N e u t r a l iz a t io n  o f  N it r o is o p r o p a n e  i n  H20  a n d

d 2o
Solvent Temp., °C. Run Concn. ki

h 2o 0.00 30-A 0.0349 2.08
31-A .0301 2.08
32-A .0265 2.05
33-A .0213 2.08
34-A .0165 2.09

2.08

h 2o 5.00 61-A .0307 3.36
64-A .0263 3.37
62-A .0231 3.38
65-A .0206 3.35
66-A .0168 3.34
63-A .0116 3.34

3.36

99.1% D20  5.00 69-A .0359 4.62
67-A .0310 4.59
68-A .0245 4.57
70-A .0150 4.54

4.58

0.01 
>= .48%

0.01 
>= .30%

0.03
fe .66%
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T a b l e  IV
S u m m a r y  a n d  C o m p a r is o n  o f  R e s u l t s  i n  H20

Temp., Maron and La Mer
-------------- k2--------------------

Junell W ynne-Jones
Substrate °C. (cond.) (brom.) (cond.)

Nitromethane 0 237.6 ±  1.5 171 ±  3
Nitroethane 0 39.11 =*= 0.29 35.2 ±  1.0 39.0 =»= 2.0

5 58.37 =fc .50 . . . .
Nitropropane 0 .. 29.2 ± 0 .2
Nitroisopropane 0 2.08 ±  .01 1.94 ±  .04

5 • 3.36 ± .01

product or products other than the nitro form. In 
this respect JunelTs6c (p. 110) experience is in ac­
cord with our own.

The nitroethane measurements in D20  merit 
further explanation. Wynne-Jones7 first called 
attention to the fact that it should be possible to 
study the kinetics of exchange of the H for D 
atoms on the carbon adjacent to the nitro group 
in nitroethane by the following series of reactions 
carried out in D20

h
CH3CH2N 0 2 +  O D - ---- >- CH3C H = N 0 2-  +  HOD

(10a)
c h 3c h =-n o 2-  +  D 30 + — CH3C H D N 02 +  D20

(10b)
k2

CH3C H D N 02 +  O D - ----CH3C D = N 0 2-  +  HOD
(11a)

CH3C D = N 0 2“ +  d 3o + — ^  c h 3c d 2n o 2 +  d 2o
(Hb)

h
c h 3c d 2n o 2 +  OD -  — >  c h 3c d = n o 2-  +  d 2o

(12a)

The idea in this sequence of reactions is to remove 
the protons one at a time with OB~ and introduce 
deuterons instead of protons with D30 +, until 
finally only D atoms are attached to the alpha 
carbon. Further neutralization should involve 
the transfer of a deuteron to the OD~ ion (12a). 
By this simple artifice it should be possible to 
measure both the rate of proton transfer (10a) 
and deuteron transfer (12a) to the same ion, OD~, 
in the same solvent D20. Reaction (11a) would 
proceed only as written if the rate of proton re­
moval is considerably greater than that of the 
deuteron from CH3CHBN02.

One such sequence of measurements with nitro­
ethane was carried out by Wynne-Jones at 0°. 
We have repeated these experiments at both 0 and 
5°. In Table II the constants designated first 
stage refer to reaction (10a), while those marked 
second stage refer to reaction (11a). Stage three, 
corresponding to (12a), could not be measured 
for reasons to be given below.

Comparison of Results with Previous 
Measurements

In Table IV are summarized all the known rate 
constants for the neutralization of nitroparaffins 
in light water. Inspection of these data shows 
that Wynne-Jones" result for nitroethane at 0° 
is in very good agreement with our value of 39.11. 
On the other hand, Junell’s constants, obtained 
by a bromination method, are in every case 
lower than those of this paper.

The conductance method measures directly 
the rate of removal of hydroxyl ions from solu­
tion. Since the latter are removed in the reac­
tions under discussion by taking on a proton from 
the substrate, we conclude that we are measuring 
directly the rate of proton transfer to hydroxyl 
ions. In the bromination method, however, the 
rate of proton transfer is arrived at indirectly 
through two fundamental assumptions. As used 
by Junell, the procedure consisted in neutralizing 
a nitroparaffm with sodium hydroxide up to a 
certain point, and then suddenly adding a large 
excess of strongly acid solution of bromine. The 
assumptions were (1) that the acid would neutral­
ize the alkali and thus stop the reaction, and (2) 
that the bromine would react very rapidly with 
the aci acid present. From the quantity of 
bromine consumed the extent of neutralization 
at the time of addition of bromine could then be 
calculated.

Nothing definite can be said about the second 
of these assumptions. It is known that bromine 
is absorbed very rapidly by the aci form of a ni- 
troparaffin, but just how rapidly is still an open 
question. To the first assumption, however, two 
serious objections can be raised. First, Nef13 has 
shown that in the presence of excess mineral acid 
the aci salts are unstable and decompose to give 
various products. Secondly, Junell14 has shown 
that in the presence of H30 + the anions of the 
aci-paraffins isomerize rapidly to the nitro-forms.

(13) Nef, A nn., 280, 263-291 (1894).
(14) Refs. 6b; 6c, p. 79.
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He has shown, further, that the reaction anion +  
acid is subject to general acid catalysis. We may 
expect that even with a very rapid bromination 
rate, an appreciable back reaction may set in on 
addition of a large excess of mineral acid, convert­
ing some aci to nitro-form before bromination is 
completed. The two factors mentioned should 
operate to give low results for the concentration 
of aci form, and hence for kz- The error should 
be especially large with nitromethane, where the 
rate constant for the back reaction is known to 
be large, and smaller for the other nitro-paraffins 
under discussion.

This is actually the case, as may be seen from 
Table IV. The divergence between the rate con­
stants of this paper and Junell’s is 28% for nitro­
methane, about 10% for nitroethane, and about 
7% for nitroisopropane.

It should be mentioned that Junell, in some pre­
liminary experiments, tried out his method on 
nitroethane and found the error involved in the 
concentration determinations to be 0.5-4%, de­
pending on the dexterity of operation. The error 
in the determination of the nitromethane con­
centrations would then be expected to be even 
larger, leading to greater error in the constants 
for nitromethane. These facts substantiate the 
above analysis of the bromination procedure.

In view of these considerations we consider the 
results of conductance to be more accurate and 
reliable than those obtained by the bromination 
method.

Table V gives a summary and comparison of 
the kinetic constants obtained in D20. The agree­
ment between Wynne-Jones’ value at 0° for the 
first stage and that of this paper is fair, but there 
is no agreement at all for the second. Wynne- 
Jones’ kz = 36 is altogether too high in view of the 
constants measured at both 0 and 5°. For the 
third stage Wynne-Jones reported a rather un­
satisfactory constant varying from 6 to 15. We 
have found that no satisfactory constants for this 
stage can be obtained because the CH3C D =  
NOO~ ion, although stable in the salt, is more 
sensitive to acid than the corresponding CH3C H =  
NOO~ ion, and undergoes some decomposition 
on addition of D2SO4. In the light of Nef’s18 
work the decomposition product may be expected 
to be CH3CDO, A test with 2,4-dinitrophenyl- 
hydrazine gave a positive reaction. This finding- 
renders Wynne-Jones’ measurement of the third 
stage too questionable to have any meaning in

the calculation of ratio of proton to deuteron 
transfer.

Table V
Comparison of Results for Nitroethane in D20

Temp., /------------------ &2—°C. Maron and La Mer Wynne-Jones
First stage 0 55.6 60

5 81.33 ±  0.49
Second stage 0 20.7 36

5 29.54 ±  .16 . *
Third stage 0 No result 6-15

Discussion
The rate of proton donation by a nitroparaffm 

to a base depends greatly on the nature of the 
atoms or groups attached to the a-carbon. An 
inspection of Table IV shows that the rate of neu­
tralization is highest for nitromethane and least 
for nitroisopropane, i . e., the greater the number 
of hydrogen atoms attached to the a-carbon the 
greater the rate of proton donation to a base. 
As the hydrogens are progressively replaced by 
alkyl groups, the rate decreases rapidly. Ap­
parently the length of the substituent alkyl 
group is of relatively minor importance, since the 
rates of neutralization of nitroethane and n- 
nitropropane are not very different. On the 
other hand, the number of alkyl substituents is of 
importance, as is evidenced by the very large de­
crease in rate constants when two hydrogen 
atoms are replaced by methyl groups in nitroiso­
propane.

Qualitatively these observations are in accord 
with the *‘inductive effect” ascribed to methyl 
groups in particular and to alkyl groups in general. 
An alkyl group is considered to be more “electron 
repulsive” than a hydrogen atom. Consequently, 
on replacement of a hydrogen atom by an alkyl 
group, the carbon to which the attachment is 
made becomes more negative by induction, and 
exercises a greater attraction for the proton. 
This stronger attraction between hydrogen and 
carbon should be evidenced by a decrease in rate 
beyond that expected on purely statistical grounds. 
Such is actually the case. From Table IV it will 
be observed that the rate inhibiting effect of vari­
ous alkyl groups is in the order

CH33 /  /  CHaCH2 )> CHs )> H

This is the sequence found by Kharasch and Flen- 
ner15 for the order of increasing electron repulsive 
character of alkyl groups, and is also the order

( 1 5 )  K h a r a s c h  a n d  F le n n e r , T h i s  J o u r n a l , 54, 6 7 4  ( 1 9 3 2 ) .
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given by Watson16 for the relative magnitudes of 
the “inductive effect/’

Again, the inductive influence of halogen, which 
is electron attractive, should be to increase the 
rate of prototropic change. This is in accord 
with Junell’s measurements17 which show that the 
rates of ionization of brominated nitromethane 
and nitroethane are faster than those of the corre­
sponding unhalogenated nitroparaffins.

Quantitatively, the velocity constants for the 
neutralization of nitroisopropane, w-nitropropane, 
nitroethane and nitromethane are in the ratio 
1:14:18:114, respectively. These figures are not 
explicable on purely statistical grounds. Again, 
the effect of the methyl groups is not additive. 
Although there is about a six-fold decrease in rate 
on going from nitromethane to nitroethane, the 
decrease in rate from nitroethane to nitroisopro­
pane is 18-fold. These variations in rate, out­
side of statistical considerations, can be as- 
scribed only to differences in force of binding of the 
hydrogen to the carbon produced from compound 
to compound by the substitution of alkyl groups.

The heavy water experiments add nothing to 
the above facts. The ratio of the velocity con­
stants of nitroethane to nitroisopropane in D20  
is the same as in H20, 18. These experiments do 
show, however, that the rate of proton transfer 
from a nitroparaffm to OD” in D20  is faster than 
the rate for the transfer of a proton to OH” in 
H20. The ratio of velocity constants is essen­
tially constant, being 1.42 and 1.39 for nitro­
ethane at 0 and 5° and 1.36 for nitroisopropane 
at 5°. Such accelerations in reactions involving 
OH” and OD” ions in the two media have been 
observed in the saponification of ethyl acetate,18 
the hydrolysis of diacetone alcohol,19 and the hy­
drolysis of the monochloroacetate ion.20 The 
ratios found there were in the order given 1.33, 
1.22 (15°) and 1.2 (45°).

Since the substrates in the examples cited were 
the same in both H20  and D20, the differences in 
rate in the two media may be ascribed to solvent 
effect and to differences in the OH~ and OD” 
ions. It is doubtful whether the solvent alone 
would account for a 40% acceleration in rate ob­
served here. These experiments indicate that 
the OD” ion is a stronger base than the OH” ion,

(16) Watson, “ M odem  Theories of Organic Chemistry,” Oxford 
University Press, New York, 1937, p. 74.

(17) Junell, Z. physik. Chem., A141, 71-90 (1929).
(18) Wynne-Jones, Chem. Rev., 17, 117 (1935).
(19) Hornel and Butler, J . Chem. Soc., 1361—1366 (1936).
(20) Reitz, Z. physik. Chem., A177, 85-94 (1936).

and by virtue of its greater basicity accelerates 
the rate of proton removal from the substrate.

The ratios of the rates of proton to deuteron 
transfer could not be determined by the method 
suggested by Wynne-Jones. Nor do the results 
for the first and second stages for nitroethane in 
D20 support Wynne-Jones’ contention that the 
rate of removal of a proton from CH3CH2N 02 is 
essentially twice that from CH3CHDN02. This 
factor of two was explained on statistical grounds 
by the decrease in number of mobile protons pres­
ent from two to one. His conclusion was based 
on a value of k2 = 36 for the second stage, a value 
we believe to be considerably in error. The re­
sults of this paper show that the ratio of constants 
in the first and second neutralization stages is 2.7. 
There is no evidence for a simple quantitative 
statistical connection between rate constants and 
number of prototropic hydrogens in the molecule.

The rate constants reported in Tables II and 
III can be expressed as functions of the tempera­
ture by the equations

(a) Nitroethane in H20

(b) Nitroethane in D20, first stage
OK1Q 7

logio£ = -  +  10.949

(c) Nitroethane in D20, second stage

log10k =  -  +  9 -8 8 8

(d) Nitroisopropane in H20

logiafc = ------ y -----H.899

The units are equivalents per liter and minutes.
Columns (4) and (5) of Table VI summarize 

the energies of activation and the constant B  in 
the Arrhenius equation: logi0& = B — (A£ * / 
2.303RT. All the reactions proceed with ener­
gies of activation somewhat lower than are usually 
encountered (ca. 20,000 cal.). The considerably 
lower rate for nitroisopropane in H20  as com­
pared with nitroethane in the same solvent is 
partially explicable by the difference of 2400 cal. 
in the energies of activation. The increase in 
rate of neutralization of nitroethane in D20  over 
that in H20  may be accounted for by the decrease 
in energy of activation of 600 cal. although this 
difference would call for a larger increase in rate 
than has been observed. However, no explana­
tion can be advanced on this basis for the rate 
observed in the second stage for nitroethane in



Nov., 1938 K in e t ic s  o f  N e u t r a l iz a t io n  o f  P s e u d o  A c id s  2595

T a b l e  V I

E n e r g ie s  a n d  E n t r o p ie s  o f  A c t iv a t io n

(1) (2) (3) o (4) (5) (6) (7) (8) (9)
Substrate Solvent

T h A E*, 
cal.

B
min.-1 Log k 

(2.5°)
— AE*  

2.303RT
AS*  

2.303R AS*
Nitroethane h 2o 0.1738 12,100 11.26 1.70 -  9.58 -3 .2 6 —14.99
Nitroethane 

First stage d 2o .1655 11,500 10.95 1.83 -  9.12 -3 .5 9 —16.41
Second stage d 2o .1541 10,700 9.89 1.40 -  8.49 -4 .6 5 -2 1 .2 5

Nitroisopropane h 2o .2082 14,500 11.90 0.42 -1 1 .4 8 - 2 .6 4 -1 2 .0 6

D20. Although the energy of activation is 
lower than that for the first stage by about 800 
calories the rate observed is also lower, though the 
exact opposite would be expected. The difficulty 
can be resolved by ascribing a part of the differ­
ence in rates observed to differences in entropy of 
activation of the reactions in question. The 
magnitude and variations in the B  constant show 
that the entropy terms are appreciable.

According to the transition state theory of re­
action velocity21

k  =  „ -A S * /*  e -A E * /R T  (13 )

or

l0Sl°k logl° Nh +  2.303R 2.303RT (14^

where R /N  and h are the Boltzmann and Planck 
constants, respectively, and A5* is the entropy of 
activation for all degrees of freedom.22 By com­
parison with the Arrhenius equation

<I S >

Since AE* was taken as constant for 0 and 5° in 
the calculation of B , A5* values were calculated 
for the average temperature of 2.5°. At this 
temperature AS* is given by

^S r = b - 1os"M = b - u-54 (16)
when the time is expressed in minutes. The 
values are tabulated in columns (8) and (9) of 
Table VI, and show large negative values for the 
entropy of activation.

Columns (7) and (8) give the activation energy 
and activation entropy contributions to the loga­
rithm of the velocity constant at 2.5° shown in 
column (6). The entropy contributions are in 
every case large fractions of the energy contribu­
tions. Comparison of nitroethane and nitroiso-

(21) Wynne-Jones and Eyring, J . Chem.^Phys., 3, 492 (1935); 
Eyring, Chem. Rev., 17, 65 (1935).

(22) La Mer and Liotta, T h i s  J o u r n a l , 60, 1967 (1938); La Mer, 
J . Franklin In st., 225, 709 (1938). See p. 729 for a more detailed 
discussion of difference between the entropy of activation as defined 
by Eyring (AS*) and as defined by La Mer (ASact.) in J . Chem. 
Phys., 1,289 (1933).

propane in H20  shows that the decrease in rate 
observed for nitroisopropane is due primarily to in­
crease in activation energy,23 although an increase 
in the activation entropy of about three units miti­
gates the decrease in rate constants. On the 
other hand, the increase in rate in D20  over that 
in H20  for nitroethane is due to the fact that al­
though the entropy decreases, the simultaneous 
decrease in the energy of activation outweighs 
the effect of the entropy, thus leading to a 
higher rate of reaction. For the second stage, 
however, just the reverse is true. Here the de­
crease in entropy of activation outweighs con­
siderably the decrease in the activation energy, 
and consequently the rate constants decrease al­
though from a consideration of activation ener­
gies alone they should increase.

Summary
1. The rates of neutralization of nitromethane, 

nitroethane, and nitroisopropane by OH~ ion in 
H20  and by OD~ ion in D20  have been studied by 
a conductance method. Measurements are given 
for nitromethane at 0° in H20  and for nitroethane 
and nitroisopropane at 0 and 5° in both H20  and 
D20.

2. The rate constants for these prototropic 
reactions in H20  decrease as we pass from nitro­
methane to nitroethane, to nitroisopropane. A 
qualitative explanation of this change in rate 
with substitution is given in terms of the “induc­
tive effect” of alkyl groups.

3. The rates for nitroethane and nitroisopro­
pane are 40% faster in D20  than in H20  at the 
same temperature.

4. The results of this paper have been com­
pared with previous measurements in the light of

(23) B y the term “increase in activation entropy’* #n passing 
from nitroethane to nitroisopropane we refer to the algebraic in­
crease in the entropy of the activation process: S*  — —15 to
12 E. U. respectively. This means that the latter complex is more 
probable, i. e., more states, in the statistical sense, exist for the iso­
propane than for the ethane complex. On the other hand the en­
ergy differences for the activation process represented by AE * /  
2.3R T  are higher for the former, namely, 11.48 and 9.58. Hence 
the rate of reaction is slower for nitroisopropane.
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the methods employed. A critical discussion of 
the bromination method is given, and certain 
errors pointed out.

5. Wynne-Jones' attempt to determine the 
ratio of proton to deuteron transfer by progres­
sive exchange of H for D in nitroparaffins is in­
applicable to nitroethane and nitroisopropane 
because of the instability of the substrate at cer­
tain stages in the process.

6. Equations for rate constants as functions of 
temperature are given, and energies and entropies 
of activation calculated. It is shown that the 
differences in rates observed cannot be explained 
in terms of changes in the activation energy alone; 
the differences in the observed rates are caused by 
an interplay of variations in both energy and en­
tropy of activation.
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  23, 1938

[C o n t r ib u t io n  N o . 3 6 2  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , U n i v e r s it y  o f  P it t s b u r g h ]

Reactions of Trialkyl Phosphates, Alkyl Acetates, and Tertiary Butyl Hypochlorite in
the Friedel-Crafts Syntheses1

B y  N a t h a n  B e r m a n  a n d  A l e x a n d e r  L o w y

The synthesis of alkylated substances by means 
of the Friedel-Crafts reaction has been extended 
widely from the original use of alkyl chlorides 
with aromatic hydrocarbons. An important ad­
vance in the alkylation reaction was the applica­
tion of esters to the synthesis. Among the esters 
used were: alkyl borates, alkyl acetates, alkyl for­
mates, n-butyl oxalate, tetraethyl silicate, and 
diethyl carbonate. The trialkyl phosphates gave 
phenol ethers with phenol.

The purpose of this investigation was to ob­
serve whether the use of esters might be extended 
to the alkyl esters of phosphoric acid, acetic acid, 
and tertiary butyl hypochlorite. These substances 
proved to be efficient alkylating agents. The con­
ditions which influenced the yield of alkylated ben­
zenes were observed, such as concentration of re­
agents, duration of heating, and reaction time.

Experimental
The apparatus employed for the alkylations was the 

usual one-liter three-necked Pyrex flask, into one neck of 
which extended a dropping funnel and thermometer. 
The central neck was fitted with a glass stopper and mer­
cury seal, through which extended a motor-driven glass 
stirrer. The third neck was connected to a modified 
Hopkins-type reflux condenser. Fractionations were con­
ducted with a seventeen-inch (43-cm.) Vigreux column, 
which was wrapped in asbestos paper.

The aluminum chloride used throughout was of 99.5% 
purity. The benzene was dried over sodium and distilled 
at 80-8Ï0. The various esters were purified by distilla­
tion or by vacuum distillation before use.

Typical Experiment. Triethyl Phosphate,—Benzene 
(435 g.) was stirred with 68.5 g. (0.515 mole) of aluminum

(1) Abstracted from a thesis presented by Nathan Berman to the 
Graduate School in partial fulfilment of the requirements for the 
Ph.D. degree.

chloride in the Pyrex flask, surrounded by an ice-water 
bath; 25 g. (0.137 mole) of triethyl phosphate was added 
dropwise through a separatory funnel over a two-hour 
period. The mixture was then stirred for eight hours at 
room temperature (20-25°). -Throughout this time there 
was a vigorous evolution of hydrogen chloride. The mix­
ture was poured over cracked ice and allowed to hydrolyze 
overnight. The benzene layer was washed with aqueous 
sodium bicarbonate and water, dried over calcium chlo­
ride, filtered, and fractionally distilled. There was ob­
tained 27 g. of ethylbenzene boiling at 134-137°; n20D 
1.4951. There was also obtained 8 g. of a higher boiling 
fraction.

Preparation of Triisopropyl Phosphate.—The procedure 
analogous to that described in “Organic Syntheses” 
for the preparation of w-butyl phosphate2 was followed. 
In the four-necked flask fitted with (a) a mercury-sealed 
stirrer, (b) a Hopkins-Cole type condenser, (c) a thermome­
ter, and (d) a separatory funnel, there was mixed three 
moles (180 g.) of isopropyl alcohol with 3.3 moles of pyri­
dine and 275 ml. of benzene as solvent. This mixture 
was stirred and cooled in an ice-salt bath to —5°. 
Through the separatory funnel, 153 g. of phosphorus oxy­
chloride was added dropwise over six hours at such a 
rate that the temperature never exceeded 10°. The mix­
ture was refluxed for two hours at 80°; 500 ml. of water 
was added to dissolve the pyridine hydrochloride; the 
benzene layer was washed with 100 ml. of water and dried 
over anhydrous sodium sulfate. On vacuum distillation, 
100 g. of triisopropyl phosphate was collected, which 
represents a 44.7% yield. Its boiling point was 122-125°, 
at 15-16 mm. pressure.

The accompanying Table I gives the results of the ex­
periments conducted with the various esters as alkylating 
agents. The experimental procedure was analogous to 
that followed in the experiment with triethyl phosphate, 
except as indicated below.
I. Alkylating agent = triethyl phosphate (b. p. 96-101° 

at 3-5 mm.). Product = ethylbenzene (b. p. 134- 
137°; n20D 1.4951).

(2) Org. Syntheses, 16, pp. 9-12 (1936).
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II. Alkylating agent — triisopropyl phosphate. Prod­
uct = isopropylbenzene (b. p. 151-154°; n20d 1.4917; 
d 0.859 (20°)).

III. Alkylating agent = tributyl phosphate. (b. p. 157- 
160° at 4 mm.). Product = s-butylbenzene (b. p. 
171-175°; n 20D  1.4884).

IV. Alkylating agent = isopropyl acetate. Product = 
isopropylbenzene.

V. Alkylating agent = s-butyl acetate. Product = j- 
butylbenzene (b. p. 173-177°; n20d 1.4889).

VI. Alkylating agent = methylamyl acetate (b. p. 143- 
146°). Product = isohexylbenzene.

VII. Alkylating agent = tertiary butyl hypochlorite.
Product =  /-butylbenzene (b. p. 165-170°; n 20d

1.4963).

T a b l e  I
Alkylating Alkylated High

agent AICI3 Temp., Time, benzene boiler
Expt. G. M ole G. Mole °C. hrs. G. % ’ g-
I-A 50 0 .274 130 0.977 20-25 28 24 27 .5 15
I-B 25 .137 68 .5 .515 20-25 1 0 27 61.5 8

II 25 . 1 1 2 48.9 .368 10-15 4 2 1 52.1 8

20-25 2 0

III 25 .094 46 .9 .353 20-25 2 27 71 .5 4
80 14

IV-A 50 .49 71 .7 .538 80 1 8 13.6 3 .5
20-25 9

IV-B 50 .49 71.7 .538 80 2 0 6 1 0 . 2 3
IV-C 25 .245 71.7 .538 20-25 23 17 57 .8 6

V-A 50 .431 126 .945 80 1 0 9 15.6 19
V-B 50 .431 36 .472 80 2 0 31 53.7 7
V-C 50 .431 4 .7 .0428 80 1 0 None
VI-A 50 .347 1 0 2 .765 80 1 0 None®
VI-B 50 .347 2 5 .5 .191 80 1 0 None®
VI-C 50 .347 51 .383 80 1 0 2 7  & 48 .0 9
VI-D 25 .174 25 .5 .191 80 1 0 17c 60 .4 4
VII-A 30 .277 33 .7 .253 20-25 25 16 43 .1 6

VII-B 25 .231 None 15 3 None
80 48

a No mercury. b Amount of mercury unknown. c 10 g. 
of mercury.

In the experiments conducted with s-butyl acetate, the 
19-g. high boiling fraction (experiment V-A) showed the 
usual effect of a high concentration of aluminum chloride. 
The molar ratio of aluminum chloride to ester of approxi­
mately one to one (experiment V-B) was more favorable 
to the production of ^-butylbenzene. Experiment V-C 
showed that the relatively small amount of aluminum chlo­
ride did not promote the reaction, from which it was as­
sumed that the aluminum chloride plays an integral part 
in the reaction, and its role is not purely catalytic.

The formula given to methyl amyl acetate by the Car­
bon and Carbide Co. was: CH3COOCH(CH3)CH2CH- 
(CH3)2(2,4-dimethylbutyl acetate). It has been estab­
lished that under the conditions of the experiments mer­

cury is a necessary catalyst for the alkylation of benzene 
with methyl amyl acetate. The physical constants of 
the alkylated benzene were: b. p. 195-200°; n15D 1.4930; 
d = 0.866 (15°), which corresponds with /3-methyl-ö- 
phenylpentane (b. p. 197°; n 15d 1.4876; d 0.863 (15°)).

/-Butyl hypochlorite was supplied by the Pennsylvania 
Salt Manufacturing Co. The question was considered 
as to whether it would condense the alkyl or alkoxy group 
on to benzene. Under the conditions of experiment VII- 
B, aluminum chloride was found to be a necessary catalyst 
for the alkylation of benzene by tertiary butyl hypochlo­
rite. Since no ether but /-butylbenzene was obtained ex­
clusively, it was apparent that the alkyl-oxygen bond in 
the hypochlorite was split in the reaction.

Aluminum Chloride with Isopropyl Acetate.—For the 
elucidation of the mechanism of these syntheses, it is 
important to determine the behavior of the esters when 
treated with aluminum chloride. In the following ex­
periment an attempt was made to isolate any isopropyl 
chloride which might be evolved in the reaction of iso­
propyl acetate with aluminum chloride. Twenty-five 
grams of isopropyl acetate was added dropwise to 71.8 g. 
of aluminum chloride at 15° in the reaction flask. The 
mixture was stirred for five and one-half hours at 15° and 
then for two hours at 50°. Some reaction was apparent 
due to the mixture becoming thick and dark with an evolu­
tion of hydrogen chloride. No isopropyl chloride (b. p. 
39°) was obtained.

Under the conditions of the experiment, any alkyl 
halide which might be formed could react further at once 
and hence was not isolated.

Summary
1. It has been shown that the trialkylphos- 

phates (ethyl, isopropyl and butyl), the alkyl 
acetates (isopropyl, 5-butyl, and methyl amyl) 
and /-butyl hypochlorite will condense with ben­
zene in the presence of aluminum chloride to give 
the corresponding alkylated benzene. These re­
actions may be summarized by the equations
(RO)3PO +  3C6H6 +  A1C13 — >

3RC6H5 +  AIPO4 +  3HC1
CHsCOOR +  C6H6 +  A1C13---->

RCeHe +  HCl +  CHsCOOAlCk3 
/-C4H9OCI +  C6He +  (A1C13) ----/-C4H9C6H5 +  HOC1

2. The preparation of triisopropyl phosphate 
has been described.
P it t s b u r g h , Penna. Received J u l y  27, 1938

(3) Groggins, Ind . Eng. Chem., 23, 152 (1931).
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Hexamethylethane and Tetraalkylmethanes
B y  R ussell  E. M arker  and  T homas S. Oakwood

2598 R u s s e l l  E. M a r k e r  a n d  T h o m a s  S. O a k w o o d

Because of the difficulty of preparing hexa­
methylethane and other tetraalkyl substituted 
methanes in quantity by following the methods 
given in the recent literature,1 * * a practical method 
has been developed whereby a tertiary halide may 
be condensed with an alkylm agnesium halide 
giving yields of 11 to 20% of the desired hydro­
carbon. This condensation has been brought 
about by the addition of cuprous iodide to a mix­
ture of the straight chain Grignard reagent and 
a tertiary halide. This method also may be 
applied to the condensation of a branched chain 
Grignard reagent with a tertiary halide as shown 
in the case of hexamethylethane, obtaining a 
yield of better than 16% in a preparation of
1120 g.

Two series of hydrocarbons were prepared, the
2,2-dimethyl compounds from tertiary butyl 
chloride and RMgBr, and the 3,3-dimethyl com­
pounds from tertiary amyl chloride and RMgBr. 
If the physical properties of each of these two se­
ries of hydrocarbons are arranged in order of in­
creasing molecular weights, not only is there a 
regular increase in4 boiling points, but the refrac­
tive indices and densities exhibit the same regular 
increase in value for each series of similar hydro­
carbons. The results obtained are summarized in 
Table I.

Experimental
As the preparations of the hydrocarbons were essentially 

the same, the details will be given only for 2,2-dimethyl- 
butane and hexamethylethane. The remainder were 
made by the condensation of the suitable straight chain 
alkylmagnesium bromide with tertiary butyl chloride or 
tertiary amyl chloride in the presence of cuprous iodide. 
Their properties and yields from ten mole runs of Grignard 
reagents are given in the table.

2,2-Dimethylbutane.—The Grignard reagent was made 
from 144 g. of magnesium with 1200 cc. of dry ether and 
654 g. of ethyl bromide. The flask was cooled in ice and 
400 g. of tertiary butyl chloride added with stirring.

(1) Flood and Calingaert, T h i s  J o u r n a l , 56, 1211 (1934);
Whitmore, Stehman and Herndon, ibid., 55, 3805 (1933); C. R.
Noller, ibid., 51, 594 (1929).

T a b l e  I

Yield,
%

B. p.
(760 mm.) 

°C. W20 D d™i
2,2-Dimethylbutane 11 49.6 1.3709 0.6491
2,2-Dimethylpentane 21 79.0 1.3825 .6739
2,2-Dimethylhexane 14 106.2 1.3942 .6934
2,2-Dimethylheptane 17 130.4 1.4035 .7105
3,3-Dimethylpentane 2 2 86.0 1.3911 .6937
3,3-Dimethylhexane 17 1 1 2 .0 1.4008 .7107
3,3-Dimethylheptane 16 137.2 1.4087 .7254
3,3-Dimethyloc.tane 11 161.2 1.4165 .7390

This was followed by 20 g. of cuprous iodide. The mixture 
stood overnight, during which time it solidified to a hard 
cake. This was decomposed by water and dilute acid. 
The ether extract was dried over solid potassium carbon­
ate and fractionated. The crude hydrocarbon was shaken 
twice with cold concentrated sulfuric acid, followed by 
water, then sodium carbonate solution and finally dried 
over sodium sulfate. It was then refluxed for six hours 
with sodium-potassium alloy and again treated with sul­
furic acid.

Hexamethylethane.—To 6 moles of tertiary butyl­
magnesium chloride in 2 liters of dry ether with rapid 
stirring was added a mixture of one-half mole of tertiary 
butyl iodide and five and one-half moles of tertiary butyl 
chloride. Much gas came off. Twenty grams of cuprous 
chloride was then added in 2-g. quantities. The reaction 
mixture heated up considerably, giving off gas and soon 
formed a hard cake. After standing overnight it was 
heated on a steam-bath until no more ether distilled. 
Dilute acid was then dropped slowly into the flask, the 
ether and hydrocarbon distilling off during decomposition. 
After the solid had dissolved, the residue was steam dis­
tilled. The hydrocarbons then were separated roughly 
by distillation, obtaining a product boiling at 104-106°, 
This crystallized in the receiver. This product was then 
crystallized from ether at —50° and redistilled from 
sodium taking a fraction boiling at 105-106° at 735 mm. 
This product although not of extreme purity melted above 
99 ° and the crystals were dry; yield, 1120 g. from 60 moles 
of ^-butylmagnesium chloride.

Summary
A practical method is given for the preparation 

of hexamethylethane and other hydrocarbons con­
taining a tertiary group by condensation of an 
alkyl Grignard reagent with a tertiary halide by 
means of cuprous iodide.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  J u l y  25, 1938
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[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , D u k e  U n i v e r s i t y ]

Chemical Studies of Certain Pathogenic Fungi. I. The Lipids of Blastomyces
dermatiditis1

B y  R obert L. P eck and Charles R. H au se r

This series of investigations has been under­
taken with the purpose of studying the constitu­
ents of certain pathogenic fungi with the hope 
that more light may be thrown on the chemical 
nature of the factors responsible for their patho­
genicity. Data on nonpathogenic fungi are avail­
able to afford comparisons.

In this paper are presented the results obtained 
from a study of the lipid fraction of Blastomyces 
dermatiditis. No previous chemical study of the 
lipid fraction of Blastomyces dermatiditis in the 
yeast-like form could be found in the literature. 
The present investigation is concerned with the 
isolation and identification of the constituents of 
the lipids extracted from this organism by a mix­
ture of alcohol and ether and by chloroform. The 
isolation and purification of the fractions were in 
general carried out according to the methods de­
veloped by Anderson.2 In all operations in­
volving unsaturated lipids, an atmosphere of 
nitrogen or carbon dioxide was maintained as far 
as possible. All solvents were purified and freshly 
distilled before use. During extractions and con­
centrations special precautions were taken in 
order to avoid contamination of the fungus lipids 
with extraneous fatty materials.

In Table I are given the percentages of lipids

T a b l e  I

P e r c e n t a g e s  o f  L ip id s  E x t r a c t e d  fr o m  Blastomyces 
dermatiditis

Batch  
and wt., g.

Lipids extracted 
A lc.-ether CHCls Total

I ƒ Grams 81.7 4.6 86.3
818.5a \  Extd., %b 9.0 0.5 9.5

II ƒ Grams 18.8 1.6 20.4
209.0a \  Extd., %b 8.2 0.7 8.9

III J Grams 6.1 6.1
62 .7a \  Extd., %b 8.9 8.9
IV ƒ Grams 5.6 5.6
60.4“ 1 Extd., %b 8.5 8.5
a Weight of extracted cells after drying in vacuo. b Per

cent, of weight of dried extracted cells plus weight of total
extracted lipids.

(1) Blastomyces dermatiditis [Gilchrist and Stokes (1898)] a yeast­
like organism when grown at 37°, is the etiological agent of the 
human disease, blastomycosis. The disease may be either a skin 
infection or a fatal generalized condition. See Martin and Smith, 
A m . Rev. T. B., in press.

(2) Anderson, J . Biol. Chem., 74, 525 (1927), and later papers.

T a b l e  II
P r o p o r t io n s  o f  t h e  P h o s p h a t id e  a n d  A c e t o n e -S o l u b l e  

F r a c t io n s  o f  Blastomyces dermatiditis
Batch Phosphatide Acetone soluble

[ Grams 2 1 . 0 65.3
1 \ % oï whole cell" 2.3 7.2

[ % of lipids6 24.3 75.7
f Grams 1.7 18.8

II -j %  of whole cell* 0.7 8 . 2
[ % of lipids6 8 . 2 91.8
[ Grams 2 . 1 4.0

III \ %  of whole cell® 3.0 5.9
[ % of lipids6 34.1 65.9
[ Grams 1.9 3.7

IV { %  of whole cell* 2.9 5.6
( % of lipids6 34.3 65.7

a The whole cell weight is assumed as that of the dried 
extracted cells plus extracted lipids.

6 The lipids are the ether-soluble lipids extracted as in 
our experiments.

extracted from the cells. Table II gives the pro­
portions of the phosphatide and the acetone- 
soluble fractions. In order to form an idea as to 
the precision of our methods of extraction and es­
timation, two small batches of organisms were 
grown and extracted for one month with a mix­
ture of alcohol and ether. The extracts and 
washings were worked up as described in the ex­
perimental part. The results are given in Tables 
I and II, batches III and IV. These results in­
dicate that the methods of extraction and of sepa­
ration of the phosphatide and acetone-soluble 
fractions are reproducible within about five per 
cent.

Batch I was grown on a medium3 containing a 
small amount of blood. Batches II, III, and IV 
were grown on the same medium without blood. 
It can be seen from Table II that the composition 
of the lipids of batch I is essentially the same as 
that of batches III and IV; hence it would ap­
pear that the presence of blood in the medium 
does not greatly influence the lipid composition.

Batch II was left for two weeks in a preliminary 
killing solution of 1% aqueous phenol before ex-

(3) This medium was developed by Dr. Wm. H. Kelly of the D e­
partment of Medicine, Duke University. I t consists of 10 g. of deX' 
trose, 10 g. of peptone, 15 g. of agar-agar, 3 g. of beef extract, 0.5 g. of 
sodium chloride, and 1000 g. of distilled water. To this is added 20 
cc. of laked blood (one part blood to three parts distilled water).
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traction of the lipids, whereas the other batches 
were placed in alcohol and ether immediately after 
removal from the culture. It is evident from 
Table II that immediate extraction of the living 
organisms with alcohol and ether yields much 
more phosphatide than similar extraction of the 
organisms after allowing them to stand with 
aqueous phenol. It should be observed, however, 
that the total fat remains about the same in the 
two methods.

In Table III the data on the phosphatide frac­
tion are presented. I t can be seen that, although 
grown and extracted under somewhat different 
conditions, batches I and II yielded phosphatides 
of essentially the same composition. The phos­
phatide fraction is presumably a mixture contain­
ing substances resembling lecithin and cephalin. 
The nitrogen-phosphorus ratio is 1:1. On hy­
drolysis with aqueous sulfuric acid, glycerophos- 
phoric acid, choline, ethanolamine and fatty 
acids were obtained. The first three compounds 
were isolated and identified. Evidence has been 
obtained which indicates that the following fatty 
acids were present: palmitic, stearic, oleic, and 
linoleic acids. It should be mentioned also that 
a small amount of carbohydrate was obtained on 
saponification of the phosphatide.

Tables IV and V give the data on the acetone-
T a b l e  I I I

P e r c e n t a g e  C o m p o s it io n  o f  P h o s p h a t id e  F r a c t io n s

Blastomyces dermatiditis Tubercle
Batch I Batch II bacilli®

Water soluble 32 32 34
Ether soluble 6 8 6 8 64.2
Unsaponifiable 3 3 1 .8
Total fatty acids 65 65 62.4
Solid acids 12.4 30.5
Liquid acids 52.6 (iodine no., 96) 33.7 (iodine 

no., 30)
Liquid satd. acids 0 20.9
Palmitic acid 8 . 2 6 30.5
Stearic acid 4 .2& Very small amount
Oleic acid 49. l c 1 2 .8
Linoleic acid 3.5C 0(?)
Carbohydrates Present Present 30.4
Glycerophosphoric

acid
3.1 Present 5.4

Choline Present Present Absent
Ethanolamine Present Present Absent
Nitrogen 1.78 1.71 0.4
Phosphorus 3.89 3.61 2.3
Nitrogen-phos­

phorus ratio
1:1 1:1 2:5

a See ref. 4. b Calculated on assumption that solid acids
were mixture of palmitic and stearic acids. c Calculated 
from iodine number (96) and weight of liquid acids,

soluble fats. The acetone-soluble fraction ob 
tained from batch I was qualitatively the same 
as from batch II, but certain quantitative dif­
ferences appear; these are probably due to the 
differences in treatment of the cells before extrac­
tion. The acetone-soluble fraction appears to be 
a mixture containing free fatty acids and sterols. 
On saponification it gave glycerol, ergosterol, 
and palmitic, oleic and linoleic acids. These 
compounds were isolated and identified. Stearic 
acid was probably also present.

T a b l e  IV

C o n s t a n t s ® o f  A c e t o n e -S o l u b l e  F a t
Blastomyces dermatiditis 

Batch I Batch II
Tubercle 
bacilli &

Iodine number 106.1 101.2 52.6
Melting point Oil Oil 33°C.
Acid value 45.3 60.3 60.3
Saponification value 191.5 170.0 203.6
Ester value 146.2 109.7 143.2
Reichert-Meissl value 2 .7 3.9

® These constants with the exception of iodine number
and melting point were determined in the case of Bias-
tomyces dermatiditis according to Assoc. Official Agr. Chem. 
“Methods of Analysis,” Washington, D. C., 1936, 4th ed.

& See Anderson, Physiol. Rev., 12, 166 (1932).

T a b l e  V
P e r c e n t a g e  C o m p o s it io n  o f  t h e  A c e t o n e -S o l u b l e  F a t s

Blastomyces dermatiditis 
Batch I Batch II

Tubercle
bacilli0

Unsaponifiable matter 8.0 15.4 10.3
Water soluble 4.0 4.8 6.3
Fatty acids 88.0 79.8 83.3
Solid acids (satd.) 14.5 11.9 30.3
Liquid acids 73.5 67.9 50.6
Iodine no. 116 126 31
Liquid saturated acids 0 0 38.0
Oleic acid® 55.0 37.7 10.6
Linoleic acid® 18.5 30.2 ?
Palmitic acid& 9.7 30.3
Stearic acid& 4.8 Traces
Sterols'* 4 6 0

® Calculated from the weight and iodine number of the 
unsaturated acid. 6 Calculated from weight and mean 
molecular weight of the saturated acids. c See ref. 4. 
d Colorimetric analysis.

In a later paper the lipids of Blastomyces der­
matiditis, together with those of another patho­
genic fungus, Monilia albicans, will be compared 
with the lipids of certain non-pathogenic fungi.

In this paper it seemed of interest to compare 
the lipids of Blastomyces dermatiditis with those 
of the tubercle bacillus,4 since the clinical picture 
of the disease caused by the fungus resembles in 
certain respects that caused by the bacillus,

(4) R. J. Anderson, Physiol. Rev., 12, 166 (1932).
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Data on the lipids of both organisms are listed in 
Tables III, IV and V.

It can be seen from Tables III and V that, 
while the lipids of Blastomyces dermatiditis and 
of tubercle bacilli have a number of similarities, 
certain striking differences appear. In the fungus 
are found a higher percentage of unsaturated 
acids and a lower percentage of saturated acids 
than are found in the tubercle bacillus, but, more 
significant, the latter organism contains a con­
siderable amount of liquid saturated fatty acid, 
which appears to be entirely absent in the fungus. 
The phosphatide of the fungus (Table III) con­
tains two nitrogenous constituents which appar­
ently are not found in the tubercle bacillus, and 
the nitrogen-phosphorus ratio is different in the 
two organisms. Sterols (ergosterol) are present 
in the acetone-soluble fraction of the fungus 
(Table V) but this constituent apparently is 
not found in the tubercle bacillus. It is of in­
terest that carbohydrates are present in the phos- 
phatides of both organisms.

Experimental
Materials.—The culture medium was prepared from 

bacto-peptone, bacto-dextrose, and agar-agar purchased 
from Difco Laboratories, Detroit, Michigan, and beef 
extract from Armour and Company, reagent quality so­
dium chloride, and distilled water. In the media for batch 
I, laked sheep blood (one part blood to three parts distilled 
water) was used; no blood was in the media for batches II, 
III and IV. The medium was placed in liter prescription 
bottles which were then plugged with cotton and gauze and 
sterilized. The cultures were always checked for con­
tamination; only pure cultures were used for the experi­
ments.

Ether was dried over sodium; acetone and chloroform 
were dried over drierite. These were freshly distilled 
before use. Alcohol was freshly distilled from potassium 
hydroxide.

Growth and Extraction.—A virulent strain of Blasto­
myces dermatiditis (Strain F-2) was grown5 for seven days 
on the solid media at 37° in the dark. The organisms (in 
the case of batches I, III, and IV) were washed from the 
media with 95% alcohol, collected in 5-gallon (19 liters) 
bottles, an equal volume of ether was added and the bottles 
were stoppered with corks covered with tin-foil and stored 
for one month at room temperature in the dark. They 
were shaken occasionally with a rotary motion. Control 
experiments have shown that no appreciable amounts of 
lipids were extracted from the media or the stoppers under 
the conditions used in this work. The cells were filtered 
off, washed with alcohol and ether, and reëxtracted for two 
weeks with a mixture of equal parts of alcohol and ether. 
After filtration and washing, the cells finally were ex­
tracted with chloroform for one month. The cells were

(5) The organisms were grown in the laboratories of the Depart­
ment of Medicine, Duke University, by one of us (R. L. P.).

filtered off, washed with chloroform, and dried in vacuo 
giving a cream-colored powder.

Batch II was washed from the culture with aqueous 1 % 
phenol and allowed to stand under this solution for two 
weeks. The cells were then filtered off and placed in a 
mixture of equal volume of alcohol and ether. The pro­
cedure from this point was the same as in the extraction of 
the other batches.

Concentration of Extracts.—The alcohol-ether extracts 
and washings were concentrated under reduced pressure 
in an all-glass apparatus to a small volume. The resulting 
aqueous emulsion was thoroughly extracted with ether. 
The residual aqueous solution was treated as described in 
the next section. The ether extract, after drying over 
sodium sulfate, yielded on evaporation a clear red-brown 
oil (batch I, 81.7 g.; batch II, 18.9 g.). White crystals 
(batch I, 2.12 g.) appeared in this oil on standing over­
night. These were separated and identified as ergosterol 
as described below.

The chloroform extract and washings, on concentration 
under reduced pressure, yielded a dark brown oil (batch I,
4.6 g.; batch II, 1.6 g.). This was similar to the alcohol- 
ether soluble material and was therefore combined with it.

The Residual Aqueous Solution.—The aqueous solution, 
remaining after the ether extraction of the lipids described 
in the previous section, was concentrated to small volume 
and treated with two volumes of 95% alcohol. A crude 
polysaccharide (batch I, 1.5 g.) was precipitated. The 
purified polysaccharide possessed biological activity and 
will be reported at another time. From the sirup obtained 
by concentrating the supernatant solution and washings, 
mannitol (batch I, 1.0 g.) melting at 164-165° was ob­
tained. This was proved by the mixed melting point 
method, and by the preparation of the hexaacetate, melting 
at 121°, and of mannitol tribenzal6 melting at 218-220°.

Separation of the Phosphatide and Acetone-Soluble 
Fractions.—On addition of acetone to the brown oil which 
formed the combined lipids, the phosphatide separated as 
a sticky brown residue on the bottom of the flask. This 
fraction was purified by repeated precipitation from ether 
solution by means of acetone. The phosphatide (batch I,
19.5 g., batch II, 1.5 g.) was a buff-colored hygroscopic 
powder. The acetone solutions and washing from the 
separation and purification of the phosphatide (about four 
liters) were concentrated under reduced pressure to a 
volume of approximately 300 cc. To this solution was 
added a small amount of saturated alcoholic strontium 
chloride. After standing overnight in the refrigerator, a 
further small amount of phosphatide had separated (batch
1 .1.5 g., batch II, 0.2 g.).

The supernatant solution and washings from the separa­
tion of the phosphatide fraction yielded on concentration a 
clear red oil (batch I, 65.3 g., batch II, 18.8 g.). It con­
tained only traces of phosphorus and nitrogen. This 
fraction was designated the acetone-soluble fat.

The Phosphatide Fraction.—The phosphatide, obtained 
as a pale buff-colored powder, softened at 100°, was fully 
liquid at 125°, and began to decompose at about 130°. It 
formed emulsions with water. The phosphorus-nitrogen 
ratio was 1-1.

Micro-Anal. Found: P, 3.89; N, 1.78.
(6) Preus, Peterson and Fred, J . Biol. Chem., 97, 483 (1932).
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Hydrolysis was carried out by refluxing the phosphatide 
with 5% aqueous sulfuric acid for eight hours. After ex­
traction of the fatty acids with ether, the water solution 
was freed quantitatively from sulfuric acid with barium 
hydroxide. The water-soluble constituents were sepa­
rated essentially as described by Newman and Anderson’ 
and by Peterson and co-workers.7 8 Barium glycerophos­
phate was isolated as a white powder and was purified by 
means of its lead salt. This was decomposed with hydro­
gen sulfide, reconverted to the barium salt and dried in air.

Micro-Anal. Calcd. for C3H706PBa-2H20: Ba, 39.99; 
P, 9.03. Found: Ba, 39.48; P, 8.91.

Choline was isolated as the chloroplatinate, melting 
point 235-236° with decomposition.

Micro-Anal. Calcd. for (CgHuON^PtClfi.* Pt, 31.68. 
Found: Pt, 31.57.

Ethanolamine was isolated as the picrolonate, melting 
point 224-226° with decomposition.

Micro-Anal. Calcd. for C^HisOeNg: N, 21.55. Found: 
N, 21.30.

The residual sirup from the water-soluble fraction gave a 
positive acrolein test and a positive Molisch test. A 
small amount of a sticky residue appeared on the walls of 
the flask when a sample of the phosphatide was hydrolyzed 
with alcoholic potassium hydroxide. This was soluble in 
water and gave a positive Molisch test for carbohydrate. 
The small amount of this substance obtained has prevented 
further study at present.

The fatty acids made up 65% of the phosphatide. They 
were separated in the case of batch I by means of the lead 
salt treatment into 12.4% solid and 52.6% liquid acids. 
The solid acids were a white crystalline mass melting at 54- 
55° and having a mean molecular weight of 266. On the 
assumption that the mixture of solid acids consisted only of 
palmitic and stearic acids, the relative proportions of each 
may be calculated from the neutral equivalent and the 
weight of the mixed acids. This would indicate a mixture 
composed of about two-thirds palmitic and one-third 
stearic acid. A sample of the liquid acids was reduced 
with hydrogen and platinum oxide.9 On treatment of the 
reduced acids by the lead salt method, a very small amount 
of liquid acid was obtained, but this was shown to be un­
saturated. No liquid saturated acids were found. The 
solid reduced acid, crystallized once from alcohol, was a 
white crystalline mass, melting at 70-71°. Admixture 
with pure stearic acid (m. p. 70-71°) did not lower the 
melting point. The neutral equivalent was 284.8. This 
shows that the reduced acid was stearic acid (neut. equiv. 
284.3).

Micro-Anal. Calcd. for Ci8H360 2: C, 75.95; H, 12.76. 
Found: C, 76.14; H, 12.79.

On bromination of the unsaturated acids only a trace of 
petroleum ether insoluble acids was obtained. The main 
product was a brown oil, probably dibromostearic acid.

Micro-Anal. Calcd. for Ci8H34Br20 2: Br, 36.15.
Found: Br, 37.20.

(7) Newman and Anderson, J . Biol. Chem., 102, 229 (1933).
(8) Woolley, Strong, Peterson and Prill, T h i s  J o u r n a l , 57, 2589 

(1935).
(9) Voorhees and Adams, ibid., 44, 1397 (1922).

The iodine number (96) and the amount of stearic acid 
isolated on reduction indicate that the liquid acids con­
sisted mainly of oleic acid with a small amount of linoleic 
acid.

Analysis of the Acetone Soluble Fat.—This fraction was 
a red-brown oil containing only traces of phosphorus and 
nitrogen. It possessed a peculiar musty smell. Some of 
its constants are given in Table III.

The oil (batch I, 33.7 g.; batch II, 15.1 g.) was saponi­
fied by refluxing with 4% alcoholic potassium hydroxide 
for eight hours. After most of the alcohol was distilled 
off, the soap solution was diluted with water and the un­
saponifiable material thoroughly extracted with ether. 
The remaining solution was resaponified for three hours 
and again extracted with ether. The soap solution was 
then acidified with hydrochloric acid and the crude fatty 
acids were extracted with ether. The aqueous acid solu­
tion was concentrated to dryness under reduced pressure 
and extracted with alcohol-ether solution (1:1). This 
extract was concentrated to a sirup. The sirup was ex­
tracted with warm absolute alcohol. The alcohol extract 
was evaporated, yielding a pale brown sirup. The sirup, 
which was evidently crude glycerol, gave a positive acrolein 
test. A sample was benzoylated, giving a very small 
yield of a crystalline derivative melting at 75-76°. This 
melting point was not lowered by admixture with glycerol 
tribenzoate (m. p. 76°). The presence of glycerol is thus 
established.

The unsaponifiable material was a brown semi-solid 
mass (batch I, 8%; batch II, 15.4% of the acetone-soluble 
fat). Since a colorimetric determination indicated that 
about one-half of this unsaponifiable material consisted of 
sterols, it was recrystallized from a mixture of alcohol and 
benzene (2:1). The white crystals obtained melted at 
158-160° and were identified as ergosterol by the mixed 
melting point method and by conversion to the acetate. 
The latter melted at 169-171° and when mixed with the 
acetate from authentic ergosterol showed no depression. 
The ergosterol mentioned under the heading “Concentra­
tion of Extracts” was identified in the same manner.

The fatty acids were separated by the lead salt method 
into solid and liquid acids. The crude solid acids melted 
at 55-56° and gave a neutral equivalent of 266. They 
were thus similar to the crude solid acids of the phospha­
tide fraction. The methyl esters of a portion of the solid 
acids were prepared and fractionally distilled under 0.5 
mm. pressure. The top fraction was saponified and the 
free acid was isolated. After repeated crystallization from 
methyl alcohol and acetone, an acid melting at 62-63° was 
isolated. This was proved to be palmitic acid by the mixed 
melting point method and by analysis.

Micro-Anal. Calcd. for Ci6H320 2: C, 74.91; H, 12.58. 
Found: C, 75.27; H, 12.59.

A sample (2.408 g.) of the liquid acids in alcohol solution 
was reduced catalytically with hydrogen and platinum 
oxide. The reduced acids, a semi-crystalline buff-colored 
mass, were separated by means of the lead salt treatment 
into a main fraction of white crystals and a very small 
amount of liquid acid. The recovery was 95% (2.291 g.). 
Since the small amount of liquid acid was shown to be un­
saturated, it appears that no liquid saturated acids were 
present. The solid crystalline acid melted at 69.5-70.5°
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and had a neutral equivalent of 283.8. Its melting point 
showed no depression on mixing with pure stearic acid (m. 
p. 70-71°, neut. equiv. 284.3); hence the reduced acid was 
stearic acid.

Anal. Calcd. for Ci8H 3602: C, 75.95; H, 12.76. Found: 
C, 76.19; H, 12.82.

Oxidation of a small amount of the liquid acids with 
alkaline permanganate10 yielded a mixture of dihydroxy- 
and tetrahy droxy stearic acids. The dihydroxystearic acid 
was extracted from the crude mixed acids with chloroform. 
After crystallization from alcohol it melted at 129-130°. 
No depression was observed in the melting point on ad­
mixture with authentic 9,10-dihydroxystearic acid.

A nal. Calcd. for Ci8H360 4: C, 68.26; H, 11.47. Found: 
C, 67.99; H, 11.48.

The acid insoluble in chloroform was crystallized from 
alcohol and melted at 171-172°. A mixed melting point 
with authentic tetrahydroxystearic acid showed no depres­
sion and established the substance as tetrahydroxystearic 
acid.

Anal. Calcd. for Ci8H360 6: C, 61.99; H, 10.42. 
Found: C, 62.29; H, 10.21.

Another sample of the unsaturated acids was brominated 
in cold light petroleum ether. The precipitate which 
formed was crystallized from petroleum ether yielding a 
white crystalline acid melting at 113-114°. It was proved 
by the mixed melting point method to be tetrabromo- 
stearic acid.

Anal. Calcd. for Ci8H320 2Br4: Br, 53.29. Found: Br,
53.01.

The substance remaining in the petroleum ether after 
removal of the tetrabromostearic acid was a light brown 
oil. It was probably dibromostearic acid.

Anal. Calcd. for Ci8H3402Br2: Br, 36.15. Found: Br, 
38.21.

The above data show the presence in the acetone-soluble 
fat of both oleic and linoleic acids. Since no substance in­

(10) Lapworth and Mottram, J . Chem. Soc., 127, 1628 (1925).

soluble in ethyl ether was found on bromination, it appears 
that no higher unsaturated acids were present.
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Summary
1. The chemical composition of the lipids of 

the pathogenic fungus, Blastomyces dermatiditis, 
has been determined. The lipids make up about 
eight to ten per cent, of the weight of the whole 
dried cells.

2. The lipids were separated into approxi­
mately one-third phosphatide and two-thirds 
acetone-soluble fat.

3. The phosphatide on hydrolysis with aque­
ous sulfuric acid gave glycerophosphoric acid, 
choline, ethanolamine, and fatty acids. These 
substances were isolated and the first three iden­
tified. The fatty acids probably consisted of 
palmitic, stearic, oleic and linoleic acids. A 
small amount of carbohydrate was obtained on 
saponification.

4. The acetone soluble fat gave on saponifi­
cation glycerol, ergosterol, and palmitic, oleic 
and linoleic acids. These were isolated and iden­
tified. Stearic acid probably was present also.

5. These results are compared with the data on 
tubercle bacilli and certain striking differences 
noted.
D u r h a m , N. C. R e c e iv e d  A u g u s t  22, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r ie s , S w if t  & C o m p a n y ]

The Reversibility of the Reaction between Triglycerides and Glycerol
B y  H arland  H . Y oung , Jr ., and  H oward C. B lack

The fact that triglycerides react with glycerol 
at high temperatures has been known for several 
years. The products obtained by such a reaction 
have been described in the literature1 and more 
recently have become of commercial importance 
as emulsifying agents for water-in-oil emulsions. 
Many of the products reported have been pre­
pared from natural fats and oils and necessarily 
have been complex mixtures. The designation

(1) (a) Bellucci, Gazz. chim. ital., 42, II, 283 (1912); (b) Grim, 
Chem. Umschau Fette, Öle, Wachse, H a r z 32, 225 (1925); (c)
Tsuchiya and Akiyama, J . Soc. Chem. Ind . Japan, 36, Suppl. bind­
ing, 233 (1933).

of these as mixtures of mono- and diglycerides 
has been based upon saponification numbers, 
acetyl values and their marked solubility in the 
lower alcohols.la,c Grtinlb reported the forma­
tion of di- and triglycerides when monoglycerides 
were heated but did not identify the products 
completely. Fischer2 prepared a-dibenzoylglyc- 
erol by the vacuum distillation of a-mono- 
benzoylglycerol. More recently Hurd3 has de­
scribed the formation of glycerol triphenyl-

(2) Fischer, Bergmann and Bawind, Ber., 53, 1589 (1920).
(3) H urd, et al., T h is  J o u r n a l , 59, 1952 (1937).
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methyl di- and triethers by heating the «-mono- 
ether to 190 and 260°, respectively.

This research has resulted from the observa­
tion that commercial monoglycerides, as prepared 
from natural fats and glycerol, do not hydrolyze 
when deodorized with steam at high temperatures 
and reduced pressures, but lose glycerol and are 
converted into the original fat. In the present 
investigation, pure synthetic triglycerides have 
been treated with glycerol in the presence of 
catalysts. The reaction products have been 
separated and identified. Their behavior during 
vacuum distillation with and without the aid of 
steam has been studied.

Experimental
a-Monoglycerides.—Monolaurin, monopalmitin and 

monostearin were prepared by Fischer’s method as de­
scribed by King and co-workers.4 5 In the purification of 
these compounds by numerous crystallizations, it was 
noted that rate of crystallization is an important factor in 
obtaining the high melting points reported by King. 
Saponification values were used as the best criterion of 
purity.

Triglycerides.—Trilaurin, tripalmitin and tristearin 
were prepared by the action of a slight excess of the fatty 
acid chlorides on anhydrous glycerol in the presence of 
quinoline or pyridine. This procedure is a modification of 
that described by King.4 After one crystallization from 
ether and two from an alcohol-chloroform mixture (70:30 
by volume) the white crystalline compounds melted sharply 
and had the theoretical saponification values.

Ethylene Dipalmitate.—Three and one-tenth grams 
(0.05 mole) of redistilled ethylene glycol and 16 g. of quino­
line were placed in a glass-stoppered bottle and cooled in an 
ice-bath. Twenty-eight g. (0.10 mole) of palmityl chlo­
ride was added and the mixture shaken vigorously until 
it set to a hard mass. After standing at room tempera­
ture for two or three days, the product was taken up in 1200 
cc. of ether and 400 cc. of 0.5 N  sulfuric acid. Successive 
washings with additional 0.5 N  sulfuric acid, 10% sodium 
bicarbonate and water removed most of the impurities. 
After drying over anhydrous sodium sulfate, the ether 
solution was allowed to stand at —26°. Light yellow 
plates separated which were redissolved in 500 cc. of ether, 
decolorized with carbon and recrystallized at —26°: 
yield 20.0 g.; m. p. 68.7-68.9°. This compound, as pre­
pared in another way, has a reported m. p. of 68.7°.6

Reaction of Triglycerides with Glycerol.—The reaction 
between trilaurin and glycerol is described as typical of the 
procedure. Ten grams of glycerol, 10 g. of trilaurin and 
0.2 g. of trisodium phosphate were refluxed for fifteen 
minutes at the boiling point of glycerol under anhydrous 
conditions in an atmosphere of nitrogen. One layer 
formed after five minutes of boiling. After the flask had 
cooled, some of the excess glycerol was held in solution in

(4) Averill, Roche and King, T h i s  J o u r n a l , 51, 866 (1929).
(5) Rutan and Roebuck, Trans. Roy. Soc. Canada, [3] 9, June

(1915).

the solid fatty layer, but 4 g. of it separated into a clear 
liquid lower layer. The solid product was dissolved in 100 
cc. of anhydrous ether, leaving behind all of the excess 
glycerol, most of the catalyst and a trace of soap. The 
ether solution was dried over anhydrous sodium sulfate, 
decolorized with carbon and crystallized at —26°. The 
gummy precipitate was recrystallized from 150 cc. of 
ether and then from 50 cc. of alcohol at —26°: yield 3 g .; 
m. p. 60.5-61.0°; sap. value 204.2, calcd. for monolaurin, 
204.6; mixed m. p. with monolaurin was 60.5-61.0°. 
With no alkaline catalyst thirty minutes boiling was neces­
sary for the formation of one layer and only 1.0 g. of pure 
monolaurin was isolated. A small quantity of another 
compound was separated from the uncatalyzed reaction 
mixture. This melted at 54.5-55.0°; reported melting 
point for a,a'-dilaurin 56.6°.4 The amount obtained was 
insufficient for saponification value determination. When 
0.2 g. of sodium carbonate was used as a catalyst, 0.5 g. of 
crystalline material was separated: m. p. 54.5-55.0°; 
sap. value 236.4, calcd. for dilaurin, 245.8.

Ten grams of tripalmitin treated in the same way gave 
1.0 g. of crystals: m. p. 75.0-75.5°; mixed m. p. with pure 
monopalmitin 75.0-75.5°; sap. value 171.0, calcd. 169.8. 
With no alkaline catalyst, a five-hour boiling period failed 
to cause the formation of one layer and no crystalline 
product could be isolated. The amorphous nature of 
many of these products is probably due to the formation of 
polyglycerol ethers and their esters.

In the case of tristearin 0.5 g. of crystals melting at
79.5- 80.0° was isolated when trisodium phosphate was 
used as catalyst: mixed m. p. with pure monostearin
79.5- 80.0°; sap. value 156.0, calcd. 156.6.

Several recrystallizations were required in the isolation 
of pure reaction products from the reësterification of tri­
palmitin and tristearin. The low yields of pure mono­
glycerides obtained are not indicative of the completeness 
of the reaction. In every case, the saponification value 
of the reaction mixture, after complete removal of excess 
glycerol, was only slightly above the calculated value for 
the pure compound. The loss occurred in the several 
crystallizations necessary for the removal of last traces of 
di- and triglycerides.

Decomposition of «-Monoglycerides when Heated in 
Vacuo.—The distillation of «-monopalmitin is described 
as typical of this procedure. Five grams of monopalmitin 
was distilled at 0.5 mm. With an oil-bath temperature of 
200°, material was distilled at 189-190°. Distillation 
stopped after half the material came over. Nothing more 
distilled even by raising the temperature to 225°. The 
non-volatile residue, when purified by successive crys­
tallization from alcohol-chloroform mixtures, was tri­
palmitin and melted at 63.5-64.0°. The distillate was 
extracted with ether to separate the fatty material from 
glycerol. Seven-tenths gram of material was isolated 
from the distillate melting at 74.0-75.0°; mixed m. p. 
with pure monopalmitin 74.0-75.0°.

Similar treatment of «-monolaurin resulted in the dis­
tillation of a large portion of the monolaurin unchanged, 
b. p. 171-172° (0.5 mm.). A very small amount of glycerol 
was found in the distillate. The residue in the flask was 
purified and yielded 0.5 g. of trilaurin. «-Monos tear in 
was transformed into tristearin with only a trace of the
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monoglyceride distilling unchanged at 184-86 (0.3 mm.). 
An appreciable quantity of glycerol which distilled with 
the trace of fatty material made isolation of the small 
amount of monoglyceride impossible.

Reaction of Ethylene Dipalmitate with Ethylene Glycol. 
—Ten grams of ethylene glycol (redistilled and dry) was 
refluxed at its boiling point with 10 g. of ethylene di­
palmitate and 0.2 g. of anhydrous trisodium phosphate. 
The reaction proceeded for fifteen minutes, one layer being 
formed after ten minutes of boiling. The esters were sepa­
rated from excess ethylene glycol by means of dry ether 
extraction. Impure crystals were obtained by holding 
the ether solution at —26°. These, after being filtered, 
were dissolved in 250 cc. of hot alcohol. As the solution 
cooled to room temperature, crystals of unreacted dipalmi­
tate separated, m. p. 68.6-68.9°; yield 2 g. The mother 
liquor, when cooled to 2°, yielded 5 g. of /3-hydroxyethyl 
palmitate, m. p. 51.2-51.5°. Rutan and Roebuck5 re­
ported the melting point of /3-hydroxyethyl palmitate 
and ethylene dipalmitate as 51.5 and 68.7°, respectively. 
This method for the preparation of the monoester is an im­
provement over earlier methods. With no alkaline cata­
lyst the interesterification did not take place during three 
hours of refluxing at the boiling point of ethylene glycol.

Decomposition of /3-Hydroxyethyl Palmitate when 
Heated in Vacuo.—Five grams of the palmitate was dis­
tilled as described previously for the a-monoglycerides. 
About half the material distilled at 155-160 (2 mm.). 
From the residue there was separated 1.5 g. of pure ethyl­
ene dipalmitate, m. p. 68.5-68.9°. The distillate was 
separated and purified by fractional crystallization from 
alcohol. A trace of the crude dipalmitate, melting at 
66-67°, separated at room temperature. The mother 
liquor at 2° yielded 1.5 g. of pure /3-hydroxyethyl palmi­
tate, m. p. 51.5-52.0°.

Steam Distillation of a-Monoglycerides in Vacuo.—
The distillation procedure already described was repeated 
with a rapid current of steam being used. A vacuum of 2 
mm. was maintained. The same general reaction was ob­
tained in every case; i. e., some of the monoglyceride and 
glycerol distilled, the triglyceride remaining in the residue. 
At no time was there found more than minute traces of 
free fatty acid in the distillates from the steam distillation. 
This is noteworthy because much steam was used, and 
during the removal of glycerol and the transformation 
to triglyceride one might expect any free acyl groups to

react with the steam as rapidly as with monoglyceride. 
In the presence of steam, decomposition of mixed mono­
glycerides, as prepared from natural fats, to triglycerides 
and glycerol takes place at a much lower temperature 
(140°) than under the condition of ordinary vacuum dis­
tillation (170°).

Discussion
The reaction between triglycerides and glycerol 

is reversible. The reaction between the higher 
diesters of ethylene glycol and the glycol is also 
reversible. Alkaline catalysts promote the forma­
tion of the monoesters but seem to have no ac­
celerating effect upon their decomposition during 
vacuum distillation with or without steam. 
Temperatures required for formation of mono- 
from polyesters are appreciably higher than for 
the reverse decomposition. The catalytic effect 
of the alkaline salts used may be due either to 
the alkalies themselves or to the soaps formed 
during the reaction. Approximately 90-95% 
of the alkaline salt catalysts are recovered when 
anhydrous reactants are used, but small traces 
of soap are always found in the reaction mixture.

Summary
1. The products obtained by the interaction 

of triglycerides with glycerol have been isolated 
in pure state. These products are chiefly u- 
monoglycerides.

2. There has been effected the reverse of this 
reaction, namely, the formation of triglycerides 
from the mono- or diglycerides by distillation 
in vacuo with or without steam.

3. A new method of preparation for /3-hydroxy­
ethyl palmitate has been described as well as a 
method for its separation from ethylene di­
palmitate.
C h ic a g o , I I I . R e c e iv e d  A u g u s t  11, 1938
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[Contribution from thb Chemical Laboratory op The J ohns Hopkins University]

Some Derivatives of 5-Triethylbenzene
B y  W in t h r o p  B . D il l in g h a m 1 a n d  E . E m m e t  R e i d

Mesitylene has been investigated thoroughly 
but its homolog, 5-triethylbenzene, is compara­
tively little known; figures for its boiling point 
range from 200 to 220°. As the polyethylben- 
zenes are now readily available it seemed that this, 
the most abundant of the triethylbenzenes, merited 
further study.

Klages and Lickroth2 found that 5-triethyl- 
benzene can be separated conveniently from its 
isomers by taking advantage of the facts that it 
is more difficult to sulfonate than its isomers and 
its sulfonic acid is hydrolyzed more readily. We 
have verified their observations and used their 
method for obtaining 5-triethylbenzene from the 
proper fraction of the ethylation mixture.

The 5-triethylbenzene used boiled at 211.2° at 
760 mm. and had density 0.8772 0°/4° and 0.8568 
25 °/4 °. The properties and analyses of the deriva­
tives are given in Table I.

the mixture separated into 3 layers, the upper of which 
proved to be the desired triethylbenzene. The mixture 
of sulfonic acids was hydrolyzed by Armstrong’s method.3 
At 110-125° the 5-triethylbenzene was set free, while the 
liberation of the 1,2,4- did not occur until 160-175° was 
reached. The 5-triethyl thus obtained was identical in 
all respects with the unsulfonated hydrocarbon above. 
This was proved by completely sulfonating a portion with 
6 parts of sulfuric acid and converting the product into 
the amide which melted at 117-119°.4

It was nitrated with a mixture of 2 parts fuming to 3 
coned, nitric acid at 25 to 30 ° for two hours which converts 
about half to the mononitro with a negligible amount of 
the dinitro which is obtained by stronger treatment. One 
part of the nitro derivative, 1 of water, and 3 of iron filings 
with a trace of acetic acid on the steam-bath for six hours 
gave the amino derivative which was purified by pre­
cipitation from benzene solution by hydrogen chloride. 
The acetyl and benzoyl derivatives were prepared by usual 
methods. The thiocarbanilide was prepared by adding 
40% caustic soda solution to a cooled solution of the amine 
in carbon disulfide. The phenol was obtained through the 
diazo and methylated with dimethyl sulfate. The iodo

Table I
Properties and Analyses of Derivatives of 5-Triethylbenzene

B. p„ M. p., Carbon Hydrogen Nitrogen Sulfur
Name °C. Press. °C. dh d2h Calcd. Found Calcd. Found Calcd. Found Calcd. Found

s-Nitrotriethylbenzene 141.2 7 1.0550 1.0174 7 .91  7 .82
s-Triethylaniline 135.5 6 0.9492 0.9280 7 .91  7 .82

Acetyl derivative 149.5 76.65 76.63 9 .65 9.54
Benzoyl derivative 181.3

s-Triethylthiocarbanilide
s-Triethylphenola 126.5 5

196.5
.9716 .9504 80.84 80.91 10.18 10.08

8 .09  7 .9 0

s-Triethylanisole 100.8 3 .9600 .9379 81.18 80.97 10.49 10.34
s-Triethylbenzonitrile 
Azo dye with j8-naphthol

108.5 2 .9572 .9356
69.99 69.83 6 .14 6.16

° Since our work was done v. Auwers and Mauss, Ann., 460, 240 (1928), made this phenol by the reduction of 2,6-

derivative was made by the diazo. Its properties checked 
the data of Klages. It was converted into dichloride but 
this could not be isolated. The nitrile was obtained by 
the diazo reactidh. The diazonium chloride was coupled 
with /3-naphthol which gave a red azo dye.

Summary
A number of derivatives of 5-triethylbenzene 

have beeii prepared and their properties deter­
mined.
Baltimore. Md. Received August 1, 1938

(3) Armstrong, J . Chem. Soc., 45, 148 (1884).
(4) K lages2 gives 118.5°.

diethyl-4-acetylphenol and gave its b. p. as 244-246°.

Experimental
Into 200 g. (2.5 moles) of benzene and 50 g. of aluminum 

chloride 205 g. (7.4 moles) of ethylene was passed with 
stirring at 10,000 r. p. m. The temperature was about 
60° at the start and was raised gradually to 85°. The 
absorption was slow at first but rose to 2500 cc. per minute. 
The products from several runs were fractionated and the 
fractions 190-230° united and refractionated. The tri­
ethylbenzene fraction was stirred for three hours at 60-70 ° 
with 2 parts of concentrated sulfuric acid. On cooling

(1) Taken from Ph. D. dissertation of Winthrop B. Dillingham, 
Johns Hopkins University, June, 1926.

(2) Klages and Lickroth, Ber., 32, 1564 (1899).
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[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , P u r d u e  U n i v e r s i t y ]

A Spectrophotometric Study of Certain Neutralization Indicators1
B y  W. B. F o r t u n e  w it h  M . G. M e l l o n

Various organic compounds have been used ex­
tensively as indicators in neutralimetry and for 
the colorimetric determination of the pH value of 
solutions. While the general nature of the ab­
sorption spectra of solutions of such indicators has 
been known for years, few reliable spectrophoto­
metric data on the transmittancy curves at differ­
ent pH values have been reported until recently.2 
The present availability of objective photoelec­
tric spectrophotometers has led the authors to 
check some of the earlier data obtained with sub­
jective visual instruments. In addition to the 
simple systems studied by other workers, the 
present work includes certain modified and mixed 
indicators used in titrimetry.

Experimental Work
Apparatus.—All measurements of transmittancies were 

made on a photoelectric spectrophotometer3 with cells 
1.000 cm. thick and a spectral band 10 m/x wide. The data 
were secured within fifteen minutes of the time the solu­
tions were prepared, the transmittancy-wave length curves 
being recorded by the instrument.

Tristimulus values were obtained with a calculator4 
using 10 selected ordinates, a procedure shown to give a 
precision of 0.2%. The values are based on the I. C. I. 
illuminant C.

Solutions.—The indicator solutions were prepared by 
dissolving the purest obtainable commercial reagents in 
doubly distilled water, or ethanol, if necessary. Dilutions 
were made from the stock solutions to give the concen­
trations listed in Table I.

Clark and Lubs’ buffer solutions were prepared,5 with pH. 
values ranging from 2.2 to 6.8 at intervals of 0.2 pH unit. 
The salts were recrystallized three times, and the solutions 
were checked with a glass electrode. An antiseptic was 
added to prevent the growth of mold.

In preparing a solution for measurement exactly 0.3750 
ml. of the indicator solution was transferred to a 25-ml. 
volumetric flask by means of a micro-buret, buffer solution 
was added to the mark and the system was mixed. Speci­
fications are given below for the solutions prepared to 
represent colorless end-points with modified indicators.

Data and Discussion.—The indicators studied 
are of three general types, simple, modified and

(1) Abstracted from a portion of a dissertation submitted by W. 
B. Fortune [present address, Eli L illy and Co., Indianapolis, Ind.] to 
the Graduate School of Purdue University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy.

(2) Brode, T h i s  J o u r n a l , 46, 581 (1924); Uzumasa and Yama- 
waki, J . Chem. Soc. Japan, 58, 721 (1937); 59, 24 (1938).

(3) Michaelson and Liebhafsky, Gen. Elec. Rev., 39, 445 (1936).
(4) Swank and Mellon, J . Optical Soc. A m ., 27, 414 (1937).
(5) Clark, “ Determination of Hydrogen Ions,” Williams and Wil­

kins Co., Baltimore, Md., 1928, p. 200.

T a b l e  I

S y s t e m s  S t u d ie d

Indicator
Concentration,

g./l. Solvent

Brom cresol green 0.4000 Water
Ethyl orange .4000 Water
Methyl orange .4000 Water
Methyl red .4000 50% ethanol
^-Methyl red .4000 Water
Propyl red .4000 50% ethanol
Methyl red 
Brom cresol green

.2000 \ 

.2000 ƒ 50% ethanol

Methyl orange 
Brom cresol green

.0400 \  

.2000 / Water

Methyl orange 
Xylene cyanole FF

.4000 \  

.5600/ 50% ethanol

Methyl red 
Methylene blue

.2500 \  

.1750 ƒ 95% ethanol

mixed. The various indicators in each group are 
discussed under the respective group headings.

Wave length.
Fig. 1.—Spectral transmission curves for methyl 

orange solutions at different pH  values: one cm. cell 
thickness and 0.375 ml. of a solution containing 0.4 
g./l. diluted to 25 ml.

a. Simple Indicators.—The transmittancy 
curves for methyl orange are shown in Fig. 1. 
These exhibit a fixed isobestic point at 469 mm,
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together with a consistent change in intensity of 
absorption with increase of pH. The absorption 
band of this indicator, an azo compound, shows a 
definite shift of the wave length of the peak of the 
band through the transformation range. At pH 
2.62 the peak is located at 507 m/x; with increase 
of pH the shift of the band is toward the blue, 
the peak being located at 472 m/x at pH 4.0. The 
shift of the peak follows approximately a hyper­
bolic spiral.

Ethyl orange, another azo compound, gave 
curves resembling those for methyl orange but 
bearing a mirror image relationship to them with 
respect to the relative heights of the absorption 
bands for the acidic and the basic forms of the in­
dicator. In the curves for each of the two indica­
tors a weak secondary band shows the same shift 
as the primary.

Fig. 2.—Spectral transmission curves for methyl red 
solutions at different pH  values: one cm. cell thick­
ness and 0.375 ml. of a solution containing 0.4 g./l. 
diluted to 25 ml.

The curves for methyl red are shown in Fig. 2. 
Although some earlier data2 (p. 588) indicate that 
the peak of the absorption band apparently does 
not change in wave length through the transforma­
tion range, these curves, like those for methyl 
orange, show a shift toward the violet with in­
crease in pH. The small secondary band shows a 
similar, but less obvious, shift.

Measurements on tropaeoline 00 gave results 
very similar to those for other azo indicators, the 
shift of the peak of the absorption band with 
change of pH being evident.

Unsuccessful attempts were made to secure 
curves for several other azo compounds. Solu­
tions containing propyl red faded as much as 50% 
within two minutes after preparation. Para- 
methyl red precipitated from the buffer solution 
so rapidly that reliable curves were not obtain­
able. Dimethylaminoazobenzene gave reproduc­
ible curves on the acidic side of the transition point 
of the indicator; on the basic side fading occurred 
to the extent of more than 1% per minute. The 
curves for the acidic side showed a shift of the 
peak of the absorption band similar to that ob­
tained for the other azo indicators studied.

Figure 3 shows the curves for brom cresol green, 
a sulfonphthalein type indicator. This is an ex­
ample wherein the peak of the absorption band, 
at 615 m/x, does not change in wave length with 
change of pH of the solution. A good isobestic 
point is shown for this indicator also.

Fig. 3.—Spectral transmission curves for brom 
cresol green solutions at different pH  values: one cm. 
cell thickness and 0.375 ml. of a solution containing 
0.4 g./l. diluted to 25 ml.

Reference to Figs. 1 to 3 shows that a shift in the 
peak of the band is to be expected unless the slope 
of the top curve is nearly zero at the wave length 
of the minimum point of absorption for the bot­
tom curve. Intermediate curves represent mix­
tures of the acidic and basic color forms of the in­
dicator. The direction of the shift depends upon 
the slope of the top curve, that for methyl orange 
being toward the violet. In Fig. 3 the top curve 
for the primary band is nearly flat at 615 m/x 
while that for the secondary band at 436 m/x has 
considerable slope.
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u------ ------ ----- j ____ ____ i____i_
400 480 560 640

Wave length.
Fig. 4.—Spectral transmission curves for modified 

methyl orange at different pH  values and the modify­
ing agent at one value; one cm. cell thickness and 
0.375 ml. of a solution containing 0.4 g./l. of methyl 
orange +  0.56 g./l. of xylene cyanole FF diluted to 
25 ml. For the end-point curve 0.100 ml. of the in­
dicator solution was diluted to 25 ml.

b. Modified Indicators.—A study was made 
of xylene cyanole FF and of methylene blue, modi­
fying agents for methyl orange and methyl red, 
respectively. A curve for one concentration of 
each reagent is shown in Figs. 4 and 5. The 
curves do not show a shift in wave length of the 
peak with change of pH above 3.2. These curves 
represent the same concentration of modifying 
agent as that in the modified indicator discussed 
below.

Figure 4 shows the curves for methyl orange 
modified with xylene cyanole FF. The indicator 
was prepared ‘according to the directions of Hick­
man and Linstead.6 The characteristic shifting 
of the peak of the methyl orange absorption band 
is shown here, as with the simple indicator; also 
a definite isobestic point is exhibited with the 
modified indicator.

Curves for methyl red, modified with methylene 
blue, are given in Fig. 5. The solution was pre­
pared according to recommendations of Johnson 
and Green.7

(6) Hickman and Linstead, J . Chem. Soc., 121, 2502 (1922).
(7) Johnson and Green, Ind . Eng. Chem., Anal. Ed., 2, 2 (1930),

400 480 560 640
Wave length.

Fig. 5.—Spectral transmission curves for modified 
methyl red at different pH  values and the modifying 
agent at one value: one cm. cell thickness and 0.375 
ml. of a solution containing 0.25 g./l. of methyl red +
0.175 g./l. of methylene blue diluted to 25 ml. For the 
end-point curve 0.100 ml. of the indicator solution was 
diluted to 25 ml.

Curves for the colorless end-points obtainable 
in titrations using modified methyl orange or 
methyl red also are shown in Figs. 4 and 5. In 
each case 0.1000 ml. of the indicator solution 
(Table I) was diluted with a buffer to make 25 ml. 
of solution. This corresponds to about two drops 
of the stock solution in 125 ml. of solution to be 
titrated. Other concentrations gave similar 
curves.

Ph

400 480 560 640
Wave length.

Fig. 6.—Spectral transmission curves for the mixed 
indicator methyl red +  brom cresol green at different 
pH  values: one cm. cell thickness and 0.375 ml. of a 
solution containing 0.2 g./l. of methyl red +  0.2 g./l. 
of brom cresol green diluted to 25 ml.
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T a b l e  I I

C o lo r  S p e c if ic a t io n s  o f  I n d ic a t o r  S o l u t io n s
Monochromatic-

Indicator
Red,
%

---- Trichromatic—
Green,

%
Violet,

%
Dominant 

wave length 
m fi

Relative
brightness,

%
Colorimetric

purity,
%

Brom cresol green (3-2)“ 33.0 34.5 32.5 572.8 90.8 13.0
(3-10) 27.3 29.8 43.0 484.8 71.1 15.4

Methyl orange (1-1) 40.8 29.5 29.8 493.6b 56.2 27.0
(1-11) 39.5 39.5 21.0 578.6 83.1 43.8

Methyl red (2-1) 36.1 22.9 41.0 513.66 42.0 44.6
(2-11) 36.3 37.8 26.0 575.5 88.1 30.6

B-c. green + (6-1) 34.4 28.4 37.2 5036 63.2 19.4
M. red (6-11) 30.1 32.6 37.3 505 77.1 3.0
Modified (4-1) 34.9 25.8 39.4 510.46 35.0 30.6
M. orange (4-11) 33.7 37.6 28.6 567.4 55.0 23.2
Modified (5-1) 30.9 22.7 46.5 551.86 38.3 35.8
M. red (5-11) 29.8 35.8 34.3 532b 72.5 8.6
Methylene blue (5- ) 26.6 30.7 42.6 488.4 82.9 17.2
Xylene 
Cyanole FF (4- ) 25.2 28.0 46.8 483.0 69.0 25.0
Colorless mod. 
M. orange (4- ) 31.3 31.9 36.8 578 90.2 1.5
Colorless mod. 
M. red (5- ) 30.8 32.0 37.2 515 95.0 1.9

a Figure curve number.
6 Dominant wave length of the complementary.

c. Mixed Indicators.—Since many mixtures 
of indicators, the individual compounds of which 
have contrasting hues, have been proposed, repre­
sentative examples were studied. The results for 
one of them are included here.

Selected curves for the mixture proposed by 
Hahnel,8 consisting of equal parts of methyl red 
and brom cresol green, are shown in Fig. 6. A 
definite isobestic point is exhibited at 580 mjlc, and 
a diffuse crossing at 450 m/x.

Color specifications were determined for se­
lected curves for each indicator. Values for one 
curve on the acidic side and one on the basic side of 
the indicator are presented in Table II.

Recently De Almeida9 suggested the use of a 
graph coordinating dominant wave length with pH 
as a means of determining the pH of solutions. 
In the present work the dominant wave length of 
representative curves of several indicators was 
plotted against the pH of the solution, but the 
results have little practical value for indicators

(8) Hahnel, Svensk Kem. Tids., 47, 4 (1935).
(9) Dissertation, Lisbon, 1937.

whose dominant wave length falls in the purple 
on one side of the transformation range. Since 
the dominant wave length of a purple is specified 
as that of its complementary, the curve consists of 
two widely separated parts-—one for the true 
dominant wave lengths and one for the comple- 
mentaries. With sulfonphthalein indicators which 
show no purple characteristics, the method may 
be used with some degree of accuracy. Relative 
brightness also was plotted against the pH of the 
solution, but the resulting curve seemed to have 
little practical value.

Summary
A spectrophotometric study has been made 

covering the transformation range of various 
simple, modified and mixed neutralization indica­
tors. The spectral transmittancy curves show 
the characteristics of the absorption bands in the 
visual region at different pH values. Colorimetric 
specifications are included for selected curves for 
several indicators.
L a f a y e t t e , I n d i a n a R e c e iv e d  J u n e  18, 1938
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[C o n t r i b u t i o n  f r o m  t h b  M a l l i n c k r o d t  C h e m i c a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Conductance of Dilute Solutions of Alkali Iodides in Dimethylamine1
B y  E l i ja h  S w if t , J r .

While solutions of electrolytes in solvents of 
low dielectric constant exhibit many of the 
properties of aqueous solutions, there are differ­
ences in these properties which have not been 
investigated fully because of the experimental 
difficulties involved. Kraus and Fuossia have 
shown that for mixtures of dioxane and water, 
as well as for other systems, as the dielectric 
constant of the mixture is lowered, the shape 
of the conductance-concentration curve for any 
salt changes continuously. These curves can be 
accounted for quantitatively on the basis of a 
combination of ion association and interionic 
attraction.

It was the purpose of this investigation to 
extend the generality of this theory by using 
salts with ions which are comparatively small. 
Since the particular salts chosen have small ions, 
they should be only very feebly dissociated in 
dimethylamine (.D =  3.3). By comparing the 
members of a series of salts, such as the alkali 
iodides, it should be possible to decide whether 
there may be any solvation of these small ions by a 
solvent of low dielectric constant with an “un­
shared electron-pair. ’ ’

The solvent used, dimethylamine, has been 
shown to be extremely useful in precise thermo­
dynamic studies of alkali metal amalgams by 
means of concentration cells. 2,3 In the course 
of this investigation it was found that while 
sodium and lithium iodides are extremely soluble 
and form low-conducting solutions, potassium 
and cesium iodides (and probably rubidium 
iodide by inference) are too insoluble to be of use 
without highly refined methods of potential 
measurement, or concentration cells of extremely 
low cell constant. The specific resistance of a 
saturated solution of potassium iodide at 25° is 
approximately 7 X 106 ohms, and that of cesium 
iodide about 4 X 107 ohms, 4 while a specific 
resistance of 1 0 4 is readily obtained with either 
sodium or lithium iodide. This latter is a con­
venient value for these thermodynamic studies.

(1) Presented before the 96th meeting of the American Chemi­
cal Society, Milwaukee, Wisconsin, Sept. 5-9, 1938.

(la) C. A. Kraus and R. M. Fuoss, This Journal, 55, 21 (1933).
(2) H. E. Bent and E. Swift, Jr., ib id . , 58, 2016 (1936).
(3) H. E. Bent and A. F. Forziati, ib id ., 58, 2020 (1936).
(4) Private communication from A. F. Forziati.

Experimental
Dimethylamine was prepared from dimethylamine 

hydrochloride obtained from the Eastman Kodak Com­
pany, dried over activated alumina and desiccated by dis­
solving sodium fluorenone in it.5 I t  was then twice dis­
tilled in vacuum to remove the last traces of dissolved 
gases and high boiling impurities, and was thereafter 
kept in sealed Pyrex containers out of contact with air a t 
all times.

The salts were Mallinckrodt Reagent grade chemicals, 
fused in a platinum boat a t a pressure of less than 10 ~4 
mm. The solutions were made up in a closed system with­
out exposing the fused salts to the atmosphere.3 The 
concentrations of the original solutions were found by 
measuring the volume of solution in a special sealed pyc­
nometer before running it into the conductance cell. The 
amount of dissolved salt was measured after the completion 
of each series of measurements. The cells used have been 
described by Bent and Keevil,6 and were designed so that 
a series of successive quantitative dilutions could be made 
on the original solution in the cell without opening the 
sealed system.

When calculating the equivalent conductances of the 
solutions which were measured a t 0°, it was assumed that 
the molar concentration was the same as at 25°. This is, 
of course, not strictly true, due to a change in the density 
of the solution, but makes too small a difference to be of 
importance here. No correction was made for the change 
in cell constant with temperature.

The resistances were measured with a Leeds and North­
rup student type bridge with parallel capacitances, using 
a Shallcross variable resistance box, reading up to 1 meg­
ohm, as an auxiliary resistance. The resistances and the 
slide wire were calibrated carefully, and no error as great 
as 0.1 % was found. However, vaporization of the solvent 
out of the conductance cell during measurements, cumula­
tive errors in concentration, and the large temperature 
coefficient of conductance contributed to cut down the 
accuracy of the measurements to 2-5%, a somewhat 
greater error being made in the most dilute solutions. 
The resistances measured ranged from 7.0 ohms to 1 
megohm.

To see whether the precision of the resistance measure­
ments in cells of as low cell constant as this could be bet­
tered, which would be worth while in other solvents where 
errors could be better controlled, the measurements 
on lithium iodide were made with a bridge of the type 
described by Jones and Josephs.7 Readings were usually 
made a t 1000 and 2000 cycles, and a frequency correction 
applied to obtain the true resistances.

In  order to apply the frequency correction, it was neces­
sary to know whether the difference in the reactance a t 
the two frequencies was due to a capacitance in the cell or

(5) H. E. Bent and H. M. Irwin, T h is  J o urnal , 58, 2072 (1936).
(6) H. E. Bent and N. B. Keevil, ib id . , 60, 193 (1938).
(7) Grinnell Jones and R. C. Josephs, ib id ., 50, 1049 (1928).
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in the resistance, or a combination of the two. Measure­
ments were made a t one particular concentration, using 
four different frequencies. Applying the equation sug­
gested by Jones and Josephs8 and neglecting the higher 
terms, good agreement was found among the calculated 
resistances.

Table I
Arue = ~  .W*C* +  • • •)

Frequency -Rmeaed. Coaled.
800 78485 78345

1000 78545 78325
1600 78920 78348
2000 79250 78344

I t  seems probable tha t if the other factors besides 
the electrical measurements can be controlled, measure­
ments can be made in cells of this type which will be 
nearly as precise as those made in aqueous solutions with 
the best equipment.9

Table II
Conductance of Sodium Iodide in D imethylamine

Concn., Equiv. Concn., Equiv.moles/liter cond. moles/liter cond.
Run I, 25o Run II, 25°

3.54 X 10-1 1.56 1.82 X IQ"2 0.0943
7.17 X 10“2 0.186 3.84 X lo - 3 .0647
1.46 X 10~2 .0632 8.12 X 10-4 .0854
2.95 X IO- 3 .0488 1.50 X 10-4 .164
5.99 X 10~4 .0778 3.63 X 10"5 .361
1.21 X 10 “4 .160 7.68 X 1 0 "6 .865
2.46 X lO"5 .450 1.62 X 10 “6 2.15
4.99 X 10"6 1.40

Run I, 0°
1.46 X IQ '2 0.110

Table III
Conductance of Lithium Iodide in D imethylamine

Concn., Equiv. cond., Equiv. cond.,
moles/liter 25° 0°

6.58 X 10“2 1.13 1.75
1.21 X 10“2 0.199 0.452
2.22 X 10“3 .171 .438
4.07 X 10~4 .301 .789
7.47 X 10“6 .652 1.70
1.37 X 10~5 1.791 4.63
2.52 X 10“6 5.248 

Table IV
13.53

Conductance of P otassium Iodide in D imethylamine
Concn., Equiv. cond., Equiv. cond.,

moles/liter 25°
Run I

0°

3.69 X 10~4 0.280
5.57 X 10“4 .640 

Run II
8.77 X 10“4 0.164
1.63 X 10“ 4 .352 0.731
3.03 X 10“B .737 1.58
5.64 X 10"6 2.31 4.91
1.05 X 10"6 5.63 18.32

(8) Grinnell Jones and R. C. Josephs, T h is  J o urn al , 50, 1076 
(1928).

(9) See, for example, Grinnell Jones and collaborators, ibid., 
56, 602 (1934); 58, 2561 (1936); 50, 731 (1937).

An attem pt was made to use d. c. in order to carry the 
measurements to lower concentrations, but this was not 
successful due to a small variable potential in the cell 
which could not be balanced out or removed by short 
circuiting.

I t  was unnecessary to correct for the conductance of the 
solvent, which has been found2 to be about 3 X 10 ~12, 
far too low to affect these measurements.

Results and Discussions
It is evident from examination of the figure 

that these systems are in accord with the Kraus 
and Fuoss theory, qualitatively at least. Both 
lithium iodide and sodium iodide exhibit minima 
in their conductance-concentration curves in the 
neighborhood of 0.005 M, and it is probable 
that potassium iodide would also if it were more 
soluble. Kraus and Fuossla state that, except 
for viscosity effects, the forms of conductance- 
concentration curves are dependent almost ex­
clusively on the dielectric constant. If we com­
pare the results of these measurements in di­
methylamine (D =  3.3) with theirs in a dioxane- 
water mixture of D — 3.5, it is seen that for 
tetraisoamylammonium nitrate the minimum 
falls at almost exactly the same concentration. 
The minimum is also at this concentration for 
the same salt in a mixture of dioxane and ethylene 
dichloride (D — 3.1). It might be expected 
that the alkali iodides, having so much smaller 
ionic radii than tetraisoamylammonium nitrate, 
would show a stronger tendency to form triple 
ions, and that the minimum would occur at a 
lower concentration. It is evident, however, 
that the ionic size has little effect on the position 
of the minimum even in the extreme case of these 
small ions. This fact has been discussed by Kraus 
and Fuoss, 10 who have shown that, from a theo­
retical standpoint, the dielectric constant is the 
controlling factor in the position of the minimum, 
and that the ionic radius has little effect.

Below the minima the curves for all three salts 
show a slope of —1 / 2  within the limits of experi­
mental error, corresponding to the association 
of two ions to form an ion-pair. It was not found 
possible to calculate A0 and the dissociation con­
stants of these equilibria, since the curves show 
no downward deviations from linearity in the low 
concentration region. However, we may esti­
mate these constants by means of Walden’s rule, 
using data obtained for aqueous solutions, but 
due to lack of necessary data on viscosities, it is

(10) R. M. Fuoss and C. A. Kraus, ibid., 55, 2387 (1933).
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somewhat difficult to apply it in this case. If we 
assume the value of the viscosity of dimethyl - 
amine at 25° to be 0 .0 0 2 , as compared with water 
at 18° == 0 .0 1 , the three values of A0 are as fol­
lows: Lil =* 500, N al =  550, KI =  650. Rough 
calculations of the dissociation constants from the 
data of this paper give for Lil, K  =  2.5 X 10“10, 
for KI, K  = I X  10-*° and for Nal, K  =  4 X 
10- n . These values are of course only approxi­
mate, but are probably correct within a factor of 
ten and, relative to each other, this discrepancy 
is doubtless even smaller. The degree of dissocia­
tion at the minimum is only about 1 0  ~4, and the 
single ion concentration must be at least as low 
as 5 X 1 0  ~7, which is an upper limit because of a 
considerable formation of triple ions.

Although the ionic diameters of the three 
positive ions in the crystalline state increase 
from lithium to potassium, the conductances at 
any given concentration do not occur in that 
order. We would expect that since the potassium 
ion is larger than the sodium ion, the conductance 
curve of its iodide would be lower than that of the 
sodium iodide because of its lower mobility. 
That this is not the case is probably because of 
the greater dissociation of the potassium salt due 
to its greater diameter. It is evident that the 
increase in dissociation is of more importance 
than the decrease in mobility, a fact that might 
be anticipated since the relationship between 
the dissociation and the ionic diameter is expo­
nential in nature1 1  and the mobility decreases 
only as the square of the ionic diameter.

On the other hand, these facts might be inter­
preted as showing that the sodium ion is solvated 
and hence has a lower mobility, as is the case in 
liquid ammonia solutions. If the sodium ion 
is solvated and hence low-conducting, the lithium 
ion should be even more so. That this is not true 
may be seen by comparison of these curves with 
that for lithium iodide which lies above them. 
It is highly probable that the difference in con­
ductivity between the sodium and the lithium 
salts is not due to a difference in mobility, which 
would hardly amount to a factor of 3-4. There­
fore we are led to the conclusion that the lithium 
salt is more highly dissociated due to solvation, 
which increases the size of the lithium ion greatly. 
This is in accordance with the fact that this 
solvent is a strong base; that is, it solvates a 
proton very readily.

(11) R. M. Fuoss and C. A. Kraus, This J o u rn al , 55, 1019 (1933).

- 7  —6 - 5  - 4  - 3  - 2  - 1
Log concentration moles per liter.

Fig. 1.—3, Lil; O, N al; 9 , KI. The measurements 
a t 0° lie above those a t 25° in every case.

Additional evidence for an enhanced size of 
the lithium ion comes from consideration of the 
temperature coefficients of the resistance. These 
temperature coefficients are very large and 
positive; that is, the resistance is smaller at 
the lower temperature. This is the reverse of 
what is observed in aqueous solutions, but has 
often been observed in solutions of low dielectric 
constant. According to Coolidge and Bent, 12 
since the process of separating two ions in solution 
requires work, the heat content of the system is 
increased thereby. During ionization, however, 
the molecules of the solvent are subjected to 
an electrostatic field which tends to orient them. 
This involves an entropy change which decreases 
the heat content of the system. AH  (ionization) 
=  AF (separation of ions, positive) +  TAS 
(orientation, negative). Since the conductivity 
is greater at the lower temperature, it is evident 
that the dissociation is greater there and since 
K d is larger at the lower temperature, AH  must 
be negative. Therefore for these systems the 
energy involved in the orientation of the solvent 
is greater than the work of separation of the two 
ions. Unfortunately there are no viscosity data 
available for dimethylamine except at the 
temperature of boiling ammonia, 13 and so it is 
impossible to calculate the values of AH  and AS 
for these solutions. However, we can compare the 
three salts without knowing the absolute values. 
In Table V below, r represents the temperature 
coefficient of the resistance, written as (R25 X 
R o)/R25-

In this table it is seen that the temperature 
coefficients fall in the order sodium iodide,

(12) A. S. Coolidge and H. E. Bent, ib id ., 58, 505 (1936).
(13) H. McK. Elsey, ib id ., 42, 2454 (1920).
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Table V
Concn. Concn. r  Concn. r

K I N a l Li I

........................  .................... .. 6 X 10“2 0.35

........................  I X  10“2 0.43 1 X 10“2 .56

........................  ......................  2 X 10“3 .61
1 X 10“4 0.52 ......................  4 X 10“4 .62
3 X 10~5 .53 ......................  7 X 10"5 .62
5 X 10~6 .58   I X  10"5 .61
1 X 10 ~6 .69 ......................  2 X 10-6 .61

potassium iodide, lithium iodide, with lithium 
iodide having the largest coefficient. This in 
turn means that AH  for lithium iodide has the 
largest negative value, indicating either that the 
entropy of orientation of the solvent is greater for 
this ion or that the free energy of ionization is 
smaller. Bent and Keevil6 point out from their 
somewhat meager data on ether solutions that 
while AF varies somewhat with the distance of 
closest approach of the ions, the entropy change 
is relatively constant. If this is generally true, 
then the variation in AH  is due to a difference 
in AFy rather than AS. Since the free energy of 
ionization decreases with increasing ion size, 
that is, larger salts are more easily ionized, it 
follows that the lithium ion has the largest ionic 
radius with the potassium ion next, as deduced 
previously. This again probably means that the 
lithium ion is solvated.

In a recent article,14 Kelso and Felsing have 
reported finding negative partial molal volumes 
for lithium chloride in methylamine solutions. 
This probably indicates some solvation of this

(14) E . A. K elso w ith  W. A. Felsing, T h is  J o u r n a l , 60 ,1949  (1938).

salt, while sodium nitrate has a positive partial 
molal volume, and probably is not solvated. 
These findings are in accord with the results of 
this research in a very similar solvent, and throw 
some light on the mechanism of the ionization 
process in solution. Since only an extremely 
small fraction of the lithium salt present is in 
the form of single ions in a solution of ordinary 
concentration such as those measured by Kelso 
and Felsing, the large negative partial molal 
volume observed must be caused by the ions in 
combination, rather than those existing as single 
ions. If these negative partial molal volumes 
are to be interpreted as indicating solvation, 
then the ions in the ion pairs are solvated and 
the greater dissociation of the lithium salt is due 
to the greater separation of the ions in the ion- 
pairs, resulting in a weakening of the coulombic 
force between them.

The author wishes to thank Professors H. E. 
Bent and Grinnell Jones for many suggestions 
and helpful criticisms.

Summary
1. The conductances of dilute solutions of

sodium, potassium and lithium iodides in di­
methylamine have been measured. <

2. The results are qualitatively in accord with 
the Kraus and Fuoss theory.

3. It was found that the lithium ion is probably 
solvated by dimethylamine.
Knox College
Galesburg, I I I .  Received July 23, 1938

[Contribution from the Chemical Laboratories of the State University of Iowa]

Stable Saifar DitM ocyaiiate

By P. A. B o n d  a n d

In 1926, while investigating the solubilities of 
inorganic salts in sulfur monochloride, Baker1 
found th a t the thiocyanates of barium and po­
tassium formed orange-red precipitates which were 
amorphous, insoluble in the strongest alkali, and 
stable in all except the most powerful oxidizing 
acids. Since the determination of the exact na­
ture of this product did not come within the scope 
of the thesis, the reaction was not investigated 
further a t th a t time. I t  seemed probable, how­
ever, th a t the orange-red powder belonged to the

(1) Baker, “ Solubilities of Inorganic Salts in  S2CI2,” Thesis, S tate  
U niversity  of Iowa, 1926.

G. A. W e a v e r , J r ,

general class of “pseudo thiocyanates,’’ upon 
which considerable research has been carried out.

In 1922, Lecher and Goebel2 prepared the 
compound sulfur monothiocyanate, S2(SCN)2, by 
treating a mercuric thiocyanate in carbon di­
sulfide with sulfur monochloride. The entire 
experiment was carried out a t low tem peratures 
in an apparatus described as being “practically 
completely protected from air.”

Also, Lecher and W hittwer3 prepared sulfur 
dithiocyanate, S(SCN)2, by treating the free

(2) Lecher and G oebel, B er ., 55, 1483-1495 (1922).
(3) Lecher and  W hittw er, ibid., 55, 1481-1482 (1922).



Nov., 1938 S t a b l e  S u l f u r  D it h io c y a n a t e 2615

thiocyanate, (SCNJ2, formed by the action of 
bromine on thiocyanates, with diethyl ether 
and dry hydrogen sulfide. Sulfur dithiocyanate 
was described as pearly yellow crystals which 
darkened upon standing, decomposed into an 
orange-red smoke at the temperature of the water- 
bath, and decomposed less rapidly in water or in 
alcohol.

Since Baker’s product was prepared at rea­
sonably high temperatures, it did not seem possi­
ble that the product could be sulfur monothio­
cyanate, which has a melting point of —3.3°; 
neither did the appearance of it correspond to 
the sulfur dithiocyanate of Lecher and Whittwer— 
although, as will be seen, its formula shows it 
to be sulfur dithiocyanate, S(SCN)2, or some 
isomer.

Baker’s work was repeated and somewhat ex­
tended to include the thiocyanates of mercury 
and ammonium. (Pure salts dried at 110° and 
purified sulfur monochloride were used.) The 
product formed by the reaction of each of these, 
as well as by the thiocyanates of potassium 
and barium, upon sulfur monochloride was iden­
tical in each case. The orange-red precipitate was 
purified by extracting three times with carbon 
disulfide, then by boiling with distilled water 
until the filtrate gave no tests for either the 
chloride or the metallic ions, and finally by ex­
tracting once again with carbon disulfide. Quali­
tative tests established the presence of only 
sulfur, nitrogen, and carbon.

Sulfur was determined by oxidation with nitric 
acid and precipitation as barium sulfate. Kjeldahl 
determinations were made for the nitrogen con­
tent. Carbon was determined as carbon dioxide 
by combustion in the presence of copper oxide, 
lead chromate, and potassium dichromate. From 
these analyses, as shown in Table I, the purified 
reaction product was found to be sulfur dithio­
cyanate, S(SCN)2, or some polymerized form.
On account of its insolubility, the molecular
weight was not determined.

T a b l e  I

Element
%  found in prepared 

samples
%  calcd. for

S(SCN>2
s 64.81 6 4 .8 8 64.91
N 18.98 19.01 18.90
C 16.22 16.29 16.19

The fundamental reaction between any me­

tallic thiocyanate and sulfur monochloride, at 
high temperatures, appears to be

2MeSCN +  S2CI2 — ^  2MeCl +  S(SCN)2 +  S 
During the reaction, however, there was a con­
siderable quantity of gas evolved which is not 
accounted for in the reaction as written. The 
gas, collected over mercury, is colorless and 
hydrolyzes in the air or in water, in which it is 
very soluble. It does not condense at room 
temperatures as would be expected were it a 
vaporized sulfur chloride, nor is it cyanogen.

Because the product differed in physical aspects 
from the sulfur dithiocyanate of Lecher and 
Whittwer, their preparation was repeated and the 
occurrence of pearly yellow crystals was verified. 
This crystalline form was found to change com­
pletely in approximately forty-eight hours to the 
orange-red form. When this was purified and 
analyzed, the results (as shown in Table II) were 
identical with those obtained by our reaction. 
Since Lecher and Whittwer found the crystalline 
form to have this composition also, it would 
appear that the change is a molecular rearrange­
ment rather than a decomposition.

Element

T a b l e  I I
% found in the purified 

product after rearrangement
% calcd. fo 

S(SCN)2
s 64.73 64.77 64.91
N 19.08 19.00 18.90
C 16.17 16.30 16.19

The stability of the final product, with respect 
to the high temperatures required for its decompo­
sition, 500-600°, and its general insolubility 
taken in connection with its intense color, indicate 
the possibility of its use as a pigment.

Summary
1. Sulfur dithiocyanatè, S(SCN)2> has been 

prepared, at moderately high temperatures, by 
the action of pure sulfur monochloride upon 
metallic thiocyanates.

2. This compound is identical with the final 
product which Lecher and Whittwer obtained 
by the action of bromine and hydrogen sulfide 
upon thiocyanates.

3. It does not correspond to the sulfur mono­
thiocyanate, S2(SCN)2, prepared by Lecher and 
Goebel by the action of sulfur monochloride 
upon thiocyanates in carbon disulfide solution 
at low temperatures.
I o w a  C it y , I o w a Received August 8, 1938
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Specific Gravities of Pure and Mixed Salt Solutions in the Temperature Range
0 to 2501

B y  R a y m o n d  W. B r e m n e r , T h o m a s  G . T h o m p s o n  a n d  C l in t o n  L. U t t e r b a c k

In this paper are presented specific gravity 
data for aqueous solutions. The solutions are 
those of some of the various salts occurring 
in sea water. The concentrations of the binary 
solutions were in the same ratios that occur in 
the ocean waters.

Method of Procedure and Apparatus
Using the Archimedes principle, the weight of a given 

volume of solution was compared with that of an equal 
volume of pure water, the density of which was accurately 
known.2 This method is more rapid than the pycnometer 
method and, with the refinements used, is capable of great 
precision.

A cylindrical glass bulb weighted with mercury and sus­
pended by means of a piece of fine platinized platinum wire, 
was weighed when immersed in water and also in the solu­
tions. For this purpose, the water and the solutions were 
contained in a cylindrical copper tank of suitable design, 
which was suspended in a water-bath. The temperature 
fluctuation in the water-bath varied from 0.01° at 0° to
0.002° a t 25°. The weighings were made to 0.1 mg.

Check determinations were made with two different 
glass bulbs and two cylindrical copper tanks, using dup­
licate solutions. The approximate volumes of the bulbs 
were 250 and 260 ml., respectively. With the copper tank 
in position in the water-bath and the glass bulb suitably 
suspended in the solution a t the desired temperature, con­
secutive weighings of the bulb were made a t five-minute 
intervals until the change in weight during a five-minute 
interval was not greater than 0.1 mg. Observations were 
made in this way a t 0, 5, 10, 15, 20, and 25°, respectively.

Immediately after making each observation, the weight 
of the support for the bulb was determined. The change 
in the buoyancy of the solution on the portion of the sup­
port immersed was negligibly small over the temperature 
range.

Solutions Measured
Materials.—Very pure potassium chloride and sodium 

chloride were prepared by well-known methods.3 Purified 
magnesium sulfate was heated in air a t 360° for sixteen 
hours. I t  was cooled in a vacuum desiccator charged 
with anhydrous magnesium perchlorate. I t  was then 
weighed in contact with dried air in a tared ground glass- 
stoppered weighing bottle.4'5 The water used was similar 
to the equilibrium water described by Washburn.6 The

(1) Read before the Ninety-Fifth Meeting of the American Chem­
ical Society at Dallas, Texas, April, 1938. For supplementary tabu­
lar data, order Document 1142, American Documentation Institute, 
2101 Constitution Ave., Washington, D. C., remitting $1.00 for 6'' X 
8 *  photoprints or 28j£ for microfilm.

(2) “International Critical Tables,” Vol. Ill, 1938, p. 25.
(3) Theodore Shedlovsky, T h is  J o u r n a l , 54, 1417 (1932).
(4) G. H. J. Bailey, J .  C h em . S o c ., 51, 676-683 (1887).
(5) Adolph Schroder, B e r ., 4, 471 (1871).
(6) Edward W. Washburn, T h is  J o urn al , 40, 111 (1918).

solutions were prepared according to the composition of 
sea water as reported by Thompson.7

The ions of the salts comprising the major constituents 
of sea water are chloride, sulfate, sodium, magnesium, cal­
cium, and potassium. The ratio of the number of milli­
gram atoms of any one of these to that of any other is a 
constant.8 The concentrations of the elements comprising 
these ions for a sea water having a chlorinity of 19.00%o9 
are as follows:

Mg. at./kg. of 
sea water

Chlorine.................................. 535.0
Sodium...................................  454.0
Magnesium............................   52.30
Sulfur (sulfate)...................... 27.63
Potassium...................................  9.6

The solutions were prepared by taking a fixed mass of 
pure water, 1 kg., to which were added the various salts in 
the proper concentrations. I t  should be noted that this 
method differs from that in which the number of grams of 
salt per kilogram of solution is considered.

The constituents used were salts tha t are comparatively 
easy to purify and handle quantitatively in the dry condi­
tion. The sodium and potassium ions were introduced as 
chlorides, the sulfate and magnesium ions as magnesium 
sulfate.

T a b l e I

S h o w i n g  t h e  W e i g h t  o f  S a l t  A d d e d  t o  1 K g. o f  W a t e r

Approximate
chlorinity 19%o 14%o 8%o 4%o

NaCl, g.
Sodium Chloride Solutions 

27.26159 19.94439 11.30020 5.61836

KC1, g.
Potassium Chloride Solutions 
0.735220 0.537882 0.304756 0.151522

MgS04, g.
Magnesium Sulfate Solutions 
3.41676 2.49969 1.41629 0.704166

Sodium Chloride, Potassium Chloride Solutions 
NaCl, g. 27.26159 19.94439 11.30020 5.61836
KC1, g. 0.735220 0.537882 0.304756 0.151522

Sodium Chloride, Magnesium Sulfate Solutions 
NaCl, g. 27.26159 19.94439 11.30020 5.61836
MgS04, g. 3.41678 2.49969 1.41629 0.704166

Sodium chloride was present in all of the solutions con­
taining two salts. In preparing such solutions the approxi­
mate amount of a stock solution of the salt, other than 
sodium chloride, required to prepare about a liter of the 
desired solution was weighed accurately in a ground 
glass-stoppered flask. From this, the required weight of

(7) Thomas G. Thompson, J .  C h em . E d ., 13, 203-209 (1936).
(8) Thomas G. Thompson, “Contribution to Marine Biology,” 

Stanford University Press, 1930, p. 79.
(9) 19.00%o means 19 parts per thousand by weight.
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sodium chloride and of the desired solution was calculated. 
The calculated amount of dry sodium chloride was weighed 
out and added to the solution in the flask, which was then 
made up to the calculated weight by the addition of equi­
librium water. All weights were corrected to vacuum for 
the purpose of computation and to the conditions per­
taining in the laboratory for the purpose of weighing. The 
apparatus used for weighing has been described.10 The 
solutions, as well as the equilibrium water used in their 
preparation, were kept in well seasoned and steamed 
Pyrex ground glass-stoppered bottles.

Experimental Results
The specific gravities of each of the following 

solutions were measured at 0, 5, 10, 15, 20, and 
25°: sodium chloride, potassium chloride, mag­
nesium sulfate, sodium chloride plus potassium 
chloride, and sodium chloride plus magnesium 
sulfate. Each of these was found by direct 
comparison with one of the values for water 
given in the “International Critical Tables.” 
The experimentally determined data are accurate 
to five decimal places, the sixth being a close 
estimate in most cases. Duplicate values usually 
agreed exactly to five decimal places. A total 
of 120 determinations was made.

The specific gravities of the solutions were 
computed by the usual method. The volume of 
the bulb, its weight in vacuo, and its weight 
immersed in the solution at each temperature 
were redetermined several different times during 
the work, but no appreciable departure from the 
original values was observed.

The equation proposed by Root,11 contains 
D -  Do + pN  +  qJSP/*

two constants p  and g which are different for 
each type of solution and at each temperature. 
These constants were evaluated by the method 
of least squares at each of the six temperatures 
for each type of solution measured, and their 
values are listed in Table II. D and N  are 
density and normality, respectively. Normalities 
were computed from the data in Table I, using 
the 1936 atomic weights.

After p  and g were obtained for a particular 
type of solution, the specific gravities were calcu­
lated for the concentrations at which measure­
ments were made and for concentrations at which 
specific gravity data were found in the “Inter­
national Critical Tables.”

Table III is illustrative of the agreement be-
(10) Raymond W. Bremner and Thomas G. Thompson, T h is  

J o urn al , 59, 2372 (1937).
(11) William C. Root, ib id . , 55, 850-851 (1933).

Table II
Constants for the Root Equation

Approx, no. mg. eq.
wts. per 1 soln. °C. p  Q

Sodium chloride
100 to 500 25 0.041916 -0.001853

20 .042432 -  .001990
15 .042995 -  .002052
10 .043740 -  .002204
5 .044660 -  .002391
0 .045846 -  .002684

Potassium chloride
2 to 10 25 .04570 .0211

20 .04710 .0110
15 .04802 .0050
10 .04884 .0015
5 .04949 .0023
0 .05141 -  .0088

Magnesium sulfate
10 to 60 25 .06340 -  .00795

20 .06331 -  .00611
15 .06423 -  .00854
10 .06440 -  .00710
5 .06476 -  .00579
0 .06631 -  .00890

Sodium chloride and potassium chloride
100 to 500 25 .041983 -  .001776

20 .042467 -  .001868
15 .043042 -  .001952
10 .043759 -  .002057
5 .044728 -  .002321
0 .046004 -  .002760

Sodium chloride and magnesium sulfate
100 to 500 25 .044213 — .002090

20 .044658 -  .002158
15 .045240 -  .002285
10 .045968 -  .002442
5 .046880 -  .002661
0 .048054 -  .002987

tween the observed and calculated values for two 
mixed solutions at two of the temperatures.

The agreement between the calculated and 
observed values, not given in Table III, is also 
in every instance within 5 in the sixth decimal 
place. Thus the equation proposed by Root is 
shown to reproduce the experimental results 
within the limit of experimental error in the case 
of mixed salt solutions as well as pure salt solu­
tions in all the concentrations and at all the 
temperatures measured.

The most exact applicable data found in the 
“International Critical Tables” are for potassium 
chloride at 20°. They are reported to eight deci­
mal places. These data and the values calculated 
from the constants given in Table II are consistent 
within the limits of experimental error.
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Table I II
Specific Gravities of Mixed Solutions

Differ-
Mg. eq. wts. Mg. eq. wts. Sp. gr. Sp. gr. ence 
per kg. water per 1 soln. obsd. calcd. (106)

Sodium Chloride and Potassium Chloride

NaCl
466.377

KC1
9.86172

Temperature 25° 

470.805 1.016267 1.016266 1
341.198 7.21473 345.247 1.011206 1.011209 3
193.318 4.08775 196.147 1.005156 1.005155 1
96.116 2.03241 97.695 1.001123 1.001122 1

466.377 9.86172
Temperature 0° 

472.870 1.020725 1.020725 0
341.198 7.21473 346.627 1.015252 1.015251 1
193.318 4.08775 196.835 1.008679 1.008682 3
96.116 2.03241 98.004 1.004290 1.004292 2

Sodium Chloride and Magnesium Sulfate

NaCl MgS04 
466.377 56.766 
341.198 41.530 
193.318 23.530 
96.116 11.699

466.377 56.766 
341.198 41.530 
193.318 23.530 
96.116 11.699

Temperature 25°

517.300 1.019167 1.019167 
379.327 1.013359 1.013357 
215.492 1.006391 1.006393 
107.325 1.001746 1.001746
Temperature 0°

519.609 1.023716 1.02371g 
380.865 1.017472 1.017468 
216.257 1.009960 1.009960 
107.666 1.004932 1.004936

0
2
2
0

2
4
0
4

Specific gravity values for sodium chloride 
solutions at 0, 10 and 25° are reported in the 
“International Critical Tables” to five decimal 
places. Using the concentrations listed and the 
above constants, these specific gravities were 
calculated by means of the equation proposed by 
Root. The deviations of the calculated values 
from those given in the “International Critical 
Tables” range from 0.00002 to 0.00023. These 
deviations are large considering that the data are 
reported to five decimal places. They are all 
negative but are considerably larger at 25 and 0°

than they are at 10°. In some instances they 
increase with concentration while in others they 
decrease. It is evident that the “International 
Critical Tables” data for sodium chloride do not 
conform to the Root equation as well as those for 
potassium chloride.

Summary
1. The specific gravities of various solutions 

of salts occurring in sea water have been measured 
at 5° intervals from 0 to 25° inclusive.

2. The solutions were prepared to contain 
the pure and mixed salts in concentrations cover­
ing the range found in nature.

3. The specific gravity measurements, which 
are accurate to five decimal places and closely 
estimated to the sixth, were made by the method 
of weighing a weighted glass bulb suspended in 
the solutions.

4. Some of the data on the specific gravity 
of sodium chloride solutions reported to five 
decimal places in the “International Critical 
Tables” can be represented by the equation 
proposed by Root to only four decimal places. 
Certain more accurate data on potassium chloride 
solutions have been shown to be entirely con­
sistent with the data reported in this paper.

5. The equation proposed by Root has been 
shown to reproduce the experimental results, 
within the limits of experimental error, at each 
of the six temperatures used. It applies equally 
well to solutions containing one solute and to 
those containing sodium chloride plus potassium 
chloride and sodium chloride plus magnesium 
sulfate. The constants for this equation have been 
calculated at six temperatures for each of the 
five types of solutions studied.
Seattle, Washington Received July 5, 1938
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[Contribution prom the Agricultural Experiment Station and D epartment op Physics, U niversity of Florida]

The Infrared Absorption Spectra of Some Sugars and Furans

B y  L e w is  H . R ogers  and  D u d ley  W illia m s

In a previous paper,1 the authors reported a 
study of the infrared absorption spectrum of Vita­
min C. At that time a band was observed at 4 /x 
which, it was suggested, may have arisen from the 
lactone linkage. Additional studies on similar 
compounds are reported in this paper.

The infrared absorption spectra between 2 and 
12 /x have been mapped for the following furans: 
furfural, tetrahydrofurfuryl alcohol, furfuryl al­
cohol and hydrofuramide. Spectra between 3 
and 12 \x have been studied for the following 
sugars: d- and Z-arabinose, cZ-lyxose, Z-xylose, d- 
galactose, d-mannose, levulose and dextrose. 
Several studies of the Raman spectra of the fu­
rans have been reported,2 while Coblentz3 studied 
the infrared spectra of levulose and dextrose in 
approximately the same region as that studied 
here.

The spectrometer and experimental details 
have been described elsewhere;1 the only change 
which has been made consists of the addition of a 
current amplifier employing two photocells. 
With the furans, rock salt absorption cells were 
used, which were of approximately 0.05 mm. 
thickness. The liquid furans were introduced 
directly into the cells; hydrofuramide, however, 
was melted onto the rock salt plates. The data 
are corrected for the absorption of the rock salt. 
The furans were contributed by the Quaker Oats 
Company.

Saturated water solutions of the sugars were 
used and fluorite cells of approximately 0.02 mm. 
thickness, together with a comparison cell of 
fluorite containing water. The sugars were ob­
tained from Eastman Kodak Co.

In Fig. 1 are presented the transmission curves 
for the furans. Table I summarizes these data. 
In Table II, data are given on the sugars.

Discussion
The furans show considerable similarity in their 

absorption spectra in the region studied. In 
Fig. 1, it will be noted that the bands which occur 
in the 3-3.5 /x region are more pronounced in the

(1) D. Williams and L. H. Rogers, T h is  J o u r n a l , 59, 1422 (1937).
(2) W. E. Catlin and H. A. Wilhelm, I o w a  S ta te  C o ll. J .  S c i . , 10, 

135 (1936). A complete bibliography is given in this paper.
(3) W. W. Coblentz, C a rn e g ie  I n s t ,  o f  W a sh ., Pub. No. 65 (1906).

alcohols than in the other two furans, a result 
which is to be expected, since no OH groups ap­
pear in furfural and hydrofuramide. From 5.6 
to 6.6 ix there are several bands which arise from 
C = 0 , C = C  or C = N . Tetrahydrofurfuryl al­
cohol, which contains none of these groups, ex­
hibits no distinct bands in this region. Furfural 
contains a band at 5.9 /x which is characteristic 
of the C = 0  linkage. Again, in the 10 to 11 jx re­
gion, a band known to arise from the C—C linkage 
is found in all the furans.

Fig. 1.

It will be seen that at 4 /x no band was observed 
in any of the furans. This would seem to indicate 
that the band observed at this wave length in 
Vitamin C was not due to a vibration involving 
the lactone linkage, as was previously suggested.1
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Table I
Frequencies of the Observed Absorption Maxima of 

Some Furan D erivatives

Frequencies Probable
Raman

frequencies2
cm.-1 origin cm.-1

3030
Furfural 

KC—H) 3142
2000
1700 K C = 0 ) 1691
1590 x ( C = C ) 1569
1390 1395
1220 1223
1140 1156
1020 1024
925 K C — c ) a 931

3120
Tetrahydrofurfuryl alcohol 

KC—H), k o —H)
1330
1190
1110
1020
1000
950
915 K C —  C ) °

3030
Furfuryl alcohol 

K C —H), KO—H) 3110
1590 K C = C ) 1599
1430 «(CH,)
1350
1190
1090 1091
1000 1015

925 K C —  C ) a

3030
Hydrofuramide 

KC—H)
1960
1890
1590 K C = N )
1470
1280
1220
1150
1020
990
933 K c — c ) “

a Bames [R ev, S c i .  In s tru m e n ts , 7, 265 (1936)] gives 
KC— C) as 980 c m r1; therefore the frequencies of 1000 
cm."1 possibly should be assigned to KC—C) instead of 
those given.

In column 4 of Table I are given some of the 
Raman frequencies reported by Catlin and Wil­
helm.2 The agreement in the case of furfural is 
good with the exception of the 3030 cm.”1 fre­
quency. This discrepancy is to be expected, 
since the high frequency OH vibration is active in 
the infrared, but is inactive in the Raman effect. 
On account of the low resolution obtainable in the

Table II
Frequencies of Observed Absorption Maxima of 

Some Pentoses and Hexoses
Frequencies # Frequencies

cm. 1 Probable origin cm.-1 Probable origin
Arabinose d-Mannose

3030 KC—H), KO—H) 3030 KC—H), KO—H)
2040 2080
1700 KC=o) 1725 KC=o)
1560 1350 «(CH,)
1390 «(CH,) 1040
1220
1090

/-Arabinose d-Galactose
3030 KC—H), KO—H) 3030 KC—H), KO—H)
2040 2040
1700 KC=o) 1725 KC=0)
1370 «(CH,) 1590
1220 1370 «(CH,)
1110

/-Xylose

1125

Dextrose
3030 KC— H), KO—H) 3030 KC—H) KO—H)
2080 2080
1725 KC=0) 1670 KC=0)
1350 8(CH,) 1590
1100 1370 S(CH,)
960 1100

1000

d-Lyxose Levulose
3030 KC—H), KO—H) 3030 KC—H), KO—H)
2080 1890
1750

oIIo

1350 S(CH,)
1590 1100
1350 «(CH,)
1100

3 ju. region with a rock salt prism the C-H  and
O-H bands could not be separated. The other 
frequencies reported here are apparently not ac­
tive in the Raman effect. Similarly, certain Ra­
man frequencies do not appear in the infrared.

The data in Table II for the eight sugars studied 
are strikingly similar for each compound. Charl­
ton, Haworth and Peat4 have discussed the possi­
bility of a lactone linkage occurring in some of 
these sugars; since no band was observed at 4 fx 
in these materials, there is no evidence indicating 
that a lactone linkage gives rise to a band at this 
point.

The data in Table II for dextrose are in partial 
agreement with Coblentz’ data,3 since he reported 
a broad absorption maximum between 3 and 4 jx 
and another maximum at 4.8 ix. Beyond 7 m, 
however, Coblentz was unable to detect any 
transmission. In the present study, thinner

(4) W . C harlton, W . N . H aw orth  and S. P ea t, J . Chem, S o c ,, 89“  
101 (1926).
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cells permitted the extension of the data to longer 
wave lengths. Also, it should be noted that Co­
blentz made his measurements with melted sam­
ples while in the present study sugar solutions 
were used. Furthermore, small bands were 
found at 6.0 ju- and 6.3 ix which were not reported 
by Coblentz. In the case of levulose, agreement 
between Coblentz- data and those reported here is 
still less satisfactory. There is agreement on the
3.3 jit band, but Coblentz reports a band at 5.85 fx 
which is not noted here, and another at 5.3 fx re­
ported here is not shown by Coblentz. Again, 
thinner cells permitted the extension of this study 
to longer wave lengths.

The effect of the solvent on the absorption of

the sugars is very slight; also, no variation of the 
spectra of the solutions with time was detected.

Summary
The infrared absorption spectra for four furan 

derivatives, four pentoses and four hexoses be­
tween 2 and 12 ix have been mapped and the re­
sults compared with Raman and infrared data 
from other sources. Several bands were common 
to all the furans. Data on sugar solutions are in 
fair agreement with earlier results obtained in 
studies of melted compounds. No pronounced 
differences occurred between the spectra of any 
of the sugars studied.
Gainesville, Fla. Received July 28, 1938

[Contribution from N aval Stores R esearch D ivision, Bureau of Chemistry and Soils, U. S. Department of
Agriculture]

The Dihydroabietic Acids from So-called Pyroabietic Acids

B y E. E. F lec k  and  S. P a lk in

In a previous paper it has been shown that so- 
called “a'-pyroabietic acid” prepared from l- 
abietic acid by the catalytic method, was a mix­
ture of dehydro-, dihydro- and tetrahydroabietic 
acids.1 It was pointed out, however, with regard 
to the dihyóxo acid ( [ ck]20d  —3 °) isolated, that 
while the combustion data were in good agreement 
with those calculated for the dihydro compound, 
the rotation did not conform to that indicated by 
the Biot relationship2 in that the latter pointed to 
a dihydroabietic acid of high positive rotation.

This compound ( [« ] 20d + 1 0 8 ° )  has now been 
isolated by first removing the tetrahydroabietic 
acid as the insoluble ammonium salt and then the 
dehydroabietic acid as the crystalline methyl es­
ter. The non-crystalline residue of methyl esters 
was saponified with 10% n-butyl alcoholic po­
tassium hydroxide to obtain the new dihydroa­
bietic acid.

Another dihydroabietic acid ( [ q:]20d +  9 .0°, 
m. p. 193-194°) from a-pyroabietic acid mixture 
prepared by heat, without catalyst has been re­
ported recently by Ruzicka et al.8

Further work on the previously reported dihy­
dro compound ( [ o;]20d —3°, m. p. 130-131°), 
which was isolated by partial sulfonation of the

(1) Fleck and Palkin, T h is  J o u rn al , 60, 921 (1938).
(2) I b id . , citation 11, p. 924.
(3) Ruzicka, Bacon, Sternbach and Waldmann, H elv. C h im . 

Acta, 21, 595-596 (1938).

non-crystalline portion of the mixed methyl esters 
and subsequent hydrolysis of the unsulfonated 
part, has now been found to be a lactone, as it 
took up no alkali on direct titration. This lac­
tone was found to be identical with that reported 
by Hasselström, et a l.f  who also obtained it as a 
sulfonation by-product, and with that reported 
earlier by Ruzicka, et al.,4 5 * who prepared it by the 
action of hydrobromic acid on dihydroabietic acid.

By treatment with butyl alcoholic potassium 
hydroxide, the lactone yielded bydroxytetrahy- 
droabietic acid, m. p. 164-165°, identical with 
that reported by the above authors.

Experimental Part
Fifty grams of /-abietic acid was converted into “pyro­

abietic” acid mixture a t 225° as previously described.1 
The yield was 47 g. of a product that melted at 166-168° 
and showed [<z]20d +62° in absolute alcohol. This mix­
ture was dissolved in 180 cc. of alcohol and 425 cc. of 0.4 
N  ammonium hydroxide. On standing overnight at room 
temperature fine needles separated which consisted chiefly 
of tetrahydroabietic acid. These were removed by filtra­
tion. A second and third crop of crystals was obtained from 
the mother liquor a t intervals of several days. The crys­
talline ammonium salts were recrystallized and the mother 
liquors were united with the original filtrate. The com­
bined mother liquors were evaporated to dryness on the

(4) Hasselström, Brennan and McPherson, T h is  J o urn al , 60, 
1267 (1938).

(5) Ruzicka, Meier, Waldmann and Hösli, H elv. C h im . A c ta , 5,
333 (1922); 16,139 (1933).
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steam-bath. The residue was taken up in ether and 
shaken, first with dilute hydrochloric acid, and then with 
water. The ether was distilled and the residue (19.5 g.) 
was esterified with diazomethane in the usual manner.

The solvents were removed under reduced pressure and 
the residue was taken up in methyl alcohol. The solution 
was cooled to 0 ° and water was added until the solution 
became cloudy. On standing several days at 0 ° the crys­
talline methyl ether of dehydroabietic acid was deposited. 
By addition of more water to the filtrate a semi-crystalline 
deposit was obtained. The supernatant liquid was decanted 
and the methyl alcohol distilled under reduced pressure.

Nine grams of the resulting oil was refluxed for three 
hours with 90 cc. of n-butyl alcohol and 9 g. of potassium 
hydroxide. The butyl alcohol was removed by steam dis­
tillation. When the residue was cooled an amorphous 
potassium salt separated. Ether was added to the mix­
ture and the aqueous layer was removed. This aqueous 
layer did not contain an appreciable amount of potassium 
salt of dihydroabietic acid. The ether solution was then 
shaken out with 0.25 N  sodium hydroxide. The aqueous 
extract was shaken twice with fresh ether and then the di­
hydroabietic acid was isolated by addition of dilute hy­
drochloric acid, extraction with ether and evaporation of 
the solvent.

Eight grams of this light yellow product was dissolved in 
35 cc. of alcohol and 50 cc. of 0.4 N  ammonium hydroxide. 
On standing overnight 1.3 g. of stout prisms separated. 
The free acid was liberated as outlined above and the 
residue was recrystallized from alcohol. The final product 
melted at 174-176° and gave a yellow color with tetranitro- 
methane: [ a ] 20D +108°; c, 2.043% in absolute alcohol.

Anal. Calcd. for C20H32O2: C, 78.88; H, 10.60; neut. 
equiv., 304.3. Found: C, 78.70, 79.00; H, 10.55, 10.32; 
neut. equiv., 310.

52.1 mg. of substance was dissolved in 10 cc. of alcohol 
and directly titrated with 0.1 N  sodium hydroxide against 
phenolphthalein: neutralization equivalent, 310; calcd., 
304.3.

Hydroxytetrahydroabietic Acid.—A solution of 50 mg. 
of the lactone in 10 cc. of 10% w-butyl alcoholic potas­
sium hydroxide was refluxed for five hours. The butyl 
alcohol was removed by steam distillation, the aqueous 
solution diluted with water and extracted three times 
with ether to remove any neutral material. The aqueous 
solution was then made acid to litmus and neutral to congo 
red by addition of dilute acetic acid. The crystalline 
precipitate which separated was extracted with ether, the 
ether solution washed with water and the solvent evapo­
rated. The residue after recrystallization from dilute 
methyl alcohol had a melting point of 164-165°.

Anal. Calcd. for C20H34O3: C, 74.47; H, 10.63.
Found: C, 74.25; H, 10.88.

Summary
A dihydroabietic acid of high positive rotation 

has been isolated from so-called “a-pyroabietic 
acid” prepared by the catalytic method.

Another compound of the same elemental 
composition, previously thought to be a dihydro 
compound, was found to be a lactone. 
Washington, D. C. R eceived July 29, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

Vinyl Halide Polysulfones. Peracetic Acid as a Catalyst for the Reaction between
Sulfur Dioxide and Olefins1

B y C. S. M a r v el

Polysulfones have been obtained from many 
common olefins and olefin derivatives and sulfur 
dioxide by using various organic peroxides to 
catalyze the reaction. However, up to this 
time no descriptions of the polysulfones pre­
pared from vinyl chloride and vinyl bromide 
have appeared. Solonina2 and Staudinger and 
Ritzenthaler3 report failures to obtain the addi­
tion reaction between vinyl chloride and sulfur 
dioxide. Recently Frey, Fitch and Snow4 inti­
mate that the reaction occurs readily although 
they do not give the details of the preparation 
or a complete description of the product.

(1) Paper No. VIII. For th e  seven th  com m unication  see T h is  
Jo urn al , 60, 1450 (1938).

(2) Solonina, J .  R u ss . P h y s .-C h e m . S o c ., 30, 826 (1898); C h em . 
Z e n tr ., 70, I, 248 (1899).

(3) Staudinger and Ritzenthaler, B e r ., 68B, 455 (1935).
(4) Frey, Fitch and Snow, U. S. Patent 2,114,292 (1938).

and  F . J. G la v is

We have found that vinyl chloride and vinyl 
bromide will combine with sulfur dioxide to give 
polysulfones which have two vinyl units for each 
sulfur dioxide unit. In this respect they differ 
from all other olefins, olefin derivatives, or 
acetylenes which have been examined pre­
viously.

The addition reaction appears to require an 
especially effective catalyst and in our early 
experiments could only be brought about in the 
presence of an unusually “active” sample of 
paraldehyde which contained peroxides.

A closer examination of the paraldehyde samples 
which were tried as catalysts showed that the 
ones which would cause the reaction to run 
smoothly not only contained peroxides but 
also were strongly acidic and showed absorption
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in the ultraviolet at 2400 A. Other samples of 
paraldehyde which did not show all of these 
properties were relatively non-effective as cata­
lysts. This combination of properties suggested 
to us that the active constituent in the aged 
paraldehyde was peracetic acid.

A sample of peracetic acid in acetic anhydride 
was prepared by the method of Böeseken, Cohen 
and Kip5 and without attempting to purify 
it was tested as a catalyst for the vinyl chloride- 
sulfur dioxide reaction. The reaction took place 
quickly and gave a good yield of polymer. This 
result is especially significant as it is now possible 
to bring about the addition reaction with a catalyst 
which can be prepared readily whereas pre­
viously it was necessary to examine many samples 
of paraldehyde before finding one that was effec­
tive.

Peracetic acid also proved to be an effective 
catalyst to bring about the addition of sulfur 
dioxide to allyl chloride as well as for the simple 
olefins and acetylenes which have been reported 
in earlier papers1 as condensing when active 
paraldehyde was used as a catalyst. However, 
no polysulfones could be obtained from allyl 
bromide, 1,2,3-trichlorobuteneor 1-bromoheptene.

Several structural formulas seem quite possible 
for the vinyl chloride polysulfone but as yet it is 
impossible to decide which one is correct. The 
polymer is a white, amorphous, insoluble, high- 
melting compound. On heating it loses sulfur 
dioxide. When treated with liquid ammonia 
it is not degraded to a cyclic disulfone as are most 
of the polysulfones from the other olefins1 which 
have been studied. Vinyl chloride polysulfone 
reacts with liquid ammonia to produce a nitrogen- 
containing polymer with the approximate compo­
sition [(CHsCHNHgCl^SOsL. Aniline also re­
acts with vmyi chloride pol)rsulfone to yield 
a product which contains nitrogen. Treating 
the polysulfone with hot aqueous sodium hy­
droxide solution removes about one-third of the 
chlorine as hydrogen chloride, leaving a black 
insoluble polymer. Boiling the polysulfone with 
7% sodium hydroxide and distilling with steam 
at the same time, causes the polymer to darken 
instantaneously and gives a distillate which con­
tains very small quantities of an aldehyde. A
2,4-dinitrophenylhydrazone of this aldehyde melt­
ing at 127-129° has been isolated and analyzed. 
The analysis indicates that this derivative has

(5) B öeseken, C ohen and  K ip , R ec . tra v . c h im ., 55, 815 (1936).

one C3H5 unit for each dinitrophenylhydrazone 
residue. The product is apparently not the 2,4- 
dinitrophenylhydrazone of acetone (m. p. 128°).6

Further work must be done to characterize 
this compound and to establish the way in which 
the two vinyl chloride units are combined with 
one sulfur dioxide unit in the polymer. It should 
be mentioned that vinyl bromide polysulfone 
gives essentially the same reactions as the chloride 
in all cases which have been examined.

Some copolymers of vinyl chloride, 1-pentene 
and sulfur dioxide have been obtained using 
ascaridole as a catalyst although ascaridole will 
not cause vinyl chloride and sulfur dioxide to 
combine in a reasonable time. Benzoyl peroxide 
did not bring about the formation of a copolymer. 
Analysis of this copolymer indicated that the 
ratio of constituents may be one mole of vinyl 
chloride to one mole of 1-pentene to two moles of 
sulfur dioxide. A copolymer prepared from a 
mixture of vinyl chloride and phenylacetylene 
with sulfur dioxide seemed to have these con­
stituents present in the ratio of two moles to one 
mole to two moles, respectively.

Some rather rough freezing point determinations 
of solutions of styrene, 1-pentene, 10-hendecenoic 
acid and vinyl chloride in liquid sulfur dioxide 
showed that there was apparently no compound 
formation in the absence of a catalyst in the first 
three cases. Styrene and sulfur dioxide mixtures 
showed a eutectic at 27 mole per cent, of styrene, 
and 10-hendecenoic acid and sulfur dioxide 
mixtures showed a eutectic at 4 mole per cent, 
of the acid. 1-Pentene and sulfur dioxide 
mixtures gave a complex melting point curve 
similar to that observed by Seyer and Hugget7 
in their careful study of the system 1-hexadecene- 
sulfur dioxide. On the other hand, vinyl chloride 
and sulfur dioxide mixtures showed eutectics at 
37 mole per cent, of vinyl chloride and 98 mole 
per cent, of vinyl chloride and a peak indicating 
compound formation at approximately 40 mole 
per cent, of vinyl chloride. While it is impossible 
to relate this compound to the composition of the 
polysulfone which is obtained in the presence 
of a catalyst, it is of interest that only in the case 
of vinyl chloride was compound formation noted 
in the solution, and this is the only olefin derivative 
to combine in a two to one ratio with sulfur di­
oxide to yield a polysulfone.

(6) Curtius and D edichen , J .  p r a k t. Chem.., [2] 50, 266 (1894).
(7) Seyer and H ugget, T r a n s . R o y . S oc. C a n ., 18, 213 (1924).
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Experimental Part
Vinyl Chloride Polysulfone.—To a mixture of equal 

volumes of liquid vinyl chloride and liquid sulfur dioxide 
was added about a half volume of active paraldehyde and 
one-fifth volume of 95% ethanol. The ice-cold mixture 
was sealed in a pressure bottle and allowed to warm to 
room temperature. The reaction apparently was com­
plete in one hour and longer standing did not increase the 
yield. The polymer separated as an insoluble powder as it 
formed. The reaction flask was cooled and opened and 
the contents were poured into ether. The polymer was 
isolated by filtration and was purified by repeated wash­
ing with alcohol. Unless the product was washed thor­
oughly it would turn dark on standing. The dark ma­
terial had very nearly the same analysis as the white prod­
uct. The yields varied with the effectiveness of the cata­
lyst from about 5 to 30%. The reaction goes so quickly 
that practically the same yields are obtained by running 
the reaction in an open vessel. Addition of larger amounts 
of catalyst did not increase the yield, but when the reaction 
was carried out under conditions which permitted re­
covery of the unused vinyl chloride, it was found that the 
recovered material gave as good results as the original 
material when a fresh charge of catalyst was added.

When ascaridole and benzoyl peroxide were tried as 
catalysts for the addition reaction, no polysulfone was 
obtained in six hours. Over a longer period some dark 
colored material was obtained from reaction mixtures con­
taining ascaridole. With benzoyl peroxide no product was 
obtained even after twenty-four hours. When 15 cc. of 
the solution of peracetic acid prepared from 97.3 g. of 
acetic anhydride, 20 g. of 30% hydrogen peroxide and 1 g. 
of ^-toluenesulfonic acid5 was used as a catalyst the poly­
mer formed in 30% yields* within one-half hour.

The polysulfone was a white amorphous powder. I t 
darkened a t 135-140° and melted at 250-275°. I t  was 
insoluble in common organic solvents except dioxane in 
which it was very slightly soluble.

Anal. Calcd. for (C4H6CI2SO2)*: C, 25.40; H, 3.17; 
S, 16.93; Cl, 37.57. Found: C, 26.42; H, 3.67; S, 
17.62, 16.83, 16.53; Cl, 38.19.

Vinyl Bromide Polysulfone.—Using 10 cc. of liquid 
sulfur dioxide, 10 cc. of liquid vinyl bromide, 5 cc. of active 
paraldehyde and 2 cc. of 95% ethanol there was obtained
1-2.5 g. of polysulfone. I t was isolated and purified as 
described for the chlorine analog. The product melted 
with decomposition a t 200-225°.

Anal. Calcd. for (C4H6Br2S02)*: S, 11.51; Br, 57.55. 
Found: S, 10.92; Br, 54.13.

Reactions of Vinyl Chloride Polysulfone
With Liquid Ammonia.—When 1 g. of vinyl chloride 

polysulfone was dissolved in 100 cc. of liquid ammonia 
a deep blue solution formed. Evaporation of the am­
monia left 0.5 g. of dark colored residue insoluble in or­
ganic solvents and acetic acid.

Anal. Calcd. for (C4H12CI2N2SO2)*: C, 21.52; H,
5.38; S, 14.38; N, 12.55. Found: C,* 23.19, 22.50; H, 
6.09,7.39; S, 13.32,15.79, 15.42,13.55,15.32; N, 12.46.

With Aniline.—One gram of the polysulfone was dis­
solved in 25 cc. of aniline and the solution allowed to stand

at room temperature for fifteen hours. Most of the aniline 
was removed by distillation under reduced pressure. 
When about 5 cc. of solution remained, the residue was 
poured into 100 cc. of 95% ethanol. The precipitate was 
collected on a filter and washed with ethanol. The residue 
weighed about 1 g.

Anal. Calcd. for (CioHi2NClS02)n: C, 48.9; H, 4.9; S, 
13.1; Cl, 14.5. Found: C, 51.3; H, 5.5; S, 13.4; Cl,
14.0.

Action of Heat.—A weighed sample of vinyl chloride 
polysulfone was placed in 75 cc. of dioxane. A stream of 
air purified by leading it through an “ascarite” tube was 
led through the apparatus and then through standard 
potassium dichromate solution. The dioxane was heated 
to boiling for various lengths of time with different samples 
and the amount of sulfur dioxide liberated was determined 
by titration of the standard dichromate solution. In 
three hours using about 0.1 g. of polysulfone about 75- 
85% of the calculated amount of sulfur dioxide was given 
off. With five hours of heating the sulfur dioxide evolved 
amounted to 97%.

With Alkali.—When a weighed sample of polysulfone 
(about 0.1 g.) was suspended in standard sodium hydroxide 
solution and heated to boiling the mixture turned black. 
After six hours this mixture was acidified and titrated for 
chloride ion, and it was found tha t about one-third of the 
chlorine in the polymer had been removed. A reaction 
mixture which was refluxed for twenty-four hours gave 
the same result.

A mixture of 2 g. of the polymer with 75 cc. of 7% aque­
ous sodium hydroxide solution was distilled with steam. 
The distillate was collected in a solution of 2,4-dinitro- 
phenylhydrazine. The distillate gave a positive test 
with fuchsin aldehyde reagent. A small amount of 2,4- 
dinitrophenylhydrazone was obtained. I t  melted a t 
127-129° after recrystallization from alcohol.

Anal. Found: C, 45.19; H, 3.85; N, 23.21, 23.35.
This product gave a depression in melting point when 

mixed with the 2,4-dinitrophenylhydrazone of acetone 
(m. p. 128°). While the analysis cheeks for [(C3Hg)- 
(NNHC6H3(N0 2)2) ]* it has not been identified further.

Vinyl Bromide Polysulfone and Liquid Ammonia.—This 
reaction was carried out exactly as described for the chlo­
ride analog. The product was analyzed for sulfur.

Anal. Calcd. for S, 10.25. Found:
S, 9.25.

Freezing Point-Composition Diagrams of Solutions of 
Olefins in Liquid Sulfur Dioxide.—Freezing point curves 
were taken on solutions of styrene, 10-hendecenoic acid, 1- 
pentene and vinyl chloride in liquid sulfur dioxide. The 
olefin was introduced into a weighed glass tube and the 
amount thus introduced determined by weight difference. 
Liquid sulfur dioxide was then added and the tube weighed 
again. Temperature measurements were made by means 
of a copper-constantan thermocouple with the reference 
end held a t 0P by an ice-water mixture. These measure­
ments are not considered to be of great accuracy but do 
give some evidence of the nature of the mixtures. The 
freezing point-composition curves are given in Figs. 1-4.

Vinyl Chloride-1-Pentene-Sulfur Dioxide Copolymer.— 
An equimolecular mixture of vinyl chloride and 1-pentene
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0 20 40 60 80 100
Mole % of styrene.

Fig. .1.—Sulfur dioxide-styrene freezing point-composi­
tion diagram.

was treated with an equal volume of liquid sulfur dioxide, 
catalyst and 95% ethanol and placed in a pressure bottle. 
The usual reaction mixture consisting of 10 parts of olefin, 
10 parts of sulfur dioxide, 1/ 2 part of catalyst and 2 parts of 
ethanol was used. Two catalysts, ascaridole and a mixture 
of ascaridole and active paraldehyde, were used without 
significant change in yield or properties of the product. 
The yield was about 50% of a polymer which melted with 
decomposition a t 200-225°. The polymer was insoluble in 
common organic solvents.

Anal. Calcd. for [CgHuC^HgCUSC^]*: S, 24.6; for 
(CsHioSOs)*: S, 23.88; for (C2H3CISO2)*: S, 25.29.
Found: S, 24.57, 24.07.

0 20 40 60 80 100
Mole % of 10-hendecenoic acid.

Fig. 2.—Sulfur dioxide-10-hendecenoic acid freezing 
point-composition diagram.

Vinyl Chloride-Phenylacetylene-Sulfur Dioxide Co­
polymer.—Two mixtures of vinyl chloride and phenyl­
acetylene were treated with sulfur dioxide in the presence 
of ascaridole and alcohol in the usual ratios. Ten cubic 
centimeters of a mixture containing 13 moles of vinyl 
chloride for 5 moles of phenylacetylene gave 5.5 g. of a 
polymer which melted with decomposition a t 280-285°.

Anal. Calcd. for [(CH2=CHC1)2(C6H5C=C H )- 
(SOs)*].: S, 18.03. Found: S, 17.97.

0 20 40 60 80 100
Mole % 1-pentene.

Fig. 3.—Sulfur dioxide-l-pentene freezing point-com­
position diagram.

Ten cubic centimeters of a mixture containing 8 moles of 
vinyl chloride for 5 moles of phenylacetylene gave 4 g. of 
polymer which melted with decomposition a t 285-290°.

Anal. Found: S, 18.47.
Both polymers were insoluble in common organic sol­

vents.

0 20 40 60 80 100
Mole % of vinyl chloride.

Fig. 4.—Sulfur dioxide-vinyl chloride freezing point- 
composition diagram.

Allyl Chloride Polysulfone.4—From 15 cc. of allyl chlo­
ride, 10 cc. of sulfur dioxide, 2 cc. of ethanol and 5 cc. of 
active paraldehyde. 2.5 g. of polymer was obtained in one 
hour. The polymer was slightly soluble in acetone and 
dioxane but insoluble in other common solvents. I t  
melted a t 185-215° and decomposed a t 225-275°. Per­
acetic acid solution was equally effective as a catalyst for 
this preparation.

Anal. Calcd. for (C3H4CISO2)*: S, 22.93. Found: S, 
22.55.

Summary
1. The catalytic activity which certain samples
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of aged paraldehyde have shown in promoting 
the reaction between olefins and sulfur dioxide 
can be obtained by use of peracetic acid solutions.

2. Vinyl chloride and vinyl bromide combine 
with sulfur dioxide in the presence of active 
paraldehyde or peracetic acid to give a polymer 
of the composition [(CH2==CHX)2S0 2]W, rather 
than the usual one to one type of polymer. A pre­
liminary study of the reaction of the vinyl halide

polymer has not indicated its structural unit.
3. Freezing point-composition curves for 

solutions of styrene, 1-pentene and 10-hende­
cenoic acid in liquid sulfur dioxide offer no evi­
dence of compound formation. But vinyl chloride 
and liquid sulfur dioxide form a compound 
containing approximately 40 mole per cent, of 
vinyl chloride.
Urbana, Illinois Received August 1, 1938

[Contribution of the School of Chemistry and Physics of the Pennsylvania State College]

Electronegativities of Highly Branched Aliphatic Groups
B y  F r a n k  C. W h it m o r e  a n d  H e r b e r t  B e r n s t e in

Since the well-known Kharasch table of rela­
tive electronegativities of univalent organic groups 
consists chiefly of aromatic groups,1 we decided 
to place in the table some of the highly branched 
aliphatic groups available in this Laboratory. 
Following the method of Kharasch, the mixed 
dialkyl mercury compounds were treated with 
alcoholic hydrogen chloride.

R—Hg—R ' +  HCl — ^  RHgCl +  R 'H

This result would place R' above R in relative 
electronegativity. Of the fifteen mixed dialkyl 
mercury compounds used in the present study, 
four gave mixtures of R'HgCl and RHgCl. 
The groups involved in these cases are thus in­
distinguishable by Kharasch’s method. With 
ten of the other compounds a clear distinction in 
the relative electronegativity of the groups was 
obtained.

The results are given in Tables I and II.

Table I
Order of D ecreasing Electronegativity 

Phenyl 
Methyl 
Ethyl 
w-Propyl

n-Butyl, (CH3)3CCH2CH2— 
ra-Hexyl, (CH3)3CCH2CH2CH2—

c h 3c h 2c h — 

c:h 3
(CH3)3CCH—

c h 3

Benzyl
___________  (CHa)3C—, (CH3)3CCH2—

(1) Kharasch and Marker, T h is  J o urn al , 4$, 3140 (1926); 
Kharasch and Flenner, ib id . , 54, 685 (1932).

Groups on the same line or bracketed are not dis­
tinguishable by this method. The dotted line 
above the benzyl group indicates that its relation 
to the groups immediately above it has not been 
determined experimentally.

The most interesting feature of this table is the 
position held by the /-butyl and neopentyl 
groups. Both are less electronegative than the 
benzyl, which, according to Kharasch, is less 
electronegative than any alkyl group which he 
tested. Furthermore, their electronegativities 
approximate each other. This corresponds to the 
inertness of /-butyl chloride and neopentyl chlo­
ride in certain metathetical reactions.2

Also of interest is the relationship between the 
pinacolyl and the secondary butyl groups. The 
w-hexyl and ^-butyl groups have the same relative 
electronegativity. However, the pinacolyl, a 
group very susceptible to rearrangement,3 is dis­
tinctly less electronegative than the secondary 
butyl group.

Experimental
Neopentyl chloride was prepared by the chlorination of 

neopentane.2
l-Chloro-3,3-dimethylbutane was prepared by slowly 

adding 29.8 g. (0.25 mole) of thionyl chloride to a solution 
of 21.7 g. (0.21 mole) of neopentylcarbinol in 19.7 g. 
(0.25 mole) of pyridine cooled on an ice-bath. A thick 
white solid formed. When the addition was complete, the 
ice-bath was removed and the temperature of the flask 
raised. Decomposition of the solid occurred between 
94-133 °. The residue was added to a mixture of 45 g. of 
ice and 30 g. of concentrated hydrochloric acid, the organic 
layer was separated from the aqueous layer and the latter 
was extracted with ether. Upon distillation, 15.5 g. of

(2) Conant and Hussey, ib id . , 47, 479 (1925); Whitmore and 
Fleming, ib id ., 55, 4161 (1933).

(3) Whitmore and Rothrock, ib id ., 55, 1106 (1933)
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Table II

RHgR'
RHgCl

pure

---------------- Melting points, °C
HCl reaction 

R'HgCl product, 
pure crude

Mixture with 
RHgCl R'HgCl

Alkyl-HgCl 
formed by 

HCl
(CH3)3CCH2-Hg methyl 117-118 167-168 117-117.5 117-118 Neopentyl
(CH3)3CCH2-Hg butyl 117-118 126.5-127.0 105-112 113.5-116 82-98 Neopentyl
(CH3)3CCH2-Hg benzyl 117-118 104-105 110-114 111-114 Below 80 Neopentyl
(CHOsCCHss-Hg -CH2CH2C(CH3)3 117-118 133.0-133.5 112-114 113-116.5 99-110 Neopentyl
(CH3)3CCH2-Hg t-butyl 117-118 122-123, dec. 95-97® 105-115 100-117, dec. Mixture
(CHshCCHs-Hg sec-butyl 117r 118 29-30 94-101 Neopentyl (?)
/-Butyl Hg «-butyl 122-123, dec. 126.5-127 119-123,® dec. 121-123, dec. Below 95 /-Butyl
/-Butyl Hg benzyl 122-123, dec. 104.5-105 112-117,® dec. 117-119, dec. Below 70 /-Butyl
/-Butyl Hg ethyl 122-123, dec. 193-193.5 117-118,® dec. 117-118, dec. 108-110, dec. 

189-192
/-Butyl

5-Butyl Hg -CH(CH3)C(CH3)3 29-30 89-91 83.5-88.5 87-91 Pinacolyl
5-Butyl Hg «-butyl 29-30 126.5-127 Liquid 5-Butyl
(CHshCCmCUHHg «-butyl 
(CH3)3CCH2CH2-Hg

133-133.5 126.5-127 89-109 Mixture

—CH2CH2CH2C(CH3)8 133-133.5 104.5-105 94-97 90-104 93-101 Mixture
(CH3)3CCH2CH2-Hg —CH(CH3)C(CH3)3 133-133.5 88.5-90 84-90 85.5-90 75-106 Pinacolyl
(CH3)3CCH2CH2CH2-Hg «-butyl 104.5-105 126.5-127 75-84 Mixture

a Dried in vacuo with no heat.

material (n20d 1.4161) boiling at 115° resulted. A (0.02 mole) of w-butyl bromide and 0.48 g. (0.02 mole) of
small portion of the neohexyl chloride was converted to 
the Grignard reagent, the latter oxidized and the a-naph- 
thylurethan prepared, m. p. and mixed m. p. with the a- 
naphthylurethan of neopentylcarbinol, 83°.

Pinacolyl chloride (2-chloro-3,3-dimethylbutane) re­
sulted from the chlorination of neohexane.4 l-Bromo-4,4- 
dimethylpentane was made by the addition of hydrogen 
bromide to neopentylethylene under oxidizing conditions.5

Preparation of Alkyl Mercuric Chlorides—The method 
used was essentially that of Marvel, Gauerke and Hill,6 
excess mercuric chloride reacting with a Grignard reagent. 
If the initial halide was a bromide, 70% alcohol and an 
equimolar quantity of silver chloride were added to the re­
action mixture and the whole refluxed for five hours.

/-Butylmercuric chloride could not be recrystallized 
by the conventional methods, since it decomposed readily. 
Acetone was added to the reaction mixture at room tem­
perature. After filtration water was added until the solu­
tion became cloudy. Enough acetone was added to clarify 
the solution. The acetone was then evaporated under 
vacuum at room temperature. The /-butylmercuric 
chloride precipitated out in long needles, m. p. 122-123° 
(dec.).

Analyses for mercury on the new alkylmercuric chlorides 
prepared were conducted by the method of Sobatzki.7 
The iodine solution was standardized against purified 
neopentylmercuric chloride.

Table I II

Alkyl in RHgCl 
/-Butyl, (CH3)3C—
Neopentyl, (CH3)3CCH2— 
(CH3)3CCH2CH2—
Pinacolyl, (CH3)3CC(CH3)H— 
(CH3)3CCH2CH2CH2— 
«-Octyl, CH3(CH2)t—

M. p., °C. 
RHgCl

122-123, dec. 
117-118 
133-133.5 
89-90 

104-105 
115-115.5

% Hg
Found Calcd.

Ref. 2
62.5 
Ref. 4
59.5 
57.8

62.5

59.8
57.4

Preparation and Reactions of Dialkyl Mercury.—
Neopentyl mercury w-butyl will serve as a typical example. 
w-Butylmagnesium bromide was prepared from 2.7 g.

(4) Whitmore, Bernstein and Mixon, T h is  Jo u r n a l , 60, 2539 
(1938).

(5) Whitmore and Homeyer, ibid., 65, 4555 (1933).
(6) Marvel, Gauerke and Hill, ibid., 47, 3009 (1925).
(7) Whitmore and Sobatzki, ibid., 55, 1171 (1933).

magnesium, and 3 g. (0.01 mole) of neopentylmercuric 
chloride was added to the Grignard reagent in small por­
tions. The reaction was instantaneous and vigorous. 
The flask was surrounded by an ice-bath and the excess 
Grignard reagent was decomposed using 8 cc. of 0.5% 
sulfuric acid solution. The ether layer was decanted, 
shaken with 7 g. of anhydrous sodium sulfate and sepa­
rated. The ether was then removed under vacuum at 
room temperature. The residue was divided into two 
portions.

To one portion of the dialkyl mercury was added 
4 cc. of saturated alcoholic hydrogen chloride. After 
warming the flask for a minute the reaction proceeded 
vigorously. A portion of the resulting mixture was dried 
on a watch glass a t 90-100°. No recrystallization was a t­
tempted, since this would change the ratio if two alkyl­
mercuric chlorides had formed. Melting points and 
mixed melting points were taken (Table II).

To the second portion of the dialkyl mercury was 
added saturated alcoholic mercuric chloride until no more 
precipitate formed. The reaction was instantaneous. 
Neopentylmercuric chloride and «-butylmercuric chloride 
were isolated from the reaction products by fractional crys­
tallization in aqueous alcohol, the latter precipitating first.

When the mixed dialkyl mercury compounds were 
treated with mercuric chloride and the products crys­
tallized from aqueous alcohol, the following observations 
were made: if one of the alkyls is neopentyl the other 
alkylmercuric chloride separates first; if only one alkyl is 
normal its alkylmercuric chloride is least soluble; higher 
normal alkylmercuric chlorides show decreased solubility; 
in the case of related groups like the neohexyl and neo- 
heptyl, the alkylmercuric chlorides could not be separated 
by crystallization.

Summary
1. Fifteen mixed dialkyl mercury compounds 

containing branched-chain groups have been 
treated with hydrogen chloride, the resulting alkyl­
mercuric chlorides indicating the relative electro­
negativities. The /-butyl and neopentyl groups 
are the least electronegative, while the neohexyl
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and neoheptyl groups compare with the simpler 
straight chain groups.

2. Four new alkylmercuric chlorides have 
been reported. These are of use as derivatives 
for identifying the alkyl halides.

3. A method of recrystallizing tertiary alkyl­
mercuric halides is given.

4. Neohexyl chloride (l-chloro-3,3-dimethyl- 
butane) has been prepared.
S t a t e  C o l l e g e , P e n n a . Fj e c e i v e d  A u g u s t  22, 1938

[C o n t r i b u t i o n  f r o m  t h e  C o b b  C h e m i c a l  L a b o r a t o r y , U n i v e r s i t y  o f  V i r g i n i a ]

Isosteric Compounds. 1. Acyl Derivatives of Dibenzothiophene

B y  A lfred  B urger , W illiam  B. W artm an, Jr ., and  R obert E. L utz

The similarity between the physical character­
istics of benzene and thiophene and their corre­
sponding derivatives, and the agreement in the 
physiological behavior of certain of these com­
pounds1 have been subject to frequent specula­
tion. In 1933 Erlenmeyer2 advanced the theory 
that divalent sulfur contains a shell of orbit 
electrons similar to that of the group or ‘ ‘pseudo- 
atom,”—C H =C H —, and that this similarity 
in electronic structure known as isosterism,3 
accounted for the formation of mixed crystals 
and the many like physical properties of the two 
series. In a few cases, isosteric compounds are 
interchangeable in serological reactions and can­
not be differentiated by the precipitin reaction.2a

The present paper is the first in a series of 
studies on the physical and pharmacological 
changes effected by introducing a thiophene 
nucleus into condensed ring systems in place of 
an aromatic nucleus. The first case under in­
vestigation is dibenzothiophene (I) which may be 
regarded as a pseudophenanthrene. Amino

40 2
A .

5 Jl e / y y 1 e / y y 1

7\ A J i08 9 U - s8
I

alcohols derived from dibenzothiophene, char­
acterized by the groups —CHOHCH2NRi and 
CHOHCH2CH2NR 2, may be expected to resemble 
the corresponding alkamines of the phenanthrene

(1) Stein kopf and Ohse, A n n .,  437, 14 (1924); 448, 205 (1926); 
G ilm an and P ickens, T h is  J o u r n a l , 47, 245 (1925); H artm ann and  
W ybert, H e lv . C h im . A c ta , 2, 60 (1919); Jaffé and L evy, B er ., 21, 
3458 (1888).

(2) (a) E rlenm eyer, Berger and Leo, H elv . C h im . A c ta , 16, 733 
(1933); (b) E rlenm eyer and L eo, ib id .,  16, 1381 (1933).

(3) G rim m , N a tu r  w is s e n sc h a f  ten , 17, 536, 557 (1929).

series in analgesic action.4 Their similarity to 
the corresponding alkamines derived from di­
benzofuran5 and carbazole6 should be less marked, 
since oxygen and the imino group are not isosteric 
with the —CH==CH— group.

The preparation of acetyldibenzothiophenes as 
starting materials for the proposed dibenzo- 
thienyl alkamines is described in this communi­
cation. The direct introduction of the acetyl 
group by the Friedel-Crafts reaction was chosen 
as a suitable approach. The only ketone de­
rived from dibenzothiophene known heretofore 
is stearoyl dibenzothiophene, prepared by the 
Friedel-Crafts reaction in boiling carbon di­
sulfide.7 No proof for the position of the stearoyl 
group has been offered, but the group is presumed 
to have entered position 3 which is known to be 
preferred in nitration, sulfonation, and halogena- 
tion.8

Friedel-Crafts reaction on dibenzothiophene 
with acetyl chloride at low temperature yielded 
a difficultly separable mixture of methyl ketones, 
from which one (II), melting at 111-112°, was 
separated by laborious fractional crystallization 
and was the major product. An isomeric mono­
ketone, melting at 128-129°, was isolated in 
small amounts during this procedure. The struc­
ture of the major constituent of this mixture,
3-acetyldibenzothiophene (II), was proved by 
Beckmann rearrangement of its oxime. The 
resulting acetaminodibenzothiophene and the 
amine obtained from it by hydrolysis were

(4) M osettig , Sh aver and Burger, T h is  J o u r n a l , 60, 2464 (1938), 
footn ote  2.

(5) M o se tt ig  and R obin son , ib id . , 57, 2186 (1935).
(6) R uberg and Sm all, ib id . , 60, 1591 (1938).
(7) R a ls to n  and C hristensen, I n d . E n g . C h em ., 29, 194 (1937).
(8) (a) C ou rtot and P om onis, C o m p t. r e n d ., 182, 893, 931 (1926) ; 

(b) C ou rtot and  co-w orkers, ib id . , 186,1624 (1928); 192,1667 (1931); 
198, 2003, 2260 (1934) ; (c) C ullinane, D av ies  and  D av ies, J .  C h em . 
S o c ., 1435 (1936).
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identical with 3-acetamino- and 3-aminodibenzo- 
thiophene, respectively, which had been prepared
from 3-nitrodibenzothiophene.8c

C0 CH3 coch3

A fi/ \ A / CHsc o / V / 'y

Ü —s
1 1 h i

When the Friedel-Crafts reaction was carried 
out in boiling carbon disulfide, the main reaction
product was a diacetyldibenzothiophene. One of 
the acetyl groups must be attached in position 3, 
because the compound was formed in excellent 
yield by the action of acetyl chloride and alumi­
num chloride in boiling carbon disulfide on 3- 
acetyldibenzothiophene (II). The position of the 
second acetyl group was demonstrated when the 
dioxime was rearranged to 3,6-diacetaminodi- 
benzothiophene, which on hydrolysis yielded 3,6- 
diaminodibenzothiophene.8a Our diketone must 
be therefore 3,6-diacetyldibenzothiophene (III).

The good yield of III obtained by drastic 
acetylation of dibenzothiophene and 3-acetyldi­
benzothiophene, respectively, suggests that the 
first acetyl group enters position 3 largely, and 
therefore II must be the chief product in the 
mixture of monoketones.

Experiments are under way to make more 
practicable the direct synthesis of dibenzothio­
phene ketones for preparative purposes. We 
are also studying the introduction of the succinoyl 
group. The mono- and disuccinoyl derivatives 
are expected to yield naphthobenzo- and dinaph- 
thothiophenes, respectively, by the usual re­
actions. These compounds may exhibit carcino­
genic properties similar to those of the analogous 
benzanthracenes and benzphenanthrene.

Experimental
Dibenzothiophene.—The dibenzothiophene used was pre­

pared by heating diphenyl with sulfur in the presence of 
anhydrous aluminum chloride.9

Acetylation of Dibenzothiophene.—The action of acetyl 
chloride and anhydrous aluminum chloride on dibenzo­
thiophene under widely varying conditions was investi­
gated in a series of nine experiments. Carbon disulfide, 
nitrobenzene, tetrachloroethane, and a mixture of the 
latter two were employed as solvents, the reaction tem­
perature ranging from 0 to 55°. The aluminum chloride

(9) P r iva te  com m u n ication  b y  A. L. Jacob y  th rough th e  courtesy  
of D r. H enry G ilm an. See a lso  C hapiro and  Gach, C. A . ,  27, 2696 
(1933); I. G. Farbenindustrie  A .-G ., C . A . ,  28, 1053? (1934).

was added to the mixture of dibenzothiophene and acetyl 
chloride in preference to the reverse order of addition to 
avoid a side reaction of the aluminum chloride with the 
starting material. Mixtures of methyl ketones were 
obtained in all cases, and only two of the experiments 
yielding the best results are described here.

3-Acetyldibenzothiophene.—A solution of 145 g. of 
aluminum chloride in 400 ml. of dry nitrobenzene was 
added dropwise to a well-stirred, ice-cold mixture of 95 
g. of dibenzothiophene, 48 ml. of acetyl chloride, and 500 
ml. of dry tetrachloroethane over a period of one hour. 
The mixture was stirred at 0 ° for two hours and allowed 
to stand at this temperature for twelve days. I t  was 
decomposed by pouring onto ice and hydrochloric acid. 
The solvent was removed by steam distillation, the brown 
oily residue was dissolved in benzene, the solution was 
filtered, and the benzene was evaporated. The crude 
reaction product obtained from three combined runs 
totalling initially 265 g. of dibenzothiophene was combined 
and distilled under reduced pressure, using an oil pump. 
The distillate was redistilled, and three fractions were 
collected. Treatment of the partly crystalline main frac­
tion with methanol yielded crystals melting at 85-100°. 
Crystallization from benzene-petroleum ether, and puri­
fication through the semicarbazone which was hydrolyzed 
easily by the action of boiling dilute hydrochloric acid, 
failed to improve the melting point. At this stage, the 
yield of the purified mixture of monoketones was approxi­
mately 50%. The mixture was boiled out with two por­
tions of 400 ml. of ether each for one half hour; the spar­
ingly soluble portion was collected and recrystallized 
from methanol. Twenty grams of 3-acetyldibenzothio- 
phene was thus obtained in colorless plates; m. p. I l l -  
112°.

Anal. Calcd. for ChH ioOS: C, 74.31; H, 4.46. Found: 
C, 74.10; H, 4.69.

3-Acetyldibenzothiophene semicarbazone was prepared 
by boiling the alcoholic solution of the ketone with a con­
centrated aqueous solution of the calculated amounts of 
semicarbazide hydrochloride and sodium acetate for ten 
minutes. I t  crystallized from ethanol as slightly yellow 
plates; m. p. 234-235° (dec.).

Anal. Calcd. for CisHisNgOS: C, 63.58; H, 4.62.
Found: C, 63.49; H, 5.01.

The oxime was formed by boiling 1.5 g. of 3-acetyl- 
dibenzothiophene, 1 g. of hydroxylamine hydrochloride, 
and 3.7 g. of barium carbonate in 75 ml. of ethanol under 
reflux for four hours. The barium salts were filtered, 
the alcoholic filtrate was concentrated and the oxime al­
lowed to crystallize. Recrystallization from ethanol 
yielded colorless needles; m. p. 161-164°.

Anal. Calcd. for ChH uNOS: N, 5.81. Found: N, 
5.86.

?-Acetyldibenzothiophene.—The ether extracts of the 
less soluble 3-isomer deposited on cooling 1 g. of a more 
soluble ketone as rhombic prisms. I t  was recrystallized 
from methanol; m. p. 129-130°.

Anal. Calcd. for ChH ioOS: C, 74.31; H,4.46. Found: 
C, 74.29; H, 5.06.

The semicarbazone formed much slower than that of the 
isomeric 3-acetyldibenzothiophene. I t was necessary to
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boil the mixture for thirty minutes. It crystallized as 
slightly yellow plates; m. p. 302-304° (dec.).

Anal. Calcd. for C isH ^ O S : N, 14.83. Found: N,
14.81.

Beckmann Rearrangement of 3-Acetyldibenzothiophene 
Oxime.—Dry hydrogen chloride was passed into a solu­
tion of 1 g. of 3-acetyldibenzothiophene oxime in 4 ml. of 
glacial acetic acid and 2 ml. of acetic anhydride for one 
hour, and the mixture was allowed to stand for twenty 
hours. Water was added; the crystals which had formed 
were filtered and recrystallized from methanol. The 
substance appeared as colorless needles; m. p. 181-183°.

Anal. Calcd. for ChH uNOS: C, 69.68; H, 4.60.
Found: C, 69.86; H, 5.02.

A mixture melting point with 3-acetaminodibenzo- 
thiophene of the same melting point, obtained by acetyla­
tion of 3-aminodibenzothiophene with acetic anhydride in 
pyridine solution, showed no depression.

Hydrolysis of 3-Acetaminodibenzothiophene.—A mix­
ture of 0.3 g. of 3-acetaminodibenzothiophene, 1.5 ml. of 
glacial acetic acid, and 1.5 ml. of 6 N  hydrochloric acid 
was boiled under reflux for one hour. On cooling, the 
amine hydrochloride separated out. I t was converted to 
the base by treatment with dilute sodium hydroxide 
solution, and the amine was recrystallized from alcohol. 
I t appeared as colorless needles, m. p. 131-133°.

A mixture melting point with 3-aminodibenzothiophene 
of the same melting point, prepared by reduction of 3- 
nitrodibenzothiophene80 with stannous chloride and hydro­
chloric acid in ethanol solution showed no depression.

3,6-Diace tyldibenzothiophene.—Anhydrous aluminum 
chloride (3.7 g.) was added to a solution of 5 g. of dibenzo­
thiophene and 2.1 ml. of acetyl chloride in 75 ml. of dry 
carbon disulfide at 10° with vigorous stirring over a period 
of thirty minutes. The mixture was stirred for forty- 
five minutes, and then boiled under reflux for five hours. 
I t was poured onto ice and hydrochloric acid, the solvent 
was driven off with steam, and the brown oily residue 
was extracted into chloroform. The solution was evapo­
rated, and the crystalline residue was extracted with cold 
benzene. The insoluble portion was recrystallized from 
ethanol and obtained as colorless needles; m. p. 208-209°; 
yield, 1.4 g.

A nal Calcd. for Ci6Hi20 2S : ' C, 7.1.62; H, 4.51 - 
Found: C, 71,02; H, 4.94,

The portion soluble in benzene also contained ketones 
as shown by its conversion into a mixture of semicarba­
zones. Hydrolysis of these semicarbazones yielded a 
mixture of ketones, m. p, 85-100°,

3.6- Diacetyldibenzothiophene was formed in 90% 
yield when a solution of 1 g. of 3-acetyldibenzothiophene 
and 1 ml. of acetyl chloride in 20 ml. of dry carbon di­
sulfide was treated with 1 g. of aluminum chloride, and 
the mixture was boiled under reflux for six hours and 
worked up as described above.

3.6- Diacetyldibenzothiophene Dioxime.—A mixture of 
1 g. of diacetyldibenzothiophene, 1 g. of hydroxylamine 
hydrochloride, 3 g. of sodium acetate, and 50 ml. of ethanol 
was boiled under reflux for seven hours. A precipitate 
formed and was filtered and washed with alcohol and 
water. Recrystallization from ethanol yielded colorless 
crystals; m. p. 272-274° (dec.); yield, 1 g.

Anal. Calcd. for Ci6Hi4N20 2S: N, 9.38. Found: N, 
8.99.

Beckmann Rearrangement of 3,6-Diacetyldibenzothio­
phene Dioxime.—A solution of 1 g. of the dioxime in 6 ml. 
of glacial acetic acid and 3 ml. of acetic anhydride was 
saturated with dry hydrogen chloride and allowed to 
stand for sixteen hours. The diacetamino compound 
separated out. Water was added and the product was 
filtered and purified by sublimation in a high vacuum 
and crystallization from methanol. I t  appeared as color­
less crystals, melting at 253-255 °. Courtot and Pomonis8a 
describe 3,6-diacetaminodibenzothiophene as brown crys­
tals, m. p. 237-239° (dec.).

The diacetamino product was hydrolyzed in the same 
manner as the 3-acetamino compound described above.
3,6-Diaminodibenzothiophene appeared as grayish needles, 
m. p. 178° (dec.). This is in good agreement with the 
data of the French authors. However, our product could 
be purified by sublimation in a high vacuum and re­
crystallization from ethanol. I t appeared then as color­
less needles, m. p. 193-194° (dec.).

Summary

A Friedel-Crafts reaction with acetyl chloride 
on dibenzothiophene at low temperatures yields 
a mixture of methyl ketones from which two 
isomeric monoketones have been isolated. One 
of these ketones has been shown to be 3-acetyldi- 
denzothiophene by degradation tc  3-amiuodi- 
benzothiophene, A t higher temperatures, the 
reaction furnishes mainly 3,6-diacetyldibenzo - 
thiophene, which could be converted to 3,6- 
diaminodibenzothiophene.
University, Virginia R eceived August 8, 1938
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[Contribution from the Chemical Laboratory of Harvard University]

Substitution Reactions of Dehydroabietic Acid
By L o u is  F. F ie s e r  a n d  W il l ia m  P. C a m p b e l l 1

In our paper2,8 reporting the first preparation 
of the partially aromatic dehydroabietic acid, 
obtained from abietic acid by hydroxylation with 
selenium dioxide and dehydration, we advanced 
the hypothesis that the so-called pyroabietic 
acids of the literature are not isomerization 
products of abietic acid but mixtures of hydro 
and dehydro acids resulting from the dispropor­
tionation of the doubly unsaturated acid. This 
conception of the pyro acids, based at the time 
merely on the recognition that the substances 
contain dehydroabietic acid, as revealed in Pd- 
treated acid by spectroscopic data and nitration 
and in heat-treated acid by nitration, was promptly

(1) Squibb Research Fellow.
(2) Fieser and Campbell, T h is  J o u r n a l , 60 , 159 (1938).
(3) The position regarding the structures suggested in this paper2 

for abietic acid and levopimarie acid is not altered by recent work 
from other laboratories. The new degradation of levopimaric re­
ported by Wienhaus and Sandermann, B e r ., 71, 1094 (1938), can be 
explained just as well with our formula (A: 7,8; 14,13) as with that 
employed for illustration by these authors (A: 5, 6; 7, 8), the re­
action of their dihydroxy oxide with hydrogen chloride at 0° being 
represented as follows

1 \
X / ^ C sHt

The ready cleavage of the oxide bridge without disturbance of the 
acetylatable hydroxyl group is indeed better understandable on the 
assumption that the bridge is linked at each end in a tertiary rather 
than secondary condition. The degradations of Steele’s "abietic 
acid” and of levopimaric acid by Ruzicka and Sternbach, H elv. 
C h im . A c ta , 21, 565 (1938), and by Ruzicka, Bacon, Lukes and Rose, 
ibid., 21, 583 (1938), can be interpreted, as these investigators show, 
with the formulas suggested. Ruzicka and Sternbach raise an in­
teresting question concerning the validity of the evidence of conjuga­
tion in abietic acid furnished by our observation that the compound 
enters into the diazo coupling reaction but accept the view that con­
jugation is indicated by the absorption maximum. They point out, 
however, that some of their degradation products obtained in small 
amounts from the Steele acid mixture may have arisen from compan­
ion substances and not from the conjugated acid responsible for the 
selective absorption. This does not alter conclusions based upon 
results obtained with suitably purified (Palkin) abietic acid. 
Raudnitz, Lederer and Kahn, B e r ., 71, 1273 (1938), have expressed 
the view that even this acid may not be homogeneous, their evidence 
being that purified acid and Steele acid were both found to give about 
3% of acetone on prolonged treatment with ozone. Since Ruzicka, 
Meyer and Pfeiffer, H e lv . C h im . A c ta , 8, 637 (1924), found that 
Steele acid yields isobutyric acid on ozonization as in the permanga­
nate oxidation, it appears that ozone is capable of breaking the car­
bon chain as well as adding to the double bonds. The isolation of a 
small amount of acetone therefore seems of questionable significance. 
While Schultz, B u ll. in s t.  p in , 38, 25 (1938), regards the isolation of 
oxalic acid in good yield on oxidation of abietic acid with perman­
ganate as an argument for the A: 13, 5; 6, 7-structure, this seems 
to us less convincing than the evidence against such a formulation, 
particularly since oxalic acid may arise from various parts of the 
molecule.

established by Fleck and Palkin,4 who obtained 
the first conclusive evidence of disproportiona­
tion. From their Pd-treated pyroabietic acid,5 
these investigators succeeded in isolating pure 
dehydroabietic acid, identical with our material, 
a tetrahydro acid, and a substance having the 
composition of a dihydro acid and later identified6 
as an isomeric (known) lactone; in the recent 
work6 another dihydro acid was isolated. Litt- 
mann7 also isolated dehydroabietic acid from Pd- 
treated material and obtained evidence of the 
presence of a tetrahydride, and Ruzicka and co­
workers8 have reported experiments showing 
that Pd-treated and heat-treated acids are mix­
tures. Although heat-treated acids have been 
characterized less extensively than material 
prepared by the method of Fleck and Palkin,5 
evidence is available showing that disproportiona­
tion also occurs on heating. Hasselström and co­
workers,9 in an investigation of the action of 
sulfuric acid on a heat-treated pyro acid, obtained 
a crystalline sulfonic acid having the composition 
of a dehydroabietic acid derivative, and isolated 
a lactone known to be an isomerization product 
of a dihydroabietic acid. This is the lactone 
which Fleck and Palkin6 subsequently isolated 
from Pd-treated acid. Ruzicka and co-workers8 
fractionated a heat-treated acid and isolated 
another dihydro acid and a substance corre­
sponding in properties and spectrum to our de­
hydroabietic acid.

It is evident that the acid mixtures obtained by 
heating abietic acid either alone or with a de­
hydrogenation catalyst constitute a potential 
and abundant source of dehydroabietic acid. 
Since the method of preparing the pure acid pre­
viously described2 does not provide a ready 
means of obtaining the acid in quantity, as re­
quired for our projected research,2 we investigated 
this possible source. Probably the material 
richest in dehydroabietic acid is that prepared

(4) Fleck and Palkin, T h is  J o urn al , 60, 921 (1938).
(5) Fleck and Palkin, ib id . , 59, 1593 (1937).
(6) Fleck and Palkin, ib id . , 60, 2621 (1938).
(7) Littmann, ib id ., 60, 1419 (1938).
(8) Ruzicka, Bacon, Sternbach and Waldmann, H e lv . C h im . A c ta ,  

21, 591 (1938).
(9) (a) Hasselström, Brennan and McPherson, T h is  J o u r n a l , 

60, 1267 (1938); (b) Hasselström and McPherson, ib id . , 60 , 2340 
(1938).
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according to Fleck and Palkin5 by heating pure 
abietic acid with palladium charcoal at a high 
temperature (250°), but there are difficulties in 
the way of effecting a practical recovery of pure 
acid by fractionation as acid or ester. We in­
vestigated the sulfonation of this pyro acid and 
found that sulfodehydroabietic acid can be 
obtained easily from this source in 61-63% yield, 
the non-aromatic hydro compounds and com­
panion substances being left completely in the 
water-insoluble residue. It was next found that 
the sulfonic acid group can'be removed smoothly 
by acid hydrolysis at 135° to give, after a single 
crystallization, dehydroabietic acid of perhaps 
slightly higher purity than that obtained from 
hydroxyabietic acid. The entire process is rapid, 
and the over-all yield of pure material from 
abietic acid is 42-43%.

Our purified sulfodehydroabietic acid melts 
with decomposition at about 248°, depending 
upon the manner of heating, and the analytical 
data correspond most closely with the formula 
for a hemihydrate. Hasselström and McPher­
son,913 on the other hand, obtained a trihydrate, 
m. p. 224° (uncorr.) dec., and Fanica,10 who 
probably had the same sulfonic acid in hand, re­
ports the m. p. 214° (uncorr.), dec. The free acid 
does not appear suitable for identification or 
determination of the empirical formula, but 
Hasselström and McPherson913 found that the 
diesters and the diamide fulfil these purposes, 
and they showed that the acid indeed belongs 
to the dehydro series. Our sample of the sharply 
melting dimethyl ester, prepared with diazo­
methane, corresponded exactly with theirs and 
analyses of this derivative and of the p-toluidine 
salt confirmed their conclusion. We can also sup­
ply the further evidence that the acid is a deriva­
tive, specifically, of the known2 partially aromatic 
dehydroabietic acid, for we obtained the same acid, 
identified as the diester, from the pure dehydro 
acid as from pyro acid, and converted it into the 
dehydro acid as described above.

Attempts to convert sulfodehydroabietic acid 
into the corresponding phenol were unsuccessful. 
The acid is resistant to the action of alkali until a 
critical temperature is reached at about 300°, 
and at this temperature complex changes occur. 
The fusion was conducted in an autoclave in an 
atmosphere of nitrogen to avoid oxidation, but 
the product was found to be a mixture of at

(10) Fanica, B u tt. in s t .  P in , 44, 151 (1933).

least four substances. The top fraction gave a 
nicely crystalline substance (A) of constant melting 
point (196.5-197.5°), but analyses indicated the 
presence of 2.5 atoms of oxygen and the sub­
stance yielded two distinctly different anilides. 
One of these (m. p. 257°) corresponded in compo­
sition to the anilide of an acid C19H24O3 or C20- 
H26- 28O3. The substance evidently contains one 
oxygen atom beyond that coming from the 
carboxyl group and may be the anilide of the 
desired hydroxydehydroabietic acid, C2oH2803. 
The analyses of the second anilide agree best 
with the formula C19H22O2 for the acid; this would 
be dehydroabietic acid less one molecule each of 
methane and hydrogen (naphthalene nucleus?). 
The more soluble fraction from the alkali fusion 
yielded only crystallizates of varying melting 
point, and one of these (B, composition: C19H26O2) 
gave two constantly melting products on reaction 
of the acid chloride with aniline. One of these 
corresponds to the anilide of an acid C19H26O2 
(compare dehydroabietic acid: C20H28O2). The 
anilides are resistant to hydrolysis, and the corre­
sponding acids were not isolated. The results 
show only that the alkali fusion of the sulfonic 
acid is accompanied by extensive side reactions 
involving considerable alteration of the original 
structure. The phenolic hydroxyl group, if 
produced, is largely lost, and the molecule seems 
to suffer dehydration, dehydrogenation, or loss of 
a carbon atom in the alkali melt. Since sub­
stance A, which appears to be a molecular aggre­
gate, was found to yield retene in 68% yield on 
dehydrogenation with palladium catalyst, it is 
probable that the carbon atom lost is that of the 
angular methyl group at C12. With the realiza­
tion that a phenolic derivative is at least not 
easily obtainable in quantity from this source, a 
further study of the fusion was not pursued.

Nitration of sulfodehydroabietic acid with 
mixed acid at a low temperature gave dinitrode- 
hydroabietic acid, identical with that obtained 
directly from the dehydro acid.2 A mononitro 
compound has not been obtainable in either 
reaction, even under very gentle conditions, and 
the smooth introduction of two nitro groups must 
mean that they enter meta positions. Since the 
only such positions available are 6 and 8, the 
dinitro compound very probably is the 6,8-deriva­
tive, as previously formulated.2

Having been unable to establish the point of 
attack in monosubstitution from a study of the
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sulfonic acid, we investigated the Friedel and 
Crafts condensation of methyl dehydroabietate 
with acetyl chloride in nitrobenzene solution. 
This gave in good yield a beautifully crystalline 
and sharply melting monoacetyl derivative (II) 
which was characterized as the oxime and which 
yielded a crystalline acid on saponification. 
The structure was established by oxidation with 
dilute nitric acid, which gave a substance identi­
fied as pyromellitic acid. This proves that the 
acetyl group occupies the 6-position (II). Oxi­
dation with hypoiodite in dioxane-alkali, follow­
ing the procedure of Fuson and Tullock’s11 halo- 
form test as used by Adelson and Bogert12 for a 
similar oxidation of 6-acetylretene, gave methyl
6-carboxydehydroabietate, III. These and other 
substitution products are being investigated fur­
ther.

Experimental Part13
Sulfodehydroabietic Acid.—One gram of the pyroabietic 

acid mixture of Fleck and Palkin5 was sulfonated at —5° 
by a procedure similar to that of Fanica10 and described 
in more detail below. The crystalline material separating 
from the filtered aqueous solution was crystallized once 
from glacial acetic acid, giving 0.76 g. (60%) of the 
sulfonic acid, m. p. 230° dec. After a second crystalliza­
tion from this solvent the material was taken up in hot 
water and a small amount of insoluble resin was removed 
with Norite before crystallization. A further crystalliza­
tion from glacial acetic acid gave very fine silky needles 
which when dried a t 110° and 15 mm. over phosphorus 
pentoxide had the m. p. 247-248° dec., the temperature 
of decomposition varying considerably with the initial

(11) Fuson and Tullock, This J o u r n a l , 56, 1638 (1934).
(12) Adelson and Bogert, ib id .,  5 8 , 653 (1936).
(13) AU melting points are corrected. Analyses by the Arling­

ton Laboratories and Lyon Southworth,

temperature of the bath and the rate of heating; [a]25d 
+ 72.4° (2.5% in alcohol14).

Anal. Calcd. for Cao^sOsS-VAO: C, 61.68; H,
7.50; S, 8.22; neut. equiv., 195. Found: C, 61.03; 
H, 7.65; S, 7.85; neut. equiv.,*194.

^-Toluidine Salt.—One-half gram of crude sulfonic acid, 
m. p. 230° dec., was dissolved in 20 cc. of water and the 
solution was freed from a trace of resin with Norite and 
treated with 0.18 g. of ^-toluidine, brought into solution 
in 4 cc. of water with the use of the required amount of 
acetic acid. The mixture was heated to boiling and 
enough acetic acid was added to dissolve the gelatinous 
precipitate which initially separated. On cooling there 
was obtained 0.48 g. of crystalline salt, m. p. 271° dec. 
Recrystallization from alcohol gave fine silky needles of 
the same m. p.; [a]25o +57° (1.3% in alcohol).

Anal. Calcd. for C27H37O5SN: N, 2.87. Found: N, 
3.19.

Dimethyl Ester.—On adding excess diazomethane solu­
tion to a suspension of 0.5 g. of the pure sulfonic acid in 
ether the material rapidly dissolved, and after evaporating 
the filtered solution 0.34 g. of fine needles separated on 
cooling, m. p. 175-176°, [ a ] 25D +76.2° (0.5% in alcohol). 
Further crystallization did not change the melting point.

Anal. Calcd. for C22H32O5S: C, 64.69; H, 7.88.
Found: C, 64.79; H, 8.06.

Sulfonation of Pure Dehydroabietic Acid.—A 0.5-g. 
sample of the dehydro acid prepared from hydroxyabietic 
acid2 was sulfonated as before and the product crystallized 
once from glacial acetic acid. The yield of material, m. p. 
230° dec., was 0.48 g. (73%). Esterified with diazo­
methane, 0.2 g. of this acid gave 0.15 g. of the dimethyl 
ester, m. p. 175-176°, and this did not depress the m. p. 
of the above sample.

Nitration of the Sulfonic Acid.-—A solution of 0.6 g. of 
the sulfonic acid in 2.5 cc. of concentrated sulfuric acid 
was stirred in a salt-ice bath and treated with 0.1 cc. of 
concentrated nitric acid. After fifteen minutes the 
solution was poured into 300-400 cc. of water, giving a 
gelatinous precipitate containing a considerable amount of 
unchanged sulfonic acid. On bringing this into solution 
by heating there remained a small amount of water-in­
soluble precipitate. This was collected, washed well with 
water, and treated with excess diazomethane in ether. 
Crystallization of the product from hexane gave shiny, 
flat plates, m. p. 188-188.5°. A mixed melting point de­
termination established the identity of this substance 
with methyl dinitrodehydroabietate2 (m. p. 189-189.5°).

A mononitro derivative could not be obtained on nitra­
tion with mixed acids or in acetic acid solution.

Preparation of Pure Dehydroabietic Acid.—Pure abietic 
acid (47.5 g.) of the quality previously specified2 was 
heated with palladium catalyst at 250 0 according to Fleck 
and Palkin5 and the acidic product was extracted from an 
ethereal solution with 1% sodium hydroxide, precipitated 
with dilute acid, and crystallized once from aqueous al­
cohol, giving 38.5-40.5 g. (81-86%) of pyro acid. This 
acid (38.5-40.5 g.) was powdered and added rather 
rapidly (about ten minutes) with mechanical stirring to 
200 cc. of concentrated sulfuric acid, keeping the tempera-

(14) 95% Ethyl alcohol.
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ture a t —8 to —4°. After forty-five minutes the mixture 
was poured into 800 cc. of ice and water and the precipitated 
sulfonic acid was collected and washed with cold water 
until the wash water became cloudy on mixing with the 
mother liquor. Crystallisation from water a t this point 
was unsatisfactory, for the resin present formed an emul­
sion which could not be filtered, and the moist product 
was therefore crystallized from glacial acetic acid (about 
200 cc.), giving 27.5 g. of satisfactory acid. The mother 
liquor was concentrated to a volume of about 50 cc. and 
poured into 800 cc. of water; some resin was removed 
by filtering through glass wool, and the sulfonic acid was 
precipitated by the addition of 200 cc. of concentrated 
hydrochloric acid and crystallized from glacial acetic 
acid, giving 3.6 g. of product. The total yield of material, 
m. p. 230°, dec., was 30.5-31 g. (61-63%).

A suspension of 31 g. of the powdered sulfonic acid in a 
mixture of 750 cc. of concentrated sulfuric acid and 1000 
cc. of water was refluxed for ten hours, the temperature 
of the liquid being about 135°. The appearance of 
the suspended solid changes considerably during the heat­
ing and the progress of the hydrolysis is followed readily. 
After cooling, the solid was collected and washed with hot 
water. A solution of the dried material (19.1 g.) in 200 cc. 
of alcohol was clarified with a little Norite and water was 
added at the boiling point to incipient turbidity. On 
slow cooling there was obtained 17.3 g. (71%) of crystal­
line dehydroabietic acid, m. p. 173-173.5°,16 [ck]28d +62° 
(2.3% in alcohol15 16). The mother liquor and washings 
were combined and treated with 400 cc. of concentrated 
hydrochloric acid, and after standing overnight a t 5° the 
crystalline sulfonic acid which separated was collected 
and dried; weight 5 g. Based on the amount of sulfonic 
acid consumed, the yield of dehydroabietic acid in the 
hydrolysis is 84% of the theoretical amount and the over­
all yield from abietic acid averaged 42-43%.

The melting point is slightly higher and sharper than 
observed with samples prepared by the earlier method. 
A further indication of the purity of the acid is that 
esterification with diazomethane gave an ester which crys­
tallized a t once and melted a t 61-62.5° without further 
purification. For the pure ester Fleck and Palkin4 give the 
m. p. 62-63°.

Alkali Fusion of the Sulfonic Acid.—In trial fusions 
carried out in the open at atmospheric pressure there was 
so much oxidation and decomposition that in subsequent 
experiments the fusion was run in an autoclave in an at­
mosphere of nitrogen. The acid was recovered entirely 
unchanged after heating with 25% potassium hydroxide 
solution under nitrogen a t 280-285°, whether the heating 
was continued for fifteen minutes or for ten hours; fusion 
occurred, however, when the temperature was raised to 300 °.

After heating 10.5 g. of sulfonic acid with 45 g. of potas­
sium hydroxide and 90 cc. of water under nitrogen in an

(15) Ruzicka and co-workers8 comment on their observation 
that a sample of dehydroabietic acid prepared from the purified ester 
did not show a sharp melting point, as reported in our first descrip­
tion of thé compound. We have obtained sharply melting samples 
by both the previous and present method of preparation on numerous 
occasions, and Fleck and Palkin’s4 sample of acid from the pure 
ester melted over a 1°-range.

(16) In stating that we did not specify the solvent used in deter- 
mining the rotation, Ruzicka and co-workers8 evidently overlooked 
Note 45 of our paper.

autoclave at 300° (thermocouple) for one hour, a solid 
layer separated on top of the aqueous solution on cooling. 
The solid was dissolved in water, acidified, and the pre­
cipitate washed, dried, and taken into ether. After 
filtering and concentrating, the ether was displaced by 
hexane, and on cooling 0.85 g. of solid, m. p. 183-187°, 
separated. The material in the mother liquor was dis­
tilled at 3 mm., and crystallization of the distillate from 
hexane gave a further batch of the above high-melting 
solid. The combined solid was distilled at 3 mm. and on 
crystallization from ether-hexane gave 0.75 g. of colorless 
prisms, m. p. 193-194.5°. The substance is moderately 
soluble in ether or methanol and slightly soluble in hexane. 
Repeated crystallization from methanol gave material 
melting constantly a t 196.5-197.5° (Product A).

Anal. Found: C, 78.45, 78.77; H, 8.15, 8.28; neut. 
equiv., 301; mol. weight (Rast), 291.

An empirical formula calculated from the analytical 
data would contain 2.5 atoms of oxygen, which indicates 
that the material is a mixture or a molecular aggregate. 
The same substance was obtained on fusing the dimethyl 
ester of the sulfonic acid under similar conditions. The 
substance is slowly attacked by alkaline or neutral per­
manganate. Dehydrogenation by heating 0.4 g. of ma­
terial, m. p. 194-195°, with 0.1 g. of 10% palladium char­
coal under nitrogen a t 290-300° for three hours gave, 
after extraction of the product and crystallization from 
methanol, 0.21 g. (68%) of retene, m. p. 99-99.5°. Treat­
ment with sulfur a t 300° also yielded retene.

No constantly melting substance could be isolated from 
the mother liquors remaining after removal of the high- 
melting product. The material is very soluble in all or­
ganic solvents. One fraction, m. p. 159.5-160.5°, had the 
neutralization equivalent 310; another, m. p. 167-169° 
(Product B), from a fusion of the dimethyl ester, gave the 
values: C, 79.45; H, 9.13. This corresponds to C19H26O2 
(Calcd.: C, 79.68; H, 9.15), and the result shows a t least 
that no phenolic hydroxyl group is present.

Anilides from Fusion Product A.—One gram of material 
(m. p. 194-195°) was warmed on the steam-bath with 0.7 
g. of phosphorus pentachloride, then stirred with 2.5 cc. 
of aniline, and the product washed in ether with water, 
acid and alkali. On concentrating the dried solution, a 
0.32-g. crop of crystals, m. p. 250-255°, was obtained, and 
the mother liquor material on crystallization from meth­
anol gave 0.38 g. of crystals, m. p. 110 °. The higher melt­
ing anilide on crystallization from acetone gave diamond 
shaped leaves melting constantly at 255.5-257°. I t  is 
slightly soluble in ether and moderately soluble in acetone 
or methanol.

Anal. Calcd. for C2&H29O2N: 
C26H31O2N : 
C26H 33O2N:
Found:

C H N
79.97 7.78 3.73 
80.17 8.02 3.60 
79.77 8.50 3.58 
80.29 8.06 3.78

The lower melting anilide, after removal of the less 
soluble product by partial solution in ether, was crystal­
lized from methanol to the constant m. p. 114-114.5° 
(fine needles).

Anal. Calcd. for C25H27ON: C, 84.00; H, 7.61; N,
3.92. Found: C, 84.10; H, 7.81; N, 4.30.
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Anilides from Fusion Product B.—Material melting 
at 165 ° gave a mixture of anilides from which the following 
seemingly homogeneous products were isolated: fine
needles from aqueous acetone, m. p. 214-215°; long flat 
needles from methanol, m. p. 147.5-148°. The second 
substance was analyzed as follows:

Anal. Calcd. for C25H31ON: C, 83.07; H, 8.63; N, 
3.87. Found: C, 83.31; H, 8.87; N, 3.89.

Attempts to hydrolyze various samples of anilides 
were unsuccessful. The trials included treatment with 
boiling 10% butyl alcoholic potassium hydroxide (unat­
tacked), aqueous alkali and ethylene glycol at 150° 
(unattacked), and sodium ethylate a t 180° (acidic gum)*.

Methyl 6-Acetyldehydroabietate.—A solution of 9.4 g. 
of methyl dehydroabietate and 2.3 cc. of acetyl chloride 
in 50 cc. of nitrobenzene was stirred a t 0-5° and treated 
with 8.25 g. of aluminum chloride. After this had gone 
into solution the mixture was allowed to stand for thirty- 
six hours at 5 ° and then poured onto ice and 20 cc. of con­
centrated hydrochloric acid and steam distilled. The 
residue, which solidified on cooling, was taken up in ether 
and after washing with aqueous bicarbonate the solution 
was dried over sodium sulfate and treated with Darco 6-60, 
which removed practically all of the color. After concen­
tration the solution deposited in three crops 6.6 g. of long, 
heavy transparent prisms, often 2-3 mm. thick. On 
working the mother liquor as described below there was 
obtained 0.4 g. more of the prisms (pure); total yield of 
prisms, 66%. The acetyl compound was purified by 
crystallization from ether (prisms) and aqueous acetone 
(flat needles of the same m. p.) and melted sharply at
133.5-134°, H 25d +56° (0.9% in alcohol).

Anal. Calcd. for C23H32O3: C, 77.47; H, 9.03. Found: 
C, 77.49, 77.14; H, 8.84, 9.00.

For proof of structure 0.5 g. of the 6-acetyl compound 
was heated in a sealed tube with 1 cc. of concentrated 
nitric acid and 2 cc. of water a t 190° for thirteen hours, and 
for twelve hours longer after adding 1 cc. of fresh acid. 
Evaporation of the clear solution to dryness gave a white 
solid which was stirred and washed with fuming nitric acid 
and sublimed a t 250° (20 mm.) to yield pyromellitic an­
hydride, m. p. and mixed m. p. with an authentic sample, 
282-285°.

The oxime was prepared by refluxing for one hour a 
mixture of 0.25 g. of the 6-acetyl compound, 0.5 g. of hy­
droxylamine hydrochloride, 0.7 g. of potassium acetate, 3 
cc. of water, and 10 cc. of alcohol. The product was 
thrown out with water and crystallized from ether- 
petroleum ether to give needles, m. p. 151.5-152°; yield, 
0.2 g. (77%); [«]25d +83° (1.6% in alcohol). Using pyri­
dine in place of potassium acetate solution the yield was 
90%.

Anal. Calcd. for C23H33O3N: N, 3.77. Found: N, 
3.94.

From the ethereal mother liquor of the Friedel and 
Crafts reaction product there was obtained what appears 
to be a different crystalline modification of the 6-acetyl 
ester. After removal of the 6.6 g. of prisms, the solution 
on concentration deposited a crystallizate consisting largely 
of needles, which when crystallized twice from ether- 
petroleum ether gave 0.45 g. of fine needles, m. p. 117-

119°. The remaining ethereal mother liquor when con­
centrated and treated with petroleum ether then gave 
crops consisting chiefly of the higher melting prisms, mixed 
with some needles, and purification by mechanical separa­
tion and crystallization gave 0.4 g. of pure prisms. After 
two recrystallizations of the more soluble, low melting ma­
terial (0.45 g.) from ether-hexane, the substance was ob­
tained as fine needles melting sharply a t 119.5-120° (0.35 
g.); [o+ 6d + 58 (0.7% in alcohol).

Anal. Calcd. for C23H32O3: C, 77.47; H, 9.03. Found: 
C, 77.48, 77.11; H, 8.57, 9.13.

Mixtures of this substance with the prism form melted 
a t intermediate temperatures. The oxime, prepared as 
above from 0.1 g. of needles, melted a t 150-150.5° and 
did not depress the m. p. of the other sample. A 0.1-g. 
sample of needles was oxidized as above but using only one 
charge of acid (seventeen hours) and the reaction product 
treated with excess diazomethane. The resulting ester 
when crystallized twice from methanol melted at 141-142 °, 
with some previous softening, and a mixture of this with 
authentic pyromellitic acid tetramethyl ester, m. p. 142.5- 
143.5° (sharp) melted a t 141-143°. The structure there­
fore is that of methyl 6-acetyldehydroabietate, and since 
the rotation, as tested on small samples, is practically 
the same for the needles as for the prisms, stereoisomerism 
is unlikely. Consequently, although an interconversion 
was not observed, it is believed that the two substances 
are different modifications of the same chemical individual.

6-Acetyl Dehydroabietic Acid.—One-half gram of the 
acetyl ester was refluxed for three hours with 15 cc. of al­
cohol containing 1 g. of potassium hydroxide. A small 
amount of white solid precipitated on adding water and 
was removed by filtration (plates from ether-petroleum 
ether, m. p. 117-117.5°). The alkaline filtrate was acidi­
fied and the precipitate dried in ether and crystallized 
from ether-petroleum ether (20-40°), giving fine, silky 
needles, m. p. 174.5-175° (0.2 g.); [ a ] * D  +74° (1% in 
alcohol).

Anal. Calcd. for C22H30O3: C, 77.14; H, 8.82; neut. 
equiv., 342. Found: C, 76.89; H, 9.05; neut. equiv., 344.

Methyl 6-Carboxydehydroabietate.—Iodine-potassium 
iodide solution was added to a solution of 2.5 g. of methyl
6-acetyldehydroabietate in 100 cc. of dioxane and 20 cc. of 
10% sodium hydroxide solution until the color persisted 
for two minutes at 60° after a fresh addition. The solu­
tion was diluted with 600 cc. of water, filtered from iodo­
form, treated with a little bisulfite and acidified. The 
gummy yellow precipitate was extracted from ether into 
1% alkali, and the substance then separated on acidifica­
tion as a white solid. One crystallization from hexane 
gave 0.4 g. of material, m. p. 165-180°, and on three 
crystallizations from acetone the compound formed fine, 
silky needles melting constantly a t 190-191.5°; [ a ] u D  

+74° (0.9% in alcohol).
Anal. Calcd. for C22H30O4: C, 73.69; H, 8.44; neut. 

equiv., 358. Found: C, 73.38; H, 8.50; neut. equiv. 
(40-mg. sample), 344.

Summary
Pure dehydroabietic acid may be obtained 

readily in quantity by sulfonating the palladium-
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treated pyroabietic acid of Fleck and Palkin and 
hydrolyzing the crystalline sulfonic acid. Fusion 
of the sulfonic acid with alkali results in extensive 
alteration of the molecule and under the condi­
tions studied gives a mixture of several products.

Methyl dehydroabietate reacts smoothly with 
acetyl chloride in nitrobenzene solution in the

presence of aluminum chloride and gives a sharply 
melting product characterized as the 6-acetyl 
derivative. This was hydrolyzed to the free acid 
and oxidized with hypohalite to methyl 6-car- 
boxydehydroabietate.
Converse M emorial Laboratory
Cambridge, M ass. R eceived August 18, 1938

[Contribution from the College of Pharmacy, University of M ichigan]

Hydroxy- and Methoxyphenyldihydroanthracenes
B y  F. F. B l ic k e  and  R. A. P a t e l s k i1

Very few substitution products of 9,10-dihydro- 
anthracene are known in which aryl groups oc­
cupy meso positions and it seems that hydroxy- 
aryl derivatives such as 9,9,10-tri- and 9,9,10,10- 
tetra- (£-hy droxyphenyl) -9,10-dihydroanthracene, 
compounds in which we were especially interested, 
have never been prepared.

C6HfiX /C6H5

nA / N

CeHes^ /C6H6 C e H sx ^ ^ /C e H s

CHaOCeEU

ni
A A A

CHaOCeH /^GaOCHs
V

CHsOCoEU /CeHiOCHs

CeHjs ^CeHs
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HOCeH- /CeHiOH

/ \ A / \

H 0 C6H4//NxC6H40H
XI

CH3OC6H4v /C6H40CH3

A
,CHsOC«H/ x C6H40H 

X

Since the carbonyl group in a 9,9-diarylan- 
throne-10 reacts toward an arylmagnesium halide 
in the characteristic manner, it was possible to con-

(1) Monsanto-Pfizef Research Associate.

vert the carbonyl compound into a tertiary car­
binol which represents a 9,9,10-triaryl-10-hydroxy- 
9,10-dihydroanthracene. The hydroxyl group of 
the latter proved to be ^specially reactive toward 
phenol and anisole in the presence of a small 
amount of sulfuric acid, hence the hydroxyl 
group could be replaced by the hydroxyphenyl

and anisyl nuclei and in 
this way a tetraaryl-9,10- 
dihydroanthracene could 
be obtained. Demethyl­
ation, in the case of 
the anisyl compounds, 
yielded the desired hy­
droxy derivatives.

It has been found that
9.9- diphenylanthrone-10 
(I) reacts with p-anisyl- 
magnesium iodide to yield
9.9- diphenyl-10-hydroxy- 
10- (^-anisyl) -9,10-dihy­
droanthracene (II); this 
product was converted 
readily into its carbinol 
methyl ether by methyl 
alcohol and hydrogen 
chloride. Compound II 
condensed with phenol, 
in the presence of a small 
amount of sulfuric acid, 
to yield 9,9-diphenyl-10- 
(p - hydroxyphenyl) -10 - 
(p  - anisyl) - 9,10- dihydro­
anthracene (III), and

with anisole to produce 9,9-diphenyl-10,10-di-(/>- 
anisyl)-9,10-dihydroanthracene (V). Compound 
V was obtained also by methylation of compounds 
III and IV. By demethylation of the last named

y \ /
HOC6H4//NxC6H4OH 

IV

CH3OC6H4V /CelLOCHs

y v
CHaOCeEA^OH 

IX  |

CHsOCeH*

CHjOCeH/ x C6H4OCH3 
X II



Nov., 1938 Hydroxy- and Methoxyphenyldihydro anthracenes 2637

substance (III) there was produced 9,9-diphenyl-
10.10- di -(p-hydroxyphenyl) - 9,10-dihydroanthra­
cene (IV).

9,9-Di- (^-hydroxyphenyl) -anthrone-10 (VI)
was converted by methyl sulfate into its mono­
methyl ether, 9- (^-hydroxyphenyl) -9- (^-anisyl) - 
anthrone-10 (VII), or into its dimethyl ether,
9,9-di- (^-anisyl) -anthrone-10 (VIII). Further­
more, the monomethyl ether (VII) was pre­
pared by condensation of 9-hydroxy-9-(^-anisyl)- 
anthrone-10 with phenol in the presence of sul­
furic acid.

Compound VIII reacted with ^-anisylmagne- 
sium iodide to form 9,9,10-tri- (^-anisyl) - 10-hy- 
droxy-9,10-dihydroanthracene (IX ); condensa­
tion of the anthracene with phenol yielded
9.9.10- tri -{p-anisyl) -10 -{p- hydroxyphenyl) -9,10- 
dihydroanthracene (X). Upon demethylation 
of compound X  there was obtained 9,9,10,10- 
tetra-(^-hydroxyphenyl) - 9,10 - dihydroanthracene 
(XI).

9, 9 ,1 0 ,10-Tetra - (p - anisyl) -9,10 - dihydroan­
thracene (XII) was prepared by condensation of 
compound IX  with anisole and by methylation of 
compound X.

Experimental Part
9.9 - Diphenyl-10-hy droxy-1 0 -(p -anisyl) - 9,10 - dihydro- 

anthracene (II).—A solution of 30 g. of 9,9-diphenylan- 
throne (I )2 in 100 cc. of dry benzene was added, gradually, 
to the Grignard reagent prepared from 35.4 g. of p- 
anisylmagnesium iodide, 3.7 g. of magnesium and 100 cc. 
of ether. The mixture was refluxed for five hours, decom­
posed with ice and ammonium chloride, the ether-benzene 
layer separated, filtered, steam distilled and the oily resi­
due covered with methyl alcohol. After three days the 
product became crystalline; yield 22.5 g.; m. p. 142-144° 
after recrystallization from a mixture of ether and pe­
troleum ether (30-60°).

Anal. Calcd. for C33H26O2: C, 87.18; H, 5.77. Found: 
C, 86.88; H, 5.79.

In  order to obtain the carbinol methyl ether, a methyl 
alcohol solution of the anthracene was partially saturated 
with hydrogen chloride and after one hour the solvent 
was removed and the ether recrystallized from acetic 
acid; m. p. 191-193°.

Anal. Calcd. for C34H28O2: C, 87.14; H, 6.03. Found: 
C, 87.18; H, 6.09.

9.9 - Diphenyl -10 - (p- hydroxyphenyl) -10 - (£- anisyl) -9, 
10-dihydroanthracene (III).—A mixture of 20 g. of com­
pound II, 30 g. of phenol and five drops of coned, sulfuric 
acid was heated on a steam-bath for two hours, the prod­
uct washed thoroughly with hot water and the colorless 
crystals recrystallized from methyl alcohol; yield 23 g.; 
m. p. 250-252°.

(2) Barnett, Cook and Nixon, J .  C h em . S ö c ., 508 (1927).

A m i. Calcd. for C39H 30O2: C, 88.26; H, 5.73. Found: 
C, 87.96; H, 5.68.

9.9- Diphenyl -10 ,10 -di -  (^-anisyl) -  9,10 - dihydroanthra­
cene (V).—This product was obtained when a mixture of 
1.0 g. of compound II, 3.0 g. of anisole and one drop of 
sulfuric acid was heated on a steam-bath for one hour. 
After recrystallization from acetic acid the colorless ma­
terial melted at 233-235°.

Anal. Calcd. for C40H32O2: C, 88.19; H, 5.94. Found: 
C, 88.26; H, 5.92.

In order to prepare compound V by methylation of com­
pound III, 2.0 g. of the latter, 6.0 g. of sodium hydroxide 
and 30 cc. of 50% alcohol were refluxed and 5 cc. of di­
methyl sulfate added gradually. The mixture was heated 
for one hour. The product obtained weighed 1.9 g. and 
melted at 233-235° after recrystallization from acetic acid.

9.9- Diphenyl-10,10-di- (£ -hydroxyphenyl) -9,10 -  dihy­
droanthracene (IV).—A solution of 5 g. of compound III, 
25 cc. of constant boiling hydrobromic acid and 150 cc. of 
acetic acid was refluxed for five hours, the precipitated 
material separated and the solution concentrated, where­
upon more material separated; total yield 3.9 g.; m. p. 
343-345° after recrystallization from acetic acid.

Anal. Calcd. for C38H28O2: C, 88.33; H, 5.46. Found: 
C, 88.14; H, 5.52.

The di-3-bromobenzoyl derivative was prepared in the 
following manner: 2 g. of the anthracene and 5 g. of 3- 
bromobenzoyl chloride were heated for an hour a t 190- 
200 ° and the mixture treated with hot alcohol. The ester 
was recrystallized from ethyl acetate; m. p. 231-233°.

Anal. Calcd. for C52H3404Br2: Br, 18.13. Found: Br,
17.92. #

The dimethyl ether was obtained when compound IV 
was methylated with dimethyl sulfate and alkali in dilute 
alcohol. I t  proved to be identical with compound V ; 
mixed m. p. 233-235°.

9-(/>-Hydroxyphenyl)-9-(£-anisyl)-anthrone-10 (VII).—
A solution of 3.8 g. of 9,9-di-(^>-hydroxyphenyl)-anthrone- 
10 (VI)3 in 50 cc. of 20% sodium hydroxide solution was 
heated to 80° and treated, gradually, with 10 cc. of di­
methyl sulfate. The precipitated product was recrys­
tallized from acetic acid; m. p. 232-233°; yield 2.5 g.

A m i. Calcd. for C27H30O3: C, 82.62; H, 5.14. Found: 
C, 82.51; H, 5.06.

We also prepared the anthrone by heating a mixture of 
10 g. of 9-hydroxy-9-(£-anisyl)-anthrone-10 (X III),4 5 25 g. 
of phenol and three drops of sulfuric acid for one hour on a 
steam-bath. The product was washed with hot water 
and recrystallized from acetic acid; yield 9 g.; mixed m. p. 
232-233°.

9.9- Di-(£-anisyl)-anthrone-10 (VIII).—A mixture of
7.6 g. of 9,9-di-(^-hydroxyphenyl)-anthrone-10, 100 cc. 
of alcohol and 100 cc. of 10% sodium hydroxide solution 
was refluxed and 30 cc. of dimethyl sulfate added gradu­
ally. I t was heated for one hour and the crystalline pre­
cipitate recrystallized from acetic acid; m. p. 208-209°.6

(3) Scharwin and Kusnezof, B e r ., 36, 2020 (1903); Scharwin, 
Naumof and Sandurin, ibid., 37, 3616 (1904).

(4) Blicke and Weinkauff, T h is  J o u r n a l , 54, 1461 (1932).
(5) Scharwin, Naumof and Sandurin [B er ., 37, 3619 (1904)], who

obtained the anthrone by another method, reported 208°.
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The anthrone was prepared also by methylation of 
compound VII according to the procedure just de­
scribed.

9.9.10- Tri- (^-anisyl) -10  -hydroxy- 9,10 - dihydroanthra­
cene (IX).—Sixteen grams of compound VIII, dissolved 
in 75 cc. of benzene, was added, gradually, to the Grignard 
reagent obtained from 18.9 g. of />-iodoanisole, 2.0 g. of 
magnesium and 75 cc. of ether. The mixture was re­
fluxed for five hours, decomposed with ice and ammonium 
chloride, the ether-benzene layer filtered and the solution 
steam distilled. The crystalline residue was recrystallized 
from acetic acid; yield 15 g.; m. p. 226-228°.

A nal Calcd. for C36H30O4: C, 81.64; H, 5.91. Found: 
C, 81.42; H, 5.89.

The methyl ether was obtained when a methyl alcohol 
solution of the anthracene was partially saturated with 
hydrogen chloride; m. p. 205-206° after recrystallization 
from acetic acid.

Anal. Calcd. for C36H320 4: C, 81.78; H, 6.11. Found: 
C, 81.52; H, 6.13.

9.9.10-  Tri-(/>-anisyl) -10  - (£- hydroxyphenyl) -  9,10- di­
hydroanthracene (X).—A mixture of 5 g. of compound 
IX, 20 g. of phenol and three drops of sulfuric acid was 
heated on a steam-bath for three hours, the material 
washed with hot water and recrystallized from acetic acid; 
yield 5 g.; m. p. 310-312°.

Anal. Calcd. for C4iH340 4: C, 83.35; H, 5.81. Found: 
C, 83.07; H, 5.84.

9,9,10,10 - Tetra - (ƒ>- hydroxyphenyl) - 9,10 -  dihydroan­
thracene (XI).—Two grams of compound X, 20 cc. of 
constant boiling hydrobromic acid and 300 cc. of acetic 
acid were refluxed for five hours. The mixture was con­
centrated to a volume of about 75 cc. and poured into 200 
cc. of water. The precipitated product was recrystallized

from dilute alcohol; m. p. 371-374°.6 The compound dis­
solves readily in dilute alkali.

Anal. Calcd. for C38H280 4: C, 83.18; H, 5.15. Found: 
C, 82.92; H, 5.14.

One gram of the anthracene was heated with 5 g. of m- 
bromobenzoyl chloride for one hour at 190-200°. The 
material was washed with hot alcohol, then dissolved in 
hot acetic acid. When the solution cooled a small amount 
of colored by-product precipitated. The filtered solution 
was diluted with three volumes of methyl alcohol; the 
colorless precipitate, which was the tetra-m-bromobenzoyl 
derivative, melted a t 163-168°.

A nal Calcd. for C66H4o08Br4: Br, 24.99. Found: Br,
25.18.

9,9,10,10 - Tetra - {p - anisyl) -  9,10 - dihydroanthracene 
(XII).—A boiling solution, obtained from 1 g. of compound 
X, 3 g. of sodium hydroxide and 20 cc. of 50% alcohol, was 
treated, gradually, with 5 cc. of dimethyl sulfate. The 
mixture was heated for one hour and the product recrys­
tallized from acetic acid; m. p. 329-331 °.6

Anal. Calcd. for C42H360 4: C, 83.40; H, 6.01. Found: 
C, 83.38; H, 6.07.

The same anthracene was obtained when 1 g. of com­
pound IX, 3 g. of anisole and one drop of sulfuric acid were 
heated for one hour on a steam-bath; mixed m. p. 329-331 °.

Summary
A number of 9,9,10-tri- and 9,9,10,10-tetra- 

aryldihydroanthracenes have been prepared in 
which the aryl groups are phenyl, ^-hydroxy- 
phenyl and ^-anisyl.

(6) Determined in an air-bath with a 250-600° Palo-Myers mer­
cury thermometer.
Ann  Arbor, M ichigan Received August 15, 1938

[Contribution from the College of Pharmacy, University of M ichigan]

Hydroxy- and Methoxyphenylanthrones. I.
B y F. F. B lic k e  and  R. A. P a t e l s k i1

It is well known that interaction between 
phthalic anhydride and aromatic hydrocarbons 
or simple substitution products of the latter 
yields 2-acylbenzoic acids, diarylphthalides and 
anthraquinones; other products are formed also 
but their nature is not known.

It seems to us that in the reaction between 
phthalic anhydride and phenol, hydroxyphenyl- 
anthrones, such as 3,9-dihydroxy-9-(^-hydroxy- 
phenyl)-anthrone-10, might be formed and that 
these anthrones, by further reaction with phenol, 
might be converted into hydroxy derivatives of 
diphenylanthrones, tri- and tetraphenyldihydro- 
anthracenes. The hydroxyl groups can occupy

(I) Monsanto—Pfizer Research Associate.

either ortho or para positions in the phenyl nuclei 
and either a 1-, 2-, 3- or 4-position in the anthrone 
or anthracene nucleus. Since only a few repre­
sentatives of such compounds have been de­
scribed in the literature we have synthesized a 
number of them, often by several different pro­
cedures, in order to establish their structure 
definitely.

In many instances the desired substance has 
been prepared, with the aid of a Grignard rea­
gent, in the form of its methyl ether; the hydroxy 
compound was then obtained by demethylation 
However, this procedure was not always success­
ful since, occasionally, demethylation was ac­
companied by disruption of the molecule; hence
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it became necessary to search for procedures by 
means of which the hydroxy compounds could 
be obtained directly.

Hitherto, we have obtained certain monoaryl- 
anthrones by interaction of an anthrone with an 
arylmagnesium halide,2,3 by treatment of a diaryl- 
phthalin with sulfuric acid3,4 or thionyl chloride3 
or by the action of phosphorus pentachloride on 
a diarylphthalide.4 It should be mentioned that 
in some cases the action of sulfuric acid on a di- 
arylphthalin yields a diarylbenzofuran or a mixture 
of a furan and an arylanthrone2,3,4 (p. 276). In 
a paper which is to be published soon it will be 
shown that interaction of a diarylphthalin with 
zinc chloride yields an arylanthracene; upon oxi­
dation of the latter an arylanthrone is produced.

Diarylanthrones, of the types in which we are 
interested, have been prepared by oxidation of a 
diaryldihydroanthracene; the latter were ob­
tained by loss of water from 2-benzyltriphenyl- 
carbinols.5

In order to obtain a triaryldihydroanthracene, 
a diarylanthrone was treated with an arylmag­
nesium halide.6

It was found that a tetra-(^-hydroxyphenyl)- 
dihydroanthracene could be synthesized by de­
methylation of 9,9,10 - tri - (^ - anisyl) -10- (p - hy- 
droxyphenyl)-9,10-dihydroanthracene6 (p. 2638).

In this paper it has been shown that three 
different 2-benzyldimethoxytriphenylcarbinols can 
be converted into 9,9-dianisyl-9,10-dihydroanthra- 
cenes by loss of water. Subsequent oxidation and 
demethylation yielded, in each instance, the de­
sired 9,9-di- (^-hydroxyphenyl) -anthrone-10.

It has been found that the ethyl ester of 2-ben- 
zylbenzoic acid reacts with two molecular equiva­
lents of 4-anisylmagnesium iodide to yield 2-ben- 
zy 1-4' ,4 " -dime thoxytriphenylcarbinol (I); the
carbinol was prepared also from. 2 ~ (4 "-methoxy- 
benzoyl)-diphenylmethane and one molecular 
equivalent of the Grignard reagent.

When the carbinol was treated with hydrogen 
chloride, water was eliminated with the forma­
tion of 9,9-di-(/>-anisyl)-9,10-dihydroanthracene
(II). Oxidation of the dihydroanthracene pro­
duced 9,9-di-(^-anisyl)-anthrone-10 (III) which 
can be converted into 9,9-di-(/>-hydroxyphenyl)- 
anthrone-10 (IV ) by demethylation with alumi

(2) Blicke and Weinkauff, T h is  J o ur n a l , 64, 1461 (1932),
(3) Blicke and Swisher, ibid., 56, 1406 (1934).
(4) Blicke and Patelski, ib id .,  58, 274 (1936).
(5) Blicke and Patelski, ibid., 58, 560 (1936).
(6) Blicke and Patelski, ib id .,  60, 2636 (1938).

num chloride. 9,9-Di- (^-hydroxyphenyl) -an-
throne-10, prepared from anthraquinone, phenol 
and stannic chloride, according to the method of 
Scharwin and co-workers,7 yielded compound III 
when methylated with dimethyl sulfate.
CHsOCeH^/CeHiOCHs

/C—OH

^CH2—c 6h 5
I

CH3OC6H4v /C 6H4OCH3
n/ \

When the ethyl ester of 2-(4'-methoxybenzyl) - 
benzoic acid was allowed to react with 4-anisyl­
magnesium iodide there was obtained 2-(4'- 
methoxybenzyl) - 4'',4'" - dimethoxy triphenylcar­
binol. This carbinol was converted, by loss of 
water, into 2-methoxy-9,9-di-(^-anisyl)-9,10-di­
hydroanthracene and the anthracene oxidized to 
2-methoxy-9,9-di-(^-anisyl)-anthrone-10; upon
demethylation 2 - hydroxy - 9,9 - di - (p - hydroxy- 
phenyl)-anthrone-10 was formed.

2 - (2' - Methoxybenzyl) - 4",4'" - dimethoxytri- 
phenylcarbinol was prepared from the ethyl ester 
of 2-(2'-methoxybenzyl)-benzoic acid and 4-anisyl­
magnesium iodide. Ring closure, by elimination 
of water, produced 4-methoxy-9,9-di-(^-anisyl)-9,- 
10 - dihydroanthracene. 4 - Methoxy - 9,9 - di - (p- 
anisyl)-anthrone-10, obtained by oxidation of the 
anthracene, was demethylated to yield 4-hydroxy-
9,9-di- (^-hydroxyphenyl) -anthrone-10.

By interaction of ethyl 2-(4'-methoxybenzyl)- 
benzoate and 2-anisylmagnesium iodide there was 
obtained 2 - (4' - methoxybenzyl) - 2",2 "' - dimeth- 
oxytriphenylcarbinol which was converted, by 
ring closure, into 2-methoxy-9,9-di-(o-anisyl)-9,10- 
dihydroanthracene. So far we have been able 
to obtain the corresponding anthrone only in the 
form of a gum.

It was thought that 9,9-diarylanthrones might 
be prepared, easily, by condensation of anisole 
with a dibromoanthrone such as 3-methoxy-9,9-
dibromoanthrone-lCK However, we have not 
been able to effect this condensation. The di­
bromoanthrone reacts readily with mercury to

(7) Scharwin and KLusnezof, B er ., 36, 2020 (1903); Scharw in, 
N aum of and Sandurin, ib id . ,  37, 3616 (1904).
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yield
(V).8

2,2'(or 2,7') - dimethoxydianthraquinone

CH30 — 7— -v v------v— OCH3

0 = C <  >C=C< > C = 0

ö  ö
V

Experimental Part
9.9- Di-(£-anisyl)-9,10-dihydroanthracene (II).—To the 

Grignard reagent, prepared from 28.7 g. of 4-iodoanisole, 
3.0 g. of magnesium, 50 cc. of ether and 50 cc. of benzene, 
there was added, gradually, a solution of 6 g. of the ether 
ester of 2-benzylbenzoic acid,8 9 dissolved .in 25 cc. of ben­
zene. The mixture was refluxed for three hours, decom­
posed with ice and ammonium chloride, the solvents re­
moved and the product submitted to steam distillation to 
remove anisole and other by-products. Since the crude, 
gummy 2-benzyl-4',4 "-dimethoxytriphenylcarbinol could 
not be obtained in crystalline form it was prepared by a 
second method.

Four grams of 2-(4"-methoxybenzoyl)-diphenylmeth- 
ane,10 dissolved in 40 cc. of benzene, was added, gradually, 
to the Grignard reagent prepared from 6.1 g. of 4-iodo­
anisole, 0.64 g. of magnesium, 30 cc. of ether and 30 ce. of 
benzene. The mixture was refluxed for three hours and 
treated as described above. In this instance, too, the car­
binol was obtained as a gummy product.

The carbinols, obtained by both procedures, were dis­
solved in acetic acid or alcohol, the solutions partially 
saturated with hydrogen chloride and the red mixtures 
heated for three hours on a steam-bath. Upon dilution 
with water oils were obtained which crystallized after 
they had been covered with a small amount of acetic 
acid for twelve hours. After several recrystallizations 
from methyl alcohol and then from acetic acid the color­
less, crystalline products, obtained from both gummy 
carbinols, melted a t 166-167°. This material was 9,9- 
di-(£-anisyl)-9,10-dihydroanthracene.

Anal. Calcd. for C28H24O2: C, 85.67; H, 6.17. Found: 
C, 85.52; H, 6.20.

9.9- Di-(^-anisyl)-anthrone-10 (in ).—A mixture of 0.7 
g. of 9,9-di-(£-anisyl)-9,10-dihydroanthracene, 1.0 g. of 
sodium dichromate and 15 cc. of acetic acid was heated on a 
steam-bath for four hours, diluted with water and the pre­
cipitated anthrone recrystallized from alcohol and then 
from acetic acid; m. p. 208-209°. Mixed with a sample 
of 9,9-di-( £-anisy 1)-anthrone-10, obtained by methylation6 
(p. 2637) of 9,9-di-(^-hydroxyphenyl)-anthrone-1011 with 
dimethyl sulfate, the mixture melted at 208-209 °.

(8) 1,1'-Dimethoxydianthraquinone has been described by Attree 
and Perkin [/. C h em . S o c ., 163 (1931)] while 3,3'-dimethoxydian­
thraquinone was prepared by Barnett, Good way and Savage [B er., 
64, 2193 (1931)] and by Perkin and Yode [J . C hem . S o c ., 127, 1884 
(1925)].

(9) Barnett, Cook and Nixon, ibid., 508 (1927).
(10) Blicke and Swisher, T h is  J o u rn al , 56, 925 (1934). We 

found the product melted at 78-79° instead of at 68-70° as reported 
previously.

(11) See ref. 7. These investigators obtained 9,9-di-( -̂hydroxy- 
phenyl)-anthrone-10 by demethylation of 9,9-di-(p-anisyl)-anthrone- 
10.

2 - (4,-Methoxybenzyl)-4",4"'-dimethoxytriphenylqar-
binol.—A solution of 20.3 g. of the ethyl ester of 2-(4'- 
methoxybenzyl)-benzoic acid2 (p. 1464) in 50 cc. of ether 
was added to the Grignard reagent obtained from 46.8 g. 
of 4-iodoanisole, 4.8 g. of magnesium and 120 cc. of ether. 
The mixture was stirred, refluxed for five hours, decom­
posed with ice and ammonium chloride and a crystalline, 
ether-insoluble product removed by filtration. After 
removal of most of the solvent from the filtrate a crystal­
line material, the desired carbinol, was obtained; yield 
17 g.; m. p. 147-148° after recrystallization from a mix­
ture of benzene and petroleum ether (90-100°).

Anal. Calcd. for C29H28O4: C, 79.05; H, 6.41. Found: 
C, 78.88; H, 6.46.

2 - M ethoxy-9,9-di-(^-anisyl)-9,10-dihydroanthracene. 
—A solution of 9.5 g. of the above-mentioned carbinol in 
40 cc. of acetic acid was partially saturated with hydrogen 
chloride and the deep red solution heated on a steam-bath 
for three hours. The solution then possessed a strong pur­
ple fluorescence and, when cooled, deposited the dihydro­
anthracene in crystalline form; m. p. 167-168° after re­
crystallization from acetic acid; yield 8.5 g.

Anal. Calcd. for C29H26O3'. C, 82.42; H, 6.21. Found: 
C, 81.92; H, 6.21.

2-Methoxy-9,9-di (£-anisyl)-anthrone-10.—A solution 
of 8 g. of sodium dichromate in 10 cc. of hot water was 
added to 10 g. of the dihydroanthracene, suspended in 50 
cc. of acetic acid, and the mixture heated for three hours on 
a steam-bath. Upon dilution with water the anthrone 
was precipitated; yield 8.5 g.; m, p. 183-184°2 (p. 1464) 
after recrystallization from acetic acid.

2 - Hydroxy - 9,9 - di- (p -hydroxyphenyl) - anthrone-10.— 
Five grams of anhydrous aluminum chloride was added to 
a solution of 2 g. of 2-methoxy-9,9-di-(£-anisyl)-anthrone-10 
in 100 cc. of dry benzene and the mixture refluxed for 
twenty-four hours on a steam-bath. After treatment with 
ice and hydrochloric acid the benzene layer was separated, 
the solvent removed, the residue dissolved in alcohol and 
the solution decolorized with charcoal. Upon dilution of 
the solution with water a colorless, crystalline product 
was obtained which was recrystallized from dilute alcohol; 
yield 0.9 g.; m. p. 312-314° with decomposition.

Anal. Calcd. for C26H i80 4: C, 79.16; H, 4.60. Found: 
C, 78.98; H, 4.72.

Two grams of the hydroxy-anthrone, dissolved in 50 cc. 
of hot 10% sodium hydroxide solution was treated gradu­
ally with 8 cc. of dimethyl sulfate and the mixture re­
fluxed for three hours. The precipitated material, 2- 
methoxy-9,9-di-(£-anisyl)-anthrone-10, weighed 1.2 g. 
and melted a t 183-184°.

The tri-(3-bromobenzoyl) derivative was obtained when
1.4 g. of the hydroxy-anthrone was heated with 6.5 g. of
3-bromobenzoyl chloride a t 140-150° in an oil-bath for 
two hours. The brown oil was washed thoroughly with 
10% sodium hydroxide solution, with water and then with 
alcohol. The product was covered with ether and, after 
it had become crystalline, was recrystallized from acetic 
acid; m. p. 174-176°.

Anal. Calcd. for C47H2707Br3: Br, 25.44. Found: Br, 
25.12.

Ethyl 2-(2'-Methoxybenzoyl)-benzoate.—A mixture of 
90 g. of 2-(2'-methoxybenzoyl)-benzoic acid, 600 cc. of
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absolute alcohol and 25 cc. of coned, sulfuric acid was re­
fluxed for twenty-four hours, one-third of the alcohol re­
moved by distillation and the residue diluted with two liters 
of saturated sodium chloride solution. The precipitated 
oily ester was extracted with ether, the ether extract 
washed with sodium carbonate solution and then with 
water. The ether solution was dried with fused sodium 
sulfate and the solvent removed. The ester boiled at 
268-270° under 14 mm. pressure; yield 70 g.

Anal. Calcd. for C17H i80 3: C, 75.52; H, 6.72. Found: 
C, 75.29; H, 6.69.

2 -  (2'-Methoxybenzyl)-4//,4//,-dimethoxytriphenylcar- 
binol.—The Grignard reagent, prepared from 46.8 g. of
4-iodoanisole, 4.8 g. of magnesium and 120 cc. of ether, 
was stirred and to it there was added, slowly, a solution 
of 20.3 g. of ethyl 2-(2'-methoxy benzoyl)-benzoate in 50 
cc. of ether. The mixture was stirred and refluxed for 
three hours and then allowed to remain a t room tempera­
ture for twelve hours. The mixture was decomposed with 
ice and ammonium chloride. The carbinol was recrystal­
lized from a mixture of benzene and petroleum ether 
(30-60°); m. p. 139-140°; yield 22.7 g.

Anal. Calcd. for C29H28O4: C, 79.05; H, 6.41. Found: 
C, 79.11; H, 6.58.

4-Methoxy-9,9-di-(£-anisyl)-anthrone-10.—Ten grams 
of the above mentioned carbinol was dissolved in 50 cc. of 
acetic acid, the solution partially saturated with hydrogen 
chloride and the red solution heated for six hours on a 
steam-bath. The solution, which possessed a strong 
purple fluorescence, was diluted with water, whereupon a 
light brown solid, 4-methoxy-9,9-di-(£-anisyl)-9,10-di­
hydroanthracene, precipitated.

A mixture of 10 g. of the dihydroanthracene, 50 cc. of 
acetic acid, 8 g. of sodium dichromate and 10 cc. of water 
was heated for three hours on a steam-bath, diluted with 
four volumes of water and the precipitated, crystalline 
anthrone recrystallized from acetic acid; m. p. 248-250°.

Anal. Calcd. for C29H24O4: C, 79.78; H, 5.54. Found: 
0,79.39; H, 5.52.

4 - Hydroxy -9,9-di - (/> - hydroxyphenyl) - anthrone - 10.—
Two grams of finely powdered 4-methoxy-9,9-di-(£- 
anisyl)-anthrone-10 and 3 g. of powdered aluminum chlo­
ride was heated for one hour a t 100-105°, the mixture 
treated with ice and hydrochloric acid and the gummy 
product extracted with 10% sodium hydroxide solution. 
A dark green solid precipitated when the alkaline extract 
was acidified. The product was dissolved in alcohol and 
the solution diluted, gradually, with water. A dark 
brown gum, which precipitated first, was discarded. 
The light yeflow, crystalline precipitate was recrystallized 
from dilute alcohol; yield 0.8 g.; m. p. 254-256° with de­
composition.

Anal. Calcd. for C26Hi80 4: C, 79.16; H, 4.60. Found: 
C, 78.89; H, 4.81.

A solution of 0.4 g. of the anthrone in 10 cc. of 10% 
sodium hydroxide solution was heated to 80 ° and treated, 
gradually, with 2 cc. of dimethyl sulfate. The mixture 
was heated for two hours and the precipitated 4-methoxy- 
9,9-di-(£-anisyl)-anthrone-10 recrystallized from acetic 
acid; m. p. 247-249°

A mixture of 0.14 g. of the anthrone and 0.65 g. of 3-

bromobenzoyl chloride was heated for two hours a t 140- 
150°, the brown oil washed with 5% sodium hydroxide 
solution and then with water. The product crystallized 
when rubbed under ether; m. p. 163-165° after recrys­
tallization from acetic acid.

Anal. Calcd. for C47H2707Br3: Br, 25.44. Found: Br,
25.01.

2 - (4'-Methoxybenzyl)-2",2'"-dimethoxytriphenylcar- 
binol.—Twenty-three grams of ethyl 2-(4'-methoxyben- 
zyl)-benzoate, dissolved in 50 cc. of ether, was added to 2- 
anisylmagnesium iodide prepared from 50 g. of 2-iodo- 
anisole, 6.7 g. of magnesium and 150 cc. of ether. The 
mixture was stirred and refluxed for six hours, the crys­
talline precipitate removed by filtration and decomposed 
with ice and ammonium chloride. The crystalline product 
was recrystallized from petroleum ether (90-100°); yield 
26 g.; m .p . 129-130°.

Anal. Calcd. for C29H2804: C, 79.05; H, 6.41. Found: 
C, 79.19; H, 6.27.

2 - Methoxy-9,9-di-(o-anisyl)-9,10-dihydroanthracene.
—A solution of 23 g. of the carbinol described above in 
75 cc. of acetic acid was partially saturated with hydrogen 
chloride and heated for five hours on a steam-bath. The 
solution, which possessed a high purple fluorescence, was 
diluted with four parts of water and the oily precipitate, 
which soon crystallized, was recrystallized from methyl 
alcohol; m. p. 154-155°.

Anal. Calcd. for C29H26O3: C, 82.42; H, 6.21. Found: 
C, 82.17; H, 6.27.

3-Methoxy-9,9-dibromoanthrone-10.—Sixteen grams of 
bromine, dissolved in 100 cc. of carbon disulfide, was added 
to 11.2 g. of 3-methoxyanthrone-1012 which was dissolved 
in 400 cc. of carbon disulfide, cooled to —5° and stirred. 
The mixture was then allowed to remain at room tempera­
ture for one hour, diluted with 500 cc. of petroleum ether 
(30-60°) and the light yellow crystalline precipitate re­
crystallized from benzene; yield 12 g.; m. p. 175-177° 
with decomposition.

Anal. Calcd. for Ci5Hio0 2Br2: Br, 41.88. Found:
Br, 42.13.

When 3.0 g. of the brominated anthrone was treated 
with 20 cc. of water 1.8 g. of 2-methoxyanthraquinone was 
produced; mixed m. p. 195-196°.

2,2'(or 2,7 ')-Dimethoxydianthraquinone.—A mixture of 
15 g. of the dibromoanthrone, 200 cc. of dry benzene 
and 5 cc. of mercury was shaken for forty-eight hours, 
filtered, the benzene removed and the green amorphous 
solid recrystallized from acetic acid. The yellow crystals 
melted a t 254-256 ° with decomposition.

Anal. Calcd. for C30H20O4: C, 81.06; H, 4.54; mol. 
wt., 444. Found: C, 81.14; H, 4.44; mol. wt. (benzene, 
ebullioscopic procedure), 431.

Summary
A number of new triarylcarbinols, dianisyldi- 

hydroanthracenes, dianisylanthrones and di-(p- 
hydroxyphenyl)-anthrones have been described. 
Ann Arbor, M ichigan R eceived August 15, 1938

(12) Also called 2-methoxyantlirone-9. See Barnett, Goodway 
and Savage, B er ., 64.2191 (1931); ref. 2, p. 1460.
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[C o n t r i b u t i o n  f r o m  t h e  C o l l e g e  o f  P h a r m a c y , U n i v e r s i t y  o f  M i c h i g a n ]

Hydroxy- and Methoxyphenylanthrones. II
By F. F. B lic k e  and  R. A. P a t e l s k i1

A number of years ago it was stated by Baeyer2 
that phenolphthalin yields 3 -hydroxy-9- (4'-hy­
droxyphenyl) -anthrone-10, or its tautomer, 3,10-di- 
hydroxy-9- (4'-hydroxyphenyl) -anthracene, when 
treated with sulfuric acid and that the anthrone 
is converted, by oxidation, into 3,9-di-hydroxy-9- 
(4'-hydroxyphenyl)-anthrone-10. It has been 
shown,3 however, that the two compounds 
actually obtained by Baeyer were 2,5-di-(£- 
hydroxyphenyl)-3,4-benzofuran and 2-(4"-hy- 
droxybenzoyl)-4'-hydroxybenzophenone.

We have found that if phenolphthalin (I), or 
its diacetyl derivative, is treated with zinc chloride 
and acetic anhydride, instead of sulfuric acid, 
there is produced the triacetyl derivative of 3,10- 
dihydroxy-9-(4'-hydroxyphenyl)-anthracene (II) 
which, when oxidized, yields the diacetyl deriva­
tive of 3,9-dihydroxy-9- (4 '-hydroxyphenyl) -an­
throne-10 (III).

Upon hydrolysis the colorless trihydroxy com­
pound (IV) is obtained. When heated or allowed 
to come into contact with mineral acids the hy­
droxy compound is converted into a highly colored 
fuchsone, either V or VI, or possibly a mixture

(1) Monsanto-Pfizer Research Associate.
(2) Baeyer, A n n ., 202, 100 (1880).
(3) Blicke and Weinkauff, Th is  Jo urn al , 54, 1454 (1932),

of the two compounds. The diphenolic ether was 
obtained upon methylation of the trihydroxy 
compound (IV).

In order to supply proof of the structure of 
these compounds the carbinol III was converted 
into the carbinol chloride, the diacetyl deriva­
tive of 3-hydroxy-9-chloro-9-(4'-hydroxyphenyl)- 
anthrone-10, (VII). A solution of the chloride 
became deep red instantly when shaken with 
molecular silver due to the formation of the free 
radical 3-acetoxy-9- (4'-acetoxyphenyl) -anthronyl- 
10 (VIII); the red solution decolorized rapidly 
when exposed to air with the formation of the 
characteristic peroxide.

2,5-Di-(/>-anisyl)-3,4-benzofuran (IX) was
reduced to 2,5-di-(^-anisyl)-2,5-dihydro-3,4-benzo­
furan (X) with sodium amalgam. Reduction 
of 2-(4"-methoxybenzoyl)-4'-methoxybenzophe- 
none (XIII) with the same reagent yielded 2-(4"- 

methoxy- a-hydroxybenzyl) - 
4' - methoxydiphenylcarbinol 
(XIV). When treated with 
zinc chloride in acetic acid 
solution both X  and XIV  
were converted into 2-meth- 
oxy -9 - (£ - anisyl) -anthracene 
(XI). Upon oxidation the 
anthracene yielded 2-meth- 
oxy-9-hydroxy-9- (^-anisyl)- 
anthrone-10 (XII). The 
latter condensed with anisole 
to form 2-methoxy-9,9-di- 
(^-anisyl) -anthrone-10 (XV).

Experimental Part 
Triacetyl Derivative of 3,10- 

Dihydroxy - 9- (4 '-hydroxyphenyl)- 
anthracene (II).—Twenty grams 
of phenolphthalin (I), or an equiva­
lent amount of its diacetyl deriva­
tive, and 8 g. of anhydrous zinc 
chloride, dissolved in 35 cc. of 

acetic anhydride, were heated on a steam-bath for fifteen 
minutes and then poured into a mixture of water and ice 
which contained a small amount of hydrochloric acid. 
The crystalline product was digested with hot alcohol, 
filtered and recrystallized from a mixture of benzene and 
petroleum ether (90-100°); yield 19 g.; m. p. 188-189°.

Anal. Calcd. for C26H20O6: C, 72.87; H.4.71. Found: 
C, 73.04; H, 4.88.
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hours, the deep red sample obtained weighed 0.4669 
g.; calcd. wt. 0.4660 g. (C2oHi40 4H20-2H 20).

The anthrone turns an intense purple when 
moistened with coned, sulfuric acid or a mixture of 
acetic and hydrochloric acid. When an acetic acid 
solution of the anthrone is warmed it turns bright 
red.

The 3,9-dimethyl ether of the anthrone was ob­
tained when 3.2 g. of the anthrone, dissolved in 
35 cc. of 20% sodium hydroxide solution, was 
treated with 8 cc. of dimethyl sulfate at 80-90°. 
After recrystallization from alcohol the ether 
melted a t 155-156°.

o = o
I

C6H4OOH3
X III

CHOH
I

C8H4OCH3
XIV

o
X II

CH3OCeH4 C6H4OCH3

The compound exhibits an intense purple fluorescence 
when dissolved in organic solvents and a red-brown color 
when moistened with coned, sulfuric acid.

Diacetyl Derivative of 3,9-Dihydroxy-9“(4/-hydroxy- 
phenyl)-anthrone-10 (III).—To 10 g. of the triacetate, 
dissolved in 50 cc. of acetic acid, there was added 7 g. of 
sodium dichromate, dissolved in 6 cc. of hot water. The 
mixture soon began to boil; after it had been heated on a 
steam-bath for two hours and poured into 500 cc. of water 
the crystalline product was recrystallized from benzene; 
yield 8 g.; m. p. 186-187°.

Anal. Calcd. for C24H i80 6: C, 71.61; H, 4.51. Found: 
C, 71.45; H, 4.67.

Anal. Calcd. for C22Hi80 4: C, 76.27; H, 5.24. 
Found: C, 76.01; H, 5.42.

The ether is colored an intense blue by coned, 
sulfuric acid.

Diacetyl Derivative of 3-Hydroxy-9-chloro-9-(4'- 
hydroxyphenyl)-anthrone-10 (VII).—A hot mix­
ture of 3,9- dihy dr oxy-9 - (4 '-hydroxyphenyl) -an­
throne-10 diacetate, 75 cc. of benzene and 5 cc. of 
acetyl chloride was treated with a stream of hy­
drogen chloride for two hours, the solvent removed 
under reduced pressure and the oily residue covered 
with petroleum ether (90-100°). After twelve 

hours the crystalline material was recrystallized from a 
mixture of benzene and petroleum ether; m. p. 128-129°.

Anal. Calcd. for CmHhObCI: Cl, 8.43. Found: Cl, 
8.25.

Peroxide of Free Radical 3-Acetoxy-9-(4'-acetoxy- 
phenyl)-anthronyl-10 (VIII).—A mixture of 1.5 g. of the 
9-chloro compound, 15 cc. of benzene and 4 g. of molecular 
silver was shaken for one hour. An intense red color 
developed immediately upon the addition of the silver. 
The mixture was filtered. The filtrate decolorized rapidly 
upon exposure to air and the peroxide precipitated upon 
the addition of petroleum ether; m. p. 195-200° with 
decomposition.

Solutions of this product in organic solvents do not 
fluoresce. The material turns purple when treated with 
coned, sulfuric acid.

3,9 - Dihydroxy-9-(4'-hydroxyphenyl)-anthrone-10 (IV).
—A mixture of 5 g. of the diacetate, 20 cc. of 10% sodium 
hydroxide solution and 5 cc. of alcohol was heated on a 
steam-bath for five minutes, cooled, diluted with 25 cc. of 
water and 50 cc. of saturated ammonium chloride solution. 
The pale pink precipitate was dissolved in cold alcohol, 
treated with charcoal a t room temperature, filtered and 
the solution diluted with water. After precipitation by 
water from an alcoholic solution the practically colorless, 
crystalline product melted a t 127-128° with the formation 
of a deep red liquid. The compound, dried in a desiccator 
over calcium chloride for two weeks prior to analysis, 
contained water of crystallization.

Anal. Calcd. for C20Hi4O4H2O: C, 71.43; H, 4.80. 
Found: C, 71.41; H, 4.87.

In addition to the development of the deep color, the 
loss of an amount of water which corresponds closely to 
that calculated for fuchsone formation demonstrates the 
conversion of IV into V or VI. Thus, when 0.5219 g. of 
the colorless anthrone was heated a t 130° for twenty-four

Anal. Calcd. for C48H340 i2: C, 71.79; H, 4.27. Found: 
C, 72.09; H, 4.42.

2,5-Di-(^-anisyl)-2,5-dihydro-3,4-benzofuran (X).—Ten
grams of 2,5-di-(£-anisyl)-3,4-benzofuran was suspended 
in 600 cc. of absolute alcohol and 250 g. of 5% sodium 
amalgam added in portions. After the initial vigorous 
reaction had subsided, the mixture was heated for five 
hours on a steam-bath, filtered while hot and the precipi­
tate of colorless, iridescent crystals recrystallized from 
alcohol; m. p. 115-116°; yield 7 g. Upon dilution of 
the mother liquor with water 2 g. more of material was 
obtained.

Anal. Calcd. for C22H20O3: C, 79.17; H, 6.07. Found: 
C, 78.92; H, 6.12.

The colorless acetic acid solution becomes green when 
warmed and exhibits a green fluorescence.

When dissolved in acetic acid and oxidized with sodium 
dichromate, 2-(4"-methoxybenzoyl)-4'-methoxybenzophe- 
none was produced; it was recrystallized from alcohol; 
mixed m. p. 157-159°.4

(4) The same melting point w as reported by Blicke and Wein- 
kauff, T h is J o urn al , 54, 1458 (1932).
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2 - (4"-Methoxy-a-hydroxybenzyl)-4'-methoxydiphenyl- 
carbinol (XIV).—To 3.5 g. of 2-(4"-methoxybenzoyl)-4'- 
methoxybenzophenone, dissolved in 150 cc. of absolute 
alcohol, there was added 100 g. of 5% sodium amalgam. 
After several hours the reaction mixture was heated on a 
steam-bath for two hours, filtered while hot and the filtrate 
concentrated to one-half its original volume. Water was 
added gradually until the solution became turbid, the 
solution cooled and the crystalline precipitate recrystallized 
from alcohol; m. p. 139-140°; yield 2.8 g.

Anal. Calcd. for C22H22O4: C, 75.39; H, 6.33. Found: 
C, 75.08; H, 6.39.

One and seven-tenths grams of the carbinol, dissolved 
in 20 cc. of acetic acid, was oxidized to 2-(4"-methoxy- 
benzoyl)-4'-methoxybenzophenone with 2 g. of sodium 
dichromate, dissolved in 10 cc. of acetic acid; mixed m. p. 
157-159°; yield 1.3 g.

2-Methoxy-9-(£-anisyl)-anthracene (XI).—To 1.5 g. of 
anhydrous zinc chloride, dissolved in a mixture of 7.5 cc. 
of acetic anhydride and 7.5 cc. of acetic acid, there was 
added 5.0 g. of 2,5-di-(£-anisyl)-2,5-dihydro-3,4-benzofuran. 
The furan dissolved with evolution of heat and the crys­
talline anthracene soon began to precipitate. After one 
hour the mixture was diluted with 50 cc. of water and the 
anthracene recrystallized from acetic acid; yield 3.9 g.; 
m. p. 177-179 °.5 Solutions of this compound exhibit a 
blue fluorescence.

Five grams of 2-(4"-methoxy-a-hydroxybenzyl)-4'- 
methoxydiphenylcarbinol was treated with zinc chloride

(5) Blicke and Weinkauff [Th is  Jo ur n a l , 54, 1463 (1932)] found
175-176°.

in the manner described above. After one hour the crys­
talline anthracene was separated and recrystallized 
from acetic acid; yield 3.8 g .; m. p. 177-179°.

2-Methoxy-9-hydroxy-9-(£-anisyl)-anthrone-10 (XII). 
—Five grams of 2-methoxy-9-(£-anisyl)-anthracene, sus­
pended in 25 cc. of acetic acid, was heated for two hours 
on a steam-bath with 4 g. of sodium dichromate, dissolved 
in 4 cc. of hot water. The mixture was diluted with an 
equal volume of water and the precipitated, crystalline 
anthrone recrystallized from acetic acid; yield 4.5 g.; 
m. p. 202-203 °.6

2-M ethoxy-9,9-di-(^-anisyl)-anthrone-10 (XV).—Two
grams of 9-hydroxy-9-(£-anisyl)-anthrone-10, 6.0 g. of 
anisole and two drops of coned, sulfuric acid were heated 
for two hours on a steam-bath, the mixture treated with 
hot alcohol and the crystalline product recrystallized 
from acetic acid; yield 1.5 g.; m. p. 182-184°.7

Summary
It has been shown that a hydroxy- and a 

methoxyphenylanthrone can be obtained from a 
phthalin, from a benzofuran and from a benzoyl- 
benzophenone.

A free radical of the anthraquinone type has 
been described.

(6) Blicke and Weinkauff [ ib id ., 54, 1463 (1932)] reported 199- 
201° .

(7) Blicke and Patelski, [ ib id ., 60, 2640 (1938)] found 183-184°.

Ann Arbor, M ichigan R eceived August 22, 1938

Vol. 60

[Contribution from the Chemical Laboratory of Bryn M awr College]

The Introduction of Substituted Vinyl Groups. 1. Isopropenyl Alkyl Malonic
Esters

By Arthur C. Cope and Evelyn M. Hancock

The wide application of the malonic ester syn­
thesis to organic preparations has resulted in the 
description of a large number of mono- and di­
alkyl malonic esters, containing both saturated 
and unsaturated groups. While /3,7 -unsaturated 
(allyl) groups and groups with the double bond 
further removed from the point of attachment are 
readily introduced into malonic ester by the or­
dinary method, a,/3-unsaturated (vinyl) groups 
cannot be introduced directly, because of the in­
activity of the vinyl and alkyl substituted vinyl 
halides. Indirect methods for the introduction of 
vinyl groups are difficult and give poor yields,1 and 
as a result very few vinyl substituted derivatives 
of malonic ester have been prepared. In this 
paper a practical method is described for prepar­
ing disubstituted malonic esters in which one of

(1) C f. C-ope and McElvain, T h is  J ournal , 54, 4311 (1932).

the substituent groups is the isopropenyl or 1 - 
methylvinvyl (CH2= C (C H 3)—) group.

Kon and his associates,2 in the course of their 
investigation of three-carbon tautomerism, meth­
ylated isopropylidene malonic ester, which forms a 
sodium derivative through migration of a hydro­
gen from the 7 -carbon atom.
(CH3)2C=C(COOEt)2 +  N aO E t---->

OH I
EtOH +  [CH2= C (C H 3)C(COOEt)2]-  Na+ - ■->

(I)
CH2—C( CH3) C( CH3) (COOEt)a +  N al

This reaction was employed to prove that the so­
dium enolate was derived from the isomeric ^,7 - 
unsaturated ester CH2= C (C H 3) CH (COOEt)2, 
and was not extended as a possible synthetic 
method. The application of the reaction ap-

(2) Kon and Speight, J .  C h em . S o c ., 2727 (1926).
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peared to be limited, since the methylated ester 
undergoes alcoholysis readily in the presence of 
sodium ethoxide with the loss of a carbethoxy 
group as ethyl carbonate. The conditions of 
synthesis described by Kon and Speight,2 there­
fore, induce alcoholysis, particularly since two 
treatments with alcoholic sodium ethoxide and 
methyl iodide were required to complete the 
methylation. The slow alkylations, to be ex­
pected with less active alkylating agents, would 
allow time for extensive cleavage during the syn­
thesis.

We have found that the sodium enolate (I) can 
be prepared easily and almost quantitatively by 
reaction of isopropylidene malonic ester with 
sodamide, either in liquid ammonia solution or in 
an inert solvent. The resulting sodium deriva­
tive, preferably suspended in an inert solvent, can 
then be alkylated readily by the ordinary alkylat­
ing agents, such as the dialkyl sulfates or alkyl 
halides. Since the reaction mixtures are free 
from alcohol, the alkylations are successful even 
with the less reactive higher alkyl halides, some 
of which require long refluxing for appreciable 
reaction. The yields of pure isopropenyl alkyl 
malonic esters obtained by this method are as 
high as 90% when the more active alkylating 
agents are employed. Various primary alkyl 
groups have been introduced in good yield; the 
introduction of secondary groups is difficult. In 
cases in which the alkylation is not complete, the 
isopropenyl alkyl malonic esters may be purified 
conveniently by shaking with concentrated aque­
ous ammonia , at room temperature. Like other 
dialkyl malonic esters, the isopropenyl alkyl de­
rivatives are not affected by this treatment, while 
isopropylidene malonic ester is converted into 
acetone and malonamide.3 The properties of 
nine isopropenyl alkyl malonic esters, prepared 
and purified in this manner, are described in the 
Experimental Part.

The sodium enolate (I) may also be prepared 
by the reaction of isopropylidene malonic ester 
with powdered sodium in an inert anhydrous sol­
vent, such as ether or benzene. Unfortunately, 
a considerable amount of the isopropylidene ma­
lonic ester is reduced during the formation of the 
sodium enolate. Subsequent alkylation, there­
fore, produces a mixture of isopropenyl and iso­
propyl alkyl malonic esters which is difficult to 
separate.

(3) Kötz, J .  p ra k t. C h em ., [2] 75, 497 (1907).

Experimental Part
Ethyl Isopropylidene Malonate.—-Improved yields of 

this ester were obtained by using an excess of acetone in a 
procedure otherwise similar to tha t described by Scheiber 
and Meisel.4 A mixture of 1 kg. (6.25 moles) of ethyl 
malonate, 540 g. (9.3 moles) of acetone, 800 g. (7.8 moles) 
of acetic anhydride and 120 g. of freshly fused zinc chloride 
was heated under reflux in an oil-bath at 110° for twenty- 
four hours. The mixture was then cooled, and 800 cc. of 
benzene added. The nearly black solution was washed 
with four 500-cc. portions of water. The water washings 
were extracted with two 100-cc. portions of benzene, which 
were combined, washed with water and added to the main 
portion of the benzene solution. The wet benzene was 
removed by distillation under diminished pressure, and the 
remainder of the mixture was distilled in vacuum through a 
Vigreux column. A fore-run of acetic acid and acetic an­
hydride was collected, followed by 1200 g. of crude ester, 
b. p. 60-125° (18 mm.). The tarry residue amounted to 50 
g. The crude ester was redistilled through an adiabatic, 
total reflux, variable take-off Fenske type column with a 
70 X 1.2 cm. section packed with glass helices. The 
recovery of ethyl malonate, b. p. 81-83° (9 mm.), plus a 
small intermediate fraction was 411 g. (41%). A yield of 
654 g. (52%) of ethyl isopropylidene malonate, b. p. 111- 
113° (9 mm.), was obtained, w25d  1.4478, d 252s 1.0254, M b  
calcd. 51.23, obsd. 52.42, exaltation +  1.19.

Alkylations of Ethyl Isopropylidene Malonate
A. Sodamide Procedure.—The ethylation will be de­

scribed as a typical procedure. All apparatus was dried 
in an oven a t 100 to 150° before use. A 1-liter, three­
necked flask was equipped with an inlet tube, mercury- 
sealed stirrer and a reflux condenser attached to a soda lime 
tower. The tower was connected to a 3-liter bottle con­
taining 1 liter of water (stirred with another mercury- 
sealed stirrer), and to the bottle was attached a water trap 
leading to the sink. Hydrated ferric nitrate (0.3 g.) was 
placed in the flask, which was then cooled in a dry ice- 
acetone bath while 300 cc. of anhydrous liquid ammonia 
was introduced through the inlet tube from an inverted 
ammonia cylinder. The cooling bath was then removed 
and 12.65 g. (0.55 mole) of sodium added in small pieces. 
One piece was added and the solution stirred until the blue 
color changed to gray, and the remainder added rapidly. 
Stirring was continued until the solution was gray (ten to 
thirty minutes), and fifteen minutes longer. All of the 
sodium should have reacted to form sodamide before the 
ester is added, since any sodium present will tend to reduce 
the ester. The solution was again cooled in the dry ice- 
acetone bath and the ethyl isopropylidene malonate (100 g. 
or 0.5 mole) added during ten minutes from a separatory 
funnel (introduced in the neck which originally held the 
inlet tube). The solution was stirred for ten to thirty 
minutes and 300 cc. of dry, sulfur-free toluene and 25 ce. of 
dry ether added. The solution was stirred until most of 
the ammonia had evaporated (one to two hours). The 
flask was then placed in an oil-bath which was gradually 
heated to 110 °. During the heating the sodium derivative 
(I) precipitated as a gray solid and the last traces of the 
ammonia were distilled out through the reflux condenser

(4) Scheiber and Meisel, B e r ., 48, 247 (1915).
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Alkyl
group Alkylating agent

Hours
refluxed

Yield,
a %

Boiling point 
°C. Mm. M25 D dll

Mol. refraction 
Calcd. Found Formula

Carbon, % Hydrogen, % 
Calcd. Founds Calcd. Found

Methyl Dimethyl sulfate 0 88 .110-111 12 1.4370 1.0095 55.85 55.74 CiiHisOd 61.64 61.40 8.47 8.47
Ethyl Diethyl sulfate 1 81 117-119 13 1.4402 1.0008 60.47 60.28 C12H20O4 63.11 62.85 8.84 8.85
Allyl Allyl bromide 3 82 122-123 10 1.4500 1.0036 64.62 64.50 C13H20O4 64.96 64.96 8.39 8.45
Propyl Propyl bromide 19 50 132-133 17 1.4418 0.9847 65.09 65.10 C13H22O4 64.42 64.69 9.16 9.34
Isopropyl Isopropyl iodide 5 10 114-116 10 1.4381 .9872 65.09 64.59 C13H22O4 64.42 63.99 9.16 9.47
Butyl Butyl iodide 10 59 137-138 13 1.4419 .9768 69.71 69.58 C14H24O4 65.58 65.58 9.42 9.69
Isobutyl Isobutyl bromide 58 40 131-132 12 1.4422 . 9792 69.71 69.46 C14H24O4 65.58 65.80 9.42 9.51
Amyl Amyl bromide 9 50 147-148.5 12 1.4438 .9689 74.33 74.27 C15H26O4 66.62 66.73 9.70 9.71
Isoamyl Isoamyl bromide 25 36 140-141 11 1.4430 .9667 74.33 74.32 C15H26O4 66.62 66.75 9.70 9.86

a The first three reaction mixtures were neutral after refluxing for the number of hours indicated; the remainder 
were from 70 to 90% neutralized. 6 We are indebted to Miss Corris Hofmann for these analyses.

with the ether. The oil-bath was removed and 101.6 g. 
(0.66 mole) of diethyl sulfate added during ten minutes. 
The oil-bath was then replaced and heated to 135°. After 
refluxing for one hour the reaction mixture was neutral. 
I t  was cooled in ice and washed with two portions of cold 
water. The washings were extracted with ether, and the 
ether and toluene distilled off in vacuum. The residue 
was shaken for twelve hours with 200 cc. of concentrated 
aqueous ammonia at room temperature. The ester layer 
was separated and the ammonia solution extracted twice 
with ether. The ether and ester were washed with water 
and the product was distilled in vacuum.

Variations of this procedure are less convenient but may 
be used in some cases. Ether or benzene may be employed 
as inert solvents. After the sodamide is formed, the inert 
solvent may be added and the excess ammonia expelled 
before adding the ester. This procedure is as convenient 
as that described above if the inert solvent is ether, but the 
ester reacts slowly with sodamide in benzene or toluene, 
probably due to the insolubility of both sodamide and the 
ester enolate. The methylation with dimethyl sulfate pro­
ceeds satisfactorily in ether, but the other alkylating agents 
require temperatures higher than the boiling point of ether 
for reaction at a satisfactory rate. With the higher alkyl 
halides, the reaction mixtures never become neutral. I t is 
convenient in such cases to remove 2-cc. aliquots from time 
to time and determine the percentage reaction by titration 
with standard acid. If the reaction time is prolonged 
above that recorded in Table I, the yields are increased 
slightly in some cases, but in others increased amounts of 
high boiling material are formed. When the reaction mix­
tures do not become neutral, they should be neutralized 
with dilute hydrochloric acid before washing with water. 
Larger amounts of aqueous ammonia should be used to 
purify the product in such cases, and the treatment with 
aqueous ammonia may be prolonged to three or four days. 
In the alkylations giving poorer yields, it is convenient to 
distil the crude ester before shaking with ammonia in order 
to eliminate high boiling material. The esters were redis­
tilled through a Widmer column. The yields of purified 
products, their physical constants and pertinent data con­
cerning the preparations are recorded in Table I.

B. Sodium Procedure.—One-half mole of sodium was 
powdered under xylene and rinsed into a 1-liter, three­
necked flask with 500 cc. of dry ether. Ethyl isopropyli­
dene malonate (100 g. or 0.5 mole) was added during ten 
minutes with stirring and cooling in an ice-bath. The 
solution refluxed during the addition of the ester. The

solution was stirred and refluxed for twelve hours, after 
which the alkylating agent was added and the reaction 
mixture treated as in part A. Methylation with dimethyl 
sulfate required two hours, and ethylation with diethyl 
sulfate twenty-four hours a t the boiling point of ether. 
I t is advantageous to replace the ether with benzene or 
toluene if less active alkylating agents are used. The 
sodium derivative may be prepared by this method in 
benzene or toluene, but, whereas in ether the sodium de­
rivative separates as a flour-like solid and all of the sodium 
eventually reacts, in benzene and toluene stiff gels are 
formed and mechanical difficulties result.

0. Sodium Ethoxide Procedure.—In the methylation 
procedure described by Kon and Speight,2 a large amount 
of the product is decomposed by alcoholysis, due to the 
long contact of the alkylated ester with alcoholic sodium 
ethoxide. The yields are improved if the ethyl isopropyli­
dene malonate is treated once with sodium ethoxide and 
methyl iodide, and the unalkylated ester removed by shak­
ing with aqueous ammonia as described in part A. Higher 
alkyl groups are not introduced in good yield by the sodium 
ethoxide procedure, even under conditions designed to mini­
mize alcoholysis, as may be illustrated by the synthesis of 
ethyl butyl isopropenyl malonate.

A solution of sodium ethoxide was prepared in a 500-cc. 
three-necked flask by dissolving 5.75 g. (0.25 mole) of 
sodium in 200 cc. of absolute alcohol. The solution was 
cooled to —5° and 50 g. (0.25 mole) of ethyl isopropylidene 
malonate added with stirring a t —5 to —10°. After 
stirring for th irty  minutes at this temperature, 56 g. (0.30 
mole) of n-butyl iodide was added in one portion and the 
solution was heated rapidly to the boiling point. After the 
vigorous reaction had subsided, the mixture was refluxed 
until neutral (one and one-half hours). The solution was 
cooled, diluted with water, and the ester extracted with 
benzene. Distillation gave 49 g. of crude ester, b. p. 
110-128° (9 mm.), but after purification by shaking with 
concentrated ammonia for two days and redistilling, only 
12 g. (19%) of ethyl isopropenyl n-butyl malonate was 
obtained.

Purity of the Alkylation Products.—The purity of the 
esters produced by the sodamide procedure (A) is indicated 
by the close correspondence of calculated and observed 
molecular refractions recorded in Table I. Several of the 
esters were hydrogenated quantitatively and the reduction 
products characterized as further proof of their purity and 
identity. The esters (0.01 to 0.03 mole) in 20 cc. of alcohol 
were hydrogenated a t atmospheric pressure in the presence
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of 1 g. of palladinized charcoal,5 containing 100 mg. of 
palladium. The reductions were carried out at room 
temperature in a 100-cc. mechanically shaken bottle a t­
tached to a large gas buret. Under these conditions the 
methyl, ethyl and allyl substituted isopropenyl malonic 
esters (described in Table I) absorbed 99.3, 99.6 and 97.8% 
of the theoretical quantity of hydrogen. The reductions 
required approximately one-half hour. The reduced 
esters were obtained in 85-90% yield by filtering the cata­
lyst and distilling in vacuum. Ethyl methylisopropyl- 
malonate, b. p. 100-102° (11 mm.), was identified by con­
densation with urea in the presence of alcoholic sodium 
ethoxide to give 5-methyl-5-isopropylbarbituric acid, m. p. 
188-188.5°,6 and by saponification with 10% barium hy­
droxide to methyl isopropylmalonic acid, m. p. 123.5- 
124.5°.7 Ethyl ethylisopropylmalonate, b. p. 108-110° 
(11 mm.), was identified in a similar manner by conversion 
to 5-ethyl-5-isopropylbarbituric acid, m. p. 201.5-202.5°.8

The higher isopropenyl alkyl malonic esters are reduced 
very slowly with palladium at room temperature, but may 
be reduced rapidly and quantitatively at 150° over Raney 
nickel in the micro bomb described by Adkins.9 Thus 0.02 
mole of ethyl butyl isopropenyl malonate in 15 cc. of ethyl 
alcohol absorbed 99.7% of the theoretical quantity of hydro­
gen using 1 g. of catalyst. Ethyl butyl isopropyl malonate, 
b. p. 131-132° (11 mm.), was isolated as the reduction prod­
uct in 90% yield by filtering and distilling in vacuum.

(5) H artun g, T h i s  J o u r n a l , 50, 3372 (1928).
(6) Preisw erk, H elv. C h im . A c ta , 6, 192 (1923).
(7) V an R om burgh , R ec. tra v . ch im ., 5, 236 (1886).
(8) T horp, U . S. P a ten t 1,255,951; C. A . ,  12, 977 (1918).
(9) A dkins, T h i s  J o u r n a l , 55, 4272 (1933).

The esters obtained by the sodium alkylation procedure 
(B) contain a saturated impurity, which is presumably the 
corresponding isopropyl alkyl malonic ester, since it is not 
removed by long shaking with concentrated aqueous 
ammonia or by fractional distillation. Thus over palla­
dium catalyst as previously described the methyl and ethyl 
substituted isopropenylmalonic esters prepared by sodium 
alkylation absorbed only 76 and 72% of the theoretical 
quantity of hydrogen, respectively.

Summary
Ethyl isopropylidene malonate, (CH3)2C =C - 

(COOEt)2, forms a sodium derivative (formula I) 
almost quantitatively by reaction with sodamide 
in liquid ammonia solution or in inert solvents. 
By alkylation of this sodium derivative in inert 
solvents, eight new isopropenyl alkyl malonic 
esters, CH2= C (C H 3)C(R)(COOEt)2, have been 
prepared. The sodium derivative has also been 
prepared by reaction of ethyl isopropylidene malo­
nate with powdered sodium in inert solvents, but 
about 25% of the ester is reduced during the reac­
tion.

If the sodium derivative is prepared and alkyl­
ated in alcoholic solution, the yields of alkylated 
esters are poor, due to extensive alcoholysis which 
occurs during the synthesis.
B r y n  M a w r , P e n n a . R e c e i v e d  A u g u s t  9, 1938

[C o n t r i b u t i o n  f r o m  t h e  D a n i e l  S i e f f  R e s e a r c h  I n s t i t u t e ]

Interaction between Grignard Compounds and Maleic Acid Derivatives

B y  Ch . W eizm a n n  and  F. B er g m a n n

Recently, Tarbell1 reported on reactions be­
tween maleic and dimethylmaleic anhydrides with 
phenylmagnesium bromide: maleic anhydride re­
acted with two and three mols of the Grignard 
compound, respectively, giving phenylbenzoyl- 
propionic acid (I) and desylacetophenone (II, 
R =  C6H5). A s we have studied some time ago 
the action of various Grignard compounds on 
maleic anhydride and dimethyl maleate, in con­
tinuation of previous work on other dicarboxylic 
acid anhydrides, we may be allowed to describe 
briefly our results. In accordance with TarbelTs 
results, neither ethylmagnesium bromide nor 
butylmagnesium bromide or benzylmagnesium 
chloride gave the expected unsaturated keto acids, 
RCOCH=CHCOOH, even when the organo­
metallic compound was added to the anhydride;

(1) T arbell, T h i s  J o u r n a l , 60, 215 (1938).

the keto acids formed apparently react more 
quickly with the Grignard compounds than ma­
leic anhydride (or dimethyl maleate). The ex­
periments to be described have been carried out, 
using a large excess (8 mols) of the magnesium 
derivatives.

Dimethyl maleate reacted under these condi­
tions with 3 mols of each Grignard compound. 
The reacting products are 1,4-diketones of the 
general formula (II ): they are saturated, do not 
contain hydroxyl groups, as shown by their nega­
tive response to the Zerewitinoff test, and give the 
pyrrole reaction characteristic for 1,4-diketones. 
The keto groups, although resistant against the 
attack of semicarbazide in aqueous ethyl alcohol 
solution, react upon phenylmagnesium bromide:
6-butyl-5,8-diketododecane (II, R =  C4H9) gave 
a crystalline diol (IV), while the corresponding
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3-benzyl-l,6-diphenyl-2,5-diketohexane (II, R =  
CH2C6H5) took up only 1 mol of the Grignard 
compound, yielding (V); obviously, the second 
keto group is sterically hindered. The formation 
of the compounds (II) is completely analogous to 
the occurrence of desylacetophenone reported by 
Tarbell. The mechanism of the reaction leading 
to (II) is the following one: the methoxy groups 
are exchanged by the respective alkyl radicals, 
and subsequently 1 mol of the Grignard compound 
is added to the conjugated system, giving the 
enolate (III) of (II). The inverse order of the 
steps would not account for the formation of a di­
ketone as primary addition to the conjugated 
system in dimethyl maleate would give the eno­
late (VI), which could undergo further alkylation 
only on one side of the maleate. Theoretically, 
the enolate (III) could react one-sided with the 
excess of the Grignard compound; but this reac­
tion may be hindered for steric reasons.2 In one 
case the unsaturated diketone, primarily formed 
according to the above mechanism, reacts with 
more Grignard compound in 1 ,2- and not in 1 ,4- 
position: from the interaction between dimethyl 
maleate and butylmagnesium bromide an iso­
meric tributyl product was secured in small 
amounts; it contained one hydroxyl group, was 
unsaturated and, therefore, has to be formulated 
as (VII). The same substance has been ob­
tained from the analogous reaction with maleic 
anhydride.

The reaction of maleic anhydride upon the three 
Grignard compounds, in all cases, gave a mixture 
of acidic and neutral products. The acidic frac­
tions proved homogeneous, they consisted of the 
respective 7 ,7 -dialkyl-7 -hy droxy crotonic acids 
(VIII), which have been characterized by their 
^-phenylphenacyl derivatives. The presence of 
the tertiary hydroxyl group was proved by the 
Zerewitinoff method; it causes the easy dehydra­
tion of these acids, which makes their purification 
somewhat tedious. It is rather surprising that 
phenylmagnesium bromide, according to Tarbell, 
introduced the two hydrocarbon radicals in a dif­
ferent manner (reaction at one carbonyl group 
and subsequently at the remaining conjugated 
system ); our observations recall the behavior of 
phthalic and homophthalic anhydrides.3 The

(2) I t  is  n otew orth y  th a t  m eth y l m aleate differs from  other a,(3- 
unsaturated esters, w hich add G rignard com pounds preferentially  in  
th e  1,4-position . Com pare H ou b en -W eyl, “ M ethoden der or­
ganische C hem ie,” V ol. IV , Leipzig, 1924, p. 840.

(3) C f. ref. 2, p . 850; W eizm ann and co-workers, J .  C hem . S o c ., 
1367 (1935); K om p pa and R ohrm ann, A n n ,,  509, 259 (1934).

neutral fractions, deriving from the interaction 
between maleic anhydride and the Grignard com­
pounds, usually are complicated mixtures from 
which only the following individual reaction prod­
ucts have been secured: (a) in the case of benzvl- 
magnesium chloride a hydrocarbon of the for­
mula C32H28, therefore most probably (IX), the 
formation of which is analogous to that of tetra- 
phenyldihydrofuran obtained by Purdie and 
Arup4 in the case of phenylmagnesium bromide; 
(b) in the case of butylmagnesium bromide the 
same substance (VII) which had been isolated as 
by-product from the corresponding reaction with 
dimethyl maleate; (c) in the case of ethylmag­
nesium bromide, a compound C12H24O2, which 
contains one hydroxyl group and therefore had to 
be formulated as (X). To the presence of a ter­
tiary hydroxyl group points the inclination of The 
substance to spontaneous dehydration. The 
mechanism of the formation of (X) is self-ex­
planatory.

In this connection, experiments on the inter­
action between butyrolactone (XI) and phenyl­
magnesium bromide may be mentioned briefly: 
2 mols of the Grignard compound gave 1 ,1 -di- 
phenylbutane-l,4-diol (XII).5
I C6H5COCH2CH(C6H5)COOH
II RCOCH2CH(R)COR
III RC(OMgX)=CHCH(R)COR
IV (C4H9)(C6H5)C(OH)CH2CH(C4H9)C(OH)(C6H5)(C4H 9)
V (C 7H7)(C6H5)C(OH)CH2CH(C7H7)COC7H7

VI CH3OOCCH(R)CH—C(OMgX)(OCH3)
VII (C4H9)2C(OH)CH=CHCOC4H9
VIII (R)2C(OH)CH=CHCOOH
IX C6H5C H =C ( C7H7)CH=CHC( C7H7)=CHC6H5
X C2H5COCH2CH( C2H 5)C( OH)(C2H 5)2
XI c h 2------ c h 2

X II (C6H5)2C(OH)CH2CH2CH2OH 

Experimental
Dimethyl Maleate and Benzylmagnesium Chloride.—

The neutral reaction product boiled a t 205-210° under 
0.05 mm. pressure; on trituration with acetone it solidified 
and, after recrystallization from alcohol and subsequently 
from ligroin, formed leaflets, m. p. 136°; yield, 2.0 g. from 
7.25 g. (0.05 mol) of dimethyl maleate.

Anal. Calcd. for C2öH2402: C, 84.3; H, 6.7. Found: 
C, 84.6; H, 7.0.

3-Benzyl-l,6-diphenyl-2,5-diketo-hexane (II, R  = CH2- 
CöH ö) remained unattacked by coned, sulfuric acid, bro­
mine and by hydrogen in the presence of platinum black

(4) Pu rd ie and A rup, J .  C h em . S o c ., 97 , 1537 (1910).
(5) F or th e  analogous reaction  of coum arine, see H ouben , B e r .t 

37, 489 (1904).
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in glacial acetic acid solution; the absence of hydroxyl 
and methoxyl groups was indicated by the micro-Zere- 
witinoff and the Zeisel methods, respectively.6

Reaction with Phenylmagnesium Bromide.—The fore­
going substance (0.6 g.) was dissolved in benzene and added 
to the Grignard solution (prepared from 0.15 g. of mag­
nesium and 1 g. of bromobenzene); the mass was boiled 
for six hours and then decomposed with ice and dilute 
sulfuric acid. The reaction product was a viscous oil 
which crystallized on trituration with acetone and light 
petroleum. From ligroin (b. p. 130°) 2-hydroxy-5-keto-
l,2,6-triphenyl-4-benzylhexane (V) separated in the form of 
longish plates, m. p. 202°; coned, sulfuric acid gave a 
brown-red color reaction; yield 250 mg.

Anal. Calcd. for C31H30O2: C, 85.7; H, 6.9. Found: 
C, 85.7; H, 6.9.

Dimethyl Maleate and Ethylmagnesium Bromide.—The
reaction product, 5-ethyl-3,6-diketo-octane(II, R = C2H 5), 
boiled a t 143° (25 mm.) and 110° (1 mm.).

Anal. Calcd. for CioH180 2: C, 70.6; H , 10.6. Found: 
C, 70.5; H, 10.7.

The colorless liquid had n21 d 1.4538, d21 0.9661, hence 
M R = 47.63, while (II, R  =  C2H5) requires 47.27. Hy­
droxyl and methoxyl groups were absent, the pyrrole test 
was strongly positive.

Dimethyl Maleate and Butylmagnesium Bromide.—
From the neutral reaction product, two homogeneous frac­
tions were obtained by careful fractionation. At 115-120 0 
under 0.1 mm. pressure boiled 5-butyl-5-hydroxy-8-keto- 
dodecene-(é>) (VII), which according to its boiling point, 
refractive index (w18d 1.4536) and analysis was identical 
with the neutral product obtained analogously from 
maleic anhydride.

Anal. Calcd. for Ci6H3o02: C, 75.6; H, 11.8, active H, 
0.394. Found: C, 75.0, 75.3; H, 11.4, 11.7; active H 
(micro-Zerewitinoff), 0.483.

The main product, 6-butyl-5,8-diketododecane (II, R 
= C4H9) boiled at 136 0 under 0.05 mm. pressure; yield 9 g. 
from 14.4 g. (=  0.1 mole) of dimethyl maleate. Anal. 
Calcd. for Ci6H3o02: C, 75.6; H, 11.8. Found: C, 75.2; 
H, 11.6. I t  contained no hydroxyl or methoxyl groups, 
its diketone character was proved by reaction with phenyl­
magnesium bromide (see below), the 1,4-position of the 
carbonyl groups by the positive pyrrole test. The molecu­
lar refractivity, too, is in accord with (II, R  = C4H9): 
n21 d 1.4643; d20 0.9267; hence M R  =  75.60, while (II, R  = 
C4H9) required M R — 76.11. Reaction with Phenyl­
magnesium Bromide: The diketone (6 g.) was added to 
the Grignard solution (from 5 g. of magnesium and 30 g. of 
bromobenzene). After two hours of boiling, the reaction 
product was worked up as usual; it distilled a t 175-180° 
under 2.5 mm. pressure; it crystallized partly spontane­
ously (0.300 g.), from propyl alcohol as leaflets, from light 
petroleum (80-100°) as stout needles, m. p. 122-123°; 
coned, sulfuric acid gave an intensely yellow solution. 
The analysis pointed to formula (IV).

Anal. Calcd. for C28H42O2: C, 81.9; H, 10.2. Found: 
C, 81.7; H, 10.2. The oily fraction, which has not been

(6) T he reaction  for 1 ,4-d ik etones, carried ou t according to  Knorr 
[B e r ., 19, 46 (1886 )], w as stron g ly  p ositive .

obtained analytically pure, is most probably a dehydration 
product of (IV).

Maleic Anhydride and Benzylmagnesium Chloride.—The 
acid fraction, boiling under 0.7 mm. a t 210-220°, was in­
homogeneous, due to partial spontaneous dehydration, but 
on treatment with £-phenylphenacyl bromide the phenyl- 
phenacyl ester7 of 7,7-dibenzyl-7-hydroxycrotonic acid 
(VIII, R  = C7H 7) could be obtained; from propanol it 
crystallized in stout needles, m. p. 142-143 °.

Anal. Calcd. for C32H28O4: C, 80.7; H, 5.9; active H, 
0.219. Found: C, 80.6; H, 5.9; active H, 0.211.

The neutral reaction product boiled a t 215-220 ° under
1.5 mm. pressure. I t  crystallized on trituration with light 
petroleum and after recrystallization from ligroin (b. p. 
130°) formed prisms, m. p. 184°. Combustion analysis 
proved that l,6-diphenyl-2,5-dibenzylhexatriene-( 1,3,5) 
(IX) had been formed; maleic anhydride gave no addition 
product; most probably the ethylenic double bonds are too 
highly and not asymmetrically enough substituted.8

Anal. Calcd. for C32H28: C, 93.2; H, 6.8. Found: 
C, 93.3; H, 6.8.

Maleic Anhydride and Butylmagnesium Bromide.—The
acid product after many fractionations had b. p. 114° (0.05 
mm.) and consisted of 7,7-dibutyl-7-hydroxycrotonic acid 
(VIII, R = C4H9).

Anal. Calcd. for C12H22O3: C, 67.3; H, 10.3; active H, 
0.935. Found: C, 67.2; H, 9.8; active H, 0.915. I t 
was characterized by its ^-phenylphenacyl ester, which 
after crystallization from light petroleum had m. p. 79°. 
Anal. Calcd. for C26H32O4: C, 76.5; H, 7.8; active H, 
0.245. Found: C, 76.0; H, 8.0; active H, 0.265. The 
neutral product (VII) distilled a t 114° under 0.1 mm. pres­
sure; n22-5d 1.4568; d2\ 0.9069; yield, 4 g. (from 9 g. of 
maleic anhydride). Anal. Calcd. for C16H30O2: C, 75.6;
H, 11.8; active H, 0.394. Found: C, 76.2; H, 12.2; 
active H, 0.450.

Maleic Anhydride and Ethylmagnesium Bromide.—
7,7-Diethyl-7-hydroxycrotonic acid (VIII, R = C2H5), 
could not be obtained in analytically pure state, due to 
spontaneous dehydration; the main part of the product 
distilled a t 115° under 0.6 mm. pressure, n21T> 1.4510; d21
I. 0170. Anal. Calcd. for C8Hi40 3: C, 60.8; H, 9.0. 
Found: C, 62.6; H, 9.5. But this preparation gave a 
well-defined ^-phenylphenacyl ester, silky needles from 
alcohol, m. p. 77-78°. Anal. Calcd. for C22H240 4: C, 
75.0; H, 6.8. Found: C, 74.7; H, 6.8. From the filtrate 
of this ester, a second substance, from light petroleum (b. 
p. 80-100°) as quadratic plates, m. p. 138°, was isolated 
in minute quantities; it probably is the ^-phenylphenacyl 
ester of the corresponding unsaturated 7-ethylsorbic acid.

The neutral fraction had b. p. 75° (112°) under 1.5 (37) 
mm. pressure; it gave a brown-red color reaction with 
coned, sulfuriq acid. According to the analysis, it con­
sisted of 3-keto-6-hydroxy-5,6-diethyloctane (X). Anal. 
Calcd. for Ci2H2402: C, 72.0; H, 12.0; active H, 0.500. 
Found: C, 73.0; H, 11.3; active H, 0.592. In  the same 
direction points the molecular refractivity: n2lT> 1.4574;

(7) H . M eyer, “ N achw eis und B estim m un g organischer Verbin- 
dungen,” J. Springer, Berlin, 1933, p. 106.

(8) 1 ,2 ,3 ,4-T etraphenylbutadiene, e. g ., does n o t add "philodienic” 
com pounds. U npublished results from  our laboratories.
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dn 0.9269; hence M R — 58.82, while (X) requires MR  = 
59.15. We were unable to obtain this substance abso­
lutely free from an impurity of diketonic character, which 
gave a positive response to the pyrrole test.

Butyrolactone9 (VIII, 7.5 g.), in ethereal solution was 
treated with phenylmagnesium bromide (prepared from 2.1 
g. of magnesium and 13.7 g. of bromobenzene); violent 
reaction took place. The reaction product, isolated as 
usual, crystallized spontaneously. By recrystallization 
from benzene, the needles of l,l-diphenylbutane-l,4-diol 
(XII), m. p. 108°, were obtained; yield 2 g. Anal. 
Calcd. for C i6 H 180 2 : C, 79.3; H, 7.4; active H ,  0.827. 
Found: C ,  78.9; H ,  7.5; active H, 0.728.

(9) Johansson and Sebelius, B er ., 51, 4820 (1918), b. p. 104° at 19 
mm.

Summary
The reaction between dimethyl maleate and 

maleic anhydride and Grignard compounds (ben- 
zylmagnesium chloride, butylmagnesium bromide, 
ethylmagnesium bromide) has been studied. D i­
methyl maleate gives, by interaction with 3 mols 
of the organometallic compound, 1,4-diketones 
of the general formula RCOCH2CH(R)COR, 
while from maleic anhydride y, y-dialkyl-y~hy- 
droxycrotonic acids and a variety of neutral prod­
ucts are obtained.

The reaction mechanism is discussed.
Rehovoth, Palestine Received July 12, 1938

[Contribution from the Chemical Laboratory of Harvard University]

The Influence of «-Halogen Substitution on the Enolization of Ketones
B y E. P . K o h l e r 1 and  H . M . S o n n ic h se n

Halogen substitution in the a-position is known 
to promote the enolization of ketones in acid 
media,2 but the effect of a-halogen substitution on 
the enolization of ketones in basic solution has 
been investigated less extensively. Bartlett’s 
measurements of the rate of bromination and chlo­
rination of acetone in basic solution3 have indi­
cated that enolization is the rate-controlling step 
in the reaction of ketones with halogens in the 
presence of bases, and if this mechanism is correct 
there can be no doubt that a-halogen substitution 
promotes enolization in basic media, for in prac­
tically every case4 the only product which can be 
isolated from the alkaline halogenation of a methyl 
ketone is a trihalo methyl ketone or its cleavage 
products. Furthermore, if mono- and dihalo- 
methyl ketones are prepared, they are found to 
react with halogens in the presence of bases more 
rapidly than the corresponding unsubstituted ke­
tones.5

Direct chemical evidence for the theory that a- 
halogen substitution promotes enolization of car­
bonyl compounds is not plentiful. Watson ob­
served that brominated acetones and acetophe­
nones are acidic, but later proved that this acidity

(1) The investigations described in this paper were completed 
under the direction of Professor Kohler, but the manuscript was 
prepared for publication by the junior author after Professor Koh­
ler’s death.

(2) Watson and Yates, J .  C h em . S o c ., 3318 (1931); 1207 (1932).
(3) Bartlett, T h is  J o u rn al , 56, 967 (1934).
(4) Fuson has been able to obtain stepwise halogenation in only 

one case [Bull, Ross and Fuson, ib id ., 57, 764 (1935.)].
(5) Fuson, Lewis and DuPuis, ib id ., §4, 1114 (1932).

was to be ascribed to hydrolysis rather than 
enolization.6 Fisher7 found that several substi­
tuted dibromo acetophenones were markedly 
acidic, but like Watson did not attribute this 
acidity to enolization.

Thus, all discussion of the influence of a:-halo­
gen substitution on the enolization of carbonyl 
compounds in basic solution has been based on 
assumptions concerning the mechanism of bro­
mination of ketones. In the experiments with a- 
bromo-0,/3-diphenyl propionyl mesitylene de­
scribed below, we have found direct chemical 
evidence in support of the theory that a-halogen 
substitution promotes the enolization of ketones 
in basic media, independent of any assumptions 
concerning the mechanism of the reactions of 
carbonyl compounds.

Investigations in this Laboratory and elsewhere8 
have indicated that the mesityl radical has a 
marked influence on the stability of enols; there­
fore it might be expected that a-bromo-zS,/3-di­
phenyl propionyl mesitylene would be a rather 
easily enolized ketone. One would not expect 
the influence of the mesityl radical to be strong 
enough, however, to produce any marked pe­
culiarities in the behavior of a monoketone, so it

(6) Watson, Nathan and Laurie, J .  C h em . P h y s . , 3, 170 (1935); 
Edwards, Evans and Watson, J .  C h em . S o c ., 1942 (1937).

(7) Fisher and Walling, T h is  Jo u r n a l , 57, 1562 (1935).
(8) (a) Kohler and Thompson, ib id ., 59, 886 (1937); (b) Kohler, 

Tishler and Potter, ib id . , 57, 2517 (1935); (c) Barnes and Green, 
ib id ., 60, 1549 (1938); (d) Lutz and Wood, ib id ., 60, 705 (1938); 
(e) Barnes, ib id . , 57, 937 (1935); 60, 1168 (1938).
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was with considerable astonishment that we first 
observed that the above-mentioned bromoketone 
was extremely soluble in cold methyl alcoholic 
potassium hydroxide, so soluble in fact that it is 
extracted easily from benzene by alcoholic alkali.

The solubility of the bromide in ethanol is
0.214 g. per 100 cc. at 25°. In saturated ethyl or 
methyl alcoholic potassium hydroxide the solu­
bility is at least 50 g. per 100 cc. The bromide 
could be recovered quantitatively from these so­
lutions by acidification or dilution with water, but 
if they were allowed to remain for any length of 
time at room temperature, enough unsaturated ke­
tone, (C6H5)2C=CHCOC6H2(CH3)3, was formed to 
color the product yellow. The corresponding 
saturated ketone, (CöHs^CHC^COCe^CCH^, 
although it is quite soluble in alcohol, shows no 
evidence of solubility in methyl alcoholic potassium 
hydroxide. The corresponding a-bromoketone in 
the phenyl series, (CöHg^CHCHBrCOCeHö, was 
soluble in methyl alcoholic potassium hydroxide, 
but to a much smaller extent, and the original 
compound could not be recovered by acidification. 
Instead, a new substance melting at 230-240° was 
obtained, which was not investigated further.

The presence of the enolic modification of a- 
bromo-/3,/3-diphenyl propionyl mesitylene in solu­
tions in alcoholic potassium hydroxide was dem­
onstrated by the formation of the enol methyl 
ether in alkaline solution. Dimethyl sulfate gave
a 30% yield of (C6H5)2CHCBr=CC6H2(CH3)3, and 65%

OCH3
of the bromide was recovered unchanged, along 
with traces of /3-phenyl benzalacetomesitylene. 
Traces of the same ether were produced by 
methyl iodide.

a-Bromo-/3, /3-diphenyl propionyl mesitylene 
prepared by bromination of the Grignard addition 
product of phenylmagnesium bromide and ben­
zalacetomesitylene often contains more bromine 
than the theoretical percentage. A large batch 
of crude bromide was methylated with dimethyl 
sulfate, yielding 20% of the ether and about 75% 
of unchanged starting material. The recovered 
bromoketone was then recrystallized and an­
alyzed. Methylation of the analyzed sample gave 
the methoxyl derivative in 30% yield, leaving 
little doubt that only the bromoketone in the 
crude bromide underwent reaction as follows
(C6H5)2CHCHBrCOC6H2(CH3)3 +  (CH3)2S04---->-

(C6H5)2CHCBr==CC6H2(CH3)3

Proof of the position of the bromine atom in a- 
bromo-/3,/3-diphenyl propionyl mesitylene was 
hardly necessary, since the same substance has 
been prepared by direct bromination of the satu­
rated ketone, and the reactions of the Grignard re­
agent formed by treating the bromoketone with 
C2H5MgBr8b leave little doubt as to its structure. 
Further evidence of the position of the bromine 
atom was furnished by the bromination of benz- 
hydrylacetomesitylene in alkaline solution ac­
cording to Fuson’s method for brominating aceto­
mesitylene.9 The dibromide obtained, (C6H5)2- 
CHCBr2COC6H2(CH3)3, was identical with that 
formed by the alkaline bromination of a-bromo- 
/3,/3-diphenyl propionyl mesitylene.

To prove that the methoxyl compound did not 
have an indene structure, it was heated for forty- 
eight hours on the steam-bath with methyl alco­
holic potassium hydroxide. The insoluble crys­
tals gradually changed to a clear colorless oil, and 
potassium bromide was deposited. On acidifica­
tion of the solution, the oil became bright yel­
low, and from the ether extract crystals of pure 
/3-phenyl benzalacetomesitylene were obtained. 
Their identity was proved by hydrogenation to the 
corresponding saturated ketone and by their fail­
ure to depress the melting point of an authentic 
sample.

Experimental
a-Bromo-0,0-diphenyl Propionyl Mesitylene.—Twenty- 

five grams of benzalacetomesitylene in ether was added to 
a solution of phenylmagnesium bromide prepared from 5 g. 
of magnesium and 34 g. of bromobenzene. The solution 
was boiled for one hour, then cooled to —10 0 and stirred 
vigorously while 11 cc. of dry bromine was added dropwise, 
keeping the temperature below —5°. The magnesium 
derivative was decomposed immediately with ice and 
sulfuric acid and the precipitated bromoketone filtered off. 
The ether solution was washed with water, dried over 
calcium chloride and evaporated to recover the remainder 
of the bromoketone. The crude solid was recrystallized 
from benzene: yield of purified material, 80 to 90%, m. p. 
172-173°.

Preparation of (C6H5)2CHC(Br)=C(OCH3)C6H2(CH3)3. 
—a-Bromo-0,0-diphenyl propionyl mesitylene was dis­
solved in saturated methyl alcoholic potassium hydroxide 
by adding to the dry solid a number of cubic centimeters of 
the basic solution equal to twice the number of grams of 
solid. To prevent formation of unsaturated ketone, the 
bromide was ground finely and dissolved as rapidly as possi­
ble. Addition of 1 cc. of ether per 10 cc. of alcoholic alkali 
facilitated solution of the bromide, but if more than this 
was added the yield of methoxyl compound was reduced. 
After the solution became clear it was cooled in an ice-bath

OCH3 (9) Fuson and Walker, This Jo u r n a l , 52, 3269 (1930).
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and a number of cubic centimeters of dimethyl sulfate 
equal to the number of grams of bromide used was added 
with vigorous stirring and efficient cooling. The dimethyl 
sulfate was added as rapidly as possible without allowing 
the solution to boil. The maximum rate was three or four 
drops per second in runs on more than 25 g. of material and 
less in smaller runs. When about two-thirds of the di­
methyl sulfate had been added, evolution of gas became 
noticeable, and the mixture became semi-solid. The gas 
evolved was the same as that produced when methyl alco­
holic potassium hydroxide was treated with dimethyl sul­
fate ; it was identified as dimethyl ether by its boiling point. 
The reaction mixture was allowed to stand at ice-bath 
temperatures for several hours, usually overnight, then 
thoroughly washed with water to remove sodium sulfate 
and filtered to remove the rather insoluble starting material. 
This recovered bromide was washed with ether to remove 
all traces of methoxyl compound. The ether filtrate con­
tained the methoxyl compound, quite large amounts of 
bromide and barely enough unsaturated ketone to color 
the solution yellow. The ether solution, dried and evapo­
rated to a small volume, deposited crystals of the bromide. 
The methoxyl compound separated from the filtrate, but, 
following this, a mixture of the reaction product and start­
ing material was obtained, the bromide in fine needles and 
the methoxyl compound in large hexagonal plates. Sepa­
ration of the mixture was effected by extracting the diluted 
ether solution with methyl alcoholic potassium hydroxide, 
thus removing the bromide completely. The crystals 
could also be separated mechanically.

The methoxyl compound, m. p. 115-116°, separates as 
hexagonal plates from ether, is slightly soluble in petroleum 
ether and quite soluble in acetone and benzene.

Anal. Calcd. for C25H250Br: C, 71.3; H, 6.0; Br, 
18.97; CH30 , 7.36; mol. wt., 421. Found: C, 71.1; 
H, 6.2; Br, 19.1, 19.4; CH30 , 7.0; molecular weight in 
boiling acetone, 410,409, 403.10

The bromine determinations were carried out by the 
Carius method, but in order to decompose the sample 
completely it was necessary to heat the tubes for six hours 
a t 250°, open them and boil out the spent acid, then add 
fresh fuming acid and heat above 300° for eighteen hours.

(10) These determinations were made by Mr. D. M. Bowen.

Analyses by the Parr bomb method failed to decompose 
the sample.

a, a-Dibromo-/3,/3-diphenyl Propionyl Mesitylene.—£,/3- 
Diphenyl propionyl mesitylene and a-bromo-/3,/3-diphenyl 
propionyl mesitylene both gave nearly quantitatively the 
same dibromide, (CöH5)2CHC(Br)2COC6H2(CH3)3, when 
shaken for one week with a solution of bromine in aqueous 
alkali.9

Anal. Calcd. for C24H220Br2: Br, 32.86. Found: Br, 
33.0,33.0.

The ether solutions of a,a-dibromo-j3,/3-diphenyl pro­
pionyl mesitylene rapidly became colored on standing and 
liberated bromine. The pure white solid dibromide, m. p. 
135-136 °, is stable at ordinary temperatures, but turns red 
on heating. When the dibromide was heated on the steam - 
bath for thirty hours with 20% aqueous potassium hy­
droxide, about 75% of the dibromide was recovered un­
changed. The remainder was a yellow oil, which deposited 
crystals of /3-phenyl benzalacetomesitylene. When 2 g. of 
the dibromide was boiled with 25 cc. of saturated methyl 
alcoholic potassium hydroxide for five hours, all of the 
bromine was removed, since the resulting oil, after it had 
been taken up in benzene and washed with water, no 
longer gave a Beilstein test. When the solvent was evapo­
rated, crystals of /3-phenyl benzalacetomesitylene were de­
posited.

Summary

a-Bromo-/3, /5-diphenyl propionyl mesitylene 
was shown to exist as the enolic modification in 
solutions in alcoholic potassium hydroxide by the 
preparation of the enol methyl ether in alcoholic 
alkali.

The ease with which «-bromo-/3,/3-diphenyl pro­
pionyl mesitylene is enolized by bases is attributed 
to the influence of the halogen atom in the op­
position. This supports the theory that «-halo­
gen substitution favors enolization in alkaline 
media.
Cambridge, Mass. Received August 23, 1938
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[Contribution from the Department of Chemistry, Y ale University]

Hydantoins. LII.1 The Synthesis of N-3-Phenyl-S-p-hydroxybenzylhydantoin-N-
1-acetic Acid from Tyrosine-N-acetic Acid2

B y  E lin o r  W a r e 3

The purpose of this investigation was to study 
the effect of substituent groups on the cyclization 
of a derivative of hydantoic acid which might 
theoretically undergo ring closure to give either 
of two isomeric hydantoins. A large number of 
a-amino acids and the symmetrical imino dibasic 
acid, iminodiacetic acid, have been converted into 
hydantoic acid and hydantoin derivatives through 
the action of aryl isocyanates and isothiocyanates,4 
but similar reactions of an unsymmetrical imino 
dibasic acid of the type of tyrosine-N-acetic acid 
have not been studied. Reactions of isocyan­
ates with unsymmetrical imino dibasic acids are 
of especial interest since, for example, the sub­
stituted hydantoic acid prepared from tyrosine- 
N-acetic acid by treatment with phenyl isocyan­
ate might be expected to undergo cyclization to 
give either of two isomeric hydantoins: N-3- 
phenyl - 5 -p - hydroxybenzylhydantoin - N -1 - acetic 
acid (I), or N -3 -phenylhydantoin-N-1 -£-hydroxy- 
benzylacetic acid (II).

C6H6N—CO C6H5N—CO

the product obtained on neutralizing the cold al­
kaline reaction mixture was not the phenylureido 
derivative of tyrosine-N-acetic acid, but the closed 
hydantoin, N-3-phenyl-5-^-hydroxybenzylhydan- 
toin-N-1-acetic acid (I). This result is quite in 
accordance with the work of other investigators, 
who found that certain substituted hydantoic 
acids were so unstable that they underwent spon­
taneous ring closure in cold neutral solutions.5 
An attempt to prepare the acyclic phenylureido 
derivative of tyrosine-N-acetic acid by decom­
posing its copper salt with hydrogen sulfide gave 
similar results, the closed hydantoin (I) again 
being obtained when the filtrate from the copper 
sulfide was concentrated under reduced pressure 
at room temperature.

While the free acyclic dibasic phenylureidic acid 
was not isolated because of its strong tendency to 
undergo ring closure, it was obtained in the form 
of its dimethyl ester (III).

/C H 2COOCH3
c 6h 5n h c o n <

x CHCOOCH3 III
CO
I

h o o c c h 2n —CHCH2C6H4OH 

I

CO

HOOCCH—N—CH2
I

CH2C6H4OH
II

The fact that only one of these two isomeric hy­
dantoins was isolated when this particular reac­
tion was studied would appear to indicate that 
one of these hydantoins, because of the relative 
positions of its substituent groups, is formed 
much more readily from the corresponding acyclic 
hydantoic acid derivative than is its isomer.

When tyrosine-N-acetic acid was allowed to re­
act with phenyl isocyanate in alkaline solution,

(1) Previous papers of this series: L, Herbst and Johnson, T h is  
J o u r n a l , 54, 2463 (1932); LI, Haring and Johnson, ib id ., 55, 395 
(1933).

(2) Constructed from a dissertation presented in June, 1937, 
by the author to the Faculty of the Graduate School of Yale Uni­
versity in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy.—T. B. Johnson.

(3) University Scholar in Chemistry, Yale Graduate School, 
1936-37.

(4) Marckwald, Neumark and Stelzner, B e r ., 24, 3278 (1891); 
Mouneyrat, ib id . , 33, 2399 (1900); Neuberg and Manasse, ib id .,  
38, 2359 (1905); Bailey and Randolph, ib id ., 41, 2505 (1908); 
Brautlecht, J .  B io l . C h em ., 10, 139 (1911); Bailey and Snyder, 
T i n s  J o u r n a l , 37, 935 (1915).

c h 2c 6h 4o h

This ester was obtained by treating the dimethyl 
ester of tyrosine-N-acetic acid with phenyl iso­
cyanate in ether solution. Since this substance 
is only slightly soluble in ether, it was precipitated 
in crystalline form from the reaction mixture. 
This dimethyl ester of the phenylureido acid 
could be made to undergo cyclization to a hydan­
toin derivative by either of two methods. When 
boiled for half an hour with 25% hydrochloric 
acid, it was completely converted into N-3-phenyl-
5-£-hydroxybenzylhydantoin-N-l-acetic acid (I), 
the same compound which had been obtained 
when the alkaline reaction mixture of tyrosine-N- 
acetic acid and phenyl isocyanate was neutralized 
with mineral acid. Boiling of this ester in neutral 
aqueous solution for somewhat longer periods of 
time brought about the formation of the methyl 
ester of this same hydantoin-N-1-acetic acid.

The hydantoin prepared from tyrosine-N-acetic 
acid by the methods outlined above was proved

(5) Friedman, B e itr . C h em . p h y s io l. P a th ., 11, 160 (1908); Braut­
lecht, J .  B io l. C h em ., 10, 139 (1911); Hahn and Endicott, This 
J o urnal , 60, 1040 (1938),
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through synthesis to be N-3-phenyl-5-^-hydroxy- 
benzylhydantoin-N-1-acetic acid (I). N-3-Phenyl
5-anisalhydantoin was prepared according to the 
method of Wheeler and Hoffman,6 and then con­
verted into ethyl N-3-phenyl-5-amsalhydantoin- 
N-l-acetate by allowing ethyl chloroacetate to 
react with its sodium derivative in alcohol solu­
tion. By treatment with hydriodic acid in the 
presence of red phosphorus, this unsaturated ester 
was transformed into N-3-phenyl-5-^-hydroxy- 
benzylhydantoin-N -1 -acetic acid (I), which 
proved to be identical with the substance obtained 
through the action of phenyl isocyanate on tyro­
sine-N-acetic acid. Therefore, in these particular 
experiments only one of the two theoretically 
possible isomeric hydantoins was obtained through 
the methods of ring closure employed.

This N-3-phenylhydantoin (I) will break down 
under alkaline hydrolysis to form tyrosine-N- 
acetic acid, carbon dioxide, and aniline. This 
decomposition follows the same course as that of 
the corresponding N-3-methyl derivative, which 
was found by Hahn and Renfrew to be converted 
by intensive alkaline hydrolysis into tyrosine-N- 
acetic acid, carbon dioxide, and methylamine.7

Experimental
N-3 - Phenyl - 5 - p - hydroxybenzylhydantoin-N -1  - acetic 

Acid (I).—Four grams of tyrosine-N-acetic acid was dis­
solved in 25 cc. of water containing three equivalents (2.8 
g.) of potassium hydroxide, 2.0 cc. of phenyl isocyanate (a 
small excess) slowly added to the cold solution during a 
period of fifteen minutes, and the mixture mechanically 
stirred for seven hours while cooled in an ice-bath. The 
resulting milky solution was allowed to stand overnight a t 
room temperature, a little diphenylurea was removed, and 
the alkaline filtrate was again cooled and neutralized with 
an amount of hydrochloric acid equivalent to the potas­
sium hydroxide used. After all of the hydrochloric acid 
had been added, a gum precipitated and then slowly crys­
tallized. This precipitate weighed 4.8 g. and melted a t 
198-201° to a clear oil. After recrystallization from 200 
cc. of water, the melting point was raised to 202-203°. 
Additional quantities of this substance were obtained by 
concentration of the mother liquor, so that the yield was 
practically theoretical. This substance was shown to be 
N-3-phenyl-5-£-hy dr oxybenzylhydantoin-N-1 -acetic acid 
through comparison with a sample of this substance pre­
pared by another method, with which it proved to be 
identical.

Anal. Calcd. for Ci8Hi60öN2: N, 8.24. Found: N, 
8.25, 8.28.

This substance may be recrystallized most satisfactorily 
from boiling water, and can be made to separate in fairly 
large colorless crystals when its hot aqueous solution is

(6) Wheeler and Hoffman, A m . C h em . J . ,  45, 375 (1911).
(7) Hahn and Renfrew, T h is  J o urn al , 47, 147 (1925),

cooled very slowly. I t  is quite soluble in alcohol and in­
soluble in ether.

This same hydantoin (I) was obtained by the decomposi­
tion of the copper salt of phenylureido-tyrosine-N-acetic 
acid with hydrogen sulfide. The copper salt was prepared 
by adding the theoretical amount of cupric chloride to an 
aqueous solution of the dipotassium salt of the phenyl­
ureido acid. Since it was almost insoluble in both alcohol 
and water, it was not recrystallized or analyzed. This 
blue copper salt was suspended in 95% alcohol, and gaseous 
hydrogen sulfide led into the mixture. After the removal 
of the precipitated copper sulfide, the filtrate was concern 
trated under reduced pressure a t room temperature. 
When practically all the alcohol had been removed, the 
residue crystallized to give the same hydantoin (I) which 
previously had been obtained from solutions of the di­
potassium salt of the phenylureido acid.

This hydantoin (I) was also prepared from the dimethyl 
ester of phenylureido-tyrosine-N-acetic acid (III) by boil­
ing the latter with 25% hydrochloric acid. Two-tenths of 
a gram of the phenylureido ester was boiled for thirty 
minutes with 50 cc. of 25% hydrochloric acid. When the 
solution was cooled, a precipitate melting a t 195-200° was 
obtained. After recrystallization from water it melted a t 
202-203°.

CH3OOCCH2NHCH(CH2C6H40H)COOCH3, Dimethyl 
Tyrosine-N-acetate.—The hydrochloride of dimethyl 
tyrosine-N-acetate was prepared according to the method 
used by Hahn and Litzinger, through the treatment of 
tyrosine-N-acetic acid with a solution of dry hydrogen 
chloride in methyl alcohol.8 In  order to obtain the free 
ester, 2.0 g. of the ester hydrochloride was dissolved in 15 
cc. of water and 0.55 g. of sodium bicarbonate, the amount 
necessary to free the ester from its hydrochloride, added to 
the aqueous solution. The free ester was then extracted 
with ether, the total volume used being about 100 cc. 
The ether extract was dried over anhydrous sodium sulfate, 
filtered, and concentrated to a small volume. When the 
ether was nearly evaporated and the free ester began to 
crystallize, water was added carefully in small portions to 
complete the crystallization of the ester. Dimethyl 
tyrosine-N-acetate is very soluble in both methyl alcohol 
and ether, but only slightly soluble in water. I t  was re­
crystallized by dissolving in a small amount of methyl 
alcohol and precipitating with water. I t  melts to a clear 
oil a t 84-85°.

Anal. Calcd. for Ci3H 170 5N: N, 5.24. Found: N, 
5.25, 5.02, 5.08.

Dimethyl Phenylureido-tyrosine-N-acetate (III).—The
dimethyl ester of tyrosine-N-acetic acid was converted 
quantitatively into its phenylureido derivative by treat­
ment with phenyl isocyanate in ether solution. One 
gram of dimethyl tyrosine-N-acetate was dissolved in 100 
cc. of ether, and 0.8 cc. of phenyl isocyanate slowly added. 
The mixture was stirred in an ice-bath for three hours and 
then filtered from the precipitate which had begun to form 
at the end of twenty minutes. This precipitate consisted 
of the phenylureido derivative mixed with a small amount 
of diphenyl urea. I t  was purified by dissolving it in a 
small amount of methyl alcohol, filtering out the diphenyl 
urea, concentrating the alcoholic solution somewhat under

(8) Hahn and Litzinger, ibid., 54, 4664 (1932).
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reduced pressure, and reprecipitating the phenylureido 
ester by the addition of ether. The melting point was 
124-125° with evolution of a gas. This ester is very solu­
ble in methyl alcohol, only slightly soluble in ether, and 
insoluble in water. The analyses of recently recrystallized 
samples indicate the presence of a molecule of methyl 
alcohol of crystallization.

Anal. Calcd. for C20H22O6N2-CH3OH: N, 6.70.
Found: N, 6.66, 6.79, 6.77.

Since heating will cause partial decomposition of this 
ester, it cannot be freed from solvents by this method. 
The methyl alcohol appears to be lost after long standing 
over dehydrating agents, as indicated by the analyses of a 
sample which had stood in a desiccator over calcium chlo­
ride for several months, although the melting point was 
unchanged.

Anal. Calcd. for C2oH220 6N2: N, 7.26. Found: N, 
7.33, 7.36.

CH300CCH2NC0N(C6H5)C0CnCH2C6H40H, Methyl 
N-3-Phenyl-5 -^-liy  dr oxybenzylhydantoin-N-1-acetate.—
This ester could be prepared by either of two methods: 
(a) the esterification of the corresponding acid (I) with 
methyl alcoholic hydrogen chloride, or (b) the boiling of 
dimethyl phenylureido-tyrosine-N-acetate (III) in aqueous 
solution.

(a) Five-tenths of a gram of N-3-phenyl-5-/>-hydroxy- 
benzylhydantoin-N-1 -acetic acid (I) was dissolved in 25 cc. 
of methyl alcohol, and the solution saturated with dry 
hydrogen chloride. The reaction mixture was then heated 
for several hours and finally evaporated to an oil. Treat­
ment of this oil with methyl alcohol-water mixtures 
brought about the crystallization of the ester, m. p. 140- 
141°. I t  was recrystallized by dissolving in a few cc. of 
methyl alcohol and reprecipitating through the addition of 
water.

A nal. Calcd. for Ci9H i80 5N2-CH3OH : N, 7.25. Found: 
N, 7.19, 7.32, 7.19.

(b) The preparation of this ester by boiling the di­
methyl ester of phenylureido-tyrosine-N-acetic acid (III) 
in neutral aqueous solution was not so satisfactory, since 
only partial conversion occurred even after several hours of 
heating. One gram of the phenylureido ester was boiled 
with 200 cc. of water for one hour, during which time a 
large amount of gummy precipitate was formed. By re­
peated extraction of this gum with boiling water, several 
precipitates of the methyl ester of the hy dantoin-N-1- 
acetic acid (I) were obtained. The rest of the gum was 
converted into the corresponding acid (I) by boiling it 
with 25% hydrochloric acid.

C2H5OOCCH2NCON (C6H5) COC=CHC6H4OCH3, Ethyl 
N -3 - Phenyl - 5 - anisalhydantoin - N -1 - acetate.—In order 
to prove tha t the substance obtained through the action of 
phenyl isocyanate on tyrosine-N-acetic acid was N-3- 
phenyl-5-£-hy droxybenzylhy dantoin-N-1-acetic acid (I), 
it  was necessary to synthesize this compound by another 
method which could leave no doubt of the configuration of 
the compound. The first step in this synthesis was the 
preparation of N - 3  - phenyl - 5 - anisalhydantoin,

N H C0N (C6H6)C0C==CHC6H40CH3, which was then con­

verted into ethyl N-3-phenyl-5-anisalhydantoin-N-1-ace­
tate. Five grams of N-3-phenyl-5-anisalhydantoin, pre­
pared by the method of Wheeler and Hoffman6 from N-3- 
phenylhydantoin,9’10 was added to a solution of 0.43 g. of 
sodium in 50 cc. of absolute alcohol. The mixture was 
then heated for fifteen minutes, the phenylhydantoin dis­
solving as soon as the solution was hot, and 2.3 g. of ethyl 
chloroacetate (1.1 equivalents) added, together with 10 cc. 
more of absolute alcohol. The solution was now heated 
under reflux for three and a half hours. A heavy precipi­
tate of sodium chloride began to separate at the end of one 
hour. At the termination of the heating period, the reac­
tion mixture was poured into an equal volume of water, 
when a heavy precipitate was formed. This precipitate 
was extracted with chloroform in order to separate the 
reaction product from any unchanged N-3-phenyl-5- 
anisalhydantoin, and a residue of 2.5 g. of this hydantoin 
was obtained. The chloroform extract was evaporated 
almost to an oil and then treated with alcohol, when crys­
tals of the reaction product, ethyl N-3-phenyl-5-anisal- 
hydantoin-N-1-acetate, were obtained. After recrystal­
lization from absolute alcohol, they melted at 89-91°.

Anal. Calcd. for C2iH20O5N2: N, 7.38. Found: N, 
7.22, 7.32.

This ester was converted by treatment with hydrogen 
iodide and red phosphorus into N-3-phenyl-5-£-hydroxy- 
benzylhydantoin-N-1-acetic acid (I), reduction of the 
double bond, demethylation, and hydrolysis of the ester 
group taking place under the action of this reagent. 
Five-tenths of a gram of the unsaturated hydantoin ester 
was refluxed for three hours with 10 cc. of concentrated 
hydriodic acid in the presence of a small amount of red 
phosphorus. The mixture was then subjected to distilla­
tion under reduced pressure a t 110-120° in order to remove 
the methyl iodide formed during the reaction, as well as 
the excess of hydrogen iodide. Small amounts of water 
were added from time to time, and the distillation con­
tinued until the distillate gave no test for iodide ions. The 
residue was dissolved in hot water, filtered from red phos­
phorus, and the solution concentrated to five cc. Crystals 
of N - 3 - phenyl -b-p- hy droxybenzylhy dant oin - N -1 - acetic 
acid (I), melting a t 202-203° after recrystallization from 
hot water, were obtained from the cool solution. This 
hydantoin proved to be identical with the substance pre­
pared from tyrosine-N-acetic acid and phenyl isocyanate, 
as shown by a mixed melting point determination, as well 
as by a comparison of their other properties.

Hydrolysis of N-3-Phenyl-5~£-hydroxybenzylhydantoin- 
N-l-acetic Acid with Barium Hydroxide.—Hot aqueous 
solutions of 1 g. of N-3-pheny l-5-£-hy droxybenzylhy dan­
toin-N-1-acetic acid (I) and 3 g. of barium hydroxide were 
mixed and heated on a steam-bath for five hours, the total 
volume being kept between 10 and 15 cc. During the 
hydrolysis the odor of aniline could be detected and a 
white precipitate was formed. The hot mixture was fil­
tered and the filtrate concentrated to a small volume, 
when a second precipitate was obtained by the addition of 
alcohol. The two precipitates were suspended in hot 
water, and the barium exactly neutralized with sulfuric

(9) Paal, B e r ., 27, 975 (1894).
(10) Mouneyrat, ibid., 33, 2399 (1900).
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acid, the barium sulfate being subsequently filtered from 
the hot solution. After concentration of the filtrate, a 
precipitate of the imino dibasic acid, tyrosine-N-acetic 
acid, was obtained. This substance was identified by con­
version into its characteristic hydrochloride, m. p. 212- 
213° with evolution of a gas, by treatment with 1:1 
hydrochloric acid.8

Summary

Tyrosine-N-acetic acid, an unsymmetrical imino 
dibasic acid, will react with phenyl isocyanate to

form a phenylureido dibasic acid which appears 
to be stable only in the form of its salts or esters. 
The free phenylureido acid undergoes spontaneous 
ring closure in cold aqueous solutions to give a 
trisubstituted hydantoin. Although the phenyl­
ureido derivative of tyrosine-N-acetic acid may 
theoretically undergo cyclization to give either of 
two isomeric hydantoins, only one of these isomers 
was obtained under the conditions studied.
N ew H aven, Conn. Received August 18, 1938

[Contribution from the D epartment of Chemistry of the P olytechnic Institute of Brooklyn]

The Synthesis of 1,4-Di- (3;,4 '-dimethoxyphenyl) -butanone-2 (Veratrylhomoveratryl
Ketone)1

B y  R ichard  C arroll  and  P a u l  E . Sp o e r r i

The importance of a new general synthesis of 
the papaverine type of alkaloid was pointed out 
by Allen and Buck2 in 1930. The published 
methods for the synthesis of papaverine itself in­
volve the preparation of homoveratroylhomover- 
atrylamine3-5 through the condensation of homo­
veratrylamine with homoveratric acid. No at­
tempt has been made to prepare homoveratroyl- 
homoveratrylamine from the oxime of l,4-di-(3 ',4'- 
dimethoxyphenyl)-butanone-2 by means of a 
Beckmann rearrangement.6

It was felt that the synthesis of this tetrameth- 
oxy ketone would furnish a new approach to the 
preparation of a benzylisoquinoline alkaloid as 
illustrated by the following equations
(CH30)2C6H3CH2COCH2CH2C6H3(OCH3)2—  
(CH30)2 C6H3CH2 C(=N0H )CH 2 CH2 C6H3(0CH3)2— >

( C H 30 ) 2C 6 H 3 C H 2C 0 N H C H 2C H 2C 6H 3( 0 C H 3 ) 2

In a first attempt to prepare this ketone, 1,4- 
di-(3',4'-dimethoxyphenyl)-butanone-2, a Frie­
del-Crafts reaction between l-chloro-4-(3',4'-di- 
methoxyphenyl) -butanone-2 and veratrole was 
studied. The chloro ketone was made from 3,4- 
dimethoxydihydrocinnamoyl chloride by means

(1) Presented before the Division of Organic Chemistry of the 
American Chemical Society at the Dallas meeting, April, 1938. 
This paper is an abstract of the thesis submitted by Richard Carroll 
to the Graduate Faculty of the Polytechnic Institute of Brooklyn in 
partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in June, 1938.

(2) Allen and Buck, T h is  J o u rn al , 52, 310 (1930).
(3) Kindler and Peschke, A r c h . P h a r m ., 272, 236 (1934).
(4) Buck, Haworth and Perkin, J .  C h em . S oc., 125, 2183 (1924).
(5) Sugasawa and Tsuda, J .  P h a r m . S o c ., J a p a n , 55, 194 (1935), 

C . A . , 31, 6664 (1937), reduced dihomoveratroylamide.
(6) This reaction was suggested in a thesis by Ivey Allen, Jr., under 

J. S. Buck at Duke University, 1929.

of the Nierenstein7 reaction. The desired coup­
ling, as shown by the following equation, did not 
take place and the method was abandoned.
(CH3 0 )2C6H3CH2CH2C0 CH2C1 +  C6H4(OCH3)2 — >

( C H 30 ) 2C 6H 3C H 2C H 2C O C H 2C 6H 3 ( O C H 3) 2

The ketone was finally prepared by the follow­
ing series of reactions
( C H 30 ) 2C 6H 3C H 2C N  +  ( C H 30 ) 2C 6H 3C H 2C H 2C 0 0 C 2H 5 - >  

( C H 30 ) 2C 6H 3C H ( C N ) C 0 C H 2C H 2C 6H 3 ( 0 C H 3 ) 2 — >  

( C H 30 ) 2C 6 H 3C H ( C 0 N H 2) C 0 C H 2C H 2C 6 H 3 ( 0 C H 3 ) 2 — ^  

( C H 30 ) 2 C 6 H 3 C H 2C O C H 2C H 2C 6H 3 (O C H 3 )2

Ethyl 3,4-dimethoxydihydrocinnamate was con­
densed with 3,4-dimethoxybenzylcyanide to give 
1 -cyano -1,4- di - (3',4' - dimethoxyphenyl) - buta­
none-2 . This ketonitrile was hydrolyzed to 1- 
carbamyl -1,4 - di - (3 ',4' - dimethoxyphenyl) - buta­
none-2. This was further hydrolyzed and decar­
boxylated to yield 1,4-di-(3',4'-dimethoxyphenyl)- 
butanone-2 .

The hydrolysis of the ketonitrile, 1-cyano-1,4- 
di- (3',4'-dimethoxyphenyl) -butanone-2 , presented 
some difficulty. It was finally accomplished by 
prolonged treatment of the material with an ace­
tic-hydrochloric acid solution. The resulting 
amide, 1 -carbamyl-1 ,4-di- (3 ',4' -dimethoxyphenyl) - 
butanone-2, was decarboxylated to l,4-di-(3',4'- 
dimethoxyphenyl)-butanone-2 by means of dilute 
hydrochloric acid.

During the course of attempts to hydrolyze the 
above-mentioned ketonitrile, a product, melting 
at 209°, was obtained whose analysis corresponded 
to the calculated values for 1 -(3 ',4 '-dimethoxy-

(7) Bradley and Schwarzenbach, J .  C h em . S o c ., 2904 (1928).
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a-cyanobenzylidene) -5,6-dimethoxyindane. This
material resulted from treatment of the ketoni­
trile with sulfuric acid. It could be formed in 
accordance with the following reaction

CH3o / N c H( CN) COCH2CH

C H so l^J

CH3o / V — c h 2

cHs° 0 \ c / ^ H2

CCN

Q )°CH3
oen *

Experimental
3,4-Dimethoxydihy drocinnamoyl Chloride.—Thirteen

grams of 3,4-dimethoxydihydrocinnamic acid8 was treated 
with 6 g. of thionyl chloride. After standing for fifteen 
minutes the mixture was heated on a steam-bath for one 
hour and then distilled. The fraction boiling at 138-142° 
a t 0.5 mm. was collected and redistilled. I t  solidified to a 
white solid melting a t 40°9>10 which was identified by con­
version to the amide, melting a t 1210.

1 - Chloro - 4 - (3',4 ' - dimethoxyphenyl) - butanone - 2.— 
Forty-eight cc. of nitrosomethylurethan was converted to 
diazomethane by the method of von Pechmann11 and as 
used by Bradley and Robinson.12

To the ethereal solution (400 cc.) of diazomethane, 
cooled by ice, 27 g. of 3,4-dimethoxy dihy drocinnamoyl 
chloride in 75 cc. of absolute ether was added slowly. 
There was a vigorous evolution of nitrogen during the addi­
tion. The solution was then placed in an ice chest over­
night. After standing, dry hydrogen chloride was passed 
into the solution until the evolution of nitrogen ceased.

The solution was then evaporated to constant weight 
and allowed to stand. The chloro ketone crystallizes in 
rosets and has strong lachrymatory and vesicant properties. 
I t  can be recrystallized from alcohol and melts at 53°.

Anal. Calcd. for Ci2H16C103: C, 59.38; H, 6.23; Cl, 
14.60. Found: C, 59.04, 59.15; H, 6.14, 6.02; Cl, 14.71.

1 - Cyano -1,4 - di - (3 ',4 ' - dimethoxyphenyl) - butanone-2. 
—Twenty-three grams of 3,4-dimethoxybenzyl cyanide, 
prepared by the method of Pfeiffer, Quehl and Tapper- 
mann,13 was added to 32 g. of ethyl 3,4-dimethoxy dihy dro- 
cinnamate and heated to 60°. This mixture was added to 
a warm solution of 3.1 g. of sodium in 50 cc. of absolute 
alcohol.14

(8) Perkin and R obin son, J .  C h em . S o c ., 9 1 ,  1080 (1907).
(9) A fter stan d in g  several w eeks th e  m aterial changed to  a dark 

gum m y paste.
(10) P ic te t and F in k elste in , B e r ., 42, 1985 (1909), prepared th is  

chloride by using phosphorus pentachloride.
(11) Von Pechm ann, B e r .,  28, 856 (1895).
(12) B radley and R obinson, J .  C h em . S o c .,  1545 (1928).
(13) Pfeiffer, Quehl and T apperm ann, B e r .,  63, 1301 (1930).
(14) Pfeiffer, Quehl and T ap perm ann13 used an alcoholic solution  

of sodium  ethoxid e for th is  ty p e  of condensation , w hile H aw orth  and
co-workers, J .  C h em . S o c .,  1426 (1934), em ployed a suspension of
potassium  ethoxide in benzene.

The reaction mixture was refluxed15 on a steam-bath for 
three hours and then allowed to stand for two days. 
During the heating, yellow colored crystals appeared. 
After standing, the solid material (sodio derivative of 1- 
cyano-1,4-di-(3',4 '-dimethoxyphenyl)-butanone-2) was re­
moved by filtration, washed with absolute alcohol and air 
dried. I t  was then dissolved in 400 cc. of water and the 
solution was extracted with ether. The aqueous layer 
was then placed under a vacuum to remove the dissolved 
ether. This was followed by the addition of 25 cc. of 
hydrochloric acid. The heavy gum which precipitated, 
crystallized in a few hours; yield 39 g. I t  was recrystal­
lized from a dilute alcoholic solution and melted a t 76°.16

Anal. Calcd. for C21H23N 0 5: C, 68.28; H, 6.27; N, 
3.79. Found: C, 67.72, 67.60; H, 6.05, 6.14; N, 3.80, 
3.86.

1 - Carbamyl -’1,4-di-(3 ',4 '-dimethoxyphenyl) -butanone-
2.—Fifteen grams of 1-cyano-l ,4-di- (3 ',4'-dimethoxy- 
phenyl)-butanone-2 was dissolved in a mixture of 112 cc. of 
glacial acetic acid and 112 cc. of concentrated hydrochloric 
acid contained in a glass-stoppered flask. After standing 
for four days between 15 and 20°, the solution was 
poured into 1800 cc. of water and allowed to stand for 
twenty-four hours. A gum separated which clung to the 
walls of the beaker (if a crystal is added at the time of 
dilution a solid is obtained). The water layer was removed 
and the residue was dissolved in hot alcohol and filtered. 
The filtrate was evaporated to 10 cc. The product crys­
tallized very slowly in buff colored plates. I t  gives a violet 
coloration with ferric chloride and dissolves in aqueous 
sodium hydroxide. I t  can be recrystallized from alcohol 
and melts a t 123 ° ; yield 4 g.

Anal. Calcd. for C21H25N 0 6: C, 65.10; H, 6.50; N, 
3.61. Found: C, 65.08,65.18; H, 6.41, 6.58; N,3.80.

1,4 - Di - (3',4' - dimethoxyphenyl) - butanone - 2.—Two 
grams of 1 - carbamyl - 1,4 - di - (3',4' - dimethoxyphenyl)- 
butanone-2 was added to 120 cc. of a solution of 12 cc. of 
concentrated hydrochloric acid in 138 cc. of water. This 
mixture was boiled for two hours. After cooling, the 
water solution was decanted and the remaining gum was 
dissolved in hot alcohol. This solution was filtered and 
evaporated to 4 cc. Buff colored crystals were deposited 
on standing; yield 0.90 g. The material was recrystallized 
from alcohol and melted at 76°.

Anal. Calcd. for C20H24O5: C, 69.75; H, 7.02. Found: 
C, 69.45, 69.85; H, 7.04, 7.13.

Dinitro Derivative.—Nitration in acetic acid yields a 
dinitro derivative which can be recrystallized from acetic 
acid, and melts at 195 °.

Anal. Calcd. for C2oH22N20 9: C, 55.30; H, 5.10; N, 
6.45. Found: C, 54.92, 55.09; H, 4.89, 5.03; N, 6.34, 
6.27.

Compound Melting at 209°.—One-fifth gram of 1- 
cyano -1,4 - di- (3',4' - dimethoxyphenyl) - butanone-2 was 
added to 5 cc. of a sulfuric acid solution (3 volumes H2S04:2 
volumes H20) and warmed on a steam-bath for ten minutes.

(15) All of the glassware was previously dried and the solution 
protected from moisture by a calcium oxide tube.

(16) A portion of this material was recrystallized after standing 
several months. It then melted at 122° and gave the following 
analytical results: C, 68.49, 68.66; H, 6.11, 6.05; N, 3.92, 4.04.

0OCH3

o c h 3
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The solid first dissolved, this was followed by the appear­
ance of yellow colored needles. After cooling, the solution 
deposited a curdy yellow precipitate. The solid was recrys­
tallized from ethyl acetate and melted at 209°; yield 0.12 g.

Anal. Calcd. for C2iH2IN 04: C, 71.78; H, 6.02; N, 
3.99. Found: C, 71.76, 72.15; H, 5.85, 6.14; N, 4.32, 
4.24.

Summary
1. Methods have been described for the prepa­

ration of l-cyano-l,4-di-(3',4'-dimethoxyphenyl)- 
butanone-2, 1-carbamyl-1,4-di- (3 ',4 '-dimethoxy- 
phenyl)-butanone-2 and l,4-di-(3',4'-dimethoxy- 
phenyl) -butanone-2 .

2 . Attempts to prepare l,4-db(3',4'-dimeth- 
oxyphenyl)-butanone-2 by means of a Friedel- 
Crafts reaction were unsuccessful.
Brooklyn, N. Y. Received August 17, 1938

[Contribution N o. 175 from the Research Laboratory of Organic Chemistry, M assachusetts Institute of 
Technology, and from the Chemical Laboratory of M cGill University]

The Influence of Branched Chains on Optical Activity. The Configuration of Propyl- 
f-butylcarbinol, with a Note on the Relation between Rotatory Power and Chemical

Character
B y  P h il ip  G. St e v e n s , W. E dw ard  H ig b e e 1 and  R o b e r t  T. A r m str o n g2

In a previous paper on this subject3 4 5 the con­
figuration of dextro methyl-/-butylcarbinol, as 
determined by Freudenberg’s displacement rule,

Fig. 1.—A, w-Butyl alcohol4; B, pinacolyl alcohol;
C, ethyl alcohol.5

(1) Present address: Dennison Manufacturing Company, Fram­
ingham, Massachusetts.

(2) Present address: General Laboratories, U. S. Rubber Prod­
ucts Co., Passaic, New Jersey.

(3) Stevens, T h i s  J o u r n a l , 55, 4237 (1933). ^
(4) Bielecki and Henri, B e r ., 45, 2819 (1912).
(5) Harris, ib id . , 55, 1940 (1933).

was found to be the same as dextro methyl-w- 
butylcarbinol. It was therefore apparent from 
their molecular rotations, + 7 .8° and +12.0°, 
respectively, that the /-butyl group did not cause 
as great a shift in the rotation as the isopropyl 
(+ 4 .7°), or the cyclohexyl (+ 7 .4°) group. This 
result was unexpected as it was felt that, if branch­
ing of the chain were responsible for the observed 
shift, the completely branched /-butyl group 
would cause a greater shift. Therefore the sug­
gestion was made that the real effect of the singly 
branched group was due to the presence of a ter­
tiary hydrogen atom. According to the theories 
advanced by Kuhn and Freudenberg,6 this hydro­
gen atom might well bring about a shift in the rota­
tion, since it represents another center of chemical 
reactivity close to the asymmetric carbon atom.

On the other hand, something may be abnormal 
about the /-butyl group. However, methyl-/- 
butylcarbinol shows no anomalous absorption 
bands in the near ultraviolet, and is similar to 
other carbinols as shown in Fig. 1. The high 
transmission of this carbinol as compared with 
other carbinols with a fewer number of carbon 
atoms may possibly be attributed to the high 
purity of the sample used.

Anomalous properties are often found in the 
lowest member of various series. This has been 
found to be true for the rotations of the isopropyl 
series.7 A determination of the configuration of

(6) Kuhn, T ra n s . F a r a d a y  S o c ., 26, 293 (1930); Kuhn, Freuden­
berg and Wolf, B e r ., 63, 2367 (1930).

(7) Stevens, ib id . , 54, 3732 (1932); Levene and Marker, J .  B io l.  
C h em ., 101, 413 (1933).
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the third member of the /-butyl series, propyl-/- 
butylcarbinol, has now demonstrated that this is 
also the case here. This determination shows 
that levo propyl-/-butylcarbinol has the same 
configuration as dextro methyl-/-butylcarbinol on 
the basis of Freudenberg’s displacement rule, for 
a dextro shift occurs in the rotations on passing 
from the acetates to the benzoates, and to the 
phthalates.

T able I
>----------------------- (M ) D ------------------------------ .

PhthalateCarbinol acetate Benzoate (CHCI3)
CH3CHOH C4H9-/ +  7.8 +25.5 +93.4 +159.7

+ 86.3 (CHCI3)
C3H7CHOHC4H9-/ - 55 .2 8 - 5 9 . 3  -19.9 + 8.4

— 20.3 (CHCI3)

The /-butyl series belongs therefore to the same 
class as the isopropyl and cyclohexyl series, as 
shown in Table II.

Table II9

CHs
(M) D
C 2H 5 C 3H 7

c h 3c h 2c h 2c h 2c h o h - 4-12.0 +  9.4 +  0.95
(CH3)2CHCHOH- 4- 4.7 -1 6 .7 -2 7 .1
CcHuCHOH- 4- 7.4 - 1 1 .5 -1 7 .0
(CH3)3CCHOH- 4- 7.8 -5 5 .2

The high levo rotation of propyl-/-butylcar- 
binol shows that in cases where anomalies are 
avoided, the fully branched /-butyl group causes a 
much greater shift in the rotation than either of 
the other branched groups.10

It is therefore obvious that the controlling fac­
tor is not the tertiary hydrogen atom of the iso­
propyl and cyclohexyl groups, but rather the 
chemical character of the group as a whole. The 
chemical effect of branched chain groups is well 
established, as evidenced by the great difference 
in reactivity between primary, secondary and 
tertiary alcohols and halides. There is also a 
chemical effect of these groups when once re­
moved from the hydroxyl group. This is shown 
by the marked tendency of carbinols containing 
these groups to undergo rearrangement when de­
hydrated or converted to halides.11

(8) Probably close to the maximum.
(9) Values from Pickard and Kenyon, J .  C h em . S o c ., 99, 45 (1911);

101, 620 (1912); 105, 830, 1115 (1914); Levene and Marker, J.
B io l . C h em ., 97, 379 (1932); Levene and Harris, ib id ., I l l ,  723 
(1935); Kuhn and Biller, Z . -ph ysik . C h em ., B29, 1 (1935).

(10) On this evidence the /-butyl group can be placed tentatively 
between the isopropyl group and the methyl group in Marker’s 
configurational table [ T h i s  J o u r n a l , 58, 976 (1936)].

(11) Michael and Leupold, A n n ., 379, 271 (1910); Michael and 
Zeidler, ib id . , 385, 227 (1911); Whitmore and Rothrock, T h i s  
J o u r n a l , 54, 3431 (1932); 55, 1106 (1933); Whitmore and John­
ston, T h i s  J o u r n a l , 60, 2265 (1938).

It is significant that only those carbinols which 
rearrange readily show a large shift in the rota­
tion from the first to the next two higher members 
of the series. The sign of rotation is actually 
reversed in the latter two. Cyclohexylcarbinols, 
which show this large shift, have likewise now been 
found to rearrange. There seems therefore to be 
a connection between the chemical effect and ro­
tatory effect of branched groups.

Table III shows the results on the conversion of 
several active carbinols to halides under standard 
conditions. The rotations and per cent, of re­
arrangement may be compared. There appears 
to be a relationship between the amount of rear­
rangement caused by each branched chain group, 
and the degree of rotatory shift, the order being 
cyclohexyl <  isopropyl <  /-butyl.

Table III

CH3CHOHC4H9-w

Carbinol
CtD

+  7.11

Chloride 
CtD  % /-Cl
12.6 1.1

Rearrange­
ment % 

112
CH3CHOH C3H7-/ +  0.90 - 0.01 92.5 92-93
CHsCHOHCeHn +  4.59 + .17 80.6 80-81
CH3CHOHC4H9-/ +  3.78 — .02 99.4 99-100
c 3h 7c h o h c 4h 9-/ +29.82 + .72 94.2 94-95

We are indebted to Professor James F. Norris 
for the facilities of the Laboratories of the Massa­
chusetts Institute of Technology where the major 
part of this work was done, and also to the Mal­
linckrodt Chemical Works for donating so gener­
ously the large amounts of strychnine necessary 
in this work.

Experimental Part
In this work, all rotations are for the homogeneous state 

unless otherwise stated.
Dextro Propyl-+butylcarbinol.—The carbinol, prepared 

from /-butylmagnesium chloride and w-butylaldehyde, was 
converted into the acid phthalate, and resolved with 
strychnine in 95% alcohol. After twelve crystallizations, 
the salt was decomposed, the phthalate examined, (iff)24d 
(CHCI3) —7.2° (max. —8.4°), and converted to the 
carbinol in the usual way, b. p. (36 mm.) 74.5-75.0°, 
n25d 1.4251, d2h 0.8215, (iff)25d +47.2°. The activity 
of the carbinol obtained from the corresponding unsatu­
rated carbinol by reduction indicates that this value is not 
the maximum. By calculation the highest observed 
(iff)D  would be 4-55.2°. This is probably close to the 
maximum, and is tentatively therefore designated as the 
maximum.

Anal. Calcd. for C8Hi80 : C, 73.8; H, 13.9. Found: 
C, 73.9; H, 13.9.

Dextro Propyl-/-butylcarbinol Acetate and Benzoate.—
These derivatives were prepared as described earlier for

(12) This value does not include the amount of rearrangement 
(presumably very small) resulting in isomeric secondary halides.
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Summary op Experimental D ata13

Carbinol
Carbinol

aD
Time,
days CKD

-  Crude chloride----
% tertiary Ci w25d

A CH3-C4H9-» (1) +  7.11 1 -1 2 .5 8 1 .1(2  hr.) 1.4148
(2) +  7.11 19 -1 1 .5 2 0 .8  (2 hr.) 1.4140°

B CH3-C3H7-4 +  0.90 2 -  0.01 92.5 (0.6 hr.) 1 .4058c
C CH3-C6H ii +  4.59 7 +  0.17 80.7 ( 4 hr.)12
D CHs-CéHr* +  3.78 2 -  0.02 99.4 (0.5 hr.) 1.4174
E C3H7-W-C4H9-/ +29.82 3 +  0.72 94.2 (3 hr.)

Distilled Chloride
B. P-°C. Mm. aD % tertiary Cl w25d d*h

Total chlorine, % 
Calcd. Found

A 122-123 760 1.41536
B 84.5-86.0f 760 1.4051*
C 69.5-70.0 19 +0.096 84.0 (3 hr.) 1.4636 0.9697 24.2 25.0
D 111.0' 750 1.4175
E 56.0-56.3 19 +0.72  . 94.3 (3 hr.) 1.4320 .8794 23.9 24.6

a n 21-5d 1.4156.14 b At 21.5°. c At 20°: /-amyl chloride before distillation, n 20D  1.4054; s-isoamyl chloride, n 20i> 

1.4095.15 d Total chlorine, calcd. 24.2; found 24.2. e Distillation residue, a 27D  +0.44°. f With slight evolution of 
hydrogen chloride.

methyl-Z-butylcarbinol derivatives,3 the acetate, b. p. (20 
mm.) 73.0-73.5°, (A023d +50.7° (max. +59.3°), n25d 
1.4133, d2h 0.8568.

Anal. Calcd. for C10H20O2’. C, 69.7; H, 11.6. Found: 
C, 69.9; H, 11.8.

The benzoate, b. p . (4 mm.) 117.5-117. 8 °  (Af)23d  
+  17.0° (max. +19.9°), (max. CHC13, +20.7°), #25d 
1.4873, d254 0.9570.

Anal. Calcd. for C15H22O2: C, 76.9; H, 9.4. Found: 
C, 77.1; H, 9.5.

Dextro Propenyl-/-butylcarbinol.—The highest rotation 
obtained with this carbinol, previously described,16 was 
(Af)23d +23.5°, with a phthalate of (Af)23d(CHC13), 
— 16.2°. Another sample, a 22d  —0.60°, yielded the satu­
rated carbinol, when reduced with Adams platinum cata­
lyst in alcohol solution, with a 22D — 1.410.

Chloride Formation from Secondary Carbinols.— 
Seven to eleven cc. of each carbinol was sealed in a tube 
with 40-60 cc. of concentrated hydrochloric acid saturated 
with dry hydrogen chloride a t —10°. The mixture was 
then allowed to warm up to 25°, shaking frequently. In 
all cases, except those of the octanols, the solution was 
homogeneous. In the latter, the carbinols did not dissolve 
in the hydrochloric acid, and the carbinol layer at first ex­
panded, and then slowly contracted as the reaction pro­
ceeded. When the volume remained constant for a con­
siderable length of time, the reaction was deemed complete. 
Generally, however, after one to two days, the chlorides 
had separated completely, and were then washed 2-5 times 
with concentrated hydrochloric acid, once each with ice 
water and iced sodium bicarbonate, and dried over an­
hydrous potassium carbonate. The chlorides were in every 
case free of olefins as shown by their failure to absorb 
bromine in either carbon tetrachloride or acetic acid. The 
chlorides were analyzed by Michael’s method11 for tertiary 
chlorides. This was carried out by shaking one gram of

(13) The rotations were measured at 21-27°.
(14) Compare Zelinski and Przewalski, Chem . Ze?itr., 79, II, 

1854 (1908).
(15) Whitmore and Johnston, T h i s  J o urnal , 55, 5020 (1933).
(16) Stevens, T h is  J o u rn al , 57, 1112 (1935).

. each with 250 cc. of water17 until no more acid was evolved. 
This took about one-half to one hour, except in the cases of 
the more insoluble octyl chlorides which required three to 
four hours for hydrolysis to reach a standstill.18

Dextro Methyl-Z-butylcarbinol.—The carbinol, 
b. p. 120° (760 mm.), ct27D +  3.78°, was redis­
tilled in an all-glass apparatus before determining 
the absorption spectrum with a Hilger Spekker 
Photometer and E316 Quartz Spectrograph. 
The molal extinction coefficient, e, was calculated
from the formula e — ^  log ~  where c was 7 .97,
the concentration in moles per liter, and d was 2, 
the length of the cell in centimeters. The sample 
examined showed continuous absorption as indi­
cated in Fig. 1. After standing for several weeks, 
the same sample showed an intense absorption 
band at 2800 A., due no doubt to partial oxidation 
to pinacolone.

Summary
1 . Dextro methyl-/-butylcarbinol is configura­

tionally related, according to the displacement 
rule of Freudenberg, with levo propyl-/-butyl- 
carbinol.

2. The /-butyl group, in the third member of 
that series, causes a greater shift in the rotation 
than either the isopropyl or cyclohexyl groups.

3. A relation between rotatory power and 
chemical character has been pointed out, and in a 
number of cases confirmed.
Cambridge, M assachusetts
M ontreal, Canada Received M ay 23, 1938 17 18 *

(17) The chloride from s-isoamyl alcohol was shaken with only 50 
cc. of water.

(18) Compare Woodburn and Whitmore, T h i s  J o u r n a l , 56, 1394
(1934).
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“Glorieta” Monazite
B y  O. B . M u en c h
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Several years ago, Dr. A. C. Lane secured a 
large and almost perfect crystal of monazite from 
P. Krieger, who had obtained it from someone 
near Glorieta, New Mexico, and was under the 
impression that originally it had come from a de­
posit in that neighborhood. A small fragment of 
this crystal was sent by Lane to Dr. F. Hecht in 
Vienna. The microanalysis made by F. Hecht 
and Edith Kroupa is reported on page 44 of “The 
Report of the Committee on the Measurement of 
Geologic Time,” of the National Research Coun­
cil, April, 1935.

The Committee on the Measurement of Geo­
logic Time is interested in obtaining a quantity 
of “thorium-lead,” free from “uranium-lead” and 
common lead, for an atomic weight determination 
and other experimental purposes. Mr. Rufus C. 
Little of Albuquerque, who was in possession of 
twenty to thirty pounds of the monazite, kindly 
agreed to furnish specimens of the mineral which 
he had personally collected from the old Cribben- 
ville Mica Mine near Petaea, New Mexico. It is 
quite possible that the crystal which Krieger had 
obtained came from the same deposit.

Monazite is suitable material to use for an age 
determination by the lead-uranium method. 
This particular monazite sample consisted of large 
pieces (crystal fragments, etc.) and besides smaller 
lumps, some fines. The fines were separated and 
not used in this analysis. The largest piece 
weighed 252 g. and all the better pieces used in 
this determination weighed over 100 g. The 
material was fresh, tan to reddish brown in color, 
most of it clear of any other adhering mineral and 
showing hardly any alteration.

The larger pieces were broken in a clean iron 
mortar and then finely powdered in a clean agate 
mortar to pass through an 80-mesh sieve. Pre­
cautions were taken to avoid contamination, es­
pecially by lead, not only during the preparation 
of the sample, but throughout the entire analysis.

Analysis
Fenner1 has worked out a detailed method for 

the analysis of monazite. His method with 
several modifications was used in the decomposi-

(1) Fenner, A m . J .  S c i . , 16, 369 (1928).

tion of the sample and the lead determination. 
The details of analysis will not be included in this 
paper. Hecht2 makes the statement, “By solu­
tion of monazite in sulfuric acid, one would find 
too little lead.” A. C. Lane adds to this the 
following, “Possibly such an error has crept into 
many analyses heretofore.”

The solution of the monazite was accomplished 
according to the method of Fenner by heating the 
powdered sample in a platinum dish for about six 
hours with a mixture of sulfuric and hydrofluoric 
acids. This treatment usually disintegrates the 
sample, but occasionally it was found that all was 
not decomposed completely. This residue was 
given further treatment till all of it was decom­
posed.

In the lead determinations, care was taken to 
test all residues and filtrates for traces of lead and 
add these when necessary. This is important, 
for in the hydrofluoric acid method of decomposi­
tion, much of the lead may be found in the residue 
after hydrofluoric and sulfuric acid treatment and 
even after the extraction with ammonium acetate. 
There is very little possibility of any lead being 
lost in this determination. All reagents used in 
this analysis were tested and found lead free. The 
lead was determined as the sulfate.

The iodate method as described with references 
in previous papers3 was followed for the thorium 
determinations.

The uranium was determined as the pyrophos­
phate,3 also described in detail in previous papers.

R esults of Analyses

Sample, g.
Lead 

PbS04, g. Lead, %
30.0000 0.1475 0.336
30.0000 .1502 .342
30.0000 .1498 .341
30.0000 .1490 .339

Sample, g.
Thorium 

Th02, g.

Average . 339

Thorium, %
2.0035 0.1707 7.49
2.0024 .1720 7.54
3.0044 .2615 7.55

(2) Report of the Committee on the Measurement of Geologic 
Time, Natl. Research Council, p. 45, April 27, 1935.

(3) Muench, T h is  J o urn al , 59, 2269 (1937).
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Thorium (Concluded)
Sample, g. Th02, g. Thorium, %
2.5011 .2131 7.49
2.0015 .1700 7.46
2.0550 .1762 7.52

Average 7.50
Uranium

Sample, g. (U02)2P207, g. Uranium, %
3.0044 0.0050 0.109
2.5011 .0038 .101
2.0015 .0033 .109

Average . 106
Loss on ignition 0.838%
Loss at 110°, three hours . 14%

There were no indications of ordinary lead
mineral associated with the sample. If we as­
sume the absence of ordinary lead and make use 
of the conversion factor 0.36 for thorium, the lead- 
uranium ratio is

0-339 _
.0.106 +  0.36 X 7.50

The approximate age of the mineral is
0.121 X 1.15 million years oor> .t,.
---------- r  57 x i Q - l ---------  = 886 milhon years

With so old a mineral, the more exact or “loga­
rithmic” formula for calculating age gives a mate­
rially different result from that found by the 
above “approximate” formula, and should be used 
in calculating the age of this material. Age, based 
on formula

log(U +  0.36Th +  1.155Pb) -  log (U +  0.36Th)
6.6 X 10~5

million years =  858 million years

As a pilot analysis for this work, Hecht made a 
complete microanalysis of a small piece from the 
crystal in Dr. Lane’s possession. His results 
show, 9.36% thorium, 0.392% lead and give no 
figures for the uranium. Hecht obtains an age of 
800 million years from his determination.

Acknowledgment.—The author is grateful to 
Mr. Rufus C. Little for the samples; to the Geo­
logical Society of America for financial assistance 
in part, for this research; to Dr. A. C. Lane for 
his constant interest in this work with helpful 
suggestions; and to the late Dr. Herman Schlundt 
and the University of Missouri for the use of the 
laboratories and other facilities.

Summary
This monazite is not a suitable source for pure 

“thorium-lead,” as the analysis shows evidence of
0.106% uranium. The other analytical results 
are, 7.50% thorium and 0.339% lead. The age 
of the monazite is 858 million years, placing it in 
the Pre-Cambrian Age. Hecht, from his pilot 
analysis, obtains an age of 800 million years. It 
is probable but by no means certain that this 
material and the material Hecht used in his analysis 
came from the same deposit.
Las Vegas, N. M. Received August 22, 1938

[Contribution from the Chemical Laboratory, Lynchburg College ]

The Effect of the Triple Bond on the Rate of Reaction of co-Chlorides with Potassium
Iodide in Absolute Acetone

By M. J.

Conant and his students1 have studied the rates 
of reaction of a variety of organic chlorides with 
potassium iodide in absolute acetone. The only 
triple bond compound they reported on, however, 
was CNCH2C1. Truchet2 has shown qualita­
tively that chlorine attached directly to a triple 
bond carbon is very unreactive toward sodium 
iodide in acetone.

The present investigation was made because no 
study has been reported showing the effect of the 
acetylenic linkage on the reactivity of chlorine

(1) (a) Conant and Kirner, T h is  J o u rn al , 46, 232 (1924); (b) 
Conant and Hussey, ib id ., 47, 476 (1925); (c) Conant, Kirner and 
Hussey, ib id . , 47, 488 (1925).

(2) Truchet, A n n . ch im ., [10] 16, 309 (1931).

M u r r a y

in' the ^-position. The series selected was 
C6HöC =C (C H 2)wC1, all members of which were 
prepared from phenylacetylene. Cinnamyl chlo­
ride was available for comparison of the effect of 
the ethylenic linkage.

The method of measuring the velocity of the 
reaction and of calculating the constant for the 
reaction was essentially that given in detail by 
Conant and students.

The results are summarized in Table I. It is 
seen that in this series of acetylenic chlorides there 
is a definite alternation of reactivity, the order 
with respect to the triple bond being a >  y  >  j8. 
This order of reactivity is the same as that found
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by Conant and Kirnerla for the simple C6Hö series 
without the triple bond (C6H5CH2C1, Km =  8.07 
>  C6H5CH2CH2CH2C1, Km =  0.0713 >  C6H5- 
CH2CH2C1, Km =  0.0466).

The inactivity of the chlorine attached to the 
triple bond carbon verifies Truchet’s qualitative 
experiment and is to be expected in the light of 
the similar behavior of chlorine attached to an 
ethylenic carbon. Although chlorine a to a 
triple bond has somewhat smaller reactivity than 
when a to a double bond in the example studied, 
the order of activity is the same. The effect of 
the phenyl group in the 1 -position can be evalu­
ated approximately by the comparison of the 
values of the constants for allyl chloridelc and for 
cinnamyl chloride. It is apparent that the phenyl 
group extends its influence quite markedly by rais­
ing the value of the constant from 0.288 to 5.0. 
The effect of geometrical isomerism has not been 
studied, as only the trans form, cinnamyl chloride, 
was available.

Table I
Reaction Velocities of co-Chlorides with Potassium 

Iodide in Absolute Acetone

Compound X25 K m
Relative re­

activity at 60'
CH3CH2CH2CH2C1 1 0 . 1 0 1 1

C6H6C=eCC1 0 0

C6H 6Cs=CCH2Cr 2.9 (79) (782)
CeH6Cs=CCH2CH2Cl .048 0.48
C6H 6C=CCH 2CH2CH2C1 .19 1.9
c 6h 6c h = c h c h 2ci° 5.0 (138) (1370)
c h 2= c h c h 2c ii 0.288 (7.9) (78)

° The values for Km  were calculated from the equation 

logK i  = 4000 ( m  _  333)

Experimental
Phenylethynyl Chloride (2-Chloro-l-phenylethyne).—

This substance was prepared from sodium phenylacetylide 
and ^-toluenesulfonyl chloride by the method of Truchet. 2 

As he noted, phenylethynyl chloride begins to turn yellow 
very soon following distillation. After a few months, a 
sample of 9 g. yielded on distillation only 2 g. of the com­
pound. Colorless crystals were found in contact with the 
viscous, dark brown resin. This resinification sets in so 
quickly that the first experiment carried out to determine 
the reaction velocity of this compound was misleading. 
The experiment was not started until three days after dis­
tillation of the chloride. As soon as the potassium iodide- 
acetone solution came into contact with the slightly yellow 
chloride, there was a gradual darkening of the solution; 
and after a short time a precipitate of potassium chloride 
began to form. At the end of seventeen hours the reaction 
was stopped, and titration showed that about 15% of the 
potassium iodide had disappeared. When the experiment 
was repeated immediately after distillation of the com­

pound, the solution remained practically colorless; and 
after forty hours at 60° the difference between the “blank** 
and the reaction mixture was too small to be significant.

Chloromethylphenylacetylene (3-Chloro-l-phenylpro- 
pyne-1).—The compound was prepared by the action of 
phosphorus trichloride on phenylpropargyl alcohol in the 
presence of pyridine and ether. Tchao3 prepared the 
corresponding bromide in an analogous way, using phos­
phorus tribromide. Into a flask containing 13.8 g. of 
phenylpropargyl alcohol dissolved in 10 ml. of dry ether 
and 1 ml. of pyridine, was slowly dropped 6.6 g. of phos­
phorus trichloride. The mixture was refluxed for two 
hours. A large volume of water was poured in, the layers 
separated, and the water extracted with ether. The ether 
layers were combined and washed with sodium bicarbonate 
solution, then with water, and dried over calcium chloride. 
The ether was driven off and the liquid distilled in  vacuo. 
There was obtained 8 g. (51% yield) of purified product, 
b. p. 99° (7mm.); d202o 1.112, w20d 1.5834.

Anal. Calcd. for C9H7CI: Cl, 23.6. Found: Cl, 23.8.
Because of its great activity the reaction velocity of this 

compound was determined a t 25° rather than  a t 60°.
/3-Chloroethylphenylacetylene (4-Chloro-1 -phenylbu-

tyne-1).—This compound was prepared from the direc­
tions given by Johnson, Schwartz, and Jacobs:4 b. p. 99° 
(3 mm.); d202o 1.085.

Anal. Calcd. for Ci0H9C1: Cl, 21.6. Found: Cl, 21.5.
When the reaction velocity is as low as in the case of this 

compound, a saving in time can be effected by weighing the 
chloride directly into the reaction tube, adding the acetone- 
potassium iodide solution, sealing the tube a t once, and 
placing it in the bath as soon as possible. The accuracy of 
estimating the time of starting is considerably greater than  
that of titration. The latter, according to Conant and 
Kirner,la is subject to a variation of ±4% .

Y-Chloropropylphenylacetylene (5-Chloro-1 -phenylpen- 
tyne-1).—This compound also was prepared according to 
the method given by Johnson, Schwartz, and Jacobs:4 b. p. 
125° (6mm.); </20201.064.

Anal. Calcd. for CnHnCl: Cl, 19.9. Found: Cl, 19.7.
Cinnamyl Chloride (3-Chloro-1 -phenylpropene-1).—

Eastman product redistilled, b. p. 106° (10 mm.).
Because the cinnamyl iodide, formed by the action of 

potassium iodide on cinnamyl chloride, liberates iodine 
during the titration of potassium iodide w ith potassium 
iodate in strongly acid solution, it is necessary to extract 
the mixture to be titrated before adding the potassium 
iodate. The liberation of iodine by cinnamyl iodide is 
especially rapid in sunlight but takes place too rapidly 
even in weak artificial light to permit titra tion  without 
extraction.

All the chlorides were purified by distillation through a 
heated column 30 cm. long, packed with a spiral of No. 20 
wire. A reflux ratio of at least 10 was used.

Acknowledgments.—This work was supported 
in part by a grant-in-aid from the Virginia Acad­
emy of Science from funds allotted it by the 
American Association for the Advancement of

(3) Tchao, B u ll. soc. ch im ., [4] 53, 1533 (1933).
(4) Johnson, Schwartz, and Jacobs, T h is  J o u r n a l , 60, 1882 (1938).
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Science. The writer wishes to thank Dr. John R. 
Johnson not only for suggesting the investiga­
tion but also for helpful advice.

Summary
1. The reaction velocity of a series of 

acetylenic chlorides has been measured accord­

ing to the method of Conant.
2. A definite alternation in reactivity has been 

observed.
3. The most active acetylenic chloride meas­

ured has a somewhat lower activity than the corre­
sponding ethylenic compound.
L y n c h b u r g , Va. R e c e i v e d  A u g u s t  26, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  a n d  P h y s i c a l  L a b o r a t o r i e s , L y n c h b u r g  C o l l e g e ]

Raman Spectra of Acetylenes. I. Derivatives of Phenylacetylene, C6H5C^CR
B y M . J. M urray  and  F o r r est  F . C lev el a n d

The Raman spectra of disubstituted acetylenes 
have been investigated by various workers, who 
have found that the characteristic acetylenic 
frequency in the region 2200-2300 cm.-1  is usually 
double or triple, although in a few cases it is re­
ported as a single, broad line.1 Several explana­
tions of this splitting have been given: Glockler 
and Davis2 attribute the two strong lines in di- 
methylacetylene to symmetrical and asymmetri­
cal vibrations. Gredy3 suggests, as a working 
hypothesis, that two isomeric forms

R — C = C — R '  a n d

may exist simultaneously. Kohlrausch, Pongratz 
and Seka4 regard the existence of two or more fre­
quencies, if only one molecular form is present, as 
difficult to understand. Badger5 attributes the 
doubling to a Fermi resonance interaction be­
tween the fundamental acetylenic frequency in 
this region and an overtone of a lower frequency 
near 700 or 1100 cm.-1.

Gredy3 found two lines for C 6H 5C = C C H 2O H ,  

while Faucounau6 reported a single broad line for 
C 6H 5C E E E C C H 2C H 2O H ,  and Bourguel and Daure7 
only a single frequency for C 6H 5C ~ C C 1 .  In view 
of these results and of the difference in opinion as 
to the cause of the splitting, it appeared worth 
while to investigate carefully the Raman spectra 
of disubstituted acetylenes in order to determine 
how the nature of the splitting varies for closely

( 1 ) Jam es H . H ib ben , C h em . R ev ., 18, 5 0 -51  (1936).
(2) G. G lockler and H . W . D av is , J .  C h em . P h y s .,  2, 881 (1934).
(3) B lan ch e G redy, T h èses, Paris, 1935.
(4) K . W . F . K ohlrau sch , A . P ongratz and R . Seka, S itzb er . 

A k a d .  W is s .  W ie n .,  A bt. l ib ,  146, 218 (1937).
(5) R ichard M . B adger, J .  C h em . P h y s .,  5, 178 (1937).
(6) L ouis F au cou nau , C o m p t. r e n d ., 199, 605 (1934).
(7) M . B ourguel an d  P . D aure, B u ll ,  soc, ch im ., 47, 1349 (1930); 

C o m p t. r e n d ., 190, 1298 (1930).

related molecules and to determine, if possible, 
whether there is a certain kind of substitution 
that yields only a single frequency. The present 
paper gives the results obtained for a series of 
compounds of the type CeHöC^CR.

Experimental Procedure
The apparatus and experimental technique were es­

sentially the same as previously described.8 All the com­
pounds were purified carefully by distillation in a heated 
column, using a high reflux ratio. Since the acetylenic 
compounds suffered photochemical decomposition when 
exposed to the exciting light and since the decomposition 
products were fluorescent and added greatly to the con­
tinuous background, it was necessary to redistill, from a 
flask attached to the scattering tube, a t one-hour intervals 
during the exposures. In  spite of these precautions, the 
continuous background was strong, especially in the case 
of the bromide.

The general procedure was to obtain several plates with 
both long and short exposure times, using both Hg 4047 A. 
and 4358 A. for excitation. The more intense lines 
could be measured with greater accuracy on the short 
exposure plates. In order to secure better definition of the 
stronger lines, the camera lens was stopped down to 5 
mm. and a final exposure made. The time of this exposure 
was ten hours. The lines on these plates were exceedingly 
sharp and the acetylenic frequency in the 2200 cm.-1 
region, which on the other plates appeared as a single 
broad line, was resolved.

The comparator was illuminated with light from a yel­
lowish-brown incandescent lamp, a practice which re­
sulted in increased distinctness for the weaker lines.

Results
The results are given in the sections below, in 

which k, ƒ, and e represent excitation by Hg 
4047, 4347, and 4358 A., respectively. Broad 
lines are designated by b and estimated intensi­
ties are given by the numbers in parentheses.

(8) F orrest F . C leveland  and M . J . M urray, A m . P h y s .  Teach er, 
5, 270 (1937),

R\> C +eeeC -
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Brackets enclose those frequencies about which 
there is some question.

1. 3-Chloro- 1-phenylpropyne-1 (C6H6C==CCH2C1).—
Synthesized by action of phosphorus trichloride on 3- 
phenyl-2-propynol-l in the presence of pyridine and ether;9 
b. p. 99° (7 mm.); previous data, none.

Ay = 257(l)e, 272(l)e, 294(72)e, 316(2)e, 333(2)», 363(1)», 
379(3)e, 471(3)*, 529(3)*e, 612(2)*e, 630(2)*e, 690(6b)*», 
718(4)*», 756(3)*e, 903(l)*e, 980(8)*/», 1006(2)*», 1030(1) 
ke, 1169(3)*», 1174(3)*», 1251(8)*e, 1275(3)*», 1380(1)*», 
1423(3)*e, 1443(3)*e, 1471(l)*e, 1491(4)*e, 1530(1)*», 
1600(9)*», 2214(10)*», 2231(10)*», 2263(4)*e, 2956(3)e, 
2969(2)*e, 3046(2)*», 3064(4)*e.

2. 4-Chloro-l-phenylbutyne-I (CgH5C=CCH2CH2-
Cl).—Synthesized by two methods: (a) by action of
thionyl chloride upon 4-phenyl-3-butynol-l in the presence 
of pyridine,6 b. p. 107-108° (7 mm.); (b) by action of 
/3-chloroethyl /«-toluenesulfonate, 2 moles, on phenyl- 
acetylenemagnesium bromide;10 b. p. 104° (5 mm.); 
both products gave the same spectra; previous data, 
Faucounau.6

Av = 234(l)*e, 337(l)*e, 353(2)*», 372(2)*e, 386(2)*e, 
459(2b)*, 486(2b)*e, 520(4)*», 535(4)*e, 550(l)*e, 624(3) 
ke, 646(3)*», 665(4)*», 700(3)*e, 754(5)*e, 912(1)*», 987(2) 
ke, 1000(6)*», 1032(3)*e, 1162(3)*», 1181(3)*e, 1213(l)*e, 
1244(5)*e, 1263(6)*», [1329(l)e], 1424(3)*e, 1447(4)*», 
1491(4)*», 1533(2)*», 1603(9)*», 2204(3)*e, 2221(10)*e, 
2246(10)*e, 2293(2)e,2842(l)», 2909(4)e,3010(l)e,3034(1)», 
3050(3)*e, 3063(5)*e.

3. 5-Chloro-l-phenylpentyne-l (C6H6C=CCH2CH2- 
CH2C1).—Synthesized by action of y-ehloropropyl p- 
toluenesulfonate upon sodium phenylacetylide in di-re­
butyl ether;10 b. p. 125° (6 mm.); previous data, none.

= 240(l)*e, 292(1)», 373(3)*e, 408(l)*e, 440(3)*e, 
521(3b)*e, 551(3)*», 625(3)*», 654(4)*e, 693(3)*», 712(1) 
ke, 756(3)*e, 770(l)*e, 790(l)*e, 835(l)*e, 926(1)*», 980 
(3)*», 1000(7)*e, 1027(l)*e, 1062(l)*e, 1095(l)*e, 1154(3) 
ke, 1177(3)*», 1241(4)*», 1258(6)*», 1276(2)*e, 1334(2)*», 
1435(4)*», 1489(3)*e, 1528(1)*», [1547(1)*»], 1580(2)*e, 
1600(8)*», 2220(10)*», 2236(10)*e, 2900(3)», 2923(3)», 
2956(2)», 2984(2)», 3049(3)e, 3063(5)*».

4. 3-Bromo-l-phenylpropyne-l (CeHsCsCCFhBr).— 
Synthesized by action of phosphorus tribromide upon 3- 
phenyl-2-propynol-l in the presence of pyridine and 
ether;11 b. p. 105-106° (5 mm.); previous data, none; 
continuous background very strong.

Av =  287(l)e, 304(1)», 374(2)», 518(l)e, 530(1)», 609 
(6b)», 710(2)», 757(1)», 968(3)e, 987(6)», 1023(1)», 1155(1) 
», 1169(l)e, 1186(4)», 1206(5)e, 1269(3)e, 1476(3)e, 1489 
(3)», 1599(8)e, 2204(3)*», 2226(10)*e, 2265(4)*e, 3064(3)*».

5. 3-Phenyl-2-propynol-l (C6H5C =C C H 2OH).—Syn­
thesized by action of formaldehyde on phenylacetylene- 
magnesium bromide;12 b. p. 112° (5 mm.); previous 
data, Gredy.3

Av = [180(2)e], [195(2)e], 250(lb)*e, 270(2)*e, 282(2) 
ke, 302(1)*», 336(1)*», 350(2)*e, 366(3)*e, 382(4)e, 426(1) 
ke, 438(l)*e, 458(2b)*, 476(2b)*e, 512(2b)*», 530(2)*»,

(9) M. J. Murray, T h i s  J o u r n a l , 60, 2662 (1938).
(10) J. R. Johnson, A. M. Schwartz and T. L. Jacobs, ib id ., 60, 

1882 (1938).
(11) Tchao, Y. L., B u ll.  soc. c h im ., [4] 53, 1533 (1933).
(12) “Org. Syntheses,” Coll. Vol. I, 1932, p. 182, by adaptation.

553(2)*», 573(2)*», 590(2)*e, 605(1)*», 625(2b)*e, 648(1) 
ke, 663(l)*e, 703(1)*», 721(2)*», 743(3)*», 761(3)*», 
789(2)*», 956(3)*e, 985(2)*», 1000(7)*e, 1028(3)*e, 1151 
(2)*e, 1164(4)*», 1179(4)*», 1238(4)*e, 1258(6)*», 1285(1) 
*, 1331(1)*, 1439(3)*», 1456(3)*e, 1496(3)*e, 1603(9)*e, 
2202(3)*», 2231(5)*», 2242(10)*e, [2290(2)e], 2818(1)*», 
2951(2)», 2978(1)*», 3061(4)*e.

6. 4-Phenyl-3-butynol-l (C6H 6C = C C H 2CH2OH).—  
Synthesized by way of ethylene oxide on phenylacetylene- 
magnesium bromide;13 b. p. 130° (7 mm.); previous data, 
Faucounau.6

Ay = 248(l)*e, [265(3)*], 386(2)*e, 405(l)*e, 510(2)*», 
528(3b)*», 558(2b)*e, 609(2)*e, 624(3)*», 700(3b)*e,
730(1)*», 747(2)*», 759(3)*e, 847(2)*», 874(l)*e, 893(1)*», 
936(1)*», 980(3)*e, 1000(7)*e, 1027(2)*», 1162(3)*e,
1181(3)*», 1241(5)*e, 1259(5)*e, 1288(1)*, 1308(1)*, 
1329(lb)*», 1374(1)*», 1432(3)*e, 1440(3)*e, 1469(1)*, 
1492(3b)*e, 1530(1)*», 1602(9)*/e, 2214(4)*», 2233(10)*», 
2895(2)*», 2918(2)*», [2935(2)*»], 3053(3)*e, 3070(3)*e.

7. 3-Chloro-l-phenylpropene-l (Cinnamyl Chloride, 
CeHsCH^CHCIbCl).—Eastman product, redistilled in 
column; b. p. 94° (5 mm.); previous data, none.

Ay = 248(2)», 264(2)», 302(2)», 413(l)*e, 447(l)*e, 
457(72)*», 507(2)*e, 605(4)*», 619(3)*», 670(5)*e, 678(4) 
ke, 699(3)*e, 746(1)*», 814(2)*e, 823(1)*», 849(3)*e, 
915(2)*e, 924(2)*», 963(l)*e, 1000(6)*», 1033(2)*e, 1065 
(l)*e, 1080(2)*», 1157(5)*», 1184(3)*», 1212(4)*e, 1251(7) 
ke, 1282(3)*e, 1303(4)*e, 1442(3b)*e, 1497(3)*e, 1538(1) 
ke, 1600(9)*e, 1660(10)*», 2876(2b)e, [2944(1)»], 2967(2)e 
3054(3)e, 3072(2)e.

Discussion of Results
The frequencies obtained agree quite well with 

those reported by Gredy3 for C6H5C=C C H 2OH 
and with those reported by Faucounau6 for 
C6H6C =C CH 2CH2OH and for C6H6C=C C H 2- 
CH2C1, but the present results show many lines 
not listed by these earlier investigators. The 
compounds were prepared by essentially the same 
methods and were carefully purified. As a check 
upon the possibility that impurities might be the 
source of the additional lines, C6H6C=C CH 2- 
CH2C1 was prepared by a different method.10 The 
resultant spectrograms were comparatively free 
from continuous background and showed not 
only the forty more prominent lines listed above 
but also forty-nine weaker ones which were 
quite generally checked by both Hg4047 A. and 
4358 A.

It is possible that a few of these may be due to 
traces of impurities which were not removed by 
the careful fractionation, but the source of others 
cannot be laid to this as they occur in regions

(13) Danehy, Vogt and Nieuwland, T h is  J o urn al , 57, 2327 
(1935), reported a yield of 21% for this synthesis. However, by 
use of benzene as a diluent,12 p. 299, and by allowing the rearrange­
ment of the intermediate product to take place at 70-80°, yields of 
the alcohol approaching 70% were obtained in the present investi­
gation,
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where prominent lines are rare in organic com­
pounds. Furthermore, a considerable number 
of the frequencies correspond to the weaker 
Raman lines in the spectra of benzene,14 mono­
substituted benzenes,15 and compounds containing 
one or more —CH2— groups. Because of certain 
remaining inconsistencies and difficulties in the 
measurement of the weaker lines, only the more 
prominent frequencies of the various compounds 
are listed at present.

The use of a low pressure mercury arc, with a 
consequent diminution in the amount of continu­
ous radiation in the exciting light, and the method 
of illuminating the comparator are, without 
doubt, two of the factors contributing to the 
observance of so many lines. The number ob­
tained is greater for some of the compounds than 
for others. This is due to the fact that some 
compounds decompose more readily when il-

(14) P. G rassm ann and J. W eiler, Z . P h y s ik ,  86, 321 (1933).
(15) J. W . M urray and D . H. A ndrew s, J .  C h em . P h y s .,  1, 406 

(1933); L. K ahovec and A. W . R eitz , A k a d .  PElss. W ie n , B er ., 145, 
1045 (1936).

luminated, resulting in the presence of small 
amounts of fluorescent materials. The conse­
quent increase in the strength of the continuous 
background makes the measurement of weak 
lines extremely difficult.
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part by a grant from the Virginia Academy of 
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Summary
1. The principal lines in the Raman spectra of

3-chloro-1 -phenylpropyne-1 , 4-chloro-1 -phenyl-
butyne-1, 5-chloro-l-phenylpentyne-l, 3-bromo-
1-phenylpropyne-1, 3-phenyl-2-propy nol-1, 4-
phenyl-3-butynol-l, and 3-chloro-1-phenylpro- 
pene-1 (cinnamyl chloride) are reported.

2. Many other lines of very low intensity
have been observed. Many of these are charac­
teristic of benzene, monosubstituted benzenes, 
and compounds containing the —CH2— group. 
Lynchburg, Virginia R eceived August 26, 1938

[Contribution from the Chemical Laboratory of the University of Illinois and the Williams Oil-O-Matic
Heating Corporation]

Hydrogen Bonds Involving the C-H Link. IV. The Effect of Solvent Association on
Solubility

B y  M . J. C o p l e y , G. F. Z e l l h o e f e r  a n d  C . S. M a r v e l

In a series of papers,1-3 by the authors, solu­
bility data have been reported on a number of 
gaseous halogenated hydrocarbons (of the types 
CH3X, CH2X 2, CHXs, CX4, and C2X 6) in a variety 
of solvents containing donor atoms (oxygen, ni­
trogen, and sulfur). The successive replacement 
of three of the hydrogen atoms of methane by 
halogen atoms results in each case in an increase 
of solubility, and for the type CHX3 solubilities 
much in excess of the theoretical have been ob­
served in many solvents; however, replacement 
of the fourth hydrogen produces an enormous 
drop in solubility compared to that shown by the 
haloform type. These results readily are inter­
preted by assuming that complex formation takes 
place through the bonding of a hydrogen atom of 
the halogenated hydrocarbon to an exposed pair

(1) G. F. Zellhoefer, I n d . E n g . C h em ., 29, 584 (1937).
(2) G. F. Zellhoefer, M . J. Copley and C. S. M arvel, T h is  J o u r ­

n a l , 60, 1337 (1938).
(3) G. F. Zellhoefer and M . J. C opley, ib id .,  60, 1343 (1938).

of electrons on the nitrogen or oxygen atoms in 
solvent molecules. The presence of the strongly 
electron-attracting halogen atoms on the carbon 
activates the hydrogen atom and makes it avail­
able for coordination to the donor atom.

Latimer and Rodebush4 first suggested the 
theory that a proton in certain cases is capable of 
forming a bond between two atoms. Since then 
numerous investigations have confirmed this 
theory and shown its great utility. The possi­
bility that the hydrogen atom of a haloform mole­
cule might be capable of forming such a bond to an 
oxygen or nitrogen atom in a molecule was pro­
posed by Glasstone5 to account for the dielectric 
behavior of binary mixtures, containing a halo­
form and either an ether, an ester, , or an amine. 
The ease with which the large amount of solu­
bility data2 accumulated by the authors may be

(4) L atim er and R odebush , ib id ., 42, 1419 (1920).
(5) G lasstone, T ra n s . F a r a d a y  S o c ., 33, 200 (1937).
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correlated on the basis of this idea affords strong 
support for it. Rodebush6 has informed the au­
thors that infrared absorption measurements on 
solutions in carbon tetrachloride of chloroform 
with an ether or amine show definite evidence of 
complex formation.

Although extremely high solubilities were ob­
served for halogenated hydrocarbons of the halo­
form type in practically all solvents containing an 
effective donor atom (nitrogen or oxygen), an ex­
ception was found in the case of alco­
hols. These low solubilities in alcohols2 
are related to the intermolecular asso­
ciation through hydrogen bonding 
which takes place between alcohol 
molecules.7,8 It was thought that a 
more extended study should be made 
of solvents where association between 
solvent molecules is known to occur.
Such an investigation should furnish 
data to aid in stating more precisely the 
factors which are important in produc­
ing solubility and should also provide 
new information about the amount and 
type of association occurring in these 
liquids. For this purpose measure­
ments were made of the solubility of 
monofiuorodichloromethane (CHCbF) 
in a number of alcohols, ethers, acids, 
esters, amides, substituted amides, pri­
mary and tertiary amines, and oximes.
The effect on solubility of each of the 
two factors (a) unsaturation and (b) 
chelation was studied also by measur­
ing solubility of this haloform in com­
pounds containing an aliphatic double 
bond and in compounds where chelation is known 
to exist.

Experimental
The method used in making the solubility measurements 

has been described previously in detail.1 The solvents 
tested were all purified carefully and their boiling or melt­
ing points checked. The solubility measurements on the 
monofiuorodichloromethane were made over a range of 
pressures at a temperature of 32.2°. While it is important 
that complete pressure-composition studies be made on the 
various mixtures, it is felt tha t at present it is more im­
portant to have partial data on a large number of combina­
tions. The results of these measurements are shown in 6 7 8

(6) Buswell, Rodebush and Roy, T h is  J o ur n a l , 60, 2528 (1938); 
see also Gordy, ib id ., 60, 605 (1938).

(7) Errera and Mollet, N a tu r e , 138, 882 (1936).
(8) Buswell, Deitz and Rodebush, J .  C h em . P h y s . , 5, 84, 501 

(1937).

Figs. 1-3. To compare the solvents tested the mole frac­
tion solubilities a t a partial pressure of monofiuorodichloro­
methane corresponding to its vapor pressure at 4.5° are 
used in the following discussion and given in Table I. The 
"ideal” or theoretical mole fraction stated at the top of 
Table I was calculated using Raoult’s law, and it is the 
ratio of the vapor pressure (0.847 atm.) of monofluorodi- 
chloromethane at 4.5° to its value (2.221 atm.) at 32.2°. 
The statement in the table that the solubility is very low in 
the case of acetamide and diphenylamine, is based on the 
observation that when these solvents, which are solids at 
32.2°, were melted, insufficient monofluorodichlorometh-

0.2 0.4 0.6 0.8
Mole fraction of CHCbF.

ane dissolved in the liquid in the pressure range used, to 
lower the melting point appreciably.

In a few cases a slow reaction was noted between the 
monofiuorodichloromethane and the solvent used. This 
was particularly true with the amines and the values given 
for the solubility in these compounds are subject to a possi­
ble error of several per cent.

Discussion

Alcohols and Ethers.—In a preceding paper2 
the extremely low mole fraction solubilities of 
monofiuorodichloromethane in ethylene glycol 
(0.055) and trimethylene glycol (0.073) were re­
ported. In the present paper data are presented 
on the solubility of monofiuorodichloromethane 
in phenol (0.197) and a similar low solubility com­
pared to the theoretical (0.381) was observed.

Fig. 1.—The solubility of monofiuorodichloromethane as a function 
of pressure in alcohols, ethers, acids, and esters. The dotted line repre­
sents the "ideal” solubility: 1, ethylene glycol; 2, triethylene glycol; 3,
phenol; 4, acetic acid; 5, propionic acid; 6, dimethyl sulfate; 7, phenyl 
vinyl ether; 8, anisole; 9, phenetole; 10, cyclohexylmethyl ether; 11, 
n-butyl butyrate; 12, diethyl oxalate; 13, 1,4-dimethoxycyclohexane; 
14, dimethyl ether of ethylene glycol; 15, triethyl phosphate; 16, tributyl 
phosphate; 17, tri-(/3-methoxyethyl) phosphate.
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Table I
Solubility of Monofluorodichloromethane in Organic Solvents

Theoretical or “Ideal” mole fraction in saturated solution 0.381
'----------- SolubilityFormula G./g.

Alcohols and Ethers
Phenol c 6h 6o h 0.269
Ethylene glycol HOCH2CH20H .10
Trimethylene glycol HOCH2CH2CH20H .106
Anisole C6H5OCH3 .673
Phenetole C6H5OC,H6 .625
Phenyl vinyl ether C6H5OCH=CH2 .559
Dimethyl ether of ethylene glycol c h 8o c h 2c h 2o c h 8 1.55

/C H 2—c h 2x
Cyclohexyl methyl ether c h /  >c h o c h 3 0.900

x c h 2—c h /
7c h 2—c h 2v

1,4-Dimethoxycyclohexane c h 3o h c < >c h o c h 3 0.941
x c h 2—c h /

Acids and Esters
Acetic acid CH3C0 0 H 0.688
Propionic acid CaHsCOOH .665
n-Butyl butyrate CHs(CH2)2COO(CH2)3CHs .870
Diethyl oxalate C2H6OCOCOOC2H 5 .561
Dimethyl sulfate (CH30 )2S02 .463
Triethyl phosphate (C2H50 )3P 0 1.132
Tributyl phosphate (C4H90)3P 0 0.842
Tri-(/3-methoxyethyl) phosphate (CH80C H 2CH20)3P0

Amines and Substituted Amines 
/C H 2—CH2x

c h /  >c h n h 2 
x CH2—CH2'

.836

Cyclohexylamine 1.070

Aniline c 6h 6n h 2 0.385
Quinoline C9H7N .633
Diphenylamine (C6H5)2NH (Very low)

Dimethylcyclohexylamine
/C H 2—CH2v

CH2< >CHN(CH3)2 0.807
x c h 2—CH2z

Dimethylaniline C6H5N(CH3)2 .695
Methyldiphenylamine (C6H5)2NCH3 .357

Amides and Substituted Amides
Formamide HCONH2 0.075
Acetamide c h 3c o n h 2 (Very low)
Methylformamide HCONHCHs 0.768
N,N-Dimethylformamide HCON(CH3)2 .931
N-Methylacetamide CH3CONH(CH3) .955
N,N-Dimethylacetamide CH3CON(CH3)2 1.87
N-T etraethyloxamide [CON(C2H5)2]2 0.965
N, N-T etramethylsuccinamide [CH2CON(CH3)2]2 1.180
N-Methyl-N-cyclohexylacetamide CH3CON(CH3)C6H io 

Aldehydes and Ketones
1.140

Benzaldehyde CeHsCHO 0.750
Heptaldehyde C6Hi3CHO .979
Paraldehyde c 6h 12o3 .888

/C H 2—c h 2.
Cyclohexanone c h 2< >c = o  

x c h 2—c h /
/C H 2—CH2v

c h 2< >c = o
\C H = C H '/

1.278

A2-Cyclohexenone * 0.903

Acetylacetone c h 3c c h 2c c h 3[1 II 1.023
1! 11 
Q O

Vol. 60

Mole fr.

0.197
.055
.073
.415
.425
.394
.576

.500

.571

0.286
.330
.546
.556
.361
.666
.685
.687

0.506

.258

.443

.500

.425

.388

0.032

.303

.398

.403

.614

.651

.663

.632

0.436
.519
.532

.548

.457 

.499 _
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Table I (Concluded)
-Solubility-

Formula G./g. Mole fr.
Acetonylacetone c h 8c c h 2c h 2c c h 8

1! II
O 0

1.163 0.563

Ethyl acetoacetate CH8CCH2COC2H6

A A

0.913 .536

Ethyl diethylacetoacetate CHsCC(C2H6)2COC2H6
II II0  o

.880 .614

Salicylaldehyde /^ C H O

U ° h
Oximes

.501 .372

Ethylmethylketoxime CH3—G—C2Hg .650 .338

NOH

When the hydrogen of the hydroxyl groups of al­
cohols is replaced by alkyl groups the resulting 
ethers show a high solvent power in excess of the 
theoretical as is illustrated by the examples in 
Table I and the results on a large number of 
ethers reported in a previous paper.2 This differ­
ence in behavior of alcohols compared to ethers is 
to be traced to the association that exists in alco­
hols. Cryoscopic measurements9 in non-polar 
solvents and analysis by Zachariasen10 
of X-ray data indicate that alcohols 
polymerize to form large linear or string 
polymers. This association takes place 
as first suggested by Latimer and Rode­
bush,4 and later by Huggins,11 through 
the bonding of a hydrogen of a hydroxyl 
group to the oxygen of a neighboring 
molecule. Recent infra-red absorption 
measurements7,8 tend to confirm this 
picture of association. The low solu­
bility of monofiuorodichloromethane in 
alcohols is then due to the fact that a 
hydrogen bond formed by a hydrogen 
atom attached to a carbon atom with 
an oxygen atom, C-H O, is less 
stable than the O-H-O bonds already 
present in the alcohols. Hence the 
monofiuorodichloromethane molecules 
are practically excluded from entering 
the large complexes present in the al­
cohol. Intermolecular association is 
blocked by the replacement of the 
hydrogen of the hydroxyl by an alkyl 
group, and then it is possible for C-H O bonds 
to form between the hydrogen of the monofluoro-

(9) Auwers, Z . p h y s ik . C h em ., 12, 689 (1893); ib id ., 15, 33 (1894),
(10) Zachariasen, J . C h em . P h y S ., 3, 158 (1935).
(11) M. L. Huggins, J ,  O rg. C h em ., 1, 407 (1936).

dichloromethane and the oxygen atoms of an ether. 
The formation of this type of complex between the 
ether and the monofiuorodichloromethane is re­
sponsible for the enormous solubilities observed for 
monofiuorodichloromethane in ethers.

Acids and Esters.—-The mole fraction solu­
bility of monofiuorodichloromethane is distinctly 
higher in the fatty acids (0.286 in acetic acid) 
than in the alcohols although an active hydrogen

is present in the carboxyl group of these molecules. 
This result confirms the viewpoint that a different 
type of association takes place in the fatty acids 
than in the alcohols, which previously has been

Fig. 2.—The solubility of monofiuorodichloromethane as a function of 
pressure in amines and amides: 1, formamide; 2, aniline; 3, methyl-
formamide; 4, methyldiphenylamine; 5, methylacetamide; 6, dimethyl- 
formamide; 7, dimethylaniline; 8, dimethylcyclohexylamine; 9, cyclo- 
hexylamine; 10, dimethylacetamide; 11, N-methyl-N-cyclohexylacet-
amide; 12, tetraethyloxamide; 13, tetramethylsuccinamide.
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shown by the fact that the polymerization in acetic 
acid stops at the dimer stage. The existence of 
the dimers of acids is shown by numerous cryo­
scopic and distribution measurements. Recent 
vapor density,12,13 and electron diffraction meas­
urements14 show the presence of these dimers in 
the vapor whereas there is no appreciable associa­
tion in the vapor phase of alcohols. The associa­
tion presumably takes place through hydrogen 
bonding and results in an eight-membered ring.

after sharing one of its electron pairs will be given 
in the section on chelated compounds.

As in the case of alcohols the replacement of 
the active hydrogen of an acid by an alkyl group 
blocks association and extremely high solubility 
is observed for monofiuorodichloromethane in 
esters. In-general the solubility in an ester is of 
about the same magnitude as in an ether of similar 
structure although the ether has only one oxygen. 
Apparently this is due, as was shown in a previous 

paper,3 to steric hindrance. The close 
proximity of the two oxygens prevents 
the simultaneous attachment of two 
monofiuorodichloromethane molecules 
to the two oxygen atoms of the ester 
group.

Some measurements of solubility 
were also made using esters of phos­
phoric and sulfuric acids. The esters 
of phosphoric acid are extremely effec­
tive as solvents for monofluorodichloro- 
methane but the one ester of sulfuric 
acid tested showed rather poor solvent 
power.

Amines and Substituted Amines.—
Very high solubilities in excess of the 

04 08 theoretical were observed in cyclohexyl-
Mole fraction of CHCI2F. amine (0.506) and dimethylcyclohexyl-

Fig. 3.—The solubility of monofiuorodichloromethane as a function of amine (0.499). The almost equal solu- 
pressure in aldehydes, ketones, and oximes: 1, ethylmethylketoxime; 2, bilities of monofiuorodichloromethane 
salicylaldehyde; 3, benzaldehyde; 4, cyclohexenone; 5, acetylacetone; in these two compounds suggests that 
6, heptaldehyde; 7, paraldehyde; 8, ethyl acetoacetate; 9, cyclohexan- aliphatic amines are unassociated and

that an aliphatic amine hydrogen isone; 10, acetonylacetone; 11, ethyl diethylacetoacetate.

The stability of the ring as suggested by Pauling 
and Brockway14 probably is due to a resonance be­
tween the two structures (I and II) of equal en­
ergy.

—0 \
^CCH3

-H—Oy 
II

CHsO

I

/O—H—O-
CHSC< 7CCH.

^ o ~

When the mole fraction solubility of acetic acid 
is calculated using the molecular weight of the 
dimer instead of that of the monomer, its value 
(0.445) does not exceed the theoretical (0.381) 
to any marked extent. This result indicates that 
when an oxygen atom has shared one of its two 
exposed electron pairs its basic or donor proper­
ties are strongly reduced. Further evidence of 
this decrease in donor property of an oxygen atom

(12) Fenton and Garner, J .  C hem . S o c ., 674 (1930).
(13) MacDougall, T h is  J o urn al , 58, 2585 (1936).
(14) Pauling and Brockway, P ro c . N a t.  A c a d . S c i . , 20, 336 (1934).

not sufficiently active to form hydrogen bonds. 
The failure to form bonds certainly cannot be 
due to any lack of donor properties on the part 
of the nitrogen atom since the high solubility 
of monofiuorodichloromethane indicates ready 
sharing of the electron pair of the nitrogen to form 
C-H <r- N bonds. This conclusion of lack of as­
sociation in liquid amines from our solubility 
measurements is in accord with their cryoscopic15 
behavior in non-polar solvents. Also the substi­
tution of a methyl group for the hydroxyl hydro­
gen of an alcohol causes a lowering of the boiling 
point, whereas the replacement of one or both hy­
drogens on the nitrogen of a primary amine raises 
the boiling point.

The considerably lower solubility of mono­
fiuorodichloromethane in aniline (0.258) than in 
dimethylaniline (0.425) suggests that in aromatic

(15) E. N. Lassettre, C h em . R ev ., 20, 259 (1937).
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amines some association, probably of the linear 
polymer type, takes place.

The almost equal solubilities observed in meth- 
ylcyclohexyl ether (0.500), cyclohexylamine, and 
dimethylcyclohexylamine indicate that the donor 
properties of an aliphatic ether oxygen and an ali­
phatic amine nitrogen are almost equivalent.

Amides and Substituted Amides.— Extremely 
low solubilities were observed for monofiuorodi­
chloromethane in formamide (0.0318) and aceta­
mide (very low). These much lower solubilities 
than those observed in the fatty acids suggest 
that dimers are not formed in amides but instead 
polymers of indefinite size. Cryoscopic measure­
ments15 on amides also indicate the formation of 
large polymers in non-polar solvents. A possible 
reason for the polymerization failing to stop at the 
dimer stage might be the formation of linear poly­
mers as shown in structure III

R
I

R
H |

-o ^ v"Nsr—h — <x  /N— h — o^N sr—h —  
I ■ V /  I

H | H
R 
III

since the two resonating structures of the dimer 
illustrated in IV and V would be of unequal
energy.

H H
j

0 - ~ H - N x
R—O f  >C—R 

VST—H—O "1

|
✓ O—H—N< 

R - C /
^ N —H—O' 

11H
1

H
IV V

On the other hand, the formation of linear poly­
mers in alcohols does not lead to excessively high 
melting points, while amides melt much higher 
than alcohols containing the same number of car­
bon atoms. A different type of association is also 
indicated by the ease with which amides crystal­
lize compared to alcohols which tend to form 
glasses. A type of association which might ac­
count for these differences in behavior of amides 
and alcohols is shown in structure VI where the as­
sociation takes place through the fusing of dimers. 
It is true that the formation of such a polymer re­
quires the sharing of the second pair of electrons 
on the oxygens; however, the behavior of acetic 
acid and chelated compounds indicates that this 
tendency while small is not negligible; also the 
numerous possible resonating structures in such a

I
! H

Jd—H Nk .
R—C f  >C—R

N n —H—(X
I S

H H
i I

Jd—H Nv
R—C f  >C—R

\N —H~~ O"

H

VI

polymer would contribute to its stabilization. An 
association through the fusing of dimers would ex­
plain the intermediate solvent power for mono- 
fluorodichloromethane of a monosubstituted 
amide between that of the amide and the disub­
stituted amide (where no association exists) as is 
illustrated by the data in Table I. The substitu­
tion of an alkyl group for one of the hydrogens on 
‘the nitrogen would block the fusing of the dimers 
and should lead to a solubility comparable to that 
observed in the fatty acids. Chaplin and 
Hunter16 have made some cryoscopic measure­
ments on solutions of monomethyl and mono­
ethyl acetamide in benzene which indicate that 
these compounds are associated, but the measure­
ments are not complete enough to establish 
whether large polymers or only dimers are formed. 
Jenkins and Taylor17 have investigated solutions 
of a-piperidone in benzene and find no evidence 
for polymerization proceeding past the dimer 
stage. It is recognized that the high dielectric 
constants of the amides and of the monosubsti­
tuted amides18 appear to offer an objection to this 
latter picture of association, since the formation of 
such a symmetrical structure would apparently 
involve a neutralization of dipole moments of the 
amide molecules. However, it is possible that 
there are present in the liquid a sufficient number 
of the monomers to account for the observed di­
electric constants.

The solubility in N,N-dimethylacetamide 
(0.614) is extremely high and a similar high solu­
bility has been observed in all completely substi­
tuted amides with the exception of N,N-dimethyl- 
formamide (0.398). This difference in behavior 
of dimethylformamide as a solvent may be caused 
by the existence of some polymerization involving 
the hydrogen on the carbon of the formic acid 
residue. The strong negative groups attached to

(16) Chaplin and Hunter, J .  C h em . S o c ., 1114 (1937).
(17) Jenkins and Taylor, ib id ., 495 (1937).
(18) Kumler, T h is  J o urn al , 57, 600 (1935).
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this carbon might be expected to cause its activa­
tion. If this is correct, a similar activity on the 
part of the hydrogen in formic acid would be ex­
pected, and indeed has already been suggested by 
Huggins11 to account for the high dielectric con­
stant of formic acid18 compared to that of the 
other fatty acids.

A comparison of our solubility data in amines 
and amides shows that the tendency for hydrogen 
bonding is directly connected with the activity of 
th© hydrogens on the nitrogen. However, the 
basicity of their solutions in water apparently is 
not related to the donor properties of the nitrogen 
in forming hydrogen bonds.

Ketones and Aldehydes.—The high solubilities 
observed for monofiuorodichloromethane in alde­
hydes and ketones are in agreement with the well- 
known fact that these liquids are unassociated and 
suggest that the oxygen present in a carbonyl 
group is an excellent electron donor so that 
C-H O bonds readily form.

Oximes.—One oxime, methylethylketoxime, 
was tested. The almost normal solubility (0.338) 
of monofiuorodichloromethane in this compound 
suggests that oximes form dimers similar in type 
to those formed by fatty acids and N-monosubsti- 
tuted amides. A probable structure for this dimer 
is shown in formula VII.

CH3v /O —H s /C 2H5
>c = n /  >n = c<

C2H6/  nh —o /  x c h 3
VII

Cryoscopic measurements15 on acetoxime and d- 
camphoroxime indicate that these compounds 
form either dimers or relatively small polymers in 
non-polar solvents.

Effect of Chelation.—The almost normal solu­
bility observed in acetic acid dimers suggests, as 
was pointed out earlier, that when one pair of 
electrons on an oxygen is shared, its donor prop­
erties decrease. A study of the solubility of 
monofiuorodichloromethane in compounds con­
taining a chelate ring and a comparison of these 
solubilities with solubilities in compounds con­
taining a similar structure but without chelation, 
gave further evidence on this point. Two pairs 
of compounds were tested. One of each pair is 
known to be chelated and in the other there is no 
opportunity for chelation. These compounds are 
shown in the four formulas below with the mole 
fraction solubility of monofiuorodichloromethane 
in each.

O

CH3C—CH2COCHs

O

O---- H—O
II I

CH3—C—C H =C —CH3 
Acetylacetone 

(0.499)
O

c h 3—c —c h 2—c h 2—c —c h 3
Acetonylacetone

(0.563)
O---- H—O

c h 3c o c h 2c o c 2h 5 :

o

± : c h 3—c —c h —c
Ethyl acetoacetate 

(0.536)
O

CH3—C—C(C2H5)2—C—O—c 2h 5 
Ethyl diethylacetoacetate 

(0.617)

The results indicate an appreciable decrease in the 
formation of C-H O bonds by the compounds 
in which chelation occurs. A similar conclusion is 
obtained by comparing the solubility of mono- 
fluorodichloromethane in benzaldehyde (0.436) 
with that in strongly chelated salicylaldehyde 
(0.372).

Effect of Unsaturation.—A few compounds 
were examined to test the effect on solubility of an 
aliphatic double bond in the donor molecule. The 
solubility in phenyl vinyl ether (0.394) is so near 
that in anisole (0.415) and phenetole (0.425), as to 
indicate only a small effect. However, the effect 
is much more pronounced for A2-cyclohexenone 
(0.457) when compared to cyclohexanone (0.548).

A phenyl group attached to an oxygen or a ni­
trogen atom markedly decreases its donor prop­
erties. This is clearly shown by the lower 
solubilities given in Table I for aromatic ethers 
and amines compared to aliphatic ethers and 
amines. On the other hand, the hydrogens of an 
aromatic amine are more active (leads to associa­
tion) and hence the higher solubility of mono- 
fluorodichloromethane in dimethylaniline (0.425) 
compared to aniline (0.258).

Conclusion
The simple assumption of complexes formed 

through the medium of C-H O bonds in a re­
markable manner correlates the large amount of 
solubility data that has been obtained. Further­
more, as stated earlier in this paper, recent infra­
red absorption measurements6 on mixtures of 
chloroform with ethers, esters, ketones, and 
amines lead to the same conclusion. The strength 
of the C-H <— O or C-H N bond in the case of 
halogenated hydrocarbons of the CHX3 type is
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less than that of N -H -0  and O-H-O bonds, 
hence the addition of chloroform and monofluoro- 
dichloromethane does not cause dissociation in 
compounds associated by means of hydrogen 
bonding between two oxygen atoms, or a nitro­
gen atom and an oxygen atom. In this connec­
tion it should be recalled that it has been known 
for a long time that the haloforms behave essen­
tially as non-polar solvents similar to benzene 
and hexane in cryoscopic measurements on alco­
hols, acids, and amides.

The considerations outlined above also should 
be applicable to the solution of solid organic com­
pounds in monofiuorodichloromethane, or other 
halogenated hydrocarbons of the type CH X3, 
C2HX5, etc. (and to a lesser extent to the type 
CH2X 2), and should allow the qualitative predic­
tion of solubility in such cases.

Summary
The concept of C-H O bonds between a hy-
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drogen of a halogenated hydrocarbon and donor 
atoms in solvents has been shown readily to corre­
late solubility data on solutions of halogenated 
hydrocarbons in a large number of solvents of 
different types.

The most important factors governing the 
solubility of the types of compounds investigated 
are: (1) the donor properties of atoms in the 
solvent for forming C-H Ö or C-H <— N 
bonds; (2) the presence or absence of intermolecu- 
lar association through hydrogen bonding in the 
solvent.

It has been shown that it is possible to predict 
the type of association occurring in a liquid by 
means of a solubility measurement. The presence 
of large linear polymers in the solvent inhibits the 
solution of monofiuorodichloromethane but if the 
polymerization stops at the dimer stage nearly 
normal solubility is observed.
Urbana and Bloomington, Illinois

Received August 29, 1938

R ea c tio n  of E ster s  w ith  Alu m in u m  I s o pr o po x id e

[Contribution from the Chemical Laboratory of the University of Kentucky]

The Reaction of Esters with Aluminum Isopropoxide
B y  R o b er t

Aluminum alkoxides react with alcohols1,2 and 
catalyze the alcoholysis of esters,3 but their reac­
tion with esters alone has been studied very 
little.1,4

For the simple esters the reaction is one of ex­
change of groups and possibly may be of use in the 
preparation of alkoxides whose alcohols them­
selves are either unstable or which fail to react 
with amalgamated aluminum. The reaction also 
may be used in the preparation of esters.

In this work the equilibrium 
3R— COOR' +  A1(0—^-Pr)3 «<—>

3R—COO—f-Pr +  A1(0—R ')8

has been shifted as far to the right as possible by 
carrying out the reaction under a fractionating 
column which permits the removal of only the 
isopropyl ester. /-Butyl acetate failed to react 
completely, the reaction stopping when two of the 
isopropyl (or isopropoxide) groups had been re­

el) Tischtschenko, J .  R u ss . P h y s .-C h e m . S o c ., 31, 694, 784 (1899); 
C h em . Z e n tr . , 71, I, 10, 585 (1900).

(2) Adkins and Cox, T h is  J o urn al , 60, 1151 (1938).
(3) Fehlandt and Adkins, ib id ., 57, 193 (1935); Hatch and Adkins, 

ib id ., 59, 1694 (1937).
(4) Tischtschenko, J .  R u ss . P h y s .-C h e m . S o c ., 38, 355, 482 (1906); 

C h em . Z e n tr . , 77, II, 1309, 1552 (1906).

H . B a k e r

placed. This is in accord with the observations 
of Tischtschenko,1 who found that the tertiary 
alkoxides reacted best with the alcohols.

The isopropoxide, which is easily made and 
purified and which gives rise to low boiling esters, 
has been used exclusively in this work.

Only one ester, ethoxymethyl acetate, gave rise 
to reduction products similar to those which the 
simple esters give with sodium alkoxides.5 This 
ester was used in an attempt to prepare an alkox­
ide of the type which Verley6 postulated as an in­
termediate in both the Tischtschenko reaction4 
and in the reduction of aldehydes. This aluminate 
of a hemiacetal, which Verley claims is formed thus

H
R— CHO +  A1(0—R 'h  — ^  R—C—O—R '

O—-Al( O—R /) 2

was expected to be formed as follows
CH3C 00C H 2~0—C2H6 -j- Al( O—i-Pr)3 —

H
HC—O—C2H5 +  CH3COO—f-Pr 

__ _______  O—A1(0—LPr)2
(5) Magnani and McElvain, T h is  J o u rn al , 60, 813 (1938).
(6) Verley, B u ll. soc. c h im ., 37, 537, 871 (1925).
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Ester used 77 20 D
Isopropyl
ester, % a % M. p., °C.

---Aluminum at
B. p., °C.

koxide---
Mm. Calcd.

Al, %Found
n-Butyl acetate 1.3950 85 88e 280-284 12
/-Butyl acetate 1.3838 66 98& 165-167 Subl. 160 14 11.64 11.64
5-Butyl formate 1.3865 81 57 165-166 3
Allyl acetate 1.4050 95 100c’e 145-150 dec.
^-Hexadecyl acetate 1.4438 100 98e 44 3.60 3.70
Ethyleneglycol diacetate 1.4184 80 120d dec. 24.05 21.20
a Calcd. from fractions of isopropyl acetate n20d 1.3770-1.3786 and of isopropyl formate n20D 1.3720-1.3735. A dry re­

fractionated synthetic sample of the latter had distillation range (Widmer) 66.9-67.0°; n20d 1.3716; d2\  0.8726; M d 
calcd., 22.33, found 22.92. 5 Assumed to be aluminum di-/-butoxide monoisopropoxide, pure /-butyl acetate could be
distilled from this even after heating together at 150° for two hours. c Attempts to purify this for analysis were un­
successful. I t  begins to distill a t 220 ° (5 mm.) and then decomposes violently. The crude product melts over a narrower 
range than that reported.1 d A very light powder retaining ester even a t 150° (2 mm.) for two hours. Completely in­
soluble in xylene, but retains xylene which is removed only a t 150 0 (2 mm.). 6 These alkoxides gave a negative iodoform
test after hydrolysis.

vSuch a compound was not isolated and no evidence 
for or against its formation7 can be gained from 
the experiment, but it is of interest that the prod­
ucts of the reaction were those which one would 
expect from Tischtschenko reactions, reductions, 
and group exchanges between alkoxides and esters.

Experimental
Reagents.—Aluminum isopropoxide, b. p. 134° (5 mm.), 

m. p. 118°, was prepared in 91% yield by the method of 
Adkins.8 Before each experiment the powdered material 
was tested for complete solubility, without opalescence, in 
dry benzene. The esters were prepared by the standard 
methods and distilled through a Widmer column, refrac­
tive index and boilihg range rather than thé boiling point 
being used as a criterion of purity. The esters were tested 
for moisture immediately before use by adding a few drops 
of a benzene solution of aluminum isopropoxide to a few 
cc. of the ester. If opalescence did not appear within a 
few minutes, the esters were considered to be dry. Eth- 
oxymethyl acetate ^ 20d 1.3950, distillation range 129.5- 
130.0°, was prepared by the method of Farren9 except that 
the final distillation was through the Widmer column.

The general procedure was to mix 0.4 mole of the ester 
with 0.1 mole of aluminum isopropoxide in a flask protected 
from moisture and fitted to a Widmer column equipped 
with a partial condensation head. Slow distillation was 
carried out collecting 1- or 2-g. fractions and following the 
fractionation by means of the refractive index. When all 
the isopropyl ester had distilled and the index corre­
sponded to that of the starting ester, the remainder was 
distilled by diminished pressure to leave the alkoxide in 
weighable form. The results from several esters are 
found in Table I.

^-Butyl benzoate, n20D 1.5001, 53.4 g. (0.3 mole) and 
aluminum isopropoxide 20.4 g. (0.1 mole) were heated at 
130° for two hours, cooled, poured into cold water contain­
ing 25 cc. of 6 N  sulfuric acid, and extracted with ether. 
The ether solution was washed successively with water,

(7) For more definite information concerning the probability of 
definite compound formation between aldehyde and catalyst see 
Child and Adkins, T h is  J o u r n a l , 47, 798 (1925).

(8) Adkins, ib id ., 44, 2175 (1922).
(9) Farren, Fife, Clark and Garland, ib id ., 47, 2419 (1925).

saturated solution of calcium chloride, saturated solution 
of potassium carbonate, and then was dried over anhy­
drous magnesium sulfate. The ether solution gave upon 
fractionation through the Widmer column isopropyl ben­
zoate n20D 1.4975-1.4978, 27.0 g. (0.165 mole), and n- 
butyl benzoate n20D 1.4998-1.5001, 18.9 g. (0.105 mole). 
This is a 90% recovery of the esters and, since the acidic 
hydrolysate gave negative tests for aldehydes and ketones, 
no reverse Tischtschenko reactions5 take place.

Ethoxymethyl acetate, 35.4 g. (0.3 mole) and aluminum 
isopropoxide 20.4 g. (0.1 mole) were heated in an oil-bath 
from 50 to 150° over a period of eight hours. The reaction 
started quickly, as the odor of formaldehyde or acetalde­
hyde could be noticed. The exhaust gases were passed 
first through a drying tube and then through water. The 
water gave a positive Schiff test for aldehydes, but a negli­
gible quantity of their 2,4-dinitrophenylhydrazones. 
Seven fractions, 36.2 g., distilling between 50 and 85° were 
collected and refractionated into fifteen fractions, b. p. 40- 
87°; n20D 1.3570-1.3770. Four “flats” appeared in the 
refractive index-weight distilled diagram a t n20d  1.3640,
l. 3680, 1.3730, and 1.3770. These constants, their respec­
tive distillation ranges, 56-58, 62-67, 71-75, and 80-87° 
and the fact that they were all saponifiable, were inter­
preted as indicating the presence of methyl acetate, iso­
propyl formate (possibly), ethyl acetate, and isopropyl ace­
tate. The weights of the fractions in these “flats” were
4.4, 4.6, 6.6, and 7.7 g., respectively. Although acetone 
was found throughout the first six fractions, it was concen­
trated mainly, along with formate esters, in the first two,
3.7 g., from which it was identified (dibenzylideneacetone,
m. p. 111-111.5°). The residue in the distilling flask, 16.5 
g., was a mixture of alkoxides; when hydrolyzed it gave 
negative tests for aldehydes, esters, and acids.

Acknowledgment.—The author is indebted to 
Professor Charles Barkenbus for his cooperation 
and helpful suggestions.

Summary
The alkoxyl groups of esters and aluminum alk­

oxides are easily interchangeable and the result­
ing equilibrium has been shifted so as to prepare 
new alkoxides in good yield.
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The reaction of ethoxymethyl acetate with alumi­
num isopropoxide gave no isolable aluminate of the 
hemiacetal, bu t gave acetone, esters which were

typical products of Tischtschenko reactions, and a 
mixture of methyl, ethyl, and isopropyl aluminates. 
L e x i n g t o n , K y . R e c e i v e d  S e p t e m b e r  8, 1938

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

Fluorene Compounds. Nitrogen Derivatives
By Francis Earl Ray and George Rieveschl, Jr .

In  the present work we undertook the prepara­
tion of new derivatives of 2-aminofluorene and of 
9-N substituted 2-benzoylfluorene.

The preparation of 2-aminofluorene was first 
accomplished by Strasburger1 from 4-aminodi- 
phenic acid. A more convenient synthesis by the 
reduction of the normal mono-nitration product of 
fluorene is described in “Organic Syntheses.”2 

When we attem pted to prepare 2-fluoryl-iso- 
cyanate, I, from the amine and phosgene, the 
sym-di-urea resulted, II.

was prepared in two w ays: by treating 2-fluoryl 
isocyanate with aniline and by treating 2-amino­
fluorene with phenyl isocyanate.

Due to the sensitivity of 2-fluoryl isocyanate to 
water and the insolubility of the resulting di-urea 
in ether, acetone, etc., i t  m ay be a useful reagent 
to detect small amounts of water. The factor is
0.0464.

The methyl, ethyl and ^-propyl urethans were 
prepared from 2-fluoryl isocyanate and the corre­
sponding absolute alcohol.

H2
/ C\ iNCO

h 2 h 2

/ C\ ^ nhconh/ \ /C n

II

The isocyanate, I, was obtained by the modi­
fication of H ardy.3 When dry it  was quite stable 
b u t moisture caused its conversion into the di­
urea, II . This di-urea was formed quantitatively 
when equimolar solutions of 2-aminofluorene and
2-fluoryl isocyanate were mixed.

When treated with ammonia, the mono-urea, 
II I , was obtained. sym-Phenyl-2-fluorylurea, IV,

IV
(1) Strasburger, B e r .,  16, 2346 (1883).
(2) O rg. S yn th e se s , 13, 74 (1933).
(3) H ardy, J .  C h em . S o c ., 2011 (1934).

Derivatives of 2-Benzoylfiuorene
In 1902 Fortner4 prepared a monoxime from 

2-benzoylfluorenone which he described as bright 
yellow leaves from alcohol which sintered a t 185° 
and melted a t 199°. Fortner did not determine 
which of the configurations, V or VI, this com­
pound possessed.

H
O
N O

V

CCOÎ
VI

As it seemed probable th a t the 9-position of the 
fluorene would be the more active, we set out to 
prepare V by methods th a t would leave no doubt 
as to its constitution.

Using Nenitzescu and Isacescu’s5 method we 
condensed benzyl chloride with potassium 2- 
benzoyl-9-aa-nitrofluorene6 and obtained an 
oxime melting a t  207-208°.

(4) Fortner, M o n a tsh ., 23, 921 (1902).
(5) N enitzescu  and Is&cescu, B e r ., 63, 2484 (1930).
(6) R ay  and Palinchak, in  press.
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+  C6H6CH2C1 
ONOK ONOCH2C6H6

H +  CeHsCHO
O
N

,CO,

As this was somewhat troublesome to purify we 
also carried out the preparation by the method of 
Wislicenus and Waldmiiller.7

|COC6H5 CbHuONO 

I KOCH3̂

iCOCeHg

In carrying out this reaction in an ether-ben­
zene mixture some material seemed to precipitate 
out after standing several hours. On evaporating 
the filtrate to small volume and adding ether, a 
second batch of crystals was obtained.

Each was separately acidified and recrystallized. 
The first (insoluble), a , melted at 213-214° and 
was a pale yellow powder. The second, /?, was 
obtained in long, golden needles melting a t 207- 
208°.

As neither of these corresponded to the de­
scription of Fortner’s compound we prepared some 
material by his directions. I t  is true th a t this 
material first melted a t 198-199° but on repeated 
crystallization, first from benzene and then from 
alcohol, we obtained the compound in long needles 
melting a t 207-208°, identical with our lower 
melting, /3, oxime. We then mixed equal por­
tions of our two oximes and on recrystallization 
the mixture melted a t about 199°.

To characterize further these oximes the acetyl 
derivatives were prepared. T hat from the a - 
oxime (213-214°) melted a t 144-145° while the 
acetyl derivative of the /3-oxime (207-208°) 
melted a t 150-151°. A mixed melting point mix­
ture sintered a t 116-126°. Which of these is cis 
and which trans remains to be determined,

Moore and Huntress8 reported the melting point
(7) W islicen us and W aldm iiller, B e r ., 41, 3334 (1908).
(8) M oore and  H un tress, T h is  Jo ur n a l , 49, 1324, 2618 (1927).

of sy n -2 -n itrofluorenone oxime, prepared in an 
alkaline solution, as 262.5-263°. Langecker,9 
preparing the oxime in a neutral solution, reported 
the melting point to be 249°. W ith this possible 
exception no other fluorenone oxime has been 
isolated in cis  and trans forms.

Experimental
2-Aminofluorene was prepared by the method described 

in “Organic Syntheses.” 2 I t  melted a t 127 °.
2-Fluoryl Isocyanate.—Eleven grams of 2-aminofluorene 

was dissolved in 250 cc. of warm toluene and dry hydrogen 
chloride was passed in until saturation was reached. The
2-aminofluorene hydrochloride separated as a cream- 
colored mass. The flask was heated to gentle reflux and 
a steady stream of carbonyl chloride was passed into the 
mixture. The precipitate gradually dissolved until a t 
the end of one and one-half hours a clear liquid was 
obtained.

The solution was filtered and the toluene removed under 
diminished pressure. The tan colored product was re­
crystallized from ligroin. A pure white product was ob­
tained melting a t 69-70° which was readily soluble in 
most organic solvents. The yield was 11.2 g. or 89%.

Anal. Calcd. for CfiBgON: N, 6.76. Found: N,
6.85.

Methyl 2-fluorylcarbamate was prepared in the usual 
manner. I t  crystallized in shining laminae and melted 
at 118°.

Anal. Calcd. for Ci5H i30 2N: N, 5.85. Found: N,
5.92.

Ethyl 2-fluorylcarbamate was obtained as white plates 
from ligroin; m. p. 121-122°.

Anal. Calcd. for Ci6H150 2N : N, 5.53. Found: N,
5.75.

«-Propyl 2-fluorylcarbamate also crystallized in plates; 
m. p. 113°.

Anal. Calcd. for Ci7H i70 2N: N, 5.24. Found: N,
5.58.

2-Fluorylurea was prepared by passing dry ammonia 
gas into an ether solution of 2-fluoryl isocyanate. I t  was 
obtained as plates from alcohol. I t  did not melt a t 360°.

Anal. Calcd. for Ci4H i2ON2: N, 12.49. Found: N, 
12.67.

sym-Phenyl-2-fluorylurea was prepared from aniline 
and 2-fluoryl isocyanate and also by the reaction between
2-aminofluorene and phenyl isocyanate. White cottony 
fibers were obtained from dioxane, melting at 305° (block).

Anal. Calcd. for C20Hi6ON2: N, 9.33. Found: N,
9.37.

sym-Di-2-fluorylurea was prepared from the isocyanate 
and 2-aminofluorene and also by treating the isocyanate 
with water. White cottony clusters were obtained from 
pyridine which did not melt a t 360°. I t  is insoluble in 
most organic solvents.

A na l Calcd. for C27H20ON2: N, 7.21. Found: N,
7.37.

(9) L angecker, J .  p r a k t .  C h em ., 132, 145 (1931).
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2-Benzoylfluorene was prepared by Perrier’s10 modifica­
tion of the Friedel-Crafts reaction. I t  melted at 122°.

Potassium 2-benzoyl-9-aci-nitrofluorene was obtained 
by the method of Ray and Palinchak.6

2-Benzoyl-9-fluorenoneoxime.—Three and one-half 
grams of potassium 2-benzoyl-9-<za-nitrofluorene, 3.5 g. 
of benzyl chloride and 40 cc. of 95% alcohol were refluxed 
for eight hours. Potassium chloride slowly separated 
and the orange color faded to yellow. The solution was 
filtered and treated with water. An oil separated which 
solidified on stirring. After three recrystallizations from 
alcohol the melting point was 207-208° (0-form).

As this material was somewhat difficult to purify we 
condensed 27 g. of 2-benzoylfluorene with 13.7 cc. of iso­
amyl nitrite in the presence of 5.5 g. of potassium in 30 cc. 
of absolute methyl alcohol, 100 cc. of anhydrous ether 
and 200 cc. of pure benzene.

The product th a t precipitated weighed 16.1 g. I t  was 
separated, acidified and recrystallized from alcohol. 
This «-form of the oxime was obtained as a pale yellow 
powder melting a t 213-214°.

Anal. Calcd. for C20H i3O2N: N, 4.67. Found: N, 
4.66.

The acetyl derivative was prepared with acetyl chloride 
in pyridine-ether solution. Greenish-yellow fibers were 
obtained that melted a t 144-145°.

Anal. Calcd. for C22Hi50 3N : N, 4.11. Found: N, 
4.31.

(10) Perrier, B u ll.  soc. ch im ., [3] 31, 859 (1904).

0-Oxime .—The filtrate from the «-potassium salt was 
evaporated to 50 cc. and 500 cc. of ether was added. The 
precipitate weighing 12.4 g. was separated, acidified and 
recrystallized three times from alcohol. Long, bright 
yellow crystals were obtained melting a t 207-208°. 
These were identical with those prepared by Fortner’s4 
method.

Anal. Calcd. for C20H i3O2N: N, 4.67. Found: N,
4.63.

This acetyl derivative crystallized in brilliant yellow
plates that melted a t 150-151 °.

Anal. Calcd. for C22H150 3N: N, 4.11. Found: N, 
4.33.

Summary

The following new compounds of fluorene have 
been prepared: 2-fluoryl isocyanate; methyl,
ethyl and w-propyl 2-fluorylcarbamate; 2-fiuoryl- 
urea; sym-phenyl-2-fluorylurea; sym-di-2-fluoryl- 
urea; and the potassium salts and the acetyl 
derivatives of the a-  and /3-9-oximes of 2-benzoyl- 
fluorenone, as well as the free a - and /3-oximes.

The compound obtained by the reaction be­
tween 2-benzoylfluorenone and hydroxyl amine re­
ported by Fortner4 is shown to have been a mix­
ture of the ol-  and /3-forms of the 9-oxime. 
C i n c i n n a t i , O h i o  R e c e i v e d  S e p t e m b e r  2, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  N o r t h w e s t e r n  U n i v e r s i t y ]

The Analytical Separation of Various Classes of Sugars
By Charles D. H urd and Sidney M. Cantor1

The purpose of this investigation was to de­
velop a method for the separation of various 
classes of sugars, such as monosaccharoses from 
di- or trisaccharoses, or pentoses from hexoses. 
I t  was hoped th a t the method would achieve not 
only separation bu t also analysis of the mixture as 
well. The importance of a direct method of 
analysis is obvious, in view of the fact th a t most 
of the analytical methods which have been sug­
gested for sugars are empirical and depend largely 
on a preexisting knowledge of the identity of the 
sugar. Methods based on the reducing action of 
copper salts or on the preferential fermentation 
by specific microorganisms are obviously limited 
in scope.

M ethylation and fractional distillation of sugar 
mixtures appeared to be the most promising plan 
of attack for several reasons: (1) the methyl

(1) Corn P rodu cts R efin in g C om pany F ellow , 1933-1936.

ethers are known to distil in  vacuo without de­
composition, (2) sizable boiling point differences 
exist between the methyl ethers of the sugar 
classes, (3) the methylation procedure would be 
satisfactory on a wide variety of sugars since it 
brings about no serious structural changes, (4) 
the fact th a t physical constants of a large number 
of methylated sugars are known would be of help 
in subsequent identifications.

Preliminary experiments indicated the feasi­
bility of the plan bu t they also demonstrated the 
inapplicability of the customary procedure of di­
rect methylation of the sugar by Haworth's 
method. For example, glucose, lactose and su­
crose were methylated by means of methyl sulfate 
and alkali and the m ethylated derivatives dis­
tilled. The yields, respectively, were 50, 45 and 
46%. These results seemed acceptable bu t it was 
found th a t no such uniformity in yields was at-
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tamable when mixtures were taken a t the outset. 
A 50:50 mixture of glucose and lactose gave an 
apparent per cent, value of 63:37. Such a pref­
erential m ethylation of the monosaccharose dem­
onstrated the inapplicability of Haworth's method 
of direct m ethylation as an analytical procedure. 
Although the yields in methylation reactions are 
far from quantitative, equivalence in the yields 
is the only requirement for a satisfactory analyti­
cal separation.

Two other disturbing features were revealed in 
these preliminary experiments. One was the fact 
th a t the glucose derivative, even upon repeated 
methylation, did not show the correct specific ro­
tation for /5-methyl tetramethylglucoside. A 
mixture containing about one-fifth of the «-isomer 
seemed to be indicated. A similar observation is 
known to occur with xylose2 bu t glucose seems not 
to have been tested before. The specific rotation 
of the m ethylated glucose fractions, therefore, 
would have been useless for purposes of identifica­
tion.

The other item concerned the methylation of 
sucrose. During this process there was found to 
be an appreciable hydrolysis, for which a correc­
tion factor would need to be applied to interpret 
the results on an unknown mixture containing 
sucrose. The yields, respectively, of methylated 
mono- and disaccharoses were 6 and 46%.

Attention was next directed to experiments on 
direct acetalization with a view to subsequent di­
rect methylation of the methyl glycosides thus 
produced. The hemi-acetal hydroxyl of the re­
ducing sugars seemed to promote the non-uni­
formity observed when Haworth s method was 
applied directly.

Glucose and methanol, when treated with 1- 
3% hydrogen chloride by Fischer's method, gave 
rise to 45% of crystalline «-methyl glucoside (A) 
and a sirup (B). M ethylation by Haworth's 
method of A and B yielded, respectively, 60 and 
67% of «-methyl tetramethylglucoside. I t  was 
evident, therefore, th a t separation of A from B 
was not necessary for the subsequent methylation.

Trouble was encountered with maltose, how­
ever, because some hydrolysis was noticed, «- 
Methylglucoside was isolated from the reaction 
mixture. This was substantiated later when a 
mixture (57:43) of glucose and maltose was 
m ethylated first by Fischer’s method, then by 
Haworth's method. The products isolated on

(2) Phelps and Purves, T h is  J o u r n a l , 51, 2443 (1929).

distillation indicated an apparent composition of 
67:33. Therefore, this procedure also was poor 
from an analytical viewpoint.

M ethylation in liquid ammonia3 was tried and 
abandoned because the m ethod required methyl 
glycosides or other derivatives wherein the hemi- 
acetal hydroxyl was protected. The free sugars 
could not be used.

Feist4 observed th a t m ethyl dibromoformal, 
Br2C(OCH3)2, was a m ethylating agent toward 
sodium phenoxide or sodium acetate, yielding 
anisole and methyl acetate, respectively. I t  was 
thought th a t it might convert the monosodium 
derivative of glucose (prepared by glucose and 
sodium methoxide in methanol) into m ethyl glu­
coside bu t such a reaction was not observed.

Likewise, there was non-reaction when glucose, 
suspended in ether, was treated  with diazometh­
ane, although Schmid5 has reported the m ethyla­
tion of starch in this way. W ater or aluminum 
ethoxide6 were not effective in catalyzing the reac­
tion between diazomethane and glucose.

The plan of direct methylation, therefore, was 
changed to th a t of indirect methylation. Acetyla­
tion of the sugar by acetic anhydride and pyri­
dine a t 0° was the first step in a successful pro­
cedure. In  the acetylation of glucose, Hudson 
and Dale7 obtained an 88% yield of pure glucose 
pentaacetate. Maltose has not been acetylated 
in this manner, bu t in the present work it was 
found th a t a 90% y ie ld  of 0-m altose octaacetate 
was isolable. One m ay infer th a t the acetylation 
reaction gives rise to practically quantitative 
yields of the acetyl sugars.

The problem, therefore, was to substitute uni­
formly the acetyl groups by methyl groups. To 
do this, the following steps were visualized and 
found to be satisfactory: replacement of the 
acylal8 group by chlorine, substitution of this 
chlorine by methoxyl, hydrolysis of the ester 
groups without disturbing the acetal function, 
methylation of the alcoholic hydroxyl groups 
and separation by fractional vacuum distilla­
tion.

(3) M u sk at, ib id . ,  5 6 , 693 , 2449 (1934).
(4) F e is t , Z . dn g ew . C h em ., 35, 489 (1922).
(5) Schm id , B e r ., 58, 1964 (1925).
(6) M eerw ein  and  H in z, A n n . ,  484, 1 (1931).
(7) H ud son  and  D a le , T h is  J o u r n a l , 37, 1264 (1915).
(8) I f C, C ' and  C "  represent, resp ective ly , th e  s ta te s  o f oxidation  

of a lcohol, a ld eh yd e and  acid , th en  C -O -C , C -O -C ', C - O - C " ,  
C " -0 -C "  represent th e  fam iliar fu n ction a l groups of ether, aceta l, 
ester and acid  anhydride. N o  term  ex ists  for C '—O -C * or C '-O -C '.  
T h e nam e “ acy la l"  is  proposed for th e  form er and “aldal"  for th e  
latter.
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Each of these steps will be discussed in turn.
Glucose pentaacetate m ay be converted into 

acetobromoglucose by the use of liquid hydrogen 
bromide9 or by a mixture of hydrogen bromide in 
acetic acid.10 I t  m ay be changed into acetochlo- 
roglucose by liquid hydrogen chloride, or phos­
phorus pentachloride9 or by a mixture of phos­
phorus pentachloride and aluminum chloride11 
(but this method m ay bring about structural 
changes), or by titanium  tetrachloride12 in chloro­
form. The last m ethod was far better than the 
others because of high yields and because of its 
freedom from causing structural changes. Pacsu’s 
directions were followed for the preparation of 
tetraacetylglucosyl chloride with a resulting yield 
of 90%. In  an analogous experiment with (3~ 
maltose octaacetate, not studied by Pacsu, hepta- 
acetyl- a-maltosyl chloride was obtained in 86% 
yield. Also it  was established th a t under com­
parable conditions there was no action between 
titanium  tetrachloride and sucrose octaacetate or 
levoglucosan triacetate, neither of which con­
tained acylal groups.

Maltose.—Five grams of /3-maltose octaacetate, m. p. 
157-158°, was dissolved in 35 g. of dry chloroform in a 
flask equipped with a reflux condenser and a dropping 
funnel. To the solution was added gradually 3 g. of titan­
ium tetrachloride dissolved in 25 g. of chloroform. The 
reaction was carried out on a water-bath a t 50° for two 
hours, then at 70° for one hour, a t which time the original 
yellow, mushy precipitate had changed to a clear yellow 
solution. Crystallization of the product from ether and 
petroleum ether netted 2.2 g. of crystalline solid, and 2 g. 
of a sirup which was desiccated to  a white powder. The 
crystals melted a t 77-80°, and the specific rotation in 
chloroform, [ar]20D, was 151.8°. The rotation of the pow­
der was 142.1°. From the viewpoint of an analytical 
procedure, the important item is the high yield of isolated

(9) F ischer and A rm strong, B e r .,  34, 2985 (1901).
(10) F ischer, ib id .,  49 , 584 (1916).
(11) B rauns, T h is  J o u r n a l , 44, 401 (1922); 45, 833 (1923); 

Freudenberg, Ber., 55, 929 (1922).
(12) Pacsu , ib id . ,  61, 1508 (1928).

product (86.5%) which suggests that the reaction itself 
was practically quantitative.

The melting point of heptaacetylmaltosyl chloride pre­
pared by other methods is variously listed in the literature13 
as 88,119,125°. Both Foerg and Brauns reported 159.5° 
as the value of the specific rotation.

Sucrose.—Ten grams of sucrose octaacetate, m. p. 
68°, dissolved in 150 cc. of dry chloroform was added to a 
solution of 5.6 g. of titanium tetrachloride in 50 cc. of 
chloroform. After three hours of refluxing and twelve 
more hours of standing it was possible to recover 9.6 g. of 
recrystallized sucrose octaacetate (m. p. and mixed m. p., 
68°).

Levoglucosan.—Two grams of levoglucosan was pre­
pared by pyrolysis of starch.14 I t  was placed with 10 cc. 
of pyridine and 15 cc, of acetic anhydride and left at 0 ° for 
twenty-four hours. The solution was then poured into 
chloroform, washed thoroughly, first with acid then with 
sodium carbonate solution, then water, after which it was 
dried and the chloroform removed by distillation. The 
residual sirup was taken up in alcohol and water added 
until the acetylated material precipitated as a gum. Ex­
traction of the gum with ether and decolorization of the 
solution finally yielded 0.2 g. of white crystals melting 
sharply at 108° and showing [ a ] 20D —58.6° in absolute 
ethyl alcohol. Pictet gives as the melting point 110°, 
while the rotation as determined by Vongerichten and 
Müller15 is —45.5° in alcohol, a value which may be ques­
tioned in view of the present work.

Rotation: sample, 0.0449 g.; ang. rotn., —0.20-°; tube 
length, 1.89 dm.; volume solution, 25.0 cc.; [ a ] 20D 

-58.6°.
A portion of this crystalline material, 0.138 g., was dis­

solved in chloroform and made up to  exactly 25.0 cc. The 
rotation was then determined in a 2.00-dm. tube: ang. 
rotn., —0.70°; [ ck] 20d  —63.6°. To the chloroform solu­
tion was added approximately 0.5 g. of titanium tetra­
chloride in 5 cc. of chloroform. The resulting yellow solu­
tion was kept at 60-70° for ninety minutes. I t  was then 
poured into water, and the chloroform layer washed in the 
usual manner. After drying, it was made up again to 25.0 
cc. and the rotation redetermined in the 2.00-dm. tube: 
ang. rotn., —0.68°; [ a ] 20D —61.8°. The chloroform was 
then removed and the residue taken up in ether. On 
cooling, 0.1 g. of crystals, m. p. 107-108°, separated. A 
mixed melting point with the original material was also 
107-108°.

Of the various methods for the replacement of 
the chlorine of the hemi-acetal chloride by m eth­
oxyl, the best was th a t which used methanol and 
silver carbonate. Koenigs and Knorr16 discov­
ered th a t hot methanol converted tetraacetyl­
glucosyl bromide into /3-methyl tetraacetylgluco- 
side, but the beneficial effect of silver carbonate 
was discovered by Fischer and Armstrong.9 I t

(13) F ischer and A rm strong, B e r ., 35, 3153 (1902); Foerg, 
M o n a tsh ., 23, 45 (1902); Sch liep hacke, A n n .,  377, 186 (1910); 
B rauns, T h is  J o u r n a l , 51, 1829 (1929).

(14) P ic te t and Sarasin, H elv. C h im . A c ta ,  1, 87 (1918).
(15) V ongerichten and M üller, B e r ., 39, 245 (1906).
(16) K oenigs and K norr, ib id .,  34, 965 (1901).
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was found th a t very satisfactory results were ob­
tained in the present work if the reaction mixture 
was shaken for twelve to fifteen hours.

Alternative procedures for the chloride to acetal 
conversion were tried and found ineffective. For 
example, when tetraacetylglucosyl chloride was 
left for four hours with methanol and pyridine at 
0°, the only result was crystallization of the 
acetochloroglucose. This is in contrast to the 
known conversion of heptaacetyl-a-maltosyl chlo­
ride17 into ^-methyl heptaacetylmaltoside under 
similar treatm ent. When the reaction with 
tetraacetylglucosyl chloride was performed a t re­
flux temperatures, some /5-methyl tetraacetylglu- 
coside (21% yield) was formed but secondary reac­
tions also were indicated. For a time, it was 
thought th a t sodium methoxide might be effec­
tive in introducing the acetal methoxyl and re­
moving the acetyl groups concurrently. How­
ever, the method was discarded when it was 
found th a t no /5-methyl glucoside was obtainable 
from tetraacetylglucosyl chloride and sodium 
methoxide. Thus, the silver carbonate method, 
although time-consuming, seemed to be the only 
one wherein yield and purity  of product were 
satisfactory.

Observed percentage of monosaccharose in 
mixture.

Fig. 1.—Correction curve.

Zetnplén's method, namely, the use of sodium 
methoxide,18 appeared to be the best means of re­
moving the acetyl groups because of its simplicity 
and because of the high yields (nearly quantita­
tive) obtained. The necessity of removing the 
acetyls prior to the final methylation was demon­
strated in an attem pted methylation of a-methyl 
tetraacetylglucoside. Only 2.7 g. of a sirup sol­
uble in chloroform was obtained when 20 g. of it 
was treated with methyl sulfate and 20% aqueous 
sodium hydroxide solution for four hours a t 70° 
followed by one-half hour a t 100°.

For the final step of methylation of the methyl 
glycosides, Haworth's method was selected, al-

(17) Freudenberg, B er., 55, 929 (1922); Pacsu, T h is  J o urn al , 
57, 587 (1935).

(18) Z em plén, B e r ., 56, 1705 (1923).

though M uskat's liquid ammonia method m ight 
have served equally well. Simpler technique 
favored Haworth's method. I t  was recognized 
th a t this method would not give complete m ethyl­
ation in one operation, b u t this did not interfere 
with the analytical separation.

When glucose and maltose were carried sepa­
rately through this procedure, the yield of m ethyl­
ated sirup from glucose was 38.3% and th a t from 
maltose 37.1%. Thus, no serious preferential 
action on the two classes of sugars was observed. 
Neither of the sugars was completely methylated 
bu t the sirup from glucose approached tetra- 
methylglucose whereas th a t from maltose ap­
proached heptamethylmaltose.

The procedure was now standardized rigor­
ously, and several duplicate runs were made on 
mixtures of glucose and maltose over a wide range 
of composition. The results, collected in Table 
I, showed th a t an error in favor of the mono- 
saccharose existed which appeared to increase as 
the percentage of monosaccharose in the mixture 
was increased. To compensate for this error, a 
curve was constructed on the basis of known mix­
tures, and all unknown mixtures analyzed were 
corrected from this curve. Later results gave a 
better observation of the error involved so th a t 
the curve shown in Fig. 1 is based upon the aver­
age error of fourteen runs.

T a b l e  I
S t a n d a r d i z a t i o n  R u n s  o n  t h e  P r o c e d u r e

R un Sugars
Composition %  by weight, 

taken obsd.
Error,

%
7A Monosac. 3 0 .0 2 9 .9 - 0 .1

Disacc. 7 0 .0 70 .1 . 1
8A Monosac. 3 0 .0 3 2 .2 2 .2

Disacc. 7 0 .0 6 7 .8 - 2 . 2
7B Monosac. 5 0 .0 4 9 .2 - 0 .8

Disacc. 5 0 .0 50 .8 .8
8B Monosac. 5 0 .0 49 .6 -  .4

Disacc. 5 0 .0 5 0 .4 .4
7C Monosac. 7 0 .0 6 4 .4 - 5 . 6

Disacc. 3 0 .0 3 5 .5 5 .6
8C Monosac. 7 0 .0 64 .5 - 5 . 5

Disacc. 3 0 .0 3 5 .5 5 .5

The efficacy of the curve is best demonstrated 
by the results on two mixtures whose composition 
was unknown to the observer. A mixture made 
up to contain 62% glucose and 38% maltose an­
alyzed for a “corrected composition" of 64.3% 
glucose and 35.7% maltose. A second mixture 
containing 53.4% glucose and 46.6% lactose gave 
a “corrected composition" of 55.2% glucose and 
44.8% lactose. The absolute error of the method
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varies considerably, bu t in only one observed case 
was greater than 3%.

Types of Sugars Studied

M onosaccharoses.— Glucose was chosen as 
the representative aldohexose. Work with xy­
lose showed th a t aldopentoses would respond 
equally well. T h at methylpentoses were also 
amenable was shown by results on a mixture of 
rhamnose (desoxy-/-mannose) and maltose. The 
standardization runs indicated th a t all such al- 
dohexoses would undergo the procedure success­
fully. A ttem pts to apply the technique to mix­
tures containing fructose, a representative keto- 
hexose, however, were unsuccessful.

D isaccharoses.— Types of disaccharoses
studied were necessarily more varied. The ap­
plication to the maltose or reducing type of disac­
charose was shown by the standardization runs. 
Further results with mixtures containing lactose 
and gentiobiose showed th a t such factors as the 
point of glucosidic attachm ent, alpha or beta 
modification of the parent sugar, or the nature of 
the hexose constituents of the disaccharoses were 
unim portant in the reactions listed. The chief 
factor concerned itself with the nature of the 
hydroxyl group, whether it  was alcohol or acetal.

CH2OH

Maltose type 
maltose (a: a t 4) 
lactose (£ at 4) 
gentiobiose (/3 a t 6)

Trehalose type 
trehalose (a a  at 1) 

sucrose (a  at 1)

Ó

-C H -

i

a

i

A -

- c h 2
Anhydrose

type
levoglucosai

In  the trehalose type all eight hydroxyl groups 
are alcoholic. The trehalose type would, there­
fore, be expected to undergo acetylation, hy­
drolysis of acetyl groups and methylation, bu t no 
other reactions. Results with sucrose, a treha­
lose type, indicated th a t sucrose octaacetate was 
stable to the action of titanium  tetrachloride, but

tha t hydrolysis occurred in the final methylation 
step, to the extent of 11% by weight. When this 
correction was applied the analytical data were 
satisfactory. Trehalose itself, being of a more 
stable configuration, acted normally and exhibited 
no hydrolysis.

Applicability to the third or anhydrose type of 
disaccharose depended upon the ability of the 
oxygen bridge to withstand the action of titanium  
tetrachloride. When the triacetate of levogluco­
san (1,6-anhydro-^-glucose) was treated with the 
reagent under the conditions of the procedure, no 
hydrolysis occurred. Other investigators19 have 
reported th a t hydrolysis will result from use of an 
excess of titanium  tetrachloride.

Constants of the Sugars Studied
M onosaccharoses.— Evidence th a t monosac­

charoses were unaltered through the procedure 
was obtained easily. For example, the methylated 
glucose fractions showed specific rotations near 
—20°. The specific rotation of pure /5-methyl 
tetramethylgucoside is —2 2 A 0. Further evi­
dence was obtained by hydrolyzing a portion of 
the glucoside to tetramethylglucose and preparing 
the known aniline condensation product. In  
general, the evidence obtained from specific ro ta­
tion, although not indicating absolute purity, was 
sufficient to demonstrate the  nature of the frac­
tion.

Disaccharoses.—Identification in the case of 
the disaccharoses was less clean cut. Derivatives 
of the methylated disaccharoses cannot be pre­
pared since hydrolysis of the glucosidic methoxyl 
group always brings about concurrent hydrolysis 
of the disaccharose linkage. Thus the disaccha­
rose fractions usually had to be remethylated and 
distilled in order to obtain a value for the specific 
rotation which approached the accepted value. 
The Purdie and Irvine method, involving silver 
oxide and methyl iodide,20 was used. W ith only 
one remethylation of the maltose fraction a spe­
cific rotation of 68° was obtained. T hat for pure 
/5-methyl heptamethylmaltoside is 79°. Several 
applications of this technique, accompanied by 
frequent distillation, would be necessary to obtain 
samples of optical purity.

O ther Applications of the  Procedure
Separation of a  Pentose from  a  Hexose.—This 

separation was of interest to study since the two
(19) Zem plén and Czurös, B e r ., 62, 993 (1929).
(20) Purdie and  Irvine, J .  C h em . S o c ., 83, 1021 (1903).
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sugar types, which differ by only one carbon atom, 
give m ethylated derivatives boiling relatively 
close together. A sample run on a 1:1 mixture 
of ^-glucose and ^-xylose in which volume of dis­
tillate was plotted against temperature of dis­
tillation (Fig. 2) showed th a t separation was 
feasible. An almost quantitative separation of 
glucose and xylose bore this out. /3-Methyl tri- 
methylxyloside, the pentose fraction, was ob­
tained crystalline, indicative of high purity.

0 2 4 6
Volume of distillate, cc.

Fig. 2.—Separation of xylose-glucose mixture.

Analysis of Hydrols.—The application of the 
procedure to “hydrol,” the mother liquor ob­
tained after crystallization of glucose from the 
acid hydrolysate of corn starch, appeared to be 
an interesting extension of the problem since pre­
vious21 investigators have shown th a t hydrol con­
tains a mixture of disaccharoses as well as glucose. 
However, none of these investigators had ever 
analyzed a complete sample of hydrol, bu t had 
attacked the mixture after first fermenting away 
all fermentable sugars.

Three samples of hydrol were obtained from 
the Corn Products Refining Company which had 
various hydrolytic histories, bu t were alike in th a t 
they had all gone through a single crystallization 
of glucose after the final hydrolytic treatm ent. 
Subjection of these samples to the procedure gave 
the usual mono- and disaccharose fractions, but 
distillation of the disaccharose fraction after re- 
m ethylation left a high boiling portion in each 
case. This material from molecular weight de­
terminations was identified as partially methyl­
ated trisaccharoses. The results are shown in 
Table II.

(21) B erlin , T h is  J o urn al , 48, 1107, 2627 (1926); Colem an, 
B uchanan  and P au l, ib id . ,  57, 1119 (1935).

T a b l e  II  
Original R econ verted K ansas C
hydrol hydrol hydrol

Monosaccharoses, % 55.2 55.2 54.8
Disaccharoses 38.4 39.3 37.9
Trisaccharoses 6 .4 5.5 7.3

The monosaccharose fraction was identified as 
glucose. Work is under way a t the present time 
in this Laboratory on the separation and identifi­
cation of the components of the disaccharose and 
trisaccharose fractions.

Apparatus for Analytical Vacuum Distillation.
—In the standardized procedure (below), one of 
the steps is th a t of separation of methylated sug­
ars by vacuum distillation. The details of this 
apparatus are shown in Fig. 3.

Low pressure was supplied by a set of two mercury vapor 
pumps connected in series and working against a back pres­
sure of 10-20 mm., supplied by an ordinary water je t.22 
The first mercury pump was a high speed jet and the 
second was a diffusion pump. These pumps gave a mini­
mum pressure of 1 X 10“ö min., which was more than 
sufficient for the purpose.

The distillation flask, F (Fig. 3), was of the conventional 
Claisen type equipped with a thermometer well, T, and a 
ground glass stopper, G-l. Three of these flasks of ca­
pacities 125, 50 and 20 cc., were used interchangeably de­
pending upon the amount of material to be distilled. The 
side-arm, S, connecting flask to receiver, was wrapped with 
nichrome wire surrounded by asbestos rope and was kept 
electrically heated by the introduction of a current con­
trolled by the variable resistance, O. The temperature in 
the side-arm was usually kept at 80-90 ° during a distilla­
tion in order to avoid congealing the sirup and to bring to a 
minimum the holdover in the tubing. The receiver, R, 
was connected to the bent side-arm by a ground glass

(22) T h e use of m ercury pu m ps backed  b y  a w ater pu m p in stead  
of an oil pum p w as a d ecided  ad van tage  in  th is  work since i t  e lim i­
n ated  th e  n ecessity  for a low  tem p eratu re trap in  th e  apparatus. 
M eth y la ted  sirups in  chloroform  solu tion  could  be transferred to  th e  
distilla tion  flask and th e  so lven t rem oved  through th e  pu m ps w ith ou t 
danger of corrosion or raising th e  pressure as is th e  case  w ith  o il 
pum ps.
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joint, G-2, and was of the multiple rotary type enabling 
five fractions to be taken. Two of the small receivers 
were later connected to the large receiver by ground glass 
joints which eliminated the necessity of breaking off and 
sealing on after each distillation. The condenser, C, pre­
vented the entrance of any low boiling sugars into the 
connection tubing, and the ground glass joint, G-3, al­
lowed removal of the distillation unit for cleaning. Pres­
sures were read by means of the McLeod gage, M, con­
nected to the system by a stopcock, K. The McLeod gage 
was of a modified variety. The mercury storage bulb was 
kept evacuated by a water pump at side-arm A. Opening 
side-arm D to the atmosphere resulted in the mercury ris­
ing into the gage from which the pressure was read off. 
The mercury could then be again lowered by evacuation of 
the storage chamber.

The Standardized Procedure
The anhydrous sample taken was always 25.0 g., 

for this quantity was found to give sufficient 
m ethylated m aterial for the fractionation. 
Amounts of reagents were based upon the as­
sumption th a t all of the m aterial in the mix­
ture was monosaccharose.

Step 1.—The m ixture was trea ted  with 120 g. 
of acetic anhydride and 156 g. of pyridine (dried 
over lime). This was 100% in excess of tha t re­
quired for complete acetylation if all of the m ate­
rial were monosaccharose. The reaction was 
allowed to proceed a t 0° for forty-eight hours, 
then for four hours a t 70°, which treatm ent usu­
ally completed the acetylation. Two hundred 
fifty cc. of chloroform was now added and the re­
sulting solution washed twice with 300-cc. por­
tions of 4 M  hydrochloric acid, twice with 200-cc. 
portions of a dilute sodium carbonate solution and 
finally twice with 200-cc. portions of water. The 
chloroform solution was dried over anhydrous 
sodium carbonate.

Step 2.—The dried solution from (1) was 
treated  with 28 g. of anhydrous titanium  te tra ­
chloride dissolved in 150 cc. of absolute chloro­
form. The mixture was heated a t 70° for two 
hours on a water-bath, after which it  was allowed 
to stand for five hours. A slight am ount of pyri­
dine or an excess of titanium  tetrachloride often 
caused a darkening of this solution, bu t this effect 
apparently was not harmful. The resulting homo­
geneous solution was poured onto cracked ice, and 
the separated chloroform solution was washed until 
the  washings showed no acid test. The solution 
was then dried over anhydrous sodium carbonate, 
and the  chloroform removed on the  steam-bath.

Step 3.—The sirup from (2) was taken up in 
700 cc. of absolute methanol. Then, 25 g. of sil­

ver carbonate was added and the m ixture shaken 
for twelve to sixteen hours. Upon completion 
the silver residues were filtered off.

The type of shaker for this step is sketched in 
Fig. 4. The box was rotated on its horizontal 
shaft a t approximately 70 r. p. m. W ith the 
bottles set a t an angle to the direction of rotation, 
and usually only two-thirds full, the mixing was 
very effective. The authors are indebted to Mr. 
Otto Stanger of the M iner Laboratories, Chicago, 
for suggesting this type of shaker.

Step 4.—To the clear solution from (3) was 
added 200 cc. of dry chloroform and a solution 
made by dissolving 1 g. of sodium in 50 cc. of 
methanol. The mixture was allowed to  stand a t 
0° for six hours and then diluted with an  equal 
volume of water. The water layer was separated, 
made neutral to litmus with acetic acid, and re­
duced in volume to 30 cc. by distillation in  vacuo. 
The glycoside sirup obtained a t this stage was 
usually dark brown in color.

Step 5.—The sirup from (4) was transferred 
to the m ethylation apparatus, heated to 70° by 
means of a water-bath, and treated w ith 150 cc. 
(200 g.) of methyl sulfate and 140 g. of sodium 
hydroxide which was dissolved in 200 cc. of water. 
The reagents were added dropwise over a period 
of about three hours in an approximate ratio of 
two drops of methyl sulfate to three drops of so­
dium hydroxide solution. This kept the base 
slightly in excess and minimized the danger of 
hydrolysis. Upon completion of the addition, 
the mixture was heated with stirring for one-half 
hour a t 100°. The cooled mixture was filtered, 
and the solid which separated was tritu ra ted  four 
times with 25-cc. portions of chloroform. The 
filtrate was extracted four times with 100-cc. 
portions of chloroform. The extracts were com­
bined with the  washings and dried, w ithout wash­
ing, over anhydrous sodium carbonate. Then, 
the chloroform was removed by distillation on 
the water-bath and the residual sirup transferred 
to the distillation apparatus. The chloroform was 
removed. Bumping under the high vacuum was
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Original M ethylated E q u iva len t

Run
com ponents derivatives, w t. of free % C om pon en ts(G or M ), g. g. sugar, g. Obsd. Corr. C alcd .

7A G 7.5 3.9 2.89 29.9 29.9 30.0
M 17.5 8.9 6.80 70.1 70.1 70.0

Total 25.0 12.8 9.69
8A G 7.5 4.5 3.34 32.2 32.2 30.0

M 17.5 9.2 7.05 67.8 67.8 70.0
Total 25.0 13.7 10.39

7B G 12.5 4.8 3.56 49.2 50.0 50.0
M 12.5 4.8 3.67 50.8 50.0 50.0

Total 25.0 9.6 7.23
8B G 12.5 6.1 4.52 49.6 50.0 50.0

M 12.5 6.0 4.59 50.4 49.6 50.0
Total 25.0 12.1 9.11

7C G 17.5 6.1 4.52 64.4 67.0 70.0
M 7.5 3.3 2.52 35.6 33.0 30.0

Total 25.0 9.4 7.04
8C G 17.5 6.0 4.45 64.5 67.0 70.0

M  7.5 3.2 2.45 35.5 33.0 30.0
Total 25.0 9.2 6.90

12 G 19.0 8.4 6.21 69.3 72.8 76.0
M 6.0 3.6 2.76 30.7 27.2 24.0

Total 25.0 12.0 8.97
14 G 23.0 7.6 5.54 84.8 92.0 92.0

M 2.0 1.3 1.00 15.2 8 .0 8 .0
Total 25.0 8.9 6.54

relieved by means of small boiling chips. A t pres­
sures below 0.02 mm., the limit for removal of the 
monosaccharose fraction was 110°. If the sam­
ple contained only mono- and disaccharoses, the 
disaccharose fraction was not distilled but the resi­
due was taken as disaccharose. When trisaccha­
roses were involved, the disaccharose fraction was 
distilled off and the residue was regarded as the 
trisaccharose. The fractions were then weighed 
directly, the weights calculated back to weight of 
free sugar using the correction curve (Fig. 1).

When glucose and maltose were carried through this 
procedure separately, the yield of methylated sirup from 
glucose was 38.3% and tha t from maltose 37.1%. Thus 
no serious preferential action on the two classes of sugars 
was observed. Neither of the sugars was completely 
methylated. The monosaccharose approached the tetra­
methyl stage and the disaccharose the heptamethyl. 
Macdonald23 has shown that with a chloroform extraction 
of products obtained in the methyl sulfate methylation of 
glucose, less than 2% of the methyl dimethylglucoside 
passes into the chloroform. Hence the extracted material 
consists almost wholly of the methyl tri- and tetramethyl- 
glucosides (A and B). Carrying the analogy to the di­
saccharoses, one might expect tha t the chloroform extract 
would consist mainly of the methyl hexa- and hepta- 
methylglycosides (C and D). From these considerations, 
it  was decided to regard the separated fractions as equi­
molar mixtures of A and B, or C and D, and to correct the 
molecular weight accordingly. The molecular weights

(23) M acd onald , T h is  J o ur n a l , 57, 771 (1935).

used for computation of the free sugar weights were thus 
243 for the monosaccharose instead of 250, and 447 for the 
disaccharose instead of 454.

The procedure was now rigorously standardized. Some 
results on typical analyses of glucose-maltose mixtures are 
shown in Table III.

The glucose fractions from the first six runs were com­
bined and identified as follows. The specific rotation in 
chloroform, [ a ] 20D , was —20.5°, whereas tha t for pure /3- 
methyl tetramethylglucoside is —22.4°. Ten grams of 
the liquid was hydrolyzed by heating for two hours a t 100 ° 
with 7 % hydrochloric acid, then neutralizing with calcium 
carbonate, evaporating to dryness and extracting with 
ether. In  this way, 5.5 g. of tetramethylglucose was ob­
tained. From this, by heating with aniline,24 a good yield 
of tetramethylglucose-aniline, m. p. 135°, was obtained.

The maltose fractions were identified by refluxing 10 g. 
of the maltose residues (Table III) for six hours with 35 g, 
of silver oxide and 60 g. of methyl iodide. The silver resi­
dues were filtered off and the methyl iodide removed by 
distillation. The residual sirup was vacuum distilled. A 
fraction of 3.62 g., b. p. 158° (0.008 mm.), possessed a 
specific rotation in chloroform, [ a ] 20D  of 67.7°. The 
specific rotation of /3-methyl heptamethylmaltoside is ac­
cepted as 78.9 °.

The method has been tested recently by Mr. P. J. Baker, 
Jr., of this Laboratory, who reported these data on a 
glucose-maltose mixture:

C om ­ M eth y la ted E quiv .
pon en ts, d eriv ., w t. o f free % C om pon en ts

g. g- sugar, g. Obsd. Corr. C alcd.

G 17.5 11.75 8.70 67.7 70.7 70.0
M 7.5 5.42 4.15 32.3 29.3 30.0

(24) G reene and  L ew is, ib id . ,  5 0 , 2822 (1928).
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Analysis of Other Mixtures

Details for glucose and sucrose are listed in Table IV. 
If the correction for the 11% hydrolysis of sucrose, noted 
above, is applied, then the weights of components would be 
changed from 12.5 g. apiece to 13.9 g. of glucose and 11.1 g. 
of sucrose. The methylated sucrose was characterized by 
refluxing it for eight hours with silver oxide and methyl 
iodide. After the usual procedure, 2.5 g. of liquid was 
secured: b .  p. 130-140° (0.001 mm.), [ a ] 20D in chloroform 
+63.6°. The rotation of octamethylsucrose25 26 is only 
reported with methanol as solvent, [ck] 20d  +  69.3°.

T a b l e  IV
A n a l y s i s  o f  M i x t u r e s  o f  S u g a r s

M eth y l-

C om ponents  
N am e G .

a ted
derivs.,

g .

Free
sugar,

g.
%  C om ponents 

Obsd. Corr. Calcd.
G lucose 1 2 .5 6 .8 5 .0 4 5 2 .4 5 3 .4 5 6 .0
Sucrose
/3-Glucose

1 2 .5 6 .0 4 .5 9 4 7 .6 4 6 .6 4 4 .0

P en taaceta te 3 5 .7 1 2 .6 9 .3 4 6 3 .2 6 2 .6
/8-Gen tiob iose

O ctaacetate 1 9 .5 6 .8 5 .2 0 3 6 .6 3 7 .4

G lucose 1 0 .0 4 .0 2 .9 6 3 8 .6 3 9 .3 4 0 .0
T rehalose 1 5 .0 6 .1 5 4 .7 0 6 1 .4 6 0 .7 6t).0
G lucose 1 3 .3 7 .3 4 5 .4 3 5 2 .5 5 3 .5 5 3 .3
T rehalose
G entiobiose

2 . 7 7 ]
- 6 .4 0 4 .9 0 4 7 .5 4 6 .5 4 6 .7

O ctaacetate 1 7 .6  j
R ham nose 1 1 .1 5 .5 4 4 .0 3 4 3 .5 4 3 .9 4 2 .5
M altose 1 5 .0 7 .0 5 5 .2 2 5 6 .5 56 .1 5 7 .5
Glucose® 1 5 .3 5 6 .3 4 .6 7 6 2 .8 6 4 .3 6 2 .0
M altose 9 .4 1 3 .6 2 .7 6 3 7 .2 3 5 .7 3 8 .0
Glucose® 1 3 .9 6 .0 4 .4 5 5 4 .2 5 5 .2 5 3 .4
L actose 1 2 .1 4 .9 3 .7 5 4 5 .8 4 4 .8 4 6 .6

° These mixtures were supplied to the analyst as un­
knowns.

To include gentiobiose in the mixtures it was necessary 
to start a t Step 2, since only gentiobiose octaacetate 
(Pfanstiehl’s), [ a ] 20D in chloroform —5.3°, was available. 
Therefore, the correction curve was not applied to the data 
for this run in Table IV. The methylated gentiobiose 
fraction solidified on standing: [a]20d  — 7.0 ° in chloroform. 
For /3-methyl heptamethylgentiobioside, Haworth and 
Wylam26 list —29.9° for the specific rotation in alcohol.

Anhydrous trehalose was obtained by heating Pfanstiehl 
trehalose monohydrate a t 105° for three hours. After the 
analysis (Table IV), 10 g. of the methylated disaccharose 
fraction was refluxed for eight hours with 37 g. of silver 
oxide and 70 g. of methyl iodide. When the mixture was 
worked up, a 5-g. fraction was obtained: b. p. 165-168° 
(0.01 mm.), [ a ] 20D in chloroform +166.2°. The rotation 
given for octamethyltrehalose27 in benzene is +199.8°.

In the mixture of glucose, trehalose and gentiobiose octa­
acetate, the weight of 17.6 g. of the acetate is equivalent to
8.9 g. of gentiobiose. This represents a total of 11.67 g. of 
gentiobiose plus trehalose.

In the mixture of rhamnose and maltose, the rhamnose 
fraction was collected to  1 1 0 ° ;  [ ck]20d  + 1 2 . 0 °  in chloro­

(25) H aw orth  and L aw , J .  C h em . S o c ., 109, 1314 (1916).
(26) H aw orth  and W ylam , ibid., 123, 3120 (1923).
(27) Schlubach and M aurer, Ber.>  58, 1178 (1925)»

form. The specific rotation of /3-methyl trimethylrham- 
noside28 in water is given as —15 °.

The methylated lactose fraction (Table IV) was re- 
methylated with 20 g. of silver oxide and 50 g. of methyl 
iodide for eight hours. Three grams was obtained: b. p. 
170-175° (0.02 mm.), | > ] 27d  +6.19° in chloroform, | > ] 27d  
+3.00 in methanol. The specific rotation of /3-methyl 
heptamethyllactoside29 in methanol is listed at —13.04°.

Separation of a Pentose-Hexose Mixture
Ten grams each of xylose and glucose were mixed and 

treated by the analysis procedure. The mixture of 
methylated derivatives obtained in the last step was dis­
tilled a t a rate of 3-5 drops per minute in the vacuum 
apparatus. The height of the side-arm on the distillation 
flask was approximately 10 cm. One of the receivers was 
previously calibrated in cc., so th a t temperature of distilla­
tion could be plotted against volume of distillate. The 
curve shown in Fig. 2 was obtained. The pressure was
0.03-0.04 mm.

In a second run 12.5 g. of xylose [ a ] 20D +17.7° and 12.5 
g. of glucose were mixed and treated by the standardized 
procedure. The methylated sirup obtained in the final 
step was distilled, the cut being made at 75° as indicated 
by the curve. The pressure was 0.005 mm.

Com - M eth y la ted  F ree % C om ponents
ponents d eriv ., g. sugar, g . O bsd. Corr. Calcd.

Pentose 5.63 4.10 49.3 50.1 50.0
Hexose 5.85 4.21 50.7 49.9 50.0

Pentose.—A portion, 3.5 g., of the methylated pentose, 
crystallized during the distillation. The rotation was de­
termined in chloroform. Sample: 0.1205 g.; ang. rotn., 
—0.64°; [ a ] 20D — 69.9°; volume solution, 25.0 cc.; tube 
length, 1.89 dm. The melting point of the crystals was 
45°. The recorded constants of /3-methyl trimethyl- 
xyloside are: melting point 51°; [ a ] 20D —69.5° in chloro­
form.2

Hexose.—The specific rotation of the sirupy hexose 
portion was determined in chloroform. Sample, 0.9276 
g . ;  ang. rotn., —1.75°; [ oj] 20d  —33.7°; tube length,
1.89 dm.; volume solution, 25.0 cc. The specific rotation 
of /3-methyl tetramethylglucoside is —22.4° in chloroform.

Analysis of Hydrol
The Drying of Hydrol.—The hydrols used in this work 

were obtained through the courtesy of Mr. W. B. Newkirk 
of the Corn Products Refining Company. Hydrol is the 
term used to represent the mother liquor after glucose has 
been crystallized from the acid hydrolysis of starch. 
Ordinarily, starch is hydrolyzed by 0.25 to 0.5% hydro­
chloric acid under pressure of about 40 pounds (3 atm.) of 
steam. I t  is then neutralized, filtered, clarified, concen­
trated and crystallized. Ordinary hydrol is the residue 
obtained from one such hydrolytic conversion and crystal­
lization. If the hydrol is again subjected to a second 
hydrolytic conversion and crystallization, the mother 
liquors are the so-called Reconverted Hydrol. The ma­
terial which had undergone two crystallizations for glucose 
after but one hydrolytic conversion is called Kansas City 
Hydrol.

(28) Purdie and Y oung, J .  C h em . S o c ., 89, 1194 (1906).
(29) H aw orth  and  L eitch , ib id . ,  113, 195 (1918).
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All of the hydrols used for analysis by the procedure were 
dried in the following manner. One part of the hydrol was 
taken up with an equal volume of toluene and distilled at
11-15 mm. from an ordinary Claisen flask surrounded by 
a water-bath a t 95 °.

Five such operations usually served to remove almost 
all of the water, leaving the hydrol as a hard glassy mass. 
By continued warming on the water-bath the sirup could 
be softened and poured from the flask. Samples were 
weighed in this manner. That most of the water was 
eliminated by this procedure was indicated by a water 
analysis on dried hydrol. A sample weighing 6.151 g. lost
0.020 g. after four hours of heating at 110-120° in an air- 
bath; final weight 6.131 g.; % water, 0.32.

Application of the Procedure to Hydrol
The size of the original samples was in all cases 25.0 g. 

Acetylation with pyridine and acetic anhydride proceeded 
normally as in other sugar samples. I t was found, how­
ever, tha t if the pyridine-hydrol mixture was warmed 
slightly before adding the acetic anhydride an appreciable 
amount of the sirup dissolved and hastened the reaction. 
In  this way complete acetylation was usually accomplished 
in forty-eight hours at 0 °.

In  the final distillation, after removal of the low boiling 
fraction, as much as possible of the residual material was 
distilled by taking the bath temperature to 250 °. Condi­
tions for the distillation were substantially the same in all 
of the runs. The pressure varied from 0.001 to 0.008 mm. 
All material up to 110° was regarded as monosaccharose; 
the disaccharose distilled was collected between 160-190° 
a t these pressures.

The weights of the fractions collected in the final distilla­
tions of the runs with the hydrols are listed in Table V.

T a b l e  V

M e t h y l a t e d  P r o d u c t s  f r o m  H y d r o l s

R econ verted  K ansas C ity

R un 1 2 3 4 1 2 1 2
Fraction  1 5 .4 0 6 .4 4 5 .9 4 4 .8 8 4 .9 4 5 .9 0 5 .1 2 4 .8 6
Fraction  2 3 .1 9 3 .5 0 2 .3 4 3 .2 2 3 .2 9 3 .0 9 2 .6 7 2 .5 8
R esid ue 1 .3 4 1 .6 6 2 .3 1 0 .9 6 0 .8 3 1 .6 7 1 .5 2 1 .4 5

C alculated  to  basis of free sugars, g.
M onosacch. 4 .0 0 4 .7 6 4 .4 0 3 .6 2 3 .6 8 4 .3 7 3 .7 9 3 .5 5
D isacch. 3 .0 2 3 .3 9 2 .7 8 2 .8 8 2 .8 8 3 .0 8 2 .7 0 2 .6 0
Trisacch. 0 .4 5 0 .5 6 0 .7 8 0 .3 2 0 .2 7 0 .5 6 0 .5 1 0 .4 9

O bserved percentages of com ponents
M onosacch. 5 3 .6 5 4 .7 5 5 .3 5 3 .1 5 3 .9 5 4 .6 5 4 .2 5 3 .5
D isacch. 4 0 .4 3 8 .9 3 6 .2 4 2 .2 4 2 .2 3 8 .5 3 8 .6 3 9 .2
T risacch. 6 .0 6 .4 8 .5 4 .7 4 .9 6 .9 7 .2 7 .3

Treatment of the Residue: Presence of Trisaccharoses. 
—To determine the nature of the residue, comparable 
experiments were performed on the methylated residues 
from maltose and from hydrol. About 10 g. of undistilled 
methylated maltose was dissolved in a minimum of chloro­
form, placed in a 500-cc. bottle, and 250 g. of methyl 
iodide and 25 g. of silver oxide added. The mixture was 
heated to  boiling, the bottle stoppered and insulated with 
an asbestos wrapper. The bottle was now shaken mechani­
cally for three days, the shaking being interrupted and heat 
applied as described about every six hours during the day.

The residues from the four runs of hydrol were treated

in exactly the same manner. Upon completion of the 
shaking, the solutions were filtered, dried and the solvent 
removed. The sirups obtained were distilled in vacuo up 
to a bath temperature of 250 °. Under this condition only 
would the disaccharose distil; any higher boiling fraction 
would remain. Upon completion, the distilled portion 
and the residues were weighed. The results with maltose 
and hydrol are summarized.

M altose H ydrol

Distilled portion or disaccharose, g. 7.12 3.40
Residue, g. 0.92 2.64
Total, g. 8.04 6.04

The molecular weights of the residues were now determined
in camphor:

M altose H ydro!

Wt. camphor 0.0946 0.0907
W t.fsample .0274 .0397
M. p. camphor, °C. 179.4 179.4
M. p. mixture, °C. 153.0 151.0
Difference, °C. 26.4 30.4
Constant for camphor 407.6 407.6
Molecular weight 429 587

Calculated for fully methylated disaccharose, 454 
Calculated for fully methylated trisaccharose, 658

Although the molecular weights did not agree exactly with 
calculated values, they were different enough to signify 
that a portion of the original hydrol residues was trisac­
charose.

Calculated from the weights obtained by fractionation 
of the residues, this appeared to  be:

Disaccharoses 56.3%
Trisaccharoses 43.7%

The weights of residues obtained in the original fractiona­
tion were now corrected using these figures. The weights 
of methylated sugars were calculated back to the weights 
of free sugars as was done with the known mixtures, and 
the percentages of components thus obtained (Table V). 
The correction from the correction curve was applied only 
to the mono- and disaccharose fractions.

Molecular Weights Used
Monosaccharose 180 Methylated monosaccharose 243 
Disaccharose 342 Methylated disaccharose 447 
Trisaccharose 506 M ethylated trisaccharose 658

The corrected percentages of components are summarized 
in Table VI. The whole analysis, including water and ash 
which were determined in the usual way, for each hydrol is 
also included.

Only glucose seemed to be present in the monosaccharose 
portion from hydrol. In  two of the runs, the specific rota­
tions taken in chloroform at 20° were —19.5 and —18.1°. 
This is reasonably near the rotation ( —22.4°) for pure /3- 
methyl tetramethylglucoside. Furthermore, glucose crys­
tals separated from hydrol on standing.

Work is being continued on the identification of the 
sugars in the disaccharose portion. These specific rota­
tions were obtained in chloroform on the methylated di­
saccharose fractions: hydrol, [ ck]20d  +38.7°; recon­
verted hydrol, [ « ] 20d  +30.8°; Kansas City hydrol, [ a ] 27D 
+66.7°.
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T a b l e  VI
P e r c e n t a g e  C o m p o s i t i o n  o f  H y d r o l

M onosacch. D isacch. Trisacch. W ater A sh

Hydrol
Mean (Table V) 54.2 39.4 6.4
Corrected mean 55.2 38.4 6.4
Whole analysis 43.2 30.8 5.0 19.8 1.96

Reconverted Hydrol
Mean 54.2 40.3 5.5 .  .

Corrected mean 55.2 39.3 5.5
Whole analysis 40.1 28.5 4.0 21.60 5.83

Kansas City Hydrol
Mean 53.8 38.9 7.3
Corrected mean 54.8 37.9 7.3
Whole analysis 40.7 28.2 5.2 20.1 5.60

Summary

A procedure has been developed for the direct
analysis of sugar mixtures of these types: mono- 
and disaccharoses; mono-, di- and trisaccharoses; 
pentoses and hexoses. The procedure involves 
indirect methylation, vacuum distillation of the 
m ethylated derivatives, and weighing of the frac­
tions thus obtained. An accuracy of 3% was a t­
tained. Since the  various fractions are separated 
from each other, they m ay be used for purposes of 
identification.

The indirect m ethylation is necessary to  ob tain  
uniformity in» yields. D irect m ethylation of a 
mixture of mono- and disaccharoses gives results 
in the fractional distillation which are n o t indica­
tive of the original percentage composition. T he 
following steps are involved in the  standardized 
procedure: acetylation a t 0° by acetic anhydride 
and pyridine, replacement of the acylal function 
by chlorine by means of titanium  tetrachloride, 
substitution of the chlorine by m ethoxyl by  p ro­
longed shaking with m ethanol and silver carbon­
ate, hydrolysis of the remaining acetyl groups by  
sodium methoxide in methanol, m ethylation by  
one treatm ent with m ethyl sulfate and sodium 
hydroxide, and finally fractional distillation in  
vacuo of the m ethylated sirups.

Monosaccharoses such as xylose, rhamnose, 
glucose and levoglucosan undergo th e  procedure 
successfully. In  its present form it  does no t 
apply to fructose. The disaccharoses studied in ­
cluded the maltose type (maltose, lactose, gentio­
biose) and the trehalose typé (trehalose, sucrose).

The procedure has been applied to  th ree types 
of hydrol and the presence of trisaccharoses in 
these hydrols has been established.
E v a n s t o n , I l l i n o i s  R e c e i v e d  J u l y  18, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ]

The Mechanism of the Aqueous Hydrolysis of 0-Butyrolactone

By A. R. Olso n  and  R. J. M il l e r

In  1896 W alden1 showed th a t d-malic acid was 
obtained when silver oxide was suspended in an 
aqueous solution of J-chlorosuccinic acid. T reat­
m ent of the chloro acid with potassium hydroxide 
yielded an /-malic acid. Holmberg2 explained 
these results by assuming the prim ary formation 
of a lactone from the chloro acid, the lactone then 
hydrolyzing in several different ways, depending 
upon the  hydrogen ion concentration. H e3 later 
succeeded in isolating the lactone. The gener­
ality of lactone formation from /3-halogenated 
acids has been proved by Johansson’s4 work.

Holmberg5 and R0rdam 6 studied the  hydrolysis
(1) W alden , B e r .,  29, 133 (1896).
(2) H olm berg, ib id . ,  45, 1713 (1922).
(3) H olm berg, S ven sk . K ern . T id s ., 30, 190 and 215 (1918), through  

C h em . Z e n tr . ,  90, I, 223 (1919).
(4) Johansson, L u n d s  U n iv e r s ite ts  A r s s k r if l ,  N . F ., P art 2 , 12, N o. 

8  (1916).
(5) H olm berg, J .  i>rakt. C h em ., 88, 553 (1913).
(6) Rjzfrdam, J .  C h e m . S o c ., 2, 2931 (1932).

of the (+ )  malolactonic acid which was obtained 
from the (•—) halogenosuccinic acids. T hey found 
th a t in dilute aqueous acids the hydrolysis was 
first order, and th a t the product contained a p re­
ponderance of ( —) malic acid. In  stronger acids, 
up to 2 N  nitric acid and in basic solutions, th e  
product was largely ( + )  malic acid. These re­
sults were confirmed and extended by  Long and 
Olson,7 who determined both rates and optical 
relations using buffered solutions. T heir results 
are summarized in Figs. 1 and 2. T he in terp re­
tation of these results is complicated by  th e  diffi­
culty of determining the  to tal concentration of 
lactone and also by the possible existence of an  ol-  

lactone as well as a /3-lactone. We have th ere­
fore turned to /3-bromobutyric acid which readily 
yields a pure d-lactone. We have been able to  
show th a t this lactone hydrolyzes in  neu tra l

(7) Long and Olson, unpublished work in th is  L ab oratory .
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aqueous solution to yield one optical form of hy- 
droxybutyric acid exclusively and reacts with hy­
drogen ion and hydroxide ion by two other mecha­
nisms to form the other optical isomer.

Fig. 1 .—Velocity of hydrolysis of malolactonic acid.

Fig. 2.—Optical form of malic acid pro­
duced by hydrolysis of (+) malolactonic 
acid.

The jS-bromobutyric acid was prepared by 
Johansson's8 method. The acid was resolved 
with morphine in methyl alcohol. Repeated re­
crystallization of the acid yielded a product which 
had a molar rotation of +116.5° in 2 N  perchloric 
acid. This solution was 0.1632 M  with respect to 
the j8-bromobutyric acid. In water alone less 
than 1% decrease was observed. A 0.2361 M  
solution of the sodium salt had a molar rotation 
of 106.6°. The melting point of the purest acid 
was 44°. The /3-butyrolactone was prepared from 
this acid by Johansson's procedure.

Hydrolysis of the /3-Butyrolactone.—The lac­
tone was weighed in volumetric flasks which then 
were filled to the mark with the solvent used for 
hydrolysis. The change of optical rotation with 
time and the final value reached were then ob­
served using the polarimeter9 described pre-

(8) Johansson, B e r .,  48, 1256 (1915).
(9) O lson and  L on g , T h is  J o urn al , 66, 1294 (1984).

viously. This was a Bellingham and Stanley in­
strument designed so that 30-cm. polarimeter 
tubes in a thermostat with glass windows could be 
placed in the optical path. The thermostat was 
held at 25.0 =*= 0.05° by means of a mercury 
regular and heaters. Light from a mercury lamp 
filtered through copper sulfate glass and a Wrat­
ten No. 77 filter was used for the readings with 
the Hg 5461 line. Unfiltered light from a sodium 
lamp was used for the sodium D lines. All read­
ings were made to the nearest hundredth of a de­
gree, and, except for the faster kinetic runs, the 
mean of six to ten readings was taken as an ob­
servation.

Results and Discussion.— It was known from 
the work of Johansson4 that the hydrolysis of the 
lactone involves not only a first order reaction with 
water but also a second order reaction with hy­
droxide ion. In those solvents, therefore, where 
a change in the hydrogen ion concentration was 
apt to prove troublesome, we used buffers. In 
Table I we have collected the rate constants in 
various solvents. Those marked with an asterisk 
are copied from Johansson, who used a titration 
method for following the rate. In Fig. 3 we have 
plotted the rates which have been determined in 
this Laboratory, against the pH. For the 7.87 N  
sulfuric acid the activity of the hydrogen ion was 
taken arbitrarily as 7.87. The solid line in Figure 
3 is the plot of the total rate at various hydrogen 
ion concentrations as calculated from the well- 
known equation for the catalytic catenary
— d  lo g e  (lactone)/ck — k  — & H 20  +  & h ( H + )  +  & o h ( O H ” )

where &H2o and k0n were determined by Johans­
son and kn was determined in 2 N  perchloric acid.

T a b l e  I
E x p e r i m e n t a l  R a t e s

S o lven t
M olar concn. 

o f lacton e
F irst order k X  104

7.87 N H2SO4 0.288 72
2 N HCIO4 . 1685 12
Water .789 7
0.665 M H 2PO4- , 1.00 M 

HPO.-, pH 6 .8 .1890 29
0.60 M HCOa”, 2.18 M 

CO3-, pH 10 .207 800
Water* .608 8 .0
Water* .0600 8 .8
Water* .00600 9.1
0.604 M HNOs* .603 9.2
0.0601 M HN03* .0599 8.7
0.00600 M HN<V .00600 9.0

0.00400 M NaOH* .00400
Second order

C «  49
0.00200 MNaOH* .00200 C =■ 49
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The lack of agreement between some of our points 
and the solid line will be discussed in a later sec­
tion in connection with salt effects. The details 
of the calculation of the solid line are found in 
Table II. The last column in the table is useful in 
connection with the discussion in a later section.

Table II
Calculated R ates

-  d l°Se [^ctone] _ kmm £h2Q +  £h (h+) +  J oh(0 H -) 

or k =  8.5 X lO "1 +  2 X 10-4(H+) +  49(OH~).

pm
fcn(H+) 
X 104

fcOH(OH-)
X 104 k X 104 ^ 2  x  look

— 2 200 208.5 4.2
-  1 20.0 28.5 29.8
- 0 . 5 6.3 14.8 57.4

0 2 .0 10.5 81.0
1 0 .2 8.7 97.0
2 .02 8.52 . 99.7
3 .002 8.502 100.0
4 8.5 100.0
5 8.5 100.0
6 0.0049 8.505 99.9
7 .049 8.55 99.4
8 .49 9.0 94.5
8.5 1.5 10.0 85.0
9 4.9 13.4 63.5
9.5 15.0 23.5 36.0

10 49.0 57.5 14.8
11 490 498.5 1.7
12 4900 4908.5 0.2

A change in the hydrogen ion concentration of 
the solvent in which the /3-butyrolactone is hy­
drolyzed produces not only a change in the rate 
of hydrolysis as discussed above, bu t produces 
also a change in the ratio of the amount of (+ )  
hydroxybutyric acid to the am ount of ( —) hy- 
droxybutyric acid in the product. In order to 
determine this ratio the observed final rotation 
for each run m ust be corrected for the optical 
purity  of the initial lactone. The corrected final 
rotation m ust then be compared with the molar 
rotation of pure hydroxybutyric acid in the same 
solvent. The correction was obtained by com­
paring the molar rotation of the bromobutyric 
acid from which the lactone was made with the ro­
tation  of the highly resolved bromobutyric acid. 
In  Table I I I  we enum erate th e  correction factors 
for the four preparations of bromobutyric acid 
which were used in this work. In  Table IV we 
list the molar rotations of an optically impure 
sample of hydroxybutyric acid in the various sol­
vents. Since the molar rotation of this sample of 
hydroxybutyric acid in water was only 18.5° we 
have multiplied all the experimentally determined

Fig. 3.—Rate of hydrolysis of 
iS-butyr olactone.

molar rotations by a factor to obtain the rotation 
of pure hydroxybutyric acid. In  Table V we 
have collected the data  from the runs concerned 
with the optical form of the product. The first 
column indicates the preparation of bromobutyric 
acid from which the lactone was made, the second

Prepn. of 
0-brom obutyric  
acid from  w hich  

lactone w as m ade

I
II

III
IV

Table III
M olar rotation  

of th is  acid  
in  2 N  HCIO4

50.4
86.8

104.0
100.7

Table IV

116.5 d iv ided  b y  
th is  m olar rotation  
or correction  factor  

to  rotation

2.31
1.343
1.120
1.158

Rotation10 of /3-Hydroxybutyric Acid in Various 
Solvents

Free acid in aqueous solution, [M]25d 25.9°. Sodium 
salt, c = 0.13 M, [M]25d 17.5° Hg 5461 calibration using 
5 cc. of 0.789 M  acid solution of [M]25d 18.5° diluted to 
25 cc. with solvent, giving the concentration of /3-hydroxy- 
butyric acid — 0.789/5 = 0.1578 M  in all solvents except 
water where the original 0.789 M  solution was used.

S o lv en t OL [M]b16i [M ] f „  X f | |
7.87 N  H2SO4 
Acetate buffer

1.12 23.6 33.1

Ac" =  0.8 M, HAc = 
3.2 M, pH  3.85

1.03 21.7 30.4

Water 5.10 21.5 30.1
Phosphate pH  6.8, 0.665 

M  H2PO4-, 1.0 M  
‘ HPO4-

0.77 16.2 22.7

Carbonate pH  9,2.00 M  
HCO3-  0.72 M  C03-

.77 16.2 22.7

Carbonate pH  10,0.6 M  
H C03“, 2.18 M  C03“

.76 16.0 22.4

6 N  NaOH .62 13.1 18.4

(10) M cK en zie , J .  C h em . S o c ., 81, 1402 (1902).
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Table V

R otation
C orrected  
[M ] X  100

Prepn. S o lven t

Initial 
m olar  

concn. of 
lactone

Obsd. 
final 

rotation  
of soln. [M]548i

C orrected

of pure 
/3-hydroxy- 

butyric  
acid in  
so lven t

d iv ided  
b y  rotation  

of pure  
h yd roxy ­

bu tyric  acid

Per cen t. 
(+) 

form

I 7.87 N H S O \ 0.288 -0 .6 5 -  7 .5 - 1 7 .3 33.1 - 5 2 24
III 2V HC104 .1685 .13 2.6 2.9 (30. l)a 10 55
I Formate buffer, pH 2.8 .363 1.36 12.5 28.8 (30. l)a 96 98
III Acetate buffer, HAc =

3.2 iff, Ac =  0.8 iff, pH 3 .8
.1319 1.02 27.0 30.2 30.6 98.7 99.4

I Water .113 0.40 11.8 27.0 30.1 90 95
II Water .789 5.10 21.5 28.9 30.1 96 98

4.37& 18.5 24.8 25.9 96 98
I II Water .1932 1.54 26.4 29.7 30.1 98.7 99.3

1.326 22.7 25.4 25.9 98.0 99.0
III 0.665 M  H2P O r , 1.0 iff 

H P O r, pH  6 .8 .1890 1.14 20.0 22.4 22.7 98.6 99.3
I 2.00 iff HCO3-, 0.72 iff 

C O r, pH  9 .118 0.00 0 .0 0 .0 22.7 0 50
III 0.60 iff H C O r, 2.18 iff 

C 03~, pH  10 .207 -  .40 -  6 .4 -  7 .2 22.4 - 3 2 34
III 0.140 iff NaOH .140 -  .63& - 1 5 .0 - 1 6 .8 17.5 - 9 6 2
I 6 N  NaOH .308 -  .65 -  7 .0 -1 6 .1 18.4 - 8 8 6
IV 6 N  NaOH .249 -1 .0 7 -1 4 .3 - 1 6 .5 18.4 - 9 0 5
a In  the absence of experimental data rotation in water was used. 
6 Indicates runs made with sodium light.

the solvent in which the lactone was hydrolyzed, 
the third the initial molar concentration of lac­
tone, and the fourth was observed final rotation. 
The percentages of (+ )  hydroxybutyric acid in 
the product as calculated from the corrected ro ta­
tions are shown in the last column of Table V and 
plotted against the p H  in Fig. 4. Where an un­
buffered solution was used an arrow shows the 
change in p H  during hydrolysis.

- 2  0 4 8 12
pH.

Fig. 4.—Optical form of hy­
droxybutyric acid produced by the 
hydrolysis of (+ )  j8-butyrolac- 
tone.

If we assume th a t (+ )  /Tbutyrolactone reacts 
with water molecules to form only (+ )  hydroxy­

butyric acid and with hydrogen ions or hydroxyl 
ions to form only ( —) hydroxybutyric acid, and 
if we combine these assumptions with the rates as 
determined in the preceding sections, we can cal­
culate the percentage of (+ )  hydroxybutyric acid 
formed in the various solvents. This we have 
done with the aid of the last column in Table II  
and have plotted the results as the solid line in 
Fig. 4. The agreement between the experimental 
and calculated percentages is quite satisfactory 
except for the point a t pH. of 10 and the point in 
6 N  sodium hydroxide. The agreement for the 
point corresponding to 7.87 N  sulfuric acid is of 
course due to our arbitrary selection of an ac­
tivity  for the  hydrogen ion. If we had calculated 
the activity from the mean activity rule of Lewis 
and Randall,11 the point would have come to the 
right of th a t for 2 N  perchloric acid. This pro­
cedure of course neglects a specific contribution to 
the ra te by the acid sulfate ion. T h at this ion 
contributes to the ra te  is made very plausible by 
the work to  be discussed later in connection with 
carbonate ion.

The low rotation in the  6 N  sodium hydroxide 
may be due to  reactions producing unsaturated 
compounds such as is observed with bromo­
butyric acid in alkaline solutions.

(11) L ew is and R an d all, “ T h erm odynam ics,” M cG raw -H ill B oob  
C o., In c ., N e w  Y ork, N . Y ., 1923, pp. 328 and 357.
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Postponing for the present the discussion of the 
point a t p R  10, we can conclude th a t the compos­
ite reaction is the  resultant of the three reactions.

H CH3

H—O—H 0~ C  0 / H ■
I I

O—C—C—H
. I

H

H CH3 

H + o ^ c  

0 = C —C—H

o  i

H CHs
*  \ /

H—O—H O—C

H CHs
* \ /

H—O C—O—H +

O - U -H

H

o = i—i —i
o-
I

H

H

H CHS
* \ /  

H—O—C

0 = C — Hi A ■A
H CHs

• \ /  
H—O—C

I
0 = C —C—HA-A

+  h 2o

These reactions are written in conformity with 
the principle th a t inversion occurs for every sub­
stitution, The formation of the lactone from the 
bromobutyric acid m ust have involved an inver­
sion even though there is no change in rotation, 
for the action of phosphorus pentachloride on 
(--)  hydroxybutyric acid or its ester produces a 
(+ )  chlorobutyric acid12 or its ester, respectively. 
I t  is of interest to recall in this connection th a t 
(+ )  bromosuccinic acid produces a lactone with 
negative rotation. The lactone is in reality an 
inner ester. The breaking of the carboxyl oxy­
gen bond under acid or alkaline conditions is in 
agreement with the  hydrolysis of esters under 
similar conditions.13 The hydrolysis of the lac­
tone by molecular water is fast enough to be ob­
served. In  this case it is the alcohol oxygen bond 
which is broken. Due to the fact th a t we used 
optically active materials, we see th a t the big 
speeding up of the reaction by hydrogen ions and 
hydroxyl ions therefore does not necessarily in­
volve a catalysis of the water reaction, but rather 
the acceleration of independent, competing reac­
tions. In  view of these results we m ust disagree 
with W aters,14 who states “W ithout exception 
hydrolyses are ionic re a c tio n s .. .”

(12) F ischer and Scheibler, B e r ., 42, 1219 (1909).
(13) (a) H olm berg, ib id . ,  45, 2997 (1912), and (b) Polanyi and  

Szabo, T ra n s . F a r a d a y  S o c ., 30, 508 (1934).
(14) W aters, “ P h ysica l A sp ects of Organic C hem istry,"  R outled ge  

and Sons, L td ., London , p . 262.

In Fig. 3 the point corresponding to the hy­
drolysis of a 0.789 M  solution of the lactone in 
pure water shows a slower rate than th a t calcu­

lated for a 0.15 M  solution. This is in agree­
ment with Johansson’s work in which it was 
found th a t the first order rate constants de­
creased as the concentration of the lactone 
increased. We already have mentioned the 
difficulty of assigning an activity to the hy­
drogen ion in the 7.87 N  sulfuric acid. In  

+  H + addition to this the ra te also should deviate 
from tha t calculated for a dilute solution due 
to the changes of the activity of water and 
of lactone as we go to such a concentrated 
solution. These effects are likewise very 
prominent in the runs with phosphate and 
carbonate buffers where the salt concentra­
tions are several moles per liter. Thus the 
velocity of the run in the phosphate solution 
is about three times the calculated rate. A 
distribution experiment using dibutyl ether 
as the second solvent showed th a t the activity 

of the lactone in the phosphate solution was about 
twice as great as it was in water solution, account­
ing for the major portion of the ra te change. The 
run in the carbonate buffer cannot be explained 
in this way, for here we get not only a thirteen­
fold increase in the composite rate but also a 
change in the optical ratio of the product. This 
ratio would not be changed by a change in the ac­
tivity  of the lactone. Therefore, even after allow­
ing for a two-fold change in the activity of the lac­
tone by the salt, we find a five-fold increase in the 
rate of the reaction with hydroxide ion and fifteen­
fold increase in the water reaction rate. If we 
think of the carbonate ion in solution as hydrated

: Ö :
and write a structure for it : Ö : C : Ö : H : Ö : H ,  

we see th a t the water in this complex is interme­
diate between molecular water and hydroxide ion 
since the hydrogen which forms the bond is no 
longer completely the property of the water. 
Assuming th a t the behavior of such a particle is 
intermediate between th a t of hydroxide ion and 
molecular water, we would expect the observed 
changes in the rates and products.

Reactions of /^-Bromobutyric Acid.—The dis­
appearance of j3-bromobutyrate ion in aqueous 
solution a t 25° gave a first order rate constant of
1.09 X 10~3 m in.-1. Runs which were followed 
by Volhard titration or by change of optical rota­
tion gave identical results. The rate of this re-
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action a t 38° was found by Johansson8 to be
0.0093. Combining these results we get k =
1.3 X 10176~29’800/i?:rsec.~1. Later Johansson15 
found th a t a t 32° about 15% of the /3-bromo- 
butyrate decomposed into propylene, carbon di­
oxide, and bromide ion. A t 25° we found a 17% 
discrepancy between the production of bromide 
ion and of acid after the hydrolysis of sodium 0- 
brom obutyrate was complete, indicating about 
the same am ount of decomposition. If all of the 
hydrolysis of the sodium bromobutyrate proceeds 
through the lactone intermediate, the optical ac­
tiv ity  of the product should be the same as th a t 
which is obtained from the hydrolysis of the lac­
tone. Correcting for the 15% decomposition re­
action this was found to be the case.

An aqueous solution of sodium bromobutyrate 
and thiosulfate ion shows an induction period 
when the ra te  is followed by titration of the thio­
sulfate ion. The induction period becomes 
shorter the greater the initial concentration of 
thiosulfate ion. The limiting value for the rate 
appears to be the same as the rate of production 
of bromide ion when thiosulfate ion is absent. 
The reaction therefore probably involves the pre­
liminary production of lactone and bromide ion. 
In  corroboration of this, the ra te  of the bimolecu­
lar reaction between lactone and thiosulfate ion 
was determined by following the change in con­
centration of thiosulfate ion and found to be 0.05 
liter per mole-minute. The results therefore are 
completely analogous to those obtained by Long 
and Olson16 w ith sodium bromosuccinate.

In solution by itself or with 2 N  perchloric acid 
the ^-bromobutyric acid loses its optical activity 
only very slowly, the rotation in 2 N  perchloric 
acid being 55% of the beginning rotation after 
two months a t 25°. In  basic solution, however, a 
fast bimolecular reaction with hydroxide ion oc­
curs, producing an optically inactive substance, 
probably crotonate ion, such as Fischer and 
Scheibler12 found with sodium /3-chlorobutyrate. 
The ra te  constant as determined by the decrease

(15) Johansson, B e r .,  55, 647 (1922).
(16) L ong and O lson, J .  P h y s . C h em ., 41, 267 (1937).

in optical activity with time was about 0.08 liter 
per mole-minute a t 25°.

The racemization by  bromide ion was followed 
in approximately 0.2 N  jS-bromobutyric acid and 
2 N  hydrobromic acid by the decrease in optical 
activity. The rate constants, uncorrected for de­
crease in optical activity due to other causes, since 
this correction was small and known only in the 
case of the lower tem perature, were 1.27 X 10~5 
minute*"1 a t 25° and 9.2 X 10~5 minute"-1 a t 
39.3° as the results of a single run a t each tem ­
perature. The ra te  constant can then be ex­
pressed as k =  4.2 X 1011̂ _24,900/ii:rsec.~1 as a 
preliminary result.

Summ ary

Pure optically active ^-bromobutyric acid has 
been prepared. Its  molar rotation, [M]255461, in 
acid solution is 116.5°. In  aqueous solution the 
salt gave [M]2554c>i equal to 106.6°.

The rates of hydrolysis of optically active 0 - 
butyrolactone prepared from optically active 0- 
bromobutyric acid have been measured over a 
range of hydrogen ion concentrations.

From the rates and the optical activity of the 
final hydrolysis products it has been shown th a t 
the mechanisms of hydrolysis by water, by hydro­
gen ion, and by hydroxide ion are distinct.

I t  has been shown th a t the addition of an ion, 
such as carbonate ion, has a big influence on both 
the water ra te  and the  hydroxide ion rate. An 
explanation is advanced for this behavior.

Tentative values of the  heats of activation for 
the reaction by which /^brom obutyrate ion pro­
duces lactone and for the  reaction by which bro­
mide ion racemizes /^-bromobutyric acid have been 
determined.

The ra te  of the bimolecular reaction between 0- 
brom obutyrate ion and hydroxide ion was de­
termined to be about 0.08 liter per mole-minute.

The reaction between ^-bromobutyrate ion and 
thiosulfate ion has been shown to involve the 
unimolecular formation of lactone as a prim ary 
step.
B e r k e l e y , C a l i f . R e c e i v e d  J u l y  15, 1938
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[C o n t r i b u t i o n  N o. 138 f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  a n d  C h e m i c a l  E n g i n e e r i n g  o f  T h e  U n i v e r s i t y  o f

T e x a s ]

The Heats of Solution of Gaseous Di- and Trimethylamines
B y A n d r e w  P a tter so n , J r ., w ith  W . A. F e l s in g

O bject of the Investigation.— In  a previous 
paper1 there were reported calorimetrically de­
termined values for the heats of solution of gase­
ous monomethylamine in water a t different con­
centrations of methylamine produced. Since the 
di- and trimethylamines have been investigated2 
partially in this Laboratory with the view of de­
termining their value in refrigerating systems of 
the absorption type and since it would be desirable 
to complete the heats of solution for this series of 
amines, this investigation was undertaken.

Existing D ata.—Very few d ata  on the heat of 
solution of these amines are recorded in chemical 
literature.

Bichowsky and Rossini3 estim ated the heat of 
solution of dimethylamine gas to be 12,700 cal. 
Other values, estimated in various ways, are due 
to Bonnefoi4 (14,635 cal.), to Moore and Winmill5 
(12,290 cal.), and the “International Critical 
Tables”6 (14,581 cal.), based upon data  by Bonne­
foi.7 In  no instance was there specified the con­
centration of the dimethylamine solution pro­
duced.

The values for the heats of solution for gaseous 
trim ethylamine are also discordant. Berthelot8 
gives the value of 12,900 cal. when one mole of the 
amine is dissolved in 270 moles of water (i. e.f a t 
N  =  270). Other values are those of Moore and 
Winmill5 (12,820 cal.), of the “International 
Critical Tables”6 (12,908), and of Colson,9 who 
gave a value of 8750 cal. for the heat of solution of 
liq u id  trimethylamine. This value may be com­
bined with the molal heat of vaporization of 5540 
cal./mole a t 30°, based upon the data  of Felsing 
and Phillips,2 yielding a value of 14,290 cal./mole 
for the heat of solution.

Berthelot8 cites some values for the heats of 
dilution of a saturated trim ethylamine solution 
(410 g./1000 g. of water a t 19°) and of some solu­
tions ranging in concentration from near satura-

(1) Felsing and Wohlford, T h is  J o u r n a l , 54, 1442 (1932).
(2) Felsing and Phillips, ib id .,  58, 1973 (1936).
(3) Bichowsky and Rossini, “Thermochemistry of Chemical Sub­

stances,” Reinhold Publishing Corp., New York, N. Y., 1936, p. 50.
(4) Bonnefoi, A n n . ch im . p h y s .,  [7] 23, 367 (1901).
(5) Moore and Winmill, J .  C h em . S o c ., 101, 1667 (1912).
(6) “ I. C. T .,” Vol. V, p. 182.
(7) Bonnefoi, C o m p t. r e n d ., 127, 576 (1898).
(8) Berthelot, A n n . ch im . p h y s .,  [5] 23, 247 (1881).
(9) Colson, ib id . ,  [6] 19, 407 (1890).

tion to about one-half molar, the solutions in each 
case being diluted to  approximately one-fourth 
molar.

Experimental Procedure.—The to tal heat
of solution of these gaseous amines was determined 
by passing the dry gas into distilled water, ob­
serving the tem perature effect, and determining 
the concentration of the amine solution produced. 
The method of procedure is th a t of Felsing and 
Wohlford;1 only minor modifications were intro­
duced.

The energy equivalent of the calorimeter 
system was determined by the usual electrical 
energy input method. Approximately 200 g. of 
distilled water measured to 0.001 g. was used for 
each of the seven determinations. The maximum 
deviation (a single determination) from the mean 
was 0.32 cal. (0.14%), whereas the average devia­
tion was only 0.147 cal. (0.067%). The interna­
tional calorie was used, 1 calorie being 4.1833 in­
ternational joules.

No radiation corrections were applied to the 
heat of solution determinations since: (1) the 
time of a calibration run (the energy equivalent 
determinations) was made, by actual trial, the 
same as the time of a heat of solution determina­
tion; (2) the tem perature rise of the calibration 
runs was made the same as the average rise of a 
heat of solution determination; (3) the stirring 
rate was held constant throughout; (4) the calo­
rimeter vessel (a special Dewar flask) was highly 
evacuated and silvered; and (5) the surroundings 
were kept constant a t 30 =*= 0.05°. The initial 
temperature of each run was exactly 30°.

The gaseous amines were generated from the 
Eastman c. p . hydrochlorides by treatm ent with 
50% potassium hydroxide in the apparatus of 
Felsing and Wohlford. The gases were dried by 
passing through tubes filled with pellet potassium 
hydroxide and were completely dried by storage 
over sodium wire. These dried gases (mixed with 
a very small amount of hydrogen resulting from 
the sodium wire drying process) were allowed to 
pass into the water of the calorimeter, the tem­
perature rise was noted on a calibrated 2° Beck­
mann thermometer, and two samples (approx. 
50 cc.) of the resulting solution were removed by
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300 500 700 900 1100 1300
Fig. 1.—N, Moles water/moles amine; I, Dimethylamine; II, Trimethyl­

amine.

means of a sampling pipet. From this pipet the 
sample was added to a weighed quantity of stand­
ard sulfuric acid, containing one drop of methyl 
red indicator, until faint alkalinity was indicated. 
To this essentially neutral solution was added the

A. D i m e t h y l a m i n e

At, °C .
(C H 3)2N H ,

g.
H 2O,

g.

N
(m oles

m O /m o le s
am ine)

H eat o f so lu tion  
(ca l./m ole)

Calcd.
Obsd. b y  E q. (I)

0.514 0.4008 203.069 1267 12,912 12,915
.580 .4609 204.774 1111 12,765 12,860
.686 .5348 201.401 941 12,815 12,800
.703 .5363 197.407 920 12,863 12,793
.725 .5883 207.655 882 12,660 12,780
.776 .5872 208.649 832 12,779 12,763
.777 .6266 194.723 829 12,824 12,761
.853 ,7064 212.061 750 12,646 12,733
.934 .7506 206.393 687 12,713 12,711

1.025 .8565 211.229 505 12,588 12,647
1.171 .9199 202.112 549 12,761 12,662
1.232 .9401 194.537 517 12,690 12,651
1.564 1.2659 205.094 405 12,543 12,612
1.592 1.3145 212.232 403 12,693 12,612
1.747 1.4066 204.550 363 12,586 12,597
Maximum deviation, 0.93%; average deviation, 0.43%.

B. T r i m e t h y l a m i n e

A t, °C .
(C H sh N ,

g.
h 2o ,

g.

N
(m oles

H -iO /m oles
am ine)

H eat of solution  
(ca l./m ole)

Calcd.
Obsd. b y  E q. (2)

0.574 0.6067 207.225 1123 12,700 12,697
.607 .6471 207.928 1053 12,653 12,697
.687 .7117 201.516 928 12,653 12,637
.833 .8763 207.921 913 12,724 12,632
.994 1.0572 204.613 634 12,498 12,544

1.128 1.2285 208.853 557 12,435 12,520
1.186 1.2617 205.783 538 12,510 12,514
1.225 1.3554 208.138 583 12,402 12,503
1.357 1.3898 197.689 466 12,579 12,491
1.455 1.6003 209.814 430 12,363 12,480
1.466 1.6238 212.323 428 12,412 12,479
1.506 1.6222 208.259 421 12,540 12,477
1.550 1.6187 200.885 406 12,489 12,472
1.620 1.7343 206.106 390 12,499 12,467
1.745 1.8104 199.712 361 12,533 12,458

Maximum deviation, 0.93%; average deviation, 0.43%.

standard sulfuric acid to produce a 
slightly acid solution. This excess 
was then titra ted  with standard 
sodium hydroxide, the whole pro­
cedure being th a t of Moore and 
Winmill.5 The use of methyl red 
as indicator has been recommended 
by Treadwell and H all10 and by 
Thompson.11 All titrations and 
standardizations were made by 
weight; duplicate determinations 
always were made and the usual 

precautions for highest accuracy were observed.
The D ata.—The data  are listed in the table, 

in the order of increasing amine concentration; 
this is not necessarily the order of determination. 
A plot of the heat of solution against N  (the ratio 
of moles of H 2O to moles of amine) was made for 
each amine. A straight line represents best the 
variation of the to tal heat of solution with change 
in the  concentration of the solution produced for 
each of the amines. These functional relations 
are given by
Dimethylamine: — AHi (cal./mole) =

12,470 +  0.35149iV (1) 
Trimethylamine: — AiJ2 (cal./mole) =

12,344 +  0.31645A (2)

These relations apply only to the range of concen­
trations investigated.

The rate of change of the to tal heats of solution 
per mole with change in concentration of amine 
solution produced, for any concentration over the 
limited range investigated, is given by

d( — AH i)/dN  = 0.35149, for dimethylamine 
d( — AH2)/6.N  — 0.31645, for trimethylamine

The data  of Berthelot8 on trim ethylam ine apply 
only to  the dilution of concentrated solutions up 
to a concentration which is even greater than  the 
most concentrated of this investigation. Hence 
his data  cannot be compared with the results of 
the heat of dilution relations of this investigation.

Summary
1. The total heats of solution for gaseous di- 

and trimethylamines have been determined a t 30° 
for various concentrations of amine solution pro­
duced.

2. The relation between — A H  (heat of solu­
tion in cal./mole of amine) and N  (moles w ater/ 
mole amine) is given by two linear equations:

(10) T readw ell and H all, " A nalytical C hem istry ,” V ol. I I , 7th  
E d ., 1928, p, 470.

t i l )  R . T . T hom p son, A n a ly s t ,  53, 315 (1928).
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— A H i (dimethylamine) =  12,470 +  0.35149iV the values calculated by these relations on the aver- 
and —AHi (trimethylamine) =  12,344 +  age to 0.43%; the maximum deviation is 0.93%.
0.31645iV. The experimental values agree with A u s t i n , T e x a s  R e c e i v e d  J u l y  25, 1938

[C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  P h y s i c a l  C h e m i s t r y , T h e  S t a t e  C o l l e g e  o f  W a s h i n g t o n ]

The Densities of Fine Powders. II
B y J .  L . C u lb er tso n  and  M a r t in  K. W e b e r

In  a recent study of the apparent densities of 
fine powders made in this Laboratory1 the differ­
ences in values obtained when different liquids 
were used as the  buoying fluids were noted and 
conclusions were reached which were somewhat 
a t variance, in their detail, from those reached by 
previous investigators. In  a second study2 there 
was evident a rough correlation between apparent 
density values and the heats of wetting of the 
powders when wetted by  the same liquids. Fur­
ther studies seemed desirable in order to test the 
conclusions reached in th a t work, and it was pro­
posed th a t these should be developed along two 
lines, namely, (a) density determinations should 
be made of the fine powders used in the previous 
work (silica gel and active, practically ash-free, 
charcoal) using a num ber of liquids not yet in­
vestigated and (b) a study should be made of ap­
parent densities of a non-porous powder in liquids 
of different types.

In  the previous work1 the conclusion was 
reached th a t variations in the apparent density 
of a porous powder m ight be due either to differ­
ences in the degree of penetration of the porous 
solid by the liquids or to differences in the degree 
of compression of the  liquids a t the solid-liquid 
interface. In  either case the density differences 
noted m ust have been due primarily to the differ­
ences in surface energy decrease on wetting the 
solid, though in the second case differences in the 
compressibilities of the liquids would have been 
a conditioning factor. The measurements on a 
non-porous powder were proposed with the hope 
th a t by such means the first of these possible 
explanations might be confirmed or disproved.

Experimental.—In the previous work1 a modification 
of the method of Harkins and Ewing3 was used. Since this 
method requires considerable time, the method used by 
Tschapek4 was investigated. This in brief consists of

(1) C ulbertson and D unb ar, T h is  J o u r n a l , 59, 306 (1937).
(2) C ulbertson and W inter, ib id . ,  59 , 308 (1937).
(3) H arkins and E w ing, ib id . ,  43 , 1787 (1921).
(4) M . W . T schap ek , K o llo id - Z . ,  63 , 343 (1933).

weighing a sample of the solid into a suitable specific 
gravity bottle and adding to the sample liquid sufficient 
to submerge it. The bottle is then placed in a vessel 
provided with suitable means of air-tight closure and a 
connection to a vacuum pump. This vessel is then evacu­
ated to a pressure slightly below the vapor pressure of the 
liquid used on the sample. With such a pressure the 
adsorbed air is removed rapidly from the surface of the 
solid particles and after a sufficient time period (deter­
mined by increasing to time intervals yielding constant 
value determinations) the vacuum is broken, the specific 
gravity bottle filled, brought to the standard temperature 
and weighed. After making the necessary buoyancy cor­
rections, the density is calculated directly. Tests of this 
method in comparison with that used in the previous work1 
demonstrated a satisfactory agreement, and, since it is 
considerably faster than the one formerly used, it was 
adopted for the present investigations.

Results and Discussion.— In  the first study, 
samples of the same solid materials as were used 
previously1 were employed. These were pow­
dered silica gel and active ash-free charcoal. 
The methods for their preparation have been 
described.1 Water, benzene, nitrobenzene, car­
bon disulfide, acetone, ethyl alcohol, and n -butyl 
alcohol were purified carefully by standard 
methods and used in the density determinations. 
The density values for each of the solids in each 
liquid are given in Table 1(a). I t  is of interest 
also to add to these values those of Table 1(b) 
taken from the  previous work.

T a b l e  1 ( a )

L iquid  used
D e n sity  values, g./cc. a t 25' 

S i0 2 C
Acetone 2.310 2.047
Ethyl alcohol 2.248 2.012
Water 2.247 1.861
Nitrobenzene 2.239 2.011
n-Butyl alcohol 2.236 1.976
Carbon disulfide 2.216 2.029
Benzene 2.183 2.005

T a b l e  1 ( b )

Carbon tetrachloride 2.13 1.86
Petroleum ether 2.12 2.08

Harkins and Ewing found charcoal density to be 
a function of the compressibility of the liquid
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used in the determination and in consideration 
of the fact th a t the charcoals were of different 
origins the data above are in satisfactory agree­
ment with their values. As noted in the previous 
paper,1 however, the observed values of the den­
sity of silica do not agree with such a concept. I t  
appears significant th a t those liquids possessing 
the greatest compressibility yield the greatest 
values for the density of charcoal, while those 
with polar groupings, as indicated by high elec­
tric moment, show the greatest values for the 
density of silica; considering specific cases, the 
dipole moment of acetone is high and its com­
pressibility is comparatively high. The density 
values of both charcoal and silica are high when 
determined by means of acetone. W ater with 
high dipole moment and low compressibility yields 
a high density for silica and low density for char­
coal, while petroleum ether with high compressi­
bility and zero dipole moment yields a low den­
sity for silica and a high density for charcoal. 
The reader will of course observe tha t the extreme 
cases have been mentioned in illustrating the 
point made, and further th a t in some cases, par­
ticularly th a t of the density of charcoal in carbon 
tetrachloride and perhaps th a t of silica in carbon 
disulfide, the suggested relationship is not ap­
parent. The data, however, offer considerable 
support for the generalization made. To the 
writers this would seem to indicate th a t on the 
silica surface polar groups are oriented to the inter­
face and the large force of attraction causes com­
pression of the liquid. Non-polar liquid mole­
cules under the influence of less attractive force 
and feeble orienting influence even though of 
high compressibility fail to show such high den­
sities for this solid. Generally speaking, opposite 
orientations and large forces of attraction between 
solid and non-polar groups and molecules seem to 
be indicated for the charcoal.

The data  may, however, be explained on the 
basis of penetrability of the porous solids by the 
various liquids and the second series of deter­
minations appear to be significant in this con­
nection. For this study selected crystals of clear 
quartz were crushed and then ground in a pebble 
mill. The charge was removed from the mill a t 
frequent intervals and screened. All material 
passing a 200-mesh sieve was retained and the rest 
returned to the mill. When approximately two 
pounds (1 kg.) of the 200-mesh material had been 
accumulated, the coarse fraction was discarded

and the fine powder mixed and sampled. The 
fine material was then returned to the mill and 
the grinding continued for a period of five hundred 
hours, samples being taken a t intervals. After 
approximately one hundred and twenty-five hours 
grinding, caking of the charge became so trouble­
some th a t the grinding was continued with the 
charge in the form of a slurry. The samples taken 
from the slurry were dried for twenty-four hours 
a t 110°. Using the same method as was used in 
obtaining the data  of Table I, the densities of these 
samples were determined using pure water and 
benzene. The results are given in Table II.

T a b l e  II
D e n s i t y  o f  G r o u n d  Q u a r t z

Grinding
G./cc. a t 25°

D eterm ination  m ade in
tim e, hours W ater B en zene

0 2.643
4 2.642

12 2.644
24 2.641
48 2.642 2.643
96 2.636 2.636

136 2.632 2.636
204 2.615 2.614
300 2.602 2.592
375 2.585 2.561
500 2.553 2.535

In  the interpretation of these data  cognizance 
m ust first be had of the falling trend of values as 
grinding is continued. This effect has been ob­
served with ground quartz by M artin, et a l.,5 and 
the explanation has been offered th a t a p a rt of the 
surface layer of the particles has been converted 
into amorphous material of lower density than 
the quartz crystal.6 If this be the correct inter­
pretation, then the relation between the two 
series of values becomes significant. Until well 
past two hundred hours of grinding, the density 
measurements in the two liquids show no ap­
preciable differences, bu t from three hundred 
hours onward, the measurements in benzene fall 
definitely below those made in water. If it m ay 
be assumed th a t this m aterial is non-porous, then 
only one of the suggested explanations will be ap­
plicable; i .  6., the water m ust be more strongly 
compressed a t the interface than the benzene, 
the effect becoming evident only when a high

(5) A lexander, “ C olloid  C hem istry ,” V ol. I l l ,  T h e  C hem ical 
C atalog Co., N ew  Y ork, N . Y ., p. 305.

(6) T h at the effect can n ot be due to  a ttr ition  of th e  p ebb les in  th e  
m ill seem s assured from  th e fact th a t the m ean d en sity  of th e pebbles 
was 2 .577 g ./c c . w hich, th ou gh  m uch less th an  th a t of th e  original 
quartz, is  ap p reciab ly  greater th an  th e  final values obtained.
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degree of subdivision is attained. Positive as­
surance can be had, however, only when the sur­
face structure of the quartz particles is definitely 
known.

Summary
Density measurements of silica and charcoal, 

using a series of liquids as the buoying fluid, indi­
cate th a t polar liquids yield high density values 
for silica, non-polar yield low values. The more 
compressible liquids yield the higher density 
values for charcoal. Polar liquids having large
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compression coefficients yield high density values 
for both solids.

Density measurements of ground quartz of 
varying degrees of fineness were made by means 
of benzene and water as the buoying fluids. 
These measurements confirm the foregoing state­
ments and indicate th a t a different degree of 
penetration of different liquids into the surface 
of the solid is probably not a factor of significance 
in the variations of apparent density.
P u l l m a n , W a s h . R e c e i v e d  A u g u s t  22, 1938

A t t e m p t e d  E xchan ge  of  P h o sph o r u s  in  it s  A cids

[C o n t r i b u t i o n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r i e s  o f  C h e m i s t r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 652]

An Attempted Exchange of Phosphorus between Phosphorous and Phosphoric Acids
By J. N orton  W ilson

The hydration of hypophosphoric acid, which 
takes place according to the equation

H4P20 6 +  H20 — > H3P03 +  H3P04 (1)
has been shown1,2 to proceed a t a ra te which is 
first order with respect to hypophosphoric acid 
and increases with increasing hydrogen ion con­
centration. I t  has been suggested1 th a t this re­
action is irreversible, bu t it seems probable tha t 
an equilibrium m ay be reached in which the con­
centration of hypophosphoric acid remaining is 
too small to  be detected readily by chemical meth­
ods. If the structure of hypophosphoric acid is 
such th a t the phosphorus atoms are equivalent, as 
in the structure (HO)2 P—P (OH)2 which has been

II II
O O

suggested on the basis of X -ray absorption spec­
tra  and chemical properties by Nylen and Stelling3 
and by Hantzsch,4 the reverse of reaction (1) 
should lead to an exchange of radioactive phos­
phorus between phosphorous and phosphoric acids 
according to the following mechanism (the radio­
active phosphorus atom is denoted by an asterisk)
H3P*04 +  H3P03 h 2o 3p * -  p o 3h 2 +  H20

H3P*03 -1- H3P04 (2)

An attem pt has been made to detect this ex­
change using radioactive phosphorus5 obtained

(1) V an N a m e  and H uff, A m . J .  S e t . ,  45 , 103, 18 (1918).
(2) B laser, Z . p h y s ik . C h em ., A 167, 441 (1934).
(3) N y le n  and S tellin g , Z . a n o rg . a llg em . C h em ., 212, 169 (1933); 

ib id .,  218, 301 (1934).
(4) H an tzsch , ib id . ,  221, 63 (1934).
(5) T h is  m aterial w as supplied  th rou gh  th e  gen erosity  o f Professor 

E dw in M cM illan  o f  th e  R ad iation  Laboratory o f th e  U n iversity  of 
California.

as a by-product of the formation of radio-sulfur 
by bombardment of sulfur with fast deuterons. 
The material was separated from most of the ac­
companying sulfur and oxidized to phosphoric 
acid; a small amount of ordinary phosphoric 
acid was added as a carrier. The phosphate was 
precipitated as magnesium ammonium phosphate 
and converted to lead phosphate which was 
treated with hydrogen sulfide to liberate radio­
active phosphoric acid. The reaction mixtures 
were made up from this material and “c. p.” 
phosphorous and phosphoric acids. The phos­
phorous acid Used was found to contain a small 
amount of phosphoric; this was determined and 
corrected for.

In  order to determine whether exchange had 
occurred the mixture was diluted and the phos­
phate precipitated as magnesium ammonium 
phosphate; this was dissolved in acid and repre­
cipitated to remove co-precipitated phosphite. 
The phosphate precipitate was dried and its elec- 
troscopic activity measured. The phosphite con­
tained in the filtrates was oxidized with bromine 
and similarly precipitated; the electroscopic ac­
tivity of this precipitate was determined as be­
fore. Occurrence of activity in the latter precipi­
tate  would be evidence either of exchange or faulty 
separation.

The reaction mixtures were made up in dupli­
cate; one of the pair, used as a blank, was sub­
jected immediately after mixing to the separation 
process and radioactivity measurements de­
scribed above; the other was sealed in a glass
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A t t e m p t e d  E x c h a n g e  o f  P h o s p h o r u s  b e t w e e n  P h o s p h o r o u s  a n d  P h o s p h o r i c  A c i d s : E x p e r i m e n t a l  R e s u l t s

N o. (h 3p o 4) (HaPOa)
O ther

reagents
t,

min. T, °C .

A ctivity-
A ctiv ity  P 0 3, PO4, 

d iv ./m in . d iv ./m in . 0/a a
0/m,
blank

I 0.76 0.72 1440 100 +0.004 ±  0.005 0.79 (  5 zfc 6) X 10“ 3 =1= 6 X 10~3
II .46 .43 NaOH, 2.86 1400 100 -  .002 ±  .005 0.92 ( - 2 =±= 5) X 10- 3 ±  5 X K T 3
III .60 . 6 8 HCl, 5.31 11,500 100 +  .006 ±  .006 4.85 ( 1 db 1) X 10~3 1 X 10“3
IV .62 .70 HCl, 5.51 21,200 20-25 +  .013 ±  .006 4.20 (  3 =fc 1) X 10“3 ± 1 X 10-3
V .36 .35 HCl, 5.63 18,900 25 +  .010 ±  .010 49.0 ( 2 d= 2) X 10~4 (i =>* l) x 1 0-4
VI .36 .35 HCl, 5.63 37,900 25 +  .006 ±  .004 24.8 (  2 db 2) X 10 - 4 (i +  l) x 1 0-4

ampoule and allowed to stand for a convenient 
time before separation.

The probability of error due to faulty separation 
was greatly decreased in experiments V and VI 
in which after the precipitation and separation of 
the radioactive phosphate some inactive phos­
phoric acid equal in amount to th a t originally 
present in the solution was mixed with the phos­
phite in the filtrates and precipitated in the same 
way. This treatm ent should remove practically 
all of any radioactive phosphoric acid left in solu­
tion after the first precipitation. Measurement 
of the activity of the resulting precipitate indi­
cated th a t about 0.1% of the radiophosphoric 
acid originally present was left in solution after 
the first precipitation. After the extra precipita­
tion the phosphite in the filtrate was oxidized and 
precipitated as in the earlier experiments.

From the observed extent of an exchange oc­
curring during the time t in accordance with the 
mechanism suggested in (2), one can calculate the 
rate a t which reaction (1) and its reverse proceed 
a t equilibrium. If the first order rate constant 
k i for the hydration of hypophosphoric acid is 
known, one can calculate from this result the 
equilibrium constant K ,  defined as K  — (H4P 2O6)/  
(H3PO4XH3PO3). I t  m ay be shown tha t for the 
case where exchange occurs to a very small ex­
tent over a long time a good approximation is

j?-  ___ 2____ /?_ / q\
(H3PO,)h t a0 W

where ao is the fraction of phosphoric acid ini­
tially radioactive corrected for radioactive decay 
to the time t and f3 is the fraction of phosphorous 
acid radioactive a t time t.

In the following table are listed the concentra­
tions, in formula weights per liter, of the reagents 
used in the experiments; the time t between the 
original mixing of the solutions and the separation 
of the phosphate; the temperature; the electro- 
scopic activities of equal weights of the precipi­
tates from the phosphite and phosphate fractions, 
corrected for radioactive decay and for the normal 
leak of the electroscope; and the values of P /a Qi

which has been taken as the ratio of these activi­
ties. The values of @/a0 for the “blank’ ’ experi­
ments are also included. The normal leak of the 
electroscope was about 0.07 division per minute; 
fluctuations about this value were large enough to 
make a comparatively large uncertainty in the 
value of the activity of the phosphite precipitate. 
This uncertainty was estim ated from the root 
mean square deviation from the mean of a number 
of alternate measurements of the normal leak and 
the phosphite activity. The results of experiments 
V and VI are the most reliable because of the care 
used to eliminate the error due to faulty separation.

I t  is apparent th a t in no case was definite evi­
dence of exchange obtained. I t  can be stated, 
however, th a t the extent of exchange was less 
than a certain value determined by the estimated 
uncertainty; on the basis of the assumptions 
made a limit can then be placed on the value of 
the equilibrium constant K .  Thus in experiment 
VI, fi/ao  was ve3T  probably less than 5 X 10-4; 
k i for the given conditions m ay be estimated from 
the data of Van Name and Huff1 to be 1.0 X 10-3 
m in.-1. Then K  <  8 X 10-5 mole-1 liters a t 25° 
in 5.6 formal hydrochloric acid.

Unfortunately, an alternative conclusion is 
possible: th a t the phosphorus atoms in hypo­
phosphoric acid are not equivalent, as for instance 
in the structure (HO)2 P—O—P (OH)2 proposed on

O
the basis of some slight chemical evidence by Blaser 
and Halpern.6 If this is the case it  is unlikely 
th a t the reverse of reaction (1) would lead to  ex­
change. According to  the evidence a t present 
available,1,2 however, it seems quite probable 
th a t the molecule contains two equivalent phos­
phorus atoms bonded to one another.

The author is grateful to Professor R. G. Dick­
inson for his advice, criticism and encouragement 
in connection with this investigation.

Summary
No exchange of radioactive phosphorus between

(6) B laser and H alp ern , Z . a n o rg  a llg em . C h em ., 215, 33 (1933).
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phosphorous and phosphoric acids in acid or alka­
line solution was found to occur beyond the limits 
of experimental error. The results indicate that 
if the phosphorus atoms in hypophosphoric acid 
are equivalent, the equilibrium constant for the

formation of hypophosphoric acid from phospho­
rous and phosphoric acids is less than 8 X 10 ~5 
mole-1 liters a t 25° in 5.6 formal hydrochloric 
acid.
P a s a d e n a , C a l i f . R e c e i v e d  J u n e  13, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r i e s  o f  H a r v a r d  U n i v e r s i t y ]

The Instability of
By Edwin

In  the course of measurements of the vapor 
pressure of a number of unsaturated hydro­
carbons, the results of which are to be presented 
in a later paper, it was found th a t the vapor pres­
sure of originally pure isobutene (2-methylpro- 
pene) decreases over a period of time and from 
this aged m aterial a relatively high-boiling liquid 
was isolated. The most probable explanation of 
this instability of isobutene is th a t a polymer is 
formed. Since there appears to be no mention in 
the literature of any such uncatalyzed polymeriza­
tion of isobutene, although it is well known tha t 
in the presence of certain catalysts isobutene is 
converted into polymers,1 and since we do not 
plan to continue the study of this behavior 
further, it appears worth while to present our 
findings a t this time.

Experim ental
Apparatus.—A simple static system was used, consisting 

of a small {ca. 5 cc.) vapor pressure tube immersed in an 
ice-bath, which was maintained a t 0.000 =*= 0.001° for the 
observations. The washing procedure required to estab­
lish this temperature reproducibility in the ice-bath has 
been described.2 The pressure was measured on an abso­
lute manometer, of 15-min. inside diameter Pyrex tubing, 
by a high grade cathetometer; meniscus corrections were 
determined for each observation and the pressure con­
verted to international millimeters3 4 (int. mm.) of mercury. 
Accessory apparatus included vacuum line, fore and con­
densation pumps, McLeod gage and a system of stopcocks; 
the manometer had a reservoir sealed on a t the bottom, al­
lowing the U to be used as a mercury cut-off, which was the 
only access to the vapor pressure system, so that no stop­
cocks were exposed to the vapor for long periods of time.

Material.—Four samples of isobutene were available. 
Sample D was from Dr. Harold S. Davis; it had been pre­
pared by the dehydration of /-butyl alcohol by means of

(1) (a) E llis , “ T he C hem istry of Petro leum  D eriva tives,” The  
R einhold  P u blish ing C o., N ew  Y ork, N . Y ., V ol. I, 1934, pp. 315, 
378, 600; Vol. II, 1937, p. 641; (b) W hitm ore and Wrenn, T his 
J o u r n a l , 53, 3136 (1 9 3 1 ); (c) T ongberg, P ick en s, Fenske and W hit­
m ore, ib id .,  54, 3706 (1932).

(2) R oper, T h is  J o ur n a l , 60, 866 (1938).
(3) B urgess, B u r. S ta n d a r d s  J .  R esea rch , 1, 635 (1928).

Liquid Isobutene
E. Roper

oxalic acid and purified in a Davis4 low-temperature frac­
tionating column. The boiling point range of this sample 
was given as =*=0.05°. Sample R was one we had pre­
pared by the method described by Davis,4 with a boiling 
range of ca. 0.5°. Sample K, obtained from Professor 
Kistiakowsky of these Laboratories, had been highly 
purified for. a determination of the heat of hydrogenation ;5 
the consistent value of this heat of reaction for different 
fractions from the distillation,5 the method of distillation,6 
the value of the freezing point,6,6 and our vapor pressure 
measurements in conjunction with isothermal vaporiza­
tion, gave indication of exceptional purity of the sample, 
of the order of 99.9%. Sample F was presented to us by 
Professor Forbes of these Laboratories; it had been pre­
pared by the same investigators as had sample K and was 
the remnant of the material used in the photochemical in­
vestigation of Forbes and Nelson.7 The boiling range 
was the same as that for sample K, namely, 0.02°. Sam­
ples K, F and R  were dried by a physical method, which 
consisted of a filtration of the liquid through glass wool 
held at low temperatures;8 this effectively dried the hy­
drocarbon and possibly removed some of the polymer. 
The samples were stored in the liquid phase in all-Pyrex 
glass containers, fitted with a glass internal break-off 
seal, externally operated by an electromagnet. High 
vacuum technique was used in all operations of filtering 
and transferring.

Procedure.—Immediately previous to the vapor pres­
sure determinations, a distillation from the storage con­
tainer a t —80°, to a bulb on the vapor pressure line, via 
the manometer-cutoff, a t —188° was carried out; this 
operation required some time, because of the low vapor 
pressure of the hydrocarbon at —80° (12 mm.). The first 
few tenths of a cc. that distilled was discarded, as was the 
last portion. In  the subsequent examination of the latter, 
the container having been removed from the vacuum line, 
it was noticed tha t a small amount of residue, with a dis­
tinctive odor, was left after the admixed isobutene had 
been allowed to vaporize into the atmosphere; this resi­
due was liquid a t —80° and crystalline at —188°. I t  was 
obvious that the residue had formed during the several 
months of storage in the glass container, for during the

(4) D avis, I n d .  E n g . C h em ., A n a l.  E d .,  1, 61 (1929).
(5) K istiak ow sky, R uhoff, Sm ith  and V aughan, T h is  J o ur n a l , 

57, 876 (1935).
(6) Compare w ith  T odd and Parks, ib id . ,  58, 134 (1936).
(7) Forbes and N elson , ib id .,  59, 693 (1937).
(8) R oper, I n d .  E n g . C h em ., A n a l.  E d . ,  9, 414 (1937).
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initial treatment previous to storing, the same type of 
distillation had been performed.

The vapor pressure measurement was then carried out 
with this freshly distilled material and a small but definite 
decrease with time was observed. Part A of Fig. 1 
shows the data for the first trial, using sample K. Some 
of the observations appear to be erratic; the only ex­
planation tha t can be advanced is tha t possibly the pres­
sure readings were taken too soon {ca. fifteen to thirty 
minutes) after the washing operation on the ice-bath. 
The ice-bath was replenished a t suitable intervals so that 
0.000 ±  0.004° was always maintained throughout the 
duration of the trial; previous to making an individual 
pressure determination, the ice-bath was brought to within 
±0.001° of 0.000° by the washing procedure.2 ±0.001° 
is equivalent to ±0.03 mm. in the vapor pressure as de­
termined from the slope of the vapor pressure curve at 0°. 
At the end of the trial, an attem pt was made to free thor­
oughly the system from polymer, by pumping for a long 
period.

the vapor pressure change for isobutene, first trial, 
part B for the second trial; part C shows the data 
for the non-saturated vapor of isobutene. Part D 
gives data obtained for the vapor pressure of 1-butene. 
The diameters of the circles are 0.2 mm. in parts A,
B and D, and 0.3 mm. in part C.

The identical apparatus had been in use for several 
months previous to this trial and no leaks were apparent. 
Nevertheless, it appeared necessary to investigate this 
point and accordingly the pressure was decreased to 470 
mm. and readings made on the pressure over a period of

time. The varying room temperature gave rise to differ­
ent pressures of the non-saturated vapor but by means of 
the average change in p with T , the pressures were cor­
rected to a common temperature. Part C, Fig. 1, pre­
sents the results; the data indicate that no leak existed 
and also tha t the hydrocarbon is stable in the vapor phase 
at this temperature.

The vapor pressure trial was then repeated, using a fresh 
sample of isobutene distilled into the vapor pressure bulb 
by the —80 to —188° procedure. Part B, Fig. 1, shows 
the results, which do not exactly parallel those of the first 
trial but the general behavior is the same. The low values 
at the commencement are not explainable.

Over a year after the conclusion of the above trials, 
sample K, which had been stored in glass, was distilled 
into a new vapor pressure system in the manner outlined. 
Again a small amount of the high-boiling liquid remained 
in the container. No attempt was made to study the 
change in the vapor pressure with time, although it was 
observed, but four determinations were obtained for the 
freshly distilled material, averaging 988.6 ±  0.3 int. mm. 
at 0.000 ±  0.001°.

In distillations after the manner described, of samples D, 
F and R, a residue of the high-boiling liquid from each 
has been noted, providing the hydrocarbon sample had 
been stored for some time in the liquid phase. A second 
distillation, immediately following the first, reveals no 
trace of the high-boiling liquid, nor does a distillation on 
material which has been stored in the gas phase. From 
sample F 0.25 g. (1.5 weight per cent.) and from sample R 
0.40 g. (0.8 weight per cent.) of polymer was secured by 
collecting the residue remaining in the tube after a —80 
to —188° distillation.

Investigation of the High-Boiling Liquid.—A rough 
freezing point was obtained by means of liquid air and a 
small pentane thermometer. The ranges —105 to —115° 
and —100 to —120 ° were found for the material from sam­
ples F and R, respectively. The refractive indices were 
kindly determined by Dr. J. B. Conn of these Labora­
tories, and w20d  found to be 1.435 and 1.397 for the ma­
terial from samples F and R, respectively. The product 
took up bromine (in carbon tetrachloride solution) first 
by addition and then shortly thereafter by substitution.

Discussion

W ith such small amounts of the high-boiling 
liquid available, purification and accurate boiling 
and freezing points were not feasible, especially 
if a m ixture is present, for separation by distilla­
tion probably would prove to be impossible due 
to the  sim ilarity of the boiling points of the  com­
ponents; the  freezing point would be inconclu­
sive if separation were not effected. The physical 
properties of the two components of di-isobutyl­
ene as determined by Tongberg, et a l.,lc are as 
follows: for 2,4,4-trimethylpentene-l the freez­
ing point is —93.6°, n 20D 1.408, for 2,4,4-tri- 
methylpentene-2 the freezing point is —106.5° 
(another form a t —108.3°), n^D  1.416. For tri~
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isobutylene, tz20d  1.431 ;1c since there are a t least 
three hydrocarbons present,9 a freezing point is 
meaningless, except for the  equilibrium mixture. 
However, a hydrocarbon of the formula Ci2H 24 
should freeze in the  vicinity of —20° (=*=20°). 
A comparison of the  freezing points and refrac­
tive indices of the  high-boiling liquid with those 
given above for three possible polymerization 
products shows th a t no very definite conclusion 
can be drawn as to the  exact nature of the high- 
boiling liquid. According to  the mechanisms 
given by M cCubbin and Adkins10 for the addi­
tion of isobutene to isobutene, four dimeric 
products are possible, namely, 2,4,4-trimethyl- 
pentene-1, 2,4,4-trimethylpentene-2, 2,5-dimeth- 
ylhexene-1 and 2,5-dimethylhexene-2.

There does not seem to be any possibility th a t 
accidental contam ination with some catalytic 
m aterial can be the  cause of this polymerization, 
since it has been observed with samples from 
three sources, prepared by two different methods, 
and under varying conditions. In  view of this 
instability, the  properties and reactions of iso­
butene, to a minor degree, will depend upon its 
past history.

For the other three butenes, no residue has ever 
been found in the —80 to —188° distillation 
and the data  obtained on the vapor pressures do 
not show evidence of change with time. These 
vapor pressure results were not collected for this 
particular illustration and it would have been 
desirable to extend the tim e of observation; 
unfortunately, this was not possible. P art D, 
Fig. 1, shows the results obtained with 1-butene, 
and gives some idea of the reproducibility of the 
measuring system. For 1-butene, trans-2-butene 
and as-2-butene vapor pressures a t 0.000 =*=
0.001°, an analysis of the results indicates th a t 
the  extreme variation is 0.4 mm. or less, the 
means =*=0.1 mm., measured over forty-five, 
twenty-nine and tw enty hours duration, re­
spectively; these three hydrocarbons were pre­
pared by the  collaborators of Professor Kistia­
kowsky.5

(9) M cC u bbin , T h is  J o u r n a l , 53, 356 (1931).
(10) M cC u bbin  and  A dkins, ib id . ,  52, 2547 (1930).

Thermodynamic data  are available for the 
polymerization of liquid isobutene to the liquid 
dimer, trimethylpentene. By utilizing the data 
of Parks and co-workers,6,11 the  free energy of 
formation of the liquids m ay be approximated 
closely. The value of the equilibrium constant 
calculated from the free energy for the dimeriza­
tion reaction is about 107 times greater than  the 
value calculated from the weight concentration of 
high-boiling liquid found, making the assumption 
th a t it  is trimethylpentene. Two factors could 
cause such a discrepancy: non-attainm ent of 
equilibrium, and a different mechanism than 
simple dimerization to trimethylpentene. I t  
appears very likely th a t both factors are opera­
tive, although from the observed freezing points 
and the qualitative observations on the volatility 
of the high-boiling liquid, no t a great quantity of 
trimer can be present. I t  is worth noting th a t the 
free energy changes for the three possible isom­
erization reactions of isobutene are all positive 
values, although rather small, so th a t isomeriza­
tion to 1-butene or 2-butene should not occur 
spontaneously to complicate further the course 
of this polymerization reaction.

I wish to thank Professor Arthur B. Lamb, 
under whose direction this work was carried out, 
for facilities placed a t my disposal and for advice 
in preparing this manuscript. I am grateful to 
him and to Dr. H. S. Davis, Professor G. S. 
Forbes, Professor G. B. Kistiakowsky and Dr. 
J. R. Ruhoff for making available the hydrocarbon 
samples.

Sum m ary
I t  has been shown th a t isobutene in the liquid 

phase forms a high-boiling liquid, upon standing, 
which probably is a polymer, with certain evi­
dence pointing to dimerization as the first step. 
A t 0° this reaction causes a lowering of the pres­
sure of the saturated vapor of pure isobutene to 
the extent of about 0.6%. The other three 
butenes do not exhibit such behavior.
M a l l i n c k r o d t  C h e m i c a l  L a b o r a t o r y
C a m b r i d g e , M a s s . R e c e i v e d  A u g u s t  11, 1938

(11) Parks, T odd  and S h om ate , ibid., 58, 2505 (1936).
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[C o n t r i b u t i o n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r i e s  o f  C h e m i s t r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 657]

The Structure of Ammonium Heptafluozirconate and Potassium Heptafluozirconate 
and the Configuration of the Heptafluozirconate Group

B y  G. C. H am pson  and  L in u s  P a u l in g

The only work which has been reported so far 
on the structure of the so-called intercalation 
compounds of composition M XAB7 is th a t of Has­
sel and M ark ,1 who carried out an X-ray investi­
gation of the crystals of ammonium heptafluo­
zirconate, (NH4)3ZrF7, and ammonium hepta- 
fluohafniate, (NH4)3HfF7. Both crystals are cu­
bic, the cube edge being 9.35 and 9.40 A., respec­
tively, and both contain four molecules in the 
unit cell. From their data Hassel and M ark were 
unable to deduce the space group absolutely, but 
they considered th a t O l was the most probable 
and suggested a structure based on this. This 
structure was built up of N H 4+ ions, [ZrFs]^ ions, 
and F “ ions. I t  is of considerable interest to 
know whether odd coordination complexes in­
volving seven atoms surrounding a central atom 
can or cannot exist, and the work of Hassel and 
M ark has been quoted2 as proving the latter 
contention. I t  m ust be remembered, however, 
th a t Hassel and M ark’s structure was put forward 
only as a possibility, and it  is now clear from our 
knowledge of atomic and ionic radii th a t this 
particular structure is highly improbable.

In  the first place, large numbers of ions of the 
same charge (e. g., six N H 4+ ions) are grouped to ­
gether, which is a very unlikely arrangement. 
Moreover, taking even the most favorable limits 
of their param eter values it is found th a t their 
structure places an ammonium ion only 1.54 A. 
from a fluoride ion, whereas the nearest possible 
distance even assuming hydrogen bond formation 
is about 2.6 A. (2.63 A. is observed in N H 4F 3 and
2.76 A. in N H 4H F24).

In  view of these facts a reinvestigation of the 
problem seemed to be justified. We have carried 
out a study of the structure of ammonium hepta­
fluozirconate and potassium heptafluozirconate, 
using data  obtained from Laue, oscillation, and 
powder photographs, and have found th a t the 
substances do not contain [ZrFe]^ and F~  ions, 
but instead contain the complex ion [ZrF7]=, in

(1) O. H assel and H . M ark, Z . P h y s ik , 27, 89 (1924).
(2) For exam ple, b y  W . G. P enn ey and J. S. A nderson, T ra n s .  

F a r a d a y  S o c ., 33, 1363 (1937).
(3) W . H . Zachariasen, Z . p h y s ik . C h em ., 127, 218 (1927).
(4) L. P au lin g , Z . K r i s t . ,  85 , 380 (1933).

which zirconium has the coordination number 
seven. The structure of the  crystals is similar to 
th a t of (NH4)3A1F6, with the  [A1F6]“ complexes 
replaced by [ZrF7]~; the orientation of these 
complexes is not uniquely determined, however, 
but shows some randomness, permitting the crys­
tals to assume higher point-group and space- 
group symmetry than  would be possible other­
wise.

Crystals of (NH4)3ZrF7 and K3ZrF7 were grown 
by dissolving zirconium fluoride in a hot solution 
containing a large excess of ammonium fluoride or 
potassium fluoride and allowing the solutions to 
crystallize slowly.5 Small transparent optically 
isotropic octahedra were obtained, with faces 
which do not show very good reflections; the 
crystals deteriorate fairly rapidly on exposure to 
the atmosphere, and were usually protected during 
the preparation of the X-ray photographs with a 
thin film of oil or vaseline.

The S tructure of (NH4)3ZrF7.— Oscillation 
photographs about [110] (copper K a  radiation), 
Laue photographs with the  X -ray beam parallel 
to [111], and powder photographs (copper K a  
radiation) were prepared of (NH4)3ZrF7. No re­
flections were found to occur from planes with 
mixed indices (hkl p a rt odd and part even). 
This observation is in disagreement with the re­
sults of Hassel and M ark, who reported the pres­
ence of reflections of this type. The only such re­
flections recorded in their tables are (110) and 
(310). We prepared 5° oscillation photographs 
permitting reflection from these planes, using 
long exposure times, and were unable to detect 
the reflections on our films; there is also no sign 
of these reflections on our powder photographs, 
which show more lines than  those reported by 
Hassel and M ark. I t  seems likely th a t these in ­
vestigators were misled by the X -ray continuum, 
by (3 lines, or by some other feature of their photo­
graphs, and th a t their report of reflections from 
planes of mixed indices was due to m isinterpreta­
tion of their data. Their choice of space group 
(O l) and their suggested structure were based on

(5) C. M arignac, A n n . ch im ., 60, 257 (1860); H . Baker, J .  C h em . 
S o c ., 35, 760 (1879).
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this presumably erroneous observation, and need 
not be discussed further.

The absence of any reflections from planes of 
mixed indices on our oscillation, Laue, and powder 
photographs makes it highly probable th a t the 
crystal lattice is face-centered.

Laue photographs taken with the X-ray beam 
parallel to [111] of thin crystal sections obtained 
by grinding octahedra on parallel octahedral faces 
were found to show a three-fold axis and three 
planes of symmetry, corresponding to the point 
groups jT<f, 0 , and Oh. Since the Laue symmetry 
is of great importance in this investigation, the 
photographs were very carefully inspected, and 
were also studied by use of the a-ray integrating 
microphotometer.6 Carbon prints were made of 
the photographs and the intensities of Laue spots 
due to planes of various holohedral forms were 
measured with the microphotometer, the intensity 
measurements being reproducible to within about 
5%. No deviation from holohedry was found.

The powder photographic data  for (NH4)aZrF7 
(Table I) correspond to the value a 0 =  9.365 =*=
0.010 A. for the edge of the unit cube, in good 
agreement with the value 9.353 A. given by Has­
sel and M ark. W ith 4(N H 4)3ZrF7 in the unit the 
density is calculated to be 2.32 g ./cc .; the directly 
measured experimental value, 2.20 g./cc. (Hassel 
and M ark), is slightly smaller.

We have now to locate 4Zr, 12NH4, and 28F in 
the unit. The space groups compatible with the 
observed holohedral Laue sym m etry and based on 
the face-centered cubic lattice are Tj, Tj, O3, O4, 
0\> 0 \y 0\y and 0 \. Of these Tj, 0 4, 0*, 0 7h, and 
O l provide no positions for the four zirconium 
atoms, and are accordingly ruled out of consid­
eration.7 T \ provides four sets of no-parameter 
positions (4a, 4b, 4c, 4d) for four equivalent 
atoms, and sets of positions for 16, 24, 48, and 
96 equivalent atom s; with 4Zr, 4(N H 4) ï , 4(NH4)n , 
and 4(N H 4)n i occupying 4a, 4b, 4c, and 4d, there 
is no way of placing all of the 28 fluorine atoms, 
so th a t this space group is also ruled out. O3 and 
0 \ are ruled out in the same way; there is  no set 
of atom ic positions fo r 4{N H^)zZrF>j in  the unit com­
patible with the observed holohedral La u e  symmetry 
and face-centered lattice of the crystal.

The resolution of this difficulty might be
(6) W . T . A stbury, P ro c . R o y . S o c . (L ond on), A 123, 575 (1929). 

W e are in d eb ted  to  Professor J. H . S tu rd ivan t for th e  use o f th e  
m icrophotom eter and to  D r. N . E llio tt  for a ssistan ce  w ith  th e  m eas­
urem ents.

(7) “ In ternation al C rystal S tru cture T a b les.”

Fig. 1.—In the structure of (NHO3AIF6 each 
of the aluminum atoms (smallest circles) is 
surrounded by six fluorine atoms to form the 
octahedron shown below a t the left side. In  
(NH4)3ZrF7 and K3ZrF7 the [A1F6 ]3 complexes 
are replaced by [ZrF7]~ complexes such as that 
shown below at the right side.

achieved by assuming th a t the Laue symmetry is 
actually hemihedral or th a t the structure is ac­
tually based on a lattice with fewer lattice points 
than the face-centered lattice of the four-molecule 
unit, and th a t the intensities and intensity differ­
ences of X-ray reflections differentiating the actual 
Laue symmetry and lattice from those simulated 
are so small as to have been overlooked in our 
careful examination of the photographs. This is 
rendered improbable, however, by the fact th a t 
the crystal does not contain unlike atoms which 
resemble one another closely enough in stereo­
chemical properties and X-ray reflecting power8 
to permit the simulation of a pseudo-unit in the 
usual way.

I t  is probable instead th a t ammonium hepta­
fluozirconate is to be added to the list of crystals 
with structures involving some randomness of 
atomic arrangement, the treatm ent of which re­
quires variation from the usual methods of appli­
cation of the theory of space groups. We have 
found th a t a reasonable structure involving some 
randomness in orientation of [ZrF7]= complexes

(8) A s, for exam ple, tetrahedra lly  coordinated alum inum  and  
silicon atom s in  sodalite , NaéALSisOisCl; L. Pauling, Z . K r i s l . ,  74 , 
213 (1930).
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can be formulated which accounts satisfactorily 
for the X-ray data for (NH 4)3ZrF7, and th a t a simi­
lar structure can also be assigned to K 3ZrF7.

The number of possible structures involving 
randomness of atomic arrangement of one type or 
another is so great th a t a straightforward struc­
ture determination cannot be carried out; it is 
necessary instead to apply the method of suggest­
ing reasonable structures and testing them by 
comparison with the X -ray data. Now the X- 
ray photographs of (NH 4)3ZrF7 are closely similar 
to those of (NH-OsAlFe* and it accordingly seems 
likely th a t the structure of (NH 4)3ZrF7 is to be ob­
tained by the introduction of an additional fluo­
rine ion in the (NH4)3AlFe arrangement.9 This 
arrangement (Fig. 1) places 12 NH 4 a t 
y 4 y 4 y 4, y 4 3/ 4 ®/4, etc. (plus the positions ob­
tained by application of the translational opera­
tions of the face-centered lattice), and 4 octa­
hedral M F 6 groups a t 000, etc. Additional fluo­
rine ions might then be inserted a t positions such as 
uuu with u y 8. A fluorine ion here is about

1 .9  A. from three fluo­
rine ions and an am­
monium ion. This dis­
tance is too small, the 
minimum distance of 
approach expected for 
two fluorine ions (ionic 
radius 1.36 A.) being 
about 2.4 A. and for a 
fluorine ion and an am­
monium ion about 2.6  
A. I t  is possible, how­
ever, to distort the ar­

rangement of the adjacent ions in such a way, de­
scribed below, as to give acceptable values to the 
interionic distances.

The distance of the seventh fluorine ion a t 
Vs Vs Vs from the zirconium atom a t 000 (1.9 A.) 
is about the same as the zirconium-fluorine dis­
tance for the other six fluorine atoms—this way 
of inserting the seventh fluorine ion thus leads to 
the formation of a [ZrF7]= complex. The existence 
of such a complex is to be expected. The ratio of 
univalent radii of zirconium and fluorine10 is 0.80, 
which corresponds to stability of the coordination 
polyhedra11 with coordination numbers 7 , 8 , or 9 .

(9) L. P au ling, T h is  J o u r n a l , 46, 2738 (1924); Z . K r i s t . ,  74, 
104 (1930); G. M enzer, ib id . ,  73, 113 (1930).

(10) L. Pau ling, T h is  J o u r n a l , 49, 765 (1927); 51, 1010 (1929).
(11) T h e m in im um  radius ratio for stab ility  of th e  seven-cornered  

polyhedron obtained  b y  in sertin g  a seven th  atom  a t th e center of a 
face of an  octahedron (as in  [ZrF7]s ) is 0.592; th ose  for stab ility  of

The distortion of the [ZrFe]^ octahedron ac­
companying insertion of the seventh fluoride ion 
will be such as to make the twelve small F -F  
distances equal, with the seven Z r-F  distances 
also equal. The resulting polyhedron, shown in 
Fig. 2, has the angles F 3-Z r-F 7, F 3-Z r-F 6, F 4-  
Zr-Fe, etc., equal to 77°50'.

The sum of the crystal ionic radii for Zr4+ and 
F~  is 2.16 A., and the sum of the octahedral co­
valent radius of zirconium and the covalent radius 
of fluorine is 2.15 A. Oxygen and fluorine have 
nearly equal crystal radii, and the Z r-0  distance 
in ZrP20 7 (octahedral coordination) is 2 .0 2  A.12 
These values suggest about 2.1 A. for the Z r-F  
distance in the [ZrF7]= complex. W ith Z r-F  =
2.10 A. the minimum F -F  distance in the complex 
is 2.64 A., which is only slightly less than  twice 
the ionic radius of fluorine, 2.72 A.

A reasonable way of orienting the various 
[ZrF7] -  groups in a cubic unit can be suggested, 
based not on the space group as for (NH4)3- 
AlFè, b u t on T A. W ith this structure there are 
sequences of groups [ZrF7]=, (NH4) +, (NH4) +, 
(NH4) +, [ZrF7]=, . . ., along the non-intersecting 
three-fold axes of T \  W ith Zr, (NH 4)ï , (NH4)n , 
and (NH4)in  in the positions 4a (x,x,x; 1/ 2 +  x,
y2 — x, x ; y2 — x, x, y2 +  x ; x, y2 +  x, y2 — x)
of this space group and param eter values xZt =
0.99, X j =  0.28, xu  =  0.50, xm  =  0.72, and with 
the [ZrF7]~ group oriented with F 7 a t  about x —
0 .1 2 , the interatomic distances are satisfactory, 
the minimum N H 4- F  distance being 2.6 A. This 
structure based on T 4 cannot be accepted, how­
ever; it  leads to  calculated intensity values (de­
viation from Laue holohedry and from the face- 
centered lattice) which are incompatible with 
observation.

If it  is assumed th a t the [ZrF7]= complexes 
have some randomness of orientation, complete 
agreement with experiment is obtained. Each 
[ZrF7]= group is considered to have its choice of 
orientation with its three-fold axis parallel to any 
one of the eight [1 1 1 ] directions, the zirconium
th e  square A rch im edean antiprism  and of th e  cube are 0.645 and  
0 .732 , resp ective ly ; and th a t  for s ta b ility  o f th e  nine-cornered  
p olyh ed ron  obtained  b y  in trod ucing three a tom s a t th e  centers of th e  
vertica l faces of a  r igh t triangular prism  is 0 .732.

A lth ou gh  P en n ey  and A nderson2 say  th a t  L i4ZrF8 and N a 3T a F 8 
“ are u n d ou b ted ly  n o t exam ples of coord ination  num ber e ight,"  i t  is  
probable th a t th ese  substan ces do con ta in  th e  com plexes [ZrFs]4~ and  
[T aF 8]~ . T h e  radius ra tio  for tan ta lu m  an d  fluorine, 0 .85 , is  still 
larger th an  th a t for zircon ium  and fluorine. On th e  other han d , 
th e  radius ratio  for silicon  and fluorine is  o n ly  0 .48 , and  i t  is accord­
in g ly  h igh ly probable th a t th e  tetragonal crysta l (N H ^ S iF j  contain s  
(NEU) + ion s, F ~  ions, and octahedral [SiFo]*" com p lex  ions.

(12) G . R . L ev i and  G. Peyronel, Z. K r i s t . , 92, 190 (1935).

Fig. 2.—The [ZrF7]s
complex viewed along its 
three-fold axis.
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atom  near 000 assuming one of the corresponding 
positions uuu , m m , uuu, Im u , u u u , uuu, uuu, uuu, 
with u ~  0.010. The planes of symmetry of the 
complex are not preserved in the F 4 structure, the 
complex being rotated  about its three-fold axis 
by about 10° from the symmetrical orientation 
relative to the crystal axes. In  the random struc­
ture this rotation occurs in either the positive or 
the negative direction. I t  is thus assumed th a t 
there are sixteen orientations accessible to each 
[ZrF7]^ group. The ammonium ions I  and I I I  
are similarly considered to be distributed a t ran­
dom among sets of four positions near x/ 4 1/ a x/ 4, 
y 4 y 4 y 4, etc.

I t  is probable th a t the randomness is not com­
plete—the immediate environment of each [ZrF7] -  
complex is expected to be like th a t for the F 4 struc­
ture. The random structure might be described 
as involving unit cubes of the F 4 type with differ­
ent orientations in different small regions of the 
crystal. In  order to account for the non-occur­
rence of reflections from planes with mixed in­
dices these regions m ust be smaller than the re­
gions giving coherent X-ray scattering; th a t is, 
they are of the maximum order of magnitude of 
loo A. in linear dimensions.

The intensity calculations were made with the 
usual formula

Ihkl =
C  1 +  cos2 20 

sin2 0 cos 0 P P L (1)

in which C  is a  constant, p  is the frequency factor 
of the form, and F hki is the structure factor

F m  =  2 /y  hxi +  t o i  +  lz i> (2)

the summation being over all of the atoms in the 
unit cell. Screening-constant /-factors13 were 
used. The atomic distribution corresponding to 
the random structure is the following, based on 
the space group 0 \ :
4 Zr in 32 f : xxx, etc., with x — 0.99;
8 Ni, Nin in 32 f, with xitm  =  0.28;
4 Nn in 4b: 1/ 21/ 21/ 2> etc.;
4 F (F7) in 32 f ,  with xv =  0.12;

12 F (Fi, F2, F3) in 192 1: xyz, etc., with x ' = 0.20, / '  =
0.96, z' = 0.91;

12 F (F4, Fg, F6) in 192 1, with x w = 0.77, y" = 0.94, s" =
0.99.

In  Table I there are given the results of the 
powder photographic measurements. The in­
dices which are bracketed together are those for 
planes whose reflections are superimposed on the 
powder photograph.

(13) L. Pauling and J. Sherman, Z .  K r i s t . ,  81, 1 (1932).

Table I
P o w d e r  P h o t o g r a p h i c  D a t a  f o r  (NH4)3ZrF7

Indices ^ x n e a sd . a0) A. ■^visual / c a l c d .

111 8°7' 9.430 V. v. strong 215
200 9°27' 9.374 Strong 108
220 13°26' 9.367 V. strong 124
311 15°52' 9.335 Weak-medium 24
222 . . . . Absent 0.4
400 19°12' 9.361 Medium-strong 40.7
331 21°1' 9.353 V. weak 9.2
420 21°30' 9.389 Medium 34.7
422 23°45' 9.361 Medium-strong 43.4
O i l  l 
333 J 25°14' 9.380 Medium 25.4

440 27°41' 9.367 Weak-medium 22.4
531 29 °3' 9.374 Medium 30.4
600 1 
442 J 29°28' 9.387 Weak-medium 19.0

620 31°20' 9.358 Weak-medium 18.2
533 32°34' 9.374 V. weak 6 . 1
622 33°10' 9.328 V. weak 9.5
444 34°43' 9.361 V. v. weak 3.6
551 1 
711 J 35°57' 9.361 Weak 9.4

640 36°23' 9.354 V. weak 7.3
642 37°58' 9.361 Weak-medium 18.2
731 \  
553 f 39°6' 9.371 Weak 9.3

J
800 Absent 1.3
820 1 
644 ƒ 42°35' 9.376 V. weak 8.7

660 1 
822 ƒ 44 °7' 9.378 V. weak 6.7

7511
555 J 45°16' 9.380 V. v. weak 5.3

840 47 °1' 9.406 V. v. weak 3.3
911 \  
753 J 48°25' 9.371 V. weak 8.2

842 48°49' 9.369 V. weak 8.2
664 50°40' 9.333 V. v. weak 3.9
931 51°37' 9.363 V. v. weak 5.8
844 53 °41' 9.356 V. v. weak 4.9
7711
755 } 54°56' 9.354 V. weak 8.3
933 1

1000 \  
860 f 55°14' 9.367 V. v. weak 4.8

1020 j  
862 1 56°48' 9.378 Weak 13.6

951 \  
773 ƒ 58°10' 9.369 V. weak 7.6

Mean 9.365 A.

The agreement between the visually estimated 
intensity values and the calculated values is satis­
factory. I t  is felt th a t the param eter values are 
reliable to within about 0.01 or 0.02; satisfactory 
agreement was not obtained with the zirconium 
parameter x  equal to 0.00 instead of 0.99, nor 
with the Ni, N m  param eter x ïtm  equal to 0.25,
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nor with the [ZrF7]s  complex rotated about its salt. No reflections incompatible with a face- 
three-fold axis through an angle much greater centered lattice were observed. The intensity 
than or less than 10°.14 values calculated for a random structure based

The Structure of K 3ZrF7.—The powder photo­
graphic data for EgZrF7 (Table II) are closely 
similar to those for (NH4)3ZrF7, and indicate a 
similar structure. The value of a0, 8.951 =*=
0.010 A., is nearly 5% less than for the ammonium

T a b l e  II
P o w d e r  P h o t o g r a p h i c  D a t a  f o r  K3ZrF7

Indices 0 m e a s d . a0, A. ■7v is u a l S c a le d .

111 8°35' 8.923 Medium-strong 112.0
200 9°56' 8.916 Medium 45.2
220 14 °7' 8.917 V. v. strong 217.6
311 16°35' 8.935 V. weak 7.4
222 Absent 1.9
400 20 °8' 8.940 Strong 46.7
331 22 °5' 8.917 V. weak 6.7
420 22 °39' 8.930 Weak 12.9
422 24°54' 8.948 V. strong 86.2
511 1
333 J 26°33' 8.939 Medium 19.4

440 29 °7' 8.939 Medium-strong 27.2
531 CO 0 0 CO V—

*- 8.958 Weak-medium 17.9
600 1 
442 j 31 °1' 8.954 Weak 12.0

620 32°55' 8.952 Medium-strong 24.6
533 34°20' 8.941 V. v. weak 4.0
444 
551 \  
711 ƒ 
640

36°31' 8.954 V. weak 5.8

37 °48/ 8.960 V. v. weak 6.1

38°22' 8.933 Extremely weak 2.2
642 39°56' 8.964 Medium-strong 28.6
731 \  
553 ƒ 
800

41°10' 8.973 V. weak 7.3

43°20' 8.964 V. v. weak 2.4
820 1 
644 J 44°56' 8.976 V. v. weak 3.9

660 \  
822 f 46°42' 8.964 Medium 10.1

751 \  
555 j 48 °5' 8.950 V. v. weak 6.5

840 50 T 4 ' 8.950 Weak 8.0
911 \  
753 j 51°31' 8.950 V. weak 7.6

j
842 51°58' 8.950 V. v. weak 5.7
664 53 °46' 8.941 V. v. weak 5.9
931 54°56' 8.962 V. v. weak 5.5
844 57 °8' 8.969 V. weak 8.2
771 ]
755 \ 58°37' 8.962 V. weak 9.8
933 J

1020 1 
862 J 61 °3' 8.962 Medium-strong 20.1

Mean 8.951 A.

(14) S a tisfactory  calcu lated  in ten sity  values were also n o t ob- 
. . . /  . 27iro\ /27rro

ta in ed  w ith  use of th e  structure factor 1 sin —j -  1 j —j -  for th e

fluorine a tom s, corresponding to  random  d istribution  over th e  sur­
face of a sphere.

on 0 \ with the same param eter values as for 
(NH4)3ZrF7 agree well with the estimated values. 
A small improvement is obtained by placing 4 K n 
in 32 f with x u  =  0.52 instead of in 4b (corre­
sponding to Xu =  0.500), and increasing xIjin 
from 0.28 to 0.29. Values of J caicd . for this ar­
rangement are given in Table II.

Discussion.—T he interatom ic distances in the 
crystals, Z r-F  =  2.1 A., F -F  > 2.6 A., NH4-F2?
2.6 A., and K -F  ^  2.6 A., have the magnitudes 
expected from comparison with other crystals. 
The param eter values cannot be determined with 
great accuracy, and the atomic positions are un­
certain to about =*=0.10 A.

The existence of discrete M X7 complexes has 
not been verified hitherto by structural investiga­
tion. I t  is probable th a t the configuration found 
for the [ZrF7]= ion is possessed also by IF 7 and by 
other complexes in which seven atoms are co­
ordinated about a central atom. A similar co­
ordination polyhedron is found15 in the A-modifi- 
cation of La2 0 3 and other rare-earth sesquioxides, 
in which each rare-earth ion is surrounded by 
seven oxygen ions; in these crystals the neighbor­
ing M 0 7 groups share oxygen ions.

I t  is of interest to  note th a t whereas usually re­
placement of potassium ion by ammonium ion 
causes an increase in the dimensions of the crystal 
unit, a decrease is observed16 from KHF2 to 
NH4HF2, presumably as a result of the formation 
of strong N -H -F hydrogen bonds in the latter 
crystal. The observation th a t a0 is larger for 
(NH4)3ZrF7 than for K 3ZrF7 indicates th a t there 
are not many strong N -H -F hydrogen bonds in 
the fluozirconate.17

Summ ary
X -Ray photographs of ammonium heptafluozir­

conate indicate a Laue holohedral face-centered 
cubic un it of structure with a0 =  9.365 A., con­
taining 4 (NH4)3ZrF7. The theory of space- 
groups provides no way of placing all of the 
atoms in definite positions in the unit. A struc­
ture involving some randomness of distribution 
among positions provided by the space group 0 \

(1 5 )  L. P au ling, Z . K r i s t . ,  69, 415 (1929).
(16) L. P au ling, ib id . ,  85 , 380 (1933).
(17) W eak hydrogen b on ds, as in  N H 4N 3 [L. K . F revel, ib id .,  94, 

197 (1936 )], do n o t lead  to  decrease in  dim ensions of crysta ls  of am ­
m onium  com pounds re la tive  to  th e  corresponding potassium  com ­
pounds.
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is found to account satisfactorily for the X-ray 
data. This structure is closely related to th a t of 
(N H ^A lFe; the [A1F6]S complex ions are re­
placed by [ZrF7]~ complex ions in which zirconium

has coordination number seven. Potassium hep­
tafluozirconate is found to have a similar struc­
ture, with a 0 =  8.95 A.
Pasadena, Calif. Received September 6, 1938

[Contribution from the William H. Chandler Chemistry Laboratory of Lehigh University]

The Binary System Cadmium Nitrate-Water: Vapor Pressure-Temperature
Relations

By W a r r e n  W. E w in g  and  W a lter  R. F. G u y e r

This article presents the vapor pressure data for 
the binary system cadmium nitrate-w ater, and 
is a continuation of the series of studies being 
made on the alkaline earth nitrates in this Labora­
tory. Results for calcium nitrate, magnesium 
nitrate, and zinc nitrate already have been pub­
lished. The alkaline earth n itrates are a particu­
larly fruitful group for these investigations for 
several reasons: the w ater-nitrate system is
quite stable; various hydrates exist, making 
crystalline mixture studies possible. The salts are 
very soluble in water, yielding solutions which can 
be supercooled. Vapor pressures have been ob­
tained for a concentration as high as 86%  cad­
mium nitrate (26 molal).

In  addition to the anhydride, three hydrates of 
cadmium n itrate are mentioned in the literature: 
the dihydrate, which melts incongruently at 
56.8°; the tetrahydrate, which melts congruently 
a t 59.5°; and the enneahydrate which melts 
incongruently a t 3.5°. Although the tetrahy­
drate was observed as early as 1855, by v. Hauer, 1 
the existence of the dihydrate was not satis­
factorily demonstrated until the work of G. 
M alquori2 was published.

Sieverts and Petzold ,3 in their work on the 
nitrates of the second group in the periodic sys­
tem, recently determined the solubility curve of 
the cadmium nitrate-w ater system. In  the 
“ I. C. T .” very fragm entary data  of vapor 
pressure for cadmium nitrate are found.

Preparation of M aterials.— C. p . cadmium 
nitrate  te trahydrate was recrystallized three 
times as the tetrahydrate. The tetrahydrate 
was dried by putting it over 5 5 %  sulfuric acid in 
a vacuum desiccator. The single phase solutions 
were analyzed after the vapor pressure had been

(1) v . H auer, B er. W ie n . A k a d .,  15, 30 (1855).
(2) M alquori, G azz. ch im . ita l. ,  58, 206 (1928).
(3) S ieverts and P etzo ld , Z . an org . a llgem . C h em ., 212, 49 (1933).

determined by ignition in porcelain crucibles to 
the oxide a t 600° for two hours. These solutions 
had been concentrated almost to dryness in a 
rapid drier before ignition.

Experimental.—T he vapor pressure m easure­
ments were made in the modified Smith-Menzies 
apparatus .4-6 The dibutyl phthalate trap, hav­
ing two capillaries, introduced by Ewing and 
Fisher in their work on zinc n itrate ,7 was used 
for all of the vapor pressure measurements.

Table I
The Vapor Pressures of Saturated Solutions of 

Cadmium N itrate (m =  metastable)
T em p., °C. V. p., m m . T em p., °C . V. p., m m .

Solid phase Tetrahydrate Solid phase: Dihydrate
0.00 2.93 30.00 5.26m
4.99 4.09 40.03 7.95m
9.97 5.56 49.02 10.59

15.00 7.34 49.93 10.81
19.94 9.81 51.04 11.05
24.88 12.76 52.00 11.26
29.87 16.36 52.42 11.33
35.03 20.68 53.04 11.31
40.18 25.77 54.02 11.48
45.18 30.95 55.03 11.34
50.03 36.09 55.91 11.20
55.06 39.97 56.02 11.00
56.13 40.22 56.60 10.92
57.13
58.00

40.14
39.39

Solid phase: Anhydride

58.96 32.88 20.01 1.18m
58.00 27.91 25.00 1 .56m
57.75 26.10 30.00 2.13m
55.01 18.73 35.00 2.84m
54.86 18.56 39.98 3.71m
49.99 11.58 50.03 6.45m
44.98 7.42m 55.02 8 .35m
44.62 7.42m 60.00 10.86
39.97 4.80m 61.43 11.58
34.98 3.06m 61.60 11.70

70.13 17.37
(4) Sm ith and M enzies, T h is  J o u r n a l , 32, 1448 (1910).
(5) Ew ing, ib id .,  49, 1963 (1927).
(6) Ew ing, K linger and Brandner, ib id .,  55, 1053 (1934).
(7) Ew ing and Fisher, ib id .,  59, 1046 (1937).
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Table I I
The Vapor Pressure of Solutions of Cadmium N itrate (m «  M etastable)

Soln.,
no.
1

Cd(NOs)»
10.900

Molality
0.517 p

P /P o

20
17.05
0.9727

30
31.03
0.9751

40
54.01
0.9761

Temperature
50

90.61
0.9772

°C.------ -— —
60

146.42 
0.9802

70

2 23.358 1.289 p
P /P o

16.26
0.9283

29.60
0.9302

51.56
0.9320

86.64
0.9365

139.86
0.9360

3 28.908 1.720 p
P IP o

15.75
0.8981

28.69
0.9014

50.00
0.9038

83.72
0.9050

135,78
0.9089

4 43.935 3.315 p
P/Pts

13.78
0.7858

73.82
0.7979

119.92
0.8050

5 49.615 4.165 p
P /P o

12.71
0.7248

23.14
0.7276

40.62
0.7340

68.28
0.7382

111.26
0.7447

6 61.701 6.814 p
P /P o

9.28
0.5287

17.18
0.5400

30.39
0.5492

51.51
0.5569

84.55
0.5661

7 65.357 7.980 p
P /P o

8.09m
0.4610

14.98m
0.4709

26.40
0.4774

44.88
0.4851

74.17
0.4965

8 69.823 9.786 p
P /P o

12.02m
0.3777

21.22m
0.3839

36.21
0.3914

60.12
0.4025

9 73.501 11.731 p
P /P o

9.15m
0.2875

16.25m
0.2938

28.04m
0.3031

47.41
0.3173

76.29
0.3265

10 78.710 15.637 p
P /P o

5.70m
0.1791

10.29m
0.1859

18.14m
0.1961

30.39
0.2034

49.56
0.2121

11 81.218 18.290 p
P /P o

4.00m
0.1257

7.38m
0.1336

13.20m
0.1427

22.45
0.1502

37.25
0.1596

12 83.132 20.845 p
P /P o

6.05m
0.1094

10.58m
0.1144

18.23
0.1221

30.36
0.1315

13 85.176 24.303 p
P /P o

4.41m
0.0797

7.90m
0.0855

13.77
0.0921

22.91
0.0982

40 50 55 60 65 70
14 86.075 25.886 p

P /P o
3 .88m 
0.0701

6.99m
0.0756

9.21m
0.0781

12.13
0.0812

15.69
0.0838

20.17
0.0864

Vapor pressure measurements were made for 
the following systems: (1 ) the metastable an- 
hydride-tetrahydrate mixture of crystals from 
the eutectic melting point, 33°, to 15° (Table
III) ; (2) the dihydrate-tetrahydrate from the 
eutectic melting point, 49°, to 20° (Table III) ;
(3 ) the dihydrate-anhydride from the transition 
temperature, 56.8°, to 40° (Table III) ; (4) 
saturated solutions of the tetrahydrate, the di­
hydrate and the anhydride in the stable and the 
metastable regions (Table I ) ; (5) fourteen solu­
tions ranging in concentration from 10  to 86%  
in various tem perature ranges (Table II). Table 
II  also presents the relative humidity, P / P 0 
(Babo’s constant), for the fourteen solutions.

The data for the saturated solutions (Table I) 
are the experimental data. The data for the 
fourteen solutions (Table III) are tabulated for 
whole degrees, having been extrapolated over a 
short range, usually less than  0.05°, but occasion­
ally as much as 0 .1 0 °, by obtaining the best

Table I II
Vapor Pressures of M ixtures of Crystals 

(1) Anhydride-Dihydrate
T em p ., °C . V . p ., mm .

40 2.93
45 4.14
50 5.86
55 8.17

(2) Anhydride-Tetrahydrate
15 0.70
20 1.00
25 ■ 1.45
30 1.89

(3) Dihydrate-Tetrahydrate
20 1.48
25 2.11
30 3.04
35 4.31
40 5.94
45 8.24

ya of the form In p  =  A / T  +  B
solutions (and this was done for the crystalline
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mixtures also), and then  calculating the change 
in In I p  for the tem perature increment. The 
data are estim ated to  be accurate to =±= 0.03 mm.

Figure 1 is a plot of the  complete vapor pres­
sure data  for this system over the range covered in 
this work. Curve AKBC is the saturated te tra­
hydrate curve; BC is the m etastable saturated 
tetrahydrate curve and is supersaturated with 
respect to dihydrate. Curve GBH is the satu­
rated dihydrate curve, and GB is supersaturated 
with respect to tetrahydrate. Curve JH C E is 
the anhydride saturated  curve; curve HC is 
supersaturated with respect to dihydrate and CE 
is supersaturated with respect to both te tra ­
hydrate and dihydrate.

0 20 40 60 80
Temperature, °C.

Fig. 1.—• ,  solution; 3 , crystalline m ix tu re -----;
O, saturated solution.

The tetrahydrate-dihydrate curve is FB; the 
anhydride-tetrahydrate, DC; and the dihydrate- 
anhydride, IH . (In order to avoid confusion in 
the curves, some of the individual points for 
these mixtures of crystals are not indicated, but 
they fall nicely on the curves.)

Solutions are numbered 1  to 14 in accordance 
with Table I I  (curve 4 is not plotted because it 
nearly coincides with curve 3) and are represented 
in the metastable regions also. The intersections 
of these solution curves with the saturated solu­
tion curves give the freezing points of the solutions

C v \

V\ k j
k k §'2
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of the respective concentrations. The freezing 
points obtained in this manner are plotted in 
Fig. 3, along with data of Sieverts and Petzold ,3 
for concentrations above 50% Cd(NOs)2- The 
vapor pressure method confirms their data 
obtained by the freezing point method and ex­
tends the diagram into the metastable region.

50 60 70 80 90
Cd(N03)2, %.

Fig. 3.—O, Sieverts, Petzold; ®, Ewing, Guyer 
(vapor pressure).
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The equation In p =  A / T  + B  applies to the 
single phase solutions and to the mixtures of 
crystals, as is shown in Fig. 2, which is a plot of 
In p versus 1/T  X 105 for the fourteen solutions 
and three crystalline mixtures. Straight lines 
result in each case.

This equation is applicable to water also in the 
temperature range 0 to 60° within the error in 
plotting on ordinary semi-log paper, but above 
60° a third term has to be added to the equation. 
This condition also applies to our dilute solutions. 
For the more concentrated solutions the two 
term equation fits the data even more closely 
than it does the water data, or the dilute solu­
tion data.

Discussion
The vapor pressure measurements are con­

sidered of sufficient accuracy to study the varia­
tion of Babo’s constant, P /P q (relative humidity), 
with temperature. In general, the data avail­
able up to this paper indicate that this value is 
constant within the experimental accuracy. Leo­
pold and Johnston8 stated that there would be 
a slight increase in relative humidity with in­
crease of temperature for accurate measurements. 
Table II confirms this statement; there is a defi­
nite rise in Babo’s constant with rise in tempera­
ture. This trend was found for all of the experi­
mental data except the 20° readings for the two

(8) Leopold and Johnston, T h i s  J o u r n a l , 4 9 ,  1974 (1927).

most dilute solutions. Duplicate determinations 
of these two values, however, fell in the general 
trend. This trend obtained regardless of the 
order in which the vapor pressure readings 
were taken for the various temperatures. This 
same trend has been obtained in general in all 
of the measurements on the nitrates in this se­
ries of studies.

Quite serious errors would arise in measuring 
the vapor pressure for a solution at one tempera­
ture, and then calculating the vapor pressure at 
another temperature, far removed, by assuming 
that P /P q is constant. For solution 6 [61.70% 
Cd(N0 3)2 ], which may be considered typical, 
determining P /P q at 30° (0.5385) and then calcu­
lating* the vapor pressure at 60° (P /Po =  0.5661 
actually) would cause an error of 4.61%. This 
is an error of 3.90 mm. for the vapor pressure at 
this temperature.

Summary
Complete vapor pressure data for the system 

cadmium nitrate-water are given from 0 to 86% 
concentration and for the temperature range 
20-60°. These vapor pressures are for the un­
saturated, saturated, and supersaturated solu­
tions, and for the mixtures of crystals.

Babo's constant (P/Po) is shown to increase 
appreciably with temperature for the binary sys­
tem cadmium nitrate-water.
Bethlehem, Penna. Received September 9, 1938

[Contribution from the Laboratory of Physiology, Y ale University School of Medicine]

The Standardization of HydrogenIon Determinations. II. A Standardization of the
pH Scale at 38°

B y  D a v id  I. H it c h c o c k  a n d  A l ic e  C. T a y l o r 1

In a recent paper2 a revision of the pH scale was 
proposed, as a result of hydrogen electrode meas­
urements made with buffer solutions at 25°, in 
cells including a stationary liquid junction with 
saturated potassium chloride solution. This re­
vision involved the use of the thermodynamic 
dissociation constants of the buffer acids to­
gether with an extrapolation based, in part, on 
the Debye-Hückel theory, A consistent scale 
was obtained for solutions of about pH 4 to 9. 
Since this range includes that part of the pH

(1) This work was aided by a grant from the Fluid Research 
Funds of the Yale University School of Medicine.

(2) Hitchcock and Taylor, T h is  J o u r n a l , 5 9 , 1812 (1937).

scale which is of primary importance in physi­
ology and biochemistry, it seemed worth while to 
extend the work by making similar measurements 
at 38°, a temperature which is close to that of 
physiological fluids.

Experimental
The materials, apparatus and technique were practically 

the same as in the earlier work.2 The concentrations of 
the solutions were expressed, as before, in moles per liter 
of solution at room temperature, 21-23°. The series of 
buffer solutions was extended by preparing mixtures of 
hydrochloric acid with sodium or potassium acetate or di­
sodium hydrogen phosphate, in such proportions as to 
yield 1:1 buffers.
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Table I
Electromotive F orce at 38° of the Cell H2, Buffer Solution, KC1 (Satd.), HCl (0.1 JV), H2 (+ )

Dilution
factor

0.0996
CHsCOOH

0.0990
CHsCOONa

0.0501
CHsCOOH

0.0501
CmCOONa

0.0501
NaCl

-Composition of sto 
0.0899 

CHsCOOH 
0.0898 

CHsCOOK

ck solution in i 
0.0501 

CHsCOOH 
0.0504 

CHgCOOK 
0.0501 

KC1

moles per liter at 21- 
0.0250 

KH2PO4 
0.0250 

Na2HP04

0.0200
NaH2P04

0.0200
Na2H P04

0.0200
NaCl

0.0500
Na2B4Ü7

0 .1 0 0.3682 0.3680 ■ 0.4944
.25 0.2231 0.2224 0.2240 0.2232 .3642 .3637 .4936a
.50 .2218 .2209 .2230 .2219 .3602 .3592 .4924
.75 .2209 .2197 .2224 .2211 .3573 .3561 .4926

1 .0 0 .2205 .2189 .2220 .2205 .3552 .3537 .49316
Eo —0.0668 -0 .0673 -0 .0662 -0.0669 -0 .0671 -0.0671 -0 .0668
a The dilution factor for this borax solution was 0.20 instead of 0.25. b Average of seven determinations with different 

solutions. The figure used in plotting the curve in Fig. 2 was 0.4929.

Table II
Electromotive F orce at 38 ° of the Cell 

H2, HCl +  MCI, KCl(satd.), HC1(0.1 N), H2 (+ )
Composition of stock solution in moles 

per liter at 21-23°
Dilution 0.1000 HCl 0.0100 HCl 0.0100 HCl
factor (no salt) 0.0900 NaCl 0.0900 KC1
0.10 0.0602 0.1208 0.1211

.25 .0362 .0969 .0973

.50 .0180 .0787 .0793

.75 .0075 .0680 .0687
1.00 .0000 .0604 .0613
Eo -0 .0657 -0 .0668 -0 .0665

In addition to the control of temperature given by the 
water-jacketed electrode vessels, which remained at 38 =±= 
0.05°, the whole apparatus was placed in an electrically 
controlled air-bath at 38 =*= 0.5°. This served to prevent 
the deposition of solid potassium chloride in the bridge 
tubes and the condensation of moisture in the hydrogen 
train. The purity of the commercial hydrogen was tested 
in a few experiments by passing it over hot reduced copper; 
since this purification produced no change in the electro­
motive force obtained with hydrochloric acid (pH  1 or 2) 
or borax solutions (pH  9), it was generally omitted, and 
the hydrogen was passed only through distilled water at 
38°. As before, the experiments consisted in the measure­
ment of the electromotive force of cells of the type 
H2, acid or buffer solution, KC1 (satd.), HgCl, Hg ( +  )

(A)
Several different calomel half cells were used at different 
times, and their constancy and reproducibility were tested 
by daily measurements against hydrogen electrodes in 0.1 
N  hydrochloric acid or an acetate buffer. Since the 
different calomel cells varied, in some cases, by as much as a 
millivolt, the results were expressed in terms of the follow­
ing cell, of which the right half served as a constant refer­
ence electrode
H2, acid or buffer solution, KC1 (satd.), HCl (0.1 N),

H2( +  ) (B)
The values of the electromotive force of this cell are given 
in Tables I and II.

Method of Calculation and Extrapolation
Tables I and II include also values of E q, the 

extrapolated value of the electromotive force

which cell B would have if the activity of hydrogen 
ions in the solution in the left half cell were unity. 
The values of E q were obtained by extrapolation 
to zero ionic strength of a function E", obtained 
from the experimental results by the following 
equations
Acetate buffers: E M — E  — 0.06173

^4.766 -  log ^  -  0.520

Phosphate buffers (1:1): E 9 = E  -  0.06173 (7.190 -
1.560 v7*)

Borax buffers: E v =  E  — 0.06173

9.143 -  log ^  -  0.520 V m)

Hydrochloric acid solutions: E" =
E  +  0.06173 (log CH -  0.520 V aO

The basis of similar equations was given in the 
previous paper.2 Here E  is the electromotive 
force of cell B in volts, 0.06173 is 2.3026 R T / F ,
0.520 is the constant of the Debye-Hückel limit­
ing law, fx is the ionic strength of the solution and 
the numbers 4.766, 7.190 and 9.143 are the nega­
tive logarithms of the thermodynamic dissocia­
tion constants of the buffer acids, interpolated for 
38° from the data of Harned and Ehlers,3 Nims4 
and Owen,5 respectively. The ionic strength was 
calculated on the basis of concentration, in moles 
per liter at 21-23°, and the same basis was used 
for CH of the hydrochloric acid solutions. Strictly 
this is not consistent with the pK  values used, 
which were obtained on the molal basis. Density 
determinations showed a maximum discrepancy 
of 1.2% between the values of C and m for certain 
solutions at 0.1 ionic strength, but this difference 
becomes less than 0.25% for very dilute solutions. 
It was calculated that these differences could not 
affect the values of E ,r and E q by more than 0.1 
mv., and that the extrapolation therefore yielded

(3) H arned and Ehlers, T h is  J o ur n a l , 55, 652 (1933).
(4) N im s, ib id ., 5 5 , 1946 (1933).
(5) Owen, ib id .,  56, 1695 (1934).
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#*•
Fig. 1.—Extrapolation of hydrogen electrode data for 

1:1 acetate buffers a t 38°: I, CHgCOOH +  CH3COOK; 
II, CH3COOH +  CHsCOONa; III, CH3COOH +  
CHaCOOK +  KC1; IV, CH3COOH +  CHsCOONa +  
NaCl.

a p H  scale consistent with thermodynamic dis­
sociation constants expressed in terms of mo­
lality. The nature of the extrapolations is illus­
trated by Figs. 1, 2 and 3.

1 11

Fig. 2.—Extrapolation of hydrogen electrode data for 
1:1 phosphate and borate buffers at 38°: I, KH2PO4 +  
Na2H P04; II, NaH2P 0 4 +  Na2H P04 +  NaCl; III, 
Na2B407.

R esults

The Eo values for the buffer mixtures a t 38°, as 
given in Tables I and II, are less concordant than 
those obtained for 25°. There is evidence of a 
specific effect of different ions, in the order to be 
expected if the Eo values include a part of the 
liquid junction potentials. Solutions containing 
cations of higher mobility (hydrogen or potassium 
in place of sodium ions) yielded higher values of 
E ' f and Eo , while those containing anions of higher 
mobility (chloride in place of acetate or phos­
phate ions) yielded lower values. If the high 
figure obtained for the hydrochloric acid solutions 
without salt is disregarded, as in the previous

Fig. 3.—Extrapolation of hydrogen electrode data for 
hydrochloric acid solutions a t 38°: I, HCl without salt; 
II, HCl +  KC1 (1:9); III, HCl +  NaCl (1:9).

work2 a t  25°, the mean value of £ 0  is —0.0668, 
with an average deviation of ±0.0002 v. This 
value, which is identical with th a t obtained for 
solutions of hydrochloric acid with sodium 
chloride {p H  2 to 3), acetic acid with sodium 
acetate {p H  4.7), and borax (p H  9), was adopted 
as a basis for a p H  scale applicable a t  38°. The 
p H  values were calculated, w ithout correction 
for liquid junction potentials, by  the usual simple 
equation, which is

P K  =  ( E  +  0 .0668)/0.06173  

for cell B a t  38°.
In  Table I I I  are given the p H  values obtained 

in this way for a number of standard solutions 
which m ay be used for checking electrodes. 
Values obtained for the same solutions a t  25° 
are included for comparison. Except for 0.1 N  
hydrochloric acid, whose p H  value is determined 
by th a t of Eo for cell B, the results are reported 
only to the nearest 0.005 p H y which corresponds 
to 0.3 mv. Since more measurements were made 
with 0.1 N  hydrochloric acid and w ith the 0.1 N  
acetic acid-sodium acetate buffer than with other

Table III
Standard S olutions for Checking E lectrodes at 38 

and 25°
Composition in moles

per liter at 21-23° pH  (38°) pH (25°)
1.1 HCl 1.082 1.085
.1 KH3(C20 4)2-2H20 1.495 1.480®
.01 HCl +  0.09 KC1 2.075 2.075
.05 KHC8H40 4 4.025 4.010
.1 CHsCOOH + 0 .1  CH3COONa 4.655 4.645
.025 KH2P 0 4 +  0.025 Na2H P 0 4-2H20 6.835 6.855
.05 Na2B4O7 10H2O 9.070 9.180
a The pK  value 1.490, which was published previously2 

for 25 °, referred to a tetroxalate solution of lower concen­
tration, 0.0965 M.
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solutions, their values are particularly recom­
mended as a basis for a  p H  scale applicable a t 
38°.

Discussion
Table I I I  includes p H  values for 0.1 N  hydro­

chloric acid, although the E q values obtained from 
experiments w ith this acid alone were not used. 
This procedure did not invalidate the use of this 
solution in the reference half cell, since the p H  
scale was determined by the behavior of the vari­
ous solutions in the left half of cell B. In  spite 
of the discordant E q value obtained from data 
with more dilute hydrochloric acid, i t  seemed de­
sirable to assign to 0.1 N  hydrochloric acid, 
which is a reproducible standard solution, p H  
values consistent with those of the acid-salt 
mixtures and the buffer solutions.

There is practically no difference between the 
p H  values obtained for hydrochloric acid of ionic 
strength 0 .1 , either with or w ithout salt, a t 25 
and 38°. I t  m ay be calculated from the data of 
Harned and Ehlers6 th a t the  negative logarithm 
of the mean activity  of the ions in 0 .1  molal 
hydrochloric acid is 1.099 a t  25° and 1.102 a t 
38°. Evidently the effect of temperature on 
these thermodynamic activities is of the same 
small magnitude as its effect on the non-thermo- 
dynamic p H  values for hydrochloric acid solutions.

The p H  values given in Table I I I  for the buffer 
solutions show a somewhat larger variation with 
temperature, although the effect exceeds 0.02  
p H  in only one case. For the acetate, phosphate 
and borate solutions the differences, p H  (25°) — 
p H  (38°), are -0 .0 1 , +0 .02  and +0.11, respec­
tively. The corresponding differences in the 
p K  values of the buffer acids a t  the two tempera­
tures are —0.010, +0.016 and +0.094. Al­
though it is recognized th a t p H  values cannot 
have a strictly thermodynamic significance, it 
seems worth while to point ou t th a t an agree­
m ent between these two sets of differences might 
be deduced from the thermodynamic law of mass 
action if p H  were a measure of either the concen­
tration or the activity  of hydrogen ions and if the 
variation with tem perature of the activity coeffi­
cients of the buffer acids were negligibly small.

The only previous work in which a scale of p H  
values has been based on thermodynamic dis­
sociation constants is th a t of M aclnnes .7 His

(6) Harned and Ehlers, T h is  J o u r n a l , 55, 2179 (1933).
(7) Maclnnes, Cold Spring Harbor Symposia on Quantitative 

Biology, 1, 190 (1933). We wish to acknowledge again the courtesy 
of Dr. Maclnnes in supplying us with unpublished data for compari-

experimental data, which have appeared in a 
paper by M aclnnes, Belcher and Shedlovsky,8 
were obtained principally with very dilute ace­
ta te  buffers, 0 .0 0 1 to 0 .0 1  in ionic strength, and 
were extrapolated by a method which gives 
marked curvature when applied to results for 
higher concentrations. If their data for 25° 
are reduced to our reference electrode and plotted 
by our method, they agree fairly well with ours a t
0.01 ionic strength. Below th a t point, where we 
have no data, their results approach an E q value 
about 0.5 mv. higher than ours. Hence their 
p H  scale should be lower than  ours by about
0.008 p H .  A comparison of their Table V II with 
Table I I I  of the present paper shows th a t this is 
approximately true, except for their 0.1 N  acetate 
buffer a t 38°. Here they give a p H  value slightly 
lower than their value for 25°, while our p H  
value, like th a t of p K } is about 0.01 unit higher for 
38 than for 25°. For many purposes a discrep­
ancy of 0.01 p H  is no t significant. I t  may be 
concluded th a t either our scale or theirs gives p H  
values which are reasonably consistent with 
thermodynamic dissociation constants.

Our work on the standardization of hydrogen 
ion determinations is being continued by an 
experimental study of a measure of acidity ob­
tained from cells without liquid junction, accord­
ing to ideas expressed by Guggenheim9 and by 
one of us . 10

Summary

Measurements of electromotive force a t 38° 
are reported for cells of the type
H2, buffer or acid solution, KC1 (satd.), HCl (0.1 N),

H2( + )

Acetate, phosphate and borax buffers were used, 
as well as solutions of hydrochloric acid with and 
without an added chloride. On the basis of the 
thermodynamic dissociation constants of the 
buffer acids and a nearly linear extrapolation, a 
value of E 0 was obtained for the reference elec­
trode: KC1 (satd.), HCl (0.1 N ), H2. On this 
basis p H  values for 38° were assigned to several 
standard solutions, including 0 .1  A7 hydrochloric 
acid (p H  1.082) and 0.1 A  acetic acid in 0.1 A
son with our own, and to express our regret over the premature pub­
lication of two pH values ascribed to him in Table III of our previous 
paper.2 These values should be replaced by those given later by 
Maclnnes, Belcher and Shedlovsky.8

(8) Maclnnes, Belcher and Shedlovsky, T h is  J o urn al , 60, 1094 
(1938).

(9) Guggenheim, J . Phys. Cftera., 34, 1758 (1930).
(10) Hitchcock, T h is  J o u rn al , 58, 855 (1936); 59, 2753 (1937).
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sodium acetate {pH  4.655). These p H  values, 
without correction for liquid junction potentials, 
serve to establish a p H  scale which may be used

to obtain the values of thermodynamic dissocia­
tion constants a t  38°.
New Haven, Conn. Received July 29, 1938

[Contribution from the Chemical Laboratory of the University of Illinois and the Williams Oil-O-Matic
Heating Corporation]

Hydrogen Bonds Involving the C-H Link. V. The Solubility of Methylene Chloride
in Donor Solvents

B y  M. J. C o pl e y , G. F . Z e l l h o e f e r  and  C . S. M a r v el

Recent publications1-3  by the authors have 
shown th a t hydrogen bonding, involving the 
C -H  link, occurs in solutions of the haloforms in 
solvents containing the donor atoms, oxygen or 
nitrogen. In  one article1 data were included on 
the solubilities of the two dihalogenated methanes,

methylene chloride and monofluoromonochloro- 
methane, in three donor solvents (diethylene 
glycol dimethyl ether, ethyl ether of diethylene 
glycol acetate and tetraethylene glycol dimethyl 
ether). Their solubilities were in considerable

(1) Zellhoefer, Copley and Marvel, T h is  J o urn al , 60, 1337 (1938).
(2) Zellhoefer and Copley, ibid., 60, 1343 (1938).
(3) IV, Copley, Zellhoefer and Marvel, ibid., 60, 2666 (1938).

excess of the values predicted by R aoult’s law 
and almost comparable with the solubilities ob­
served for the  haloforms in the same solvents. 
These results led the authors to suggest th a t a 
hydrogen atom  of a dihalogenated m ethane is 
also capable of forming a hydrogen bond with an 

oxygen or nitrogen atom having an ex­
posed pair of electrons. Such an ac­
tiv ity  for hydrogen bonding on the 
p art of the hydrogen atoms, in these 
very stable compounds, was somewhat 
unexpected and it  seemed im portant 
to extend the investigation to include 
a larger number of types of solvents.

The present paper reports the solu­
bilities of methylene chloride in the 
same group of solvents3 as was used 
by the authors in their study of the 
effect of solvent association on the 
solubility of haloforms. The rem ark­
able similarity we have observed in the 
behaviors of dihalogenated methanes 
and haloforms clearly demonstrates 
th a t a hydrogen atom in either type of 
compound interacts with an unshared 
pair of electrons on an oxygen or n itro­
gen atom of a solvent and thus gives 
rise to the phenomenon called hydro­
gen bonding.

Experim ental
The method4 used in making the solubility 

determinations has been described previously 
in detail. The solvents tested were purified 

carefully and their boiling or melting points checked. The 
solubilities were determined over a range of pressure a t a 
temperature of 32.2°. The results of the solubility meas­
urements are plotted in Figs. 1 and 2. To compare the 
solvents conveniently, the gram per gram and mole frac­
tion solubilities a t a partial pressure of methylene chloride 
corresponding to its vapor pressure a t 4.5° are given, re-

(4) G. F. Zellhoefer, Ind. Eng. Chem., 29, 584 (1937).

Fig. 1.—The solubility of methylene chloride as a function of pressure 
in alcohols, ethers, acids, esters, aldehydes, and ketones: 1, phenol; 2,
acetic acid; 3, propionic acid; 4, anisole; 5, salicylaldehyde; 6, phenyl 
vinyl ether; 7, benzaldehyde; 8, A2-cyclohexenone; 9, acetylacetone; 
10, paraldehyde; 11, heptaldehyde; 12, ethyl acetoacetate; 13, triphenyl 
phosphite; 14, cyclohexanone; 15, acetonylacetone; 16, 1,4-dimethoxy- 
cyclohexane; 17, ethyl diethylacetoacetate; 18, tri-tf-cresol phosphate; 
19, ethyl ether of diethylene glycol acetate; 20, diethyl ether of diethylene 
glycol; 21, tri-w-butyl phosphate; 22, dimethyl ether of tetraethylene 
glycol.
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pounds correspond almost exactly in ethyl methyl ketoxime; 4, dimethylformamide; 5, N-methylacetamide;
the m anner in which their solubilities 6, cyclohexylamine; 7, dimethylacetamide; 8, N-methyl-N-cyclohexyl-
vary in different types of solvents. I n  ^-butanesulfonamide; 9, N-methyl-N-cyclohexylacetamide; 10, N-

. , , i , ethyl-N-cyclohexylacetamide.unassociated solvents (ethers, esters,
amines and N-disubstituted amides) they both where the association of the solvent stops a t the 
show uniformly high solubilities compared to the dimer stage, they have intermediate or almost 
values predicted for them  by R aoult’s law. In  normal solubilities. I t  also should be noted th a t 
solvents which are associated into large polymers the influence of each of the factors, unsaturation 
(alcohols and amides), by  means of the more stable and chelation, is to produce a lowering of solubil-
O -H -O  and N -H -0  bonds, they both show ex- ity  in the case of each compound in solvents where 
trem ely low solubilities compared to the solubilities these factors are present.
calculated for them by R aoult’s law. In  fa tty  The similar solubilities of methylene chloride 
acids, N-monosubstituted amides, and oximes, and monofiuorodichloromethane in widely differ-

Table I
Solubility of M ethylene Chloride in Organic Solvents 

(Theoretical or “Ideal” Mole Fraction in Saturated Solution 0.311)

Phenol

Formula
Alcohols and Ethers 

C6H6OH

.---------Solubility--------
G./g. Mole fr.

0.210 0.130
Anisole C6H6OCHs .385 .328
1,4-Dimethoxycyclohexane C6H10(OCH3)2 .460 .442
Diethyl ether of diethylene glycol C2H50(CH2CH20 )2C2H6 .568 .520
Dimethyl ether of tetraethylene glycol CH30(CH2CH20 )4CH3 .580 .602

Acetic acid
Acids and Esters 

CHsCOOH 0.280 0.174
Propionic acid QHsCOOH .320 .218
Triethyl phosphate (C2H5)3P 04 .55 .541
Tri-w-propyl phosphate (C3Hj)3P 04 .50 .567
Tri-w-butyl phosphate (c 4h 9)3p o 4 .435 .574
Triphenyl phosphite (C6H6)3P 0 3 .192 .412
Tri-o-cresol phosphate (c 6h 4o c h 3)3p o 4 .213 .470
Ethyl ether of diethylene glycol acetate C2H50(CH 2CH20 )2C0CH3 .500 .509
Ethyl acetoacetate c h 3c o c h 2c o o c 2h 6 .454 .410
Ethyl diethylacetoacetate CH3COC(C2H 6)2COOC2H e .403 .468
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Table I (Concluded)
Formula

Amines, Amides and Oximes
G./g. Mole fr.

Cyclohexylamine C,HuNH2 0.520 0.377
Diphenylamine (CoHs)2NH Very low
Formamide HCONHa 0.062 .038
Methylformamide HCONHCH3 .365 .202
Dimethylformamide HCON(CH3)2 .410 .261
Acetamide CH3CONH2 Very low
N-Methylacetamide CH3CONHCH3 0.427 .269
N,N-Dimethylacetamide CH3CON(CH3)2 .808 .452
N-Methyl-N-cyclohexyl- w-butanesulf onamide C4H9S02N(CH3)C6Hii .351 .490
N-Methyl-N-cyclohexylacetamide C6HuN(COCH3)CHs .600 .521
N-E thyl-N-cyclohexy lace tamide CeHnN (COCH3) C2Hfi .565 .530
Ethyl methyl ketoxime C2H6(CH3)C =N O H  

Aldehydes and Ketones
.315 .244

Benzaldehyde CöHgCHO 0.430 0.349
Salicylaldehyde o-C6H4(OH)CHO .320 .315
Heptaldehyde CH3(CH2)5CHO .473 .388
Paraldehyde CeHi203 .385 .374
Cyclohexanone c 6h 10o .630 .421
A2-Cyclohexenone c 6h 8o .473 .349
Acetylacetone c h 3c o c h 2c o c h 3 .455 .394
Acetonylacetone c h 3c o c h 2c h 2c o c h 3 .572 .434

ent types of solvents show th a t the same influence, 
viz,, complex formation by means of hydrogen 
bonding, is operative in the solutions of each 
compound.

Summ ary

The solubilities of methylene chloride have 
been determined over a range of pressure in sev­
eral types of organic solvents.

The solubilities are high in esters, ethers, 
amines and N-disubstituted amides; roughly

normal in acids, N -monosubstituted amides 
and oximes; extremely low in alcohols, and 
amides.

T he remarkable similarity between methylene 
chloride and monofiuorodichloromethane with 
respect to  th e  way in which their solubilities 
vary in different types of solvents shows th a t 
hydrogen bonding is also present in solutions of 
methylene chloride in donor solvents.
Urbana and Bloomington, Illinois

Received September 9, 1938

[Contribution from the Chemistry Department of Emory University]

A Study of Organic Parachors. I. The Parachors of a Series of Isomeric Esters1

By O sb o r n e  R. Qu a y le , K a t h e r in e  O w e n  a nd  R e id u s  R. E s t e s 2

Of the many attem pts to  relate physical prop­
erties and structure the parachor3 has been one 
of the most successful. I t  has been of value in 
the determination of semi-polar bonds,4 chela­
tion ,5 singlet linkages6 and degree of aromaticity

(1) The authors wish to express their appreciation to Prof. E. 
Emmet Reid for his kindness in supplying the esters measured and for 
his valuable practical suggestions on the problem.

(2) Abstracted from a thesis by Reidus R. Estes presented to the 
Graduate Faculty of Emory University in partial fulfilment of the 
requirements for the degree of Master of Science, June, 1938.

(3) S. Sugden, J. Chem. Soc., 125, 1177 (1924).
(4) S. Sugden, J. B. Reed and H. j. Wilkins, ibid., 127, 1525 

(1925).
(5) S. Sugden, ibid., 318 (1929).
(6) S. Sugden, ibid., 1173 (1927),

and unsaturation .7 From his first observations 
Sugden3 concluded th a t the assigned constants 
held for all series, th a t the parachor was not in­
fluenced by tem perature and th a t the parachors 
of isomers were identical. The differences be­
tween calculated and observed parachors and the 
differences between isomers were ascribed to ex­
perimental error. However, the parachors of 
branched heptanes8 and octanes9 were found to be

(7) S. Sugden, “The Parachor and Valency,” Alfred A. Knopf, 
New York, N. Y., 1930, pp. 38-40.

(8) G. Edgar and G. Calingaert, T h is  J o u r n a l , 51, 1540 (1929).
(9) T. W. Richards, C. L. Speyers and E. K. Carver, ibid., 46, 

1106 (1924).
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T a b l e  I

S u r f a c e  T e n s i o n s  a n d  M o l e c u l a r  V o l u m e s

Ester Symbol ' 26°
------- Surface t<

35°
msion at-------

50.5° 65° y/o Mol. vol. 
M / D '

Methyl pentadecylate 1 - 1 5 29.41 28.38 27.35 2 6 .11 54.4 305.4
Ethyl myristate 2 -14 29.16 28.26 26.73 2 5.19 47.2 304.9
Propyl tridecylate 3 -13 28.74 27.89 26.55 2 5 .12 45.2 305.1
Butyl laurate 4 -12 28.29 27.47 26.34 2 5 .2 1 4 1.8 304.1
Amyl undecylate 5 - 1 1 28.22 27.25 26.07 24.94 39.6 303.4
Hexyl decylate 6-10 28.20 27.26 26.00 24.56 38 .5 303.4
Heptyl pelargónate 7-9 28.07 27.10 26.25 24.61 27.8 30 3.1

Octyl caprylate 8-8
26°

28.20
35°

2 7 .12
50°

25.88
65°

24.65 37 .2 302.9

Nonyl heptoate 9-7
25°

2 8 .15
35°

2 7 .5 1
50°

26.37
65°

25.07 40.8 304.0
Decyl caproate 10-6 28.66 27.6 1 2 6 .13 24.95 4 1 .7 304.2
Undecyl valerate 1 1 -5 28.39 2 7 .7 1 26.38 25.26 43.0 304.3
Lauryl butyrate 12-4 28.80 28.18 26.74 2 5.4 1 4 7.2 305.4
Tridecyl propionate 13 -3 29.40 28.68 2 7,35 2 6 .13 55.8 307.4
Tetradecyl acetate 14 -2 29.73 28.91 27.47 26.03 5 5 .2 307.0
Pentadecyl formate 15 -1 30.40 29.38 28.36 26.54 6 1.2 307.3

Surface tension =  y =  27 dynes/cm. at V ° \ D f — density at T ' ° .

consistently lower than those of the normal iso­
mers. The parachors of the lower members of the 
fa tty  acids series were found to be consistently 
higher than the calculated while the reverse was 
true of the higher members of the series. 10 Since 
many of these variations are greater than experi­
m ental error, it  has been recognized th a t the 
parachor is constitutive as well as additive . 11

The deviations from calculated parachors have 
thrown doubt upon thé value of this physical con­
stant. Certain regularities in these deviations 
from the hitherto accepted theoretical values have 
appeared. Further investigations of these devia­
tions should be made. If the deviations are, in 
fact, generally or even frequently regular in na­
ture, as a result of constitutive differences, the 
parachor will become of more rather than of less 
value once these regularities are determined.

This paper concerns the results of parachor 
measurements a t four tem peratures (25, 35, 50, 
65°) of fifteen normal isomeric esters of the for­
mula C 16H 32O 2 . 1 2  Desreux13 questioned the va­
lidity of comparing parachors calculated from un­
equal surface tensions because of the variation of 
C  in M acleod's14 relation, 7  =  C ( D —d y . Since 
the comparison of parachors is tantam ount to the 
comparison of molecular volumes a t constant sur-

(10) K. W. Hunten and G. L. Maas, This Journal, 51,161 (1929).
(11) S. A, Mumford and J. W. C. Phillips, J. C h em . S o c ., 2112- 

2158 (1929); and others.
(12) The esters were prepared by J. R. Ruhoff and Ê. Emmet 

Reid, T h is  J o u r n a l , 55, 3825-3828 (1933).
(13) V. Desreux, B u ll. soc. ch im . B e lg ., 44, 249-287 (1935).
(J4) Macjeod, T r a n s . F a r a d a y  S o c ., 19, 38 (1923).

face tension, it should be possible to overcome this 
objection by calculating molecular volumes from 
densities taken a t temperatures where the surface 
tensions equal some convenient arbitrarily chosen

Fig. 1.—Variation of surface tension with 
temperature.
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value (27 dynes/cm.). The surface tension- 
tem perature relation was found to be linear within 
experimental error (±0.40% ) over the 25-65° 
range studied (Fig. 1). Surface tensions used in 
calculating parachors were interpolated from 
graphs of experimental values (Fig. 1).

Densities of the esters were obtained by inter­
polation from the recorded values.12 W ith one 
exception, the parachor was found to increase with 
the tem perature (typical illustrative curves, Fig. 
2), the maximum variation being 10.24 or 1.45%.

Table II
Parachors at Four Temperatures15

•Parachors at-
Ester 25° 35° oO oto

1-15 693.0 694.2 695.7 697.2
2-14 695.3 695.4 695.0 695.1
3-13 694.1 694.9 695.7 696.3
4-12 691.0 692.3 694.2 696.2
5-11 689.9 692.6 692.3 693.6
6-10 689.3 691.1 691.5 692.2
7-9 689.4 690.5 692.1 693.6
8-8 689.9 690.4 690.7 691.0
9-7 690.7 692.1 694.3 696.2

10-6 692.4 693.4 693.8 694.6
11-5 691.1 693.2 694.5 694.8
12-4 693.9 695.0 696.3 697.5
13-3 696.6 697.9 700.0 701.8
14-2 697.6 698.5 699.6 700.5
15-1 699.1 699.5 700.1 700.5

The parachor a t all four temperatures measured 
and molecular volume when y  =  27 dynes/cm. 
showed a gradual decrease from either end of the

Fig. 2.—Variation of parachor with temperature.
(15) The calculated value of the parachor for each of these esters, 

using the atomic constants of Mumford and Phillips,11 is 699.0.

series to a minimum for the central members 
(Figs. 3 and 4). The parachor values a t 25° fall 
more nearly on a smooth curve than  a t higher 
temperatures. The general shape of the curve, 
however, a t all the tem peratures measured is un ­
mistakably the same. The parachor variation in 
the series was found to be 9.67 or 1.38% a t 25°, 
and 13.10 or 1.86% a t 65° (Table II) while th a t 
for molecular volumes was found to be 4.51 or 
1.46% (Table I) (estimated experimental error in 
parachor, ±0.20% ).

Esters.
Fig. 3.—Variation of surface tension and molecular 

volume.

Esters.
Fig. 4.—Variation of the parachor in the series.

Since unsaturation increases the parachor, it  is 
indicated th a t the unsaturation of the ester group 
suffers least reduction by the combination of 
small and large groups present near the ends. 
Thus the parachor of methyl pentadecylate is 
6.12 units less than  th a t of pentadecyl formate
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because of greater reduction of unsaturation by 
the methyl group in the former than  by the hydro­
gen in the latter.

Similarly, large values for formates and small 
values for branched isomers have been observed in 
eight pairs of esters by W ender16 in a study of 
parachors previously determined or calculated 
from previously recorded surface tensions.

Experimental.—Surface tensions were meas­
ured by Sugden’s 3 modification of the method of 
maximum bubble pressure, using m-xylene13 in the 
manometer and carefully purified benzene as a 
standard 17 for calibration of the apparatus. To 
ensure equal hydrostatic pressures, a maximum 
stable bubble was left on the large capillary while 
bubble pressures were being measured from the 
small capillary . 13 The manometer readings were 
taken with a cathetom eter with an accuracy of
0 .0 1 cm. Tem peratures were controlled to ±0.08°. 
After calibration of the bubbler using accepted

(16) Simon Wender, Emory University thesis, 1935, unpublished.
(17) S. Sugden, J .  C h em . S o c ., 119, 1483 (1921).

values of benzene (28.88 dynes/cm. a t 2 0 ° ) , 18 
readings were taken to check the calibration of 
CC14 and C6H 5CI. The observed values of 26.77 
and 33.25 (20°) agree with accepted values 
(26.81 and 33.2).

Summary
1. The surface tensions of 15 normal isomeric 

esters (C16H 32O2) have been measured a t 25, 35, 
50, and 65° by the method of maximum bubble 
pressure.

2. The calculated parachors were found to de­
crease gradually from maxima of 695.3 and 699.1 
a t the ends of the series to a  minimum of 689.3 
near the center of the series.

3. Molecular volumes calculated from densi­
ties taken a t constant surface tension (27 dynes/ 
cm.) varied similarly to parachor.

4. The parachors were found to increase, in 
general, with the temperature.

(18) Richards and Carver, T h is  J o u r n a l , 43, 827 (1921). 
Emory Univ ., Ga. Received August 29, 1938

[Contribution from the Chemical Laboratories of Oregon State College]

Pantothenic Acid. II. Its Concentration and Purification from Liver
B y R o g er  J .  W il l ia m s , J o h n  H . T r u e s d a il , H arry  H . W e in st o c k , J r ., E w ald  R o h r m a n n , C arl M .

L yman and  C h a s . H . M cB u r n e y

In  the first article of this series1 was announced 
the discovery of a growth determ inant of uni­
versal biological occurrence, which was named 
“pantothenic acid.” A t the time of this initial 
report no progress had been made toward the 
concentration or isolation of the substance and the 
evidence for the existence of a single effective sub­
stance in the various sources was based upon elec­
trolytic, diffusion, hydrogenation, esterification 
and other experiments in which the behavior of 
the physiologically active principle was the crucial 
question.

The concentration of a substance offering the 
particular difficulties encountered in connection 
with pantothenic acid had never been accom­
plished previously and much exploration was re­
quired before effective methods could be devised. 
The difficulties mentioned are based upon the 
following facts. (1) I t  is predominantly an acid 
rather than a basic substance and hence the tech-

(1) Williams, Lyman, Goodyear, Truesdail and Holaday, T h is  
J o ur n a l , 55, 2912 (1933).

niques and precipitants extensively useful with 
nitrogenous bases cannot be applied except 
indirectly. (2) The richest convenient source 
(liver) contains on the order of 40 parts per mil­
lion, and hence 250 kg. of liver after an extended 
process yielded only about 3 g. of crude (approxi­
mately 40%) material from which the remaining 
impurities were removed with great difficulty. 
(3) The substance is highly hydrophilic and we 
have yet to find any salt or simple derivative 
which is not highly soluble in water. (4) Due, 
presumably, to the presence of several types of 
functional groups, even after purification the sub­
stance has failed to crystallize.2 In  this respect 
it appears to behave somewhat like /3-hydroxy- 
glutamic acid, which, according to Dakin ,3 makes 
up 1 0 % of casein; yet is not available on the mar­
ket a t any price. (5) Pantothenic acid is itself

(2) We are indebted to Professor Linus Pauling for X-ray examin­
ation of a sample which was suspected of possessing crystalline char­
acter. No diffraction pattern was observed and further study con­
firmed the non-crystalline character of the material.

(3) H. Dakin, B ioch em . J . ,  12, 290-317 (1918).
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unstable and can be handled safely only as a neu­
tral salt. I t  is readily broken down by acids or 
bases and is particularly susceptible to destruc­
tion by acidic alcohol. (6) Unlike riboflavin and 
ascorbic acid, pantothenic acid could be tested 
for by biological tests only, since it has no color, 
reducing properties or other known outstanding 
property which can be used as a guide during its 
isolation. (7) Unlike the amino acids and biotin,4 
pantothenic acid has not been purified success­
fully by distillation of its ester. Whereas in later 
studies we have found it possible to esterify it and 
hydrolyze the ester without great loss, the process 
is attended by complete destruction unless care­
fully controlled, and the use of the ester (which 
seems scarcely more volatile than the acid itself) 
did not offer promise as a means of purification.

The crucial problem was first to devise some 
method whereby the acid could be separated from 
a variety of sugars and other neutral or basic 
water-soluble material. A solution to this prob­
lem was found in converting the acid into its 
brucine salt (as explained below) and extracting 
with chloroform, which fails to dissolve the sugars 
and similar compounds. I t  was found better to 
adsorb the acid on charcoal and elute first and 
later apply the brucine salt conversion. The es­
sential steps in the process as applied to a 9-kg. 
batch of liver are given below. Sheep liver was 
used because of its uniformity and convenience. 
Beef or hog liver can be used. I t  was necessary, 
of course, th a t biological tests be made continu­
ously during the process of concentration. For 
this purpose “G. M .” yeast, the medium previously 
described5 and the techniques previously de­
veloped5,6 were used. As a standard material we 
used first a stable preparation made by the ex­
traction of rice bran with 60% methanol, and as­
signed to this dry material a “potency” of 1. 
Other preparations were compared to this at low 
dosage levels. Later in our work a highly concen­
trated material dissolved in a concentrated su­
crose solution was used as a secondary standard, 
but the ultim ate standard remained the rice bran 
extract tested a t a low dosage level. A “un it” of 
pantothenic acid is th a t amount which when 
tested as indicated is equivalent to 1 g. of the dry 
rice bran extract. The high potency of the m ate­
rial as compared to the low toxicity of brucine for

(4) Kögl and Tonnis, Z. p h y s io l. C h em ., 242, 43 (1936).
(5) Williams and Saunders, B iochem . J ., 28, 1887 (1934).
(6) Williams, McAlister and Roehm, J .  B io l. C h em ., 83, 315 

1929).

the yeast, allowed us to  test brucine salts directly 
for their effect on yeast growth.

Preparation of Autolysis Extract.—Nine kilograms 
(20 lb.) of ground sheep liver was mixed thoroughly with 
20 liters of water (40°) in a ten-gallon milk can. One liter 
of benzene was then added and stirred thoroughly into the 
mixture, which was allowed to autolyze for twenty-four 
hours at 37°. The vessel was closed to avoid evaporation 
of benzene.

After twenty-four hours the vessel was placed in a larger 
barrel or other suitable vessel containing water and the 
water in the outer jacket was heated as rapidly as possible 
by means of live steam until its temperature reached 95- 
100°. In the meantime the liver mixture was stirred fre­
quently in order to heat evenly and prevent local coagula­
tion on the walls of the container. When the liver mixture 
reached a temperature of 75-80° a coagulum formed. 
Between 80-86° some frothing took place due to evapora­
tion of benzene. (Inhaling the vapor was avoided.) 
Finally all the benzene was removed in ten to fifteen min­
utes at 97° by passing live steam directly into the extract. 
(For some unknown reason the extract is not consistently 
obtained in a suitable condition if the amount of benzene 
originally used is materially decreased.)

While still hot the coagulum was filtered off through mus­
lin with greatest ease, using large funnels. The filtrate 
was perfectly clear, orange colored and possessed a greenish 
fluorescence. The “potency” of the extract (19 liters) on a 
moist basis under most conditions was 0.3 and therefore 
it contained 5700 “units” of pantothenic acid. Under less 
favorable conditions (presumably due to the liver) the 
units obtained might be as low as one-half the above value:

Fuller's Earth Adsorption.—In order to remove organic 
bases which would interfere with later purification, the 
solution was treated while still warm with 360 g. of tech­
nical fuller’s earth (B-K-H), The solution was stirred 
thoroughly with the earth for fifteen minutes and then 
filtered. The solution loses substantially no pantothenic 
acid by this treatment and its appearance remains about 
the same except for the loss of fluorescence.

Adsorption and Elution from Norite.—Previous to ad­
sorption with Norite the pH  of the solution was brought 
approximately to 3.6 after thorough mixing, by the addi­
tion of 10-30 ml. of 1-1 sulfuric acid. A flocculent pre­
cipitate formed and was filtered off using kieselguhr as a 
filtering medium.

At this stage the filtrate was cooled (some dilution with 
ice is permissible) to about 15°, after which about 450 g. 
(2 g. per 100 cc.) of Norite was added and the mixture kept 
agitated for two hours. The Norite was then filtered off 
and the colorless filtrate containing very little pantothenic 
acid was discarded.

The activated Norite should be eluted immediately 
after adsorption. I t  is not necessary, nor desirable, to 
dry the charcoal before elution. If the charcoal is heated, 
satisfactory elution becomes impossible. In each of the 
three elutions, 1500 ml. of 1.6 N  ammonium hydroxide 
solution was used. For elution, the mixture was sus­
pended (using a rolling machine) for two hours. The 
filtration was carried out at the pump on hardened filter 
paper (S & S 602 h). The combined elutions and rinse
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were brought to neutrality {pH ca. 6.5) by adding a satu­
rated water solution of oxalic acid.

The amount of activity recovered at this stage varied 
considerably with different batches. In  typical cases 85- 
95% of the active substance was adsorbed by the charcoal 
and about 60% of that adsorbed was recovered in the 
eluate. This initial loss of about 50% of the activity was 
compensated for by the fact tha t the introduction of the 
charcoal adsorption step made the material easier to purify 
later. An average batch of eluate from 9 kilos of liver 
contained, therefore, about 3000 units.

Brucine Treatment.—To the eluate was added 30 g. of 
oxalic acid in water solution, then 180 g. of brucine alkaloid 
in methanol solution, and the pH  of the resulting solution 
adjusted to 7. This solution was then evaporated to dry­
ness after adding 225 g. of kieselguhr during the latter part 
of the evaporation. The evaporation was accomplished 
by using specially constructed water-jacketed evaporating 
pans. By use of electric fans the temperature was kept 
from 50-70°.

During the evaporation, acid production from the liver 
constituents evidently takes place7 and it is necessary to 
add brucine from time to time to keep the solution neutral. 
Approximately 10 g. of brucine may be required for this 
purpose. In the end there was obtained from an average 
batch about 700 g. of dried pulverized material with a 
“potency” of 3.5 which was dried in a desiccator and 
ground in a ball mill.

Chloroform Extraction.—The dry kieselguhr residue 
above was extracted successively three times with 700-ml. 
portions of chloroform for an hour each. The chloroform 
solutions were extracted successively with 70, 70 and 35 
ml. portions of water and the water solutions combined. 
Upon partial evaporation (or previously during extracting) 
some brucine oxalate crystallizes out and can be discarded. 
The final mixture of dry brucine salts obtained from a sam­
ple batch weighed about 20 g. and had a potency of 80. 
Over-all yields up to this point were in some cases much 
higher than this, but relatively large losses during the pre­
ceding three stages seemed inescapable.

Fractionation of the Brucine Salts.—This step in the 
process cannot be carried out economically with small 
batches and hence is described in terms of the material 
from 250 kg. of liver. The fractionation involved starting 
with approximately 600 g. of brucine salt mixture and 
from it obtaining about 9 g. of brucine salts containing over 
50% of the activity and therefore about thirty times as 
concentrated as the original material. Most of the re­
maining active material was saved in the form of partially 
concentrated material. The process extended through 
many months and involved the carrying out of thousands 
of culture tests. Altogether about 700 fractions were 
separated besides numerous discards which were not 
numbered. To give a complete picture of how the frac­
tionation was carried out would be impossible, but we feel 
tha t it will be useful to outline briefly the method of attack.

From the standpoint of novelty of operation, probably 
the most outstanding feature is the fact tha t we made ex­
tractions using quantities of solvents which superficially 
might seem absurd. For example, if the extraction de­
manded it we did not hesitate to extract 2 liters of (water-

saturated) chloroform with 0.5 ml. of water. Even in such 
an extreme case the manipulation is not difficult.

When relatively pure brucine pantothenate is shaken 
with equal volumes of chloroform and water, only about 
one part in a thousand will remain in the chloroform, i. e.f 
its distribution coefficient is roughly 1000. However, the 
presence of other salts in crude material alters the charac­
teristics of the solvents so that the distribution coefficient 
of brucine pantothenate under these conditions may be as 
low as 70.

The crude mixture of brucine salts obtained from sheep's 
liver contains about 5% of material with a higher distribu­
tion coefficient than brucine pantothenate and about 95% 
of material with a lower coefficient. The former are 
termed type w salts due to their greater tendency to go 
into the water layer. The latter are termed type c ma­
terial since they have a greater tendency to go into chloro­
form solution.

The success of this process depends on taking several 
fractions in such a manner tha t the type w and type c ma­
terials can be sorted separately according to potencies, 
fractionated and discarded independently, a t the same time 
losing but a small amount of activity.

All the crude brucine salt was put through the following 
first step in batches of about 50 g. The crude material 
was dissolved in chloroform and shaken with successive 
small portions of water. The volumes of water taken were 
small enough so that approximately 20-25% of the original 
activity would be found in the water layer. (To judge 
these amounts required extensive experience and many 
physiological tests.) Under these conditions type w ma­
terial was obtained largely in the first fractions and type c 
material in the later.

The next steps in the process involved combination of 
type c salts (which are large in amount) of similar potency 
and their refractionation in a manner similar to that de­
scribed above.

Continued fractionation by dissolving type c material 
in chloroform and extracting with water, would lead to an 
accumulation of type w material and a piling up of the 
active principle in these fractions. In  order to avoid this 
the extraction procedure was reversed as the process de­
manded—that is, the material was dissolved in water and 
extracted with chloroform containing 1 % of brucine alka­
loid.

Throughout the whole fractionation process very small 
losses were sustained, but to work up all the material into 
“high potency” fractions involved an inordinate length of 
time and hence we were content with a yield of approxi­
mately 18,000 units in this form out of about 34,000 units 
of starting material. Though we were constantly on the 
lookout for such phenomena, we observed at no time during 
this fractionation any results which suggested that two or 
more substances were being concentrated simultaneously.

Conversion to Calcium Salts and their Fractionation.— 
Brucine salts at any stage of purification were converted 
readily into calcium salts by treating in solution with an 
excess of lime water and freeing from brucine by filtration 
and repeated extraction with chloroform. The purified 
brucine salts from the fractionation procedure were, there­
fore, treated in this way and the alkaline solution immedi­
ately freed from excess calcium (final pH  about 7.5) by the(7) Kapeller-Adler and Luisada, Biochem. Z 269-397 (1934).
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use of oxalic acid. Solutions containing the calcium salts 
were then completely decolorized with high-grade blood 
charcoal and the almost colorless calcium salts were ob­
tained by evaporation, in the form of a varnish. From 9 g. 
of brucine salts, potency 1600-2300, there was obtained a 
little over 3 g. of calcium salts, potency about 5000.

We shall not attem pt to mention all the devices a t­
tempted before we developed the process outlined for the 
further concentration of pantothenic acid. The procedure 
adopted for the purification of calcium pantothenate con­
sisted in (a) the precipitation of the active principle from 
concentrated aqueous solution with absolute alcohol, (b) 
treatment with mercuric chloride in aqueous and alcoholic 
solution to remove the presumably basic impurities still 
present in the concentrate, (c) a thrice repeated fractional 
precipitation of the calcium salt from an aqueous alcohol 
solution with isopropyl ether, and finally (d) a fractional 
precipitation from pyridine with acetone.

Precipitation from Aqueous Solution with Alcohol.— 
Calcium pantothenate, 431 mg. of “potency” 5700, was 
dissolved in 3 ml. of water in a 15-ml. centrifuge tube. 
There was added 10 ml. of absolute ethanol dropwise and 
with vigorous stirring. A precipitate which was formed 
was centrifuged from the solution and washed twice with 
10 ml. of 95% ethanol. On addition of the washing liquor 
and 10 ml. additional absolute ethanol to the solution, a 
further slight precipitate was formed. These low activity 
fractions weighed 104 mg. and had a potency of 270.

Mercuric Chloride Treatment.—The solution was 
evaporated almost to dryness in a 15-ml. centrifuge tube, 
and 3 ml. of ethanol added. An excess (800 mg.) of mer­
curic chloride was added, the suspension allowed to stand 
overnight, and the precipitate centrifuged. The precipi­
tate was washed three times with 5-ml. portions of ethanol. 
The washings were added to the solution, Which was then 
evaporated almost to dryness. On addition of 10 ml. of 
water, a further precipitate formed, which was centrifuged. 
The mercuric chloride precipitate retained approximately 
3 % of the total activity. The solution was saturated with 
hydrogen sulfide, the mercuric sulfide washed twice with 1- 
ml. portions of water. The solution and washings were 
evaporated to half volume to remove the hydrogen sulfide. 
There was added 500 mg. of silver oxide. This was al­
lowed to stand for two hours, the precipitate being broken 
up frequently with a stirring rod. On removal of the pre­
cipitate of silver chloride and excess silver oxide, the pH  of 
the solution was found to be 5.2. I t  was adjusted to 7.2 
with calcium hydroxide solution, and evaporated to dry­
ness.

The above two steps were carried out, in six separate 
runs, on 3.16 g. of average potency 5000, containing 15,800 
units. Ninety-three per cent, of the activity was ac­
counted for, 85% being in the high activity fractions, 
weight 1.76 g. The potency of these fractions varied from 
6500-8900. The remainder of the recoverable activity was 
found in the low activity fractions and the mercuric chlo­
ride precipitate.

Ethanol-Isopropyl Ether Fractionation.—The isopropyl 
ether used in this fractionation was treated with slightly 
acid ferrous sulfate solution, sodium carbonate solution, 
and dried over anhydrous sodium carbonate. Isopropyl 
ether was used in preference to ethyl ether because of its

lower volatility and hygroscopicity. Calcium pantothen­
ate, 216 mg., potency 7600, was dissolved completely in 
0.30 ml. of water in a centrifuge tube. There was added
4.0 ml. of absolute ethanol in 0.2-ml. portions. A slight 
precipitate formed, which was not removed. There was 
added slowly dropwise, with vigorous stirring, 1.0 ml. of 
isopropyl ether, to yield fraction A. This was removed by 
centrifugation. Further addition of 1.2 cc. of isopropyl 
ether precipitated fraction B. Evaporation of the solution 
gave fraction C.

Fraction Weight, mg. Potency
A 83.5 6250
B 36.9 8250
C 88.9 9100

More of the calcium salt, 485 mg., was treated similarly 
in three runs, with essentially the same results.

The combined fractions C were again fractionated in the 
same manner with ethanol and isopropyl ether.

Fraction Weight, mg. Potency
D 37.8 9330
E 63.0 10300
F 56.5 10400
G 64.3 8160

A third ethanol-isopropyl ether precipitation of fractions 
E and F caused no further purification.

Acetone-Pyridine Fractionation.—The pyridine used in 
these fractionations was dried by allowing to stand over 
fused potassium hydroxide and distilling from barium 
oxide. The acetone was distilled from calcium carbonate. 
Acetone was added slowly dropwise to 95.2 mg. of fractions 
E and F  above, in a solution of 0.15 ml. of water and 2.0 ml. 
of pyridine. Precipitates were removed at intervals.

Fraction Weight, mg. Potency
H 5.6 10,300
I 21.3 10,800
j 55.3 10,250
K 12.6 11,000

These highly active fractions of calcium pantothenate 
were prepared in the form of a clear, colorless varnish, very 
difficult to obtain in an entirely anhydrous condition. 
Pulverization gave a white powder, which was found to be 
quite hygroscopic. I t  took up 4-6%  moisture under 
ordinary laboratory conditions.

Fraction J  after being pulverized and dried at 56° in  
vacuo was found to have a potency of 11,100. As ind icated 
in succeeding papers this fraction represents nearly pure 
material. We are able to get a quantitative measure of 
the amount in a culture solution when only 0.0005 y  per 
ml., or 5 parts per 10 billion, is introduced.

We desire to acknowledge our indebtedness to 
Anne King S tout and R uth  Carleton Scott for 
capable and painstaking help in connection with 
the concentration and the accompanying physio­
logical tests.

We wish also to express our sincere thanks to 
those who have supported this work financially. 
This includes: the local institution; the National
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Research Council; S tandard Brands Inc. of New 
York, who have supported the investigation gen­
erously for m any years; and the Rockefeller 
Foundation, who have made possible the large 
scale work by a substantial grant.

Summary
The concentration and purification of panto­

thenic acid from liver is described. Because of 
the character of the m aterial this has proved an

unusually difficult task. The final preparation 
(amorphous) has a potency of 1 1 , 1 0 0  as compared 
with a standard rice bran extract which was chosen 
as unity. Further fractionation of this material 
resulted in no increased purity. For this and 
other reasons it is thought to  be substantially pure. 
Its  presence can be determined quantitatively 
when only 5 parts is present in 10  billion parts of 
culture medium (0.0005 y  per ml.).
Corvallis, Orb. Received June 8, 1938

[Contribution from the Chemical Laboratories of Oregon State College ]

A Study of Reduction with Hydriodic Acid: Use in Micro Determinations of Hydroxyl
Groups

B y  H e r s c h e l  K . M it c h e l l  and  R o g er  J .  W illia m s

The work described in this paper was under­
taken primarily for the purpose of establishment 
of a new m ethod for the micro determination of 
hydroxyl groups in amorphous, hydrophilic com­
pounds such as pantothenic acid . 1 I t  was also 
desirable to  develop a method for the quantita­
tive estimation of a given type of hydroxyl as well 
as the to tal num ber per molecule.

A semi-micro method depending on acetylation 
with acetic anhydride in pyridine, has been de­
scribed by Freed and W ynne .2 Recently the de­
scription of a similar micro method has been pub­
lished by Stodola .3 A more or less standard pro­
cedure for the micro determination of hydroxyl 
groups in conjunction with other groups contain­
ing active hydrogens is th a t given by H. R oth .4 
This is based upon the Zerewitinoff (Grignard) re­
action. A gravimetric m ethod for accomplishing 
the same purpose, based upon the replacement of 
hydrogen with deuterium, has been proposed by 
Williams.5

None of the above methods proved suitable for 
the determination of hydroxyls in highly hygro­
scopic amorphous materials. In  any case the ad­
hering water interferes seriously and in the case 
of the Zerewitinoff m ethod no solvent (lacking 
active hydrogen) could be found to dissolve the 
hygroscopic material.

(1) Williams, Weinstock, Rohrmann, Lyman, Truesdail and Mc- 
Burney, T h is  Jo u r n a l , 60, 2719 (1938).

(2) Freed and Wynne, I n d . E n g . C h em ., A n a l.  E d ., 8 , 278 (1936).
(3j Stodola, M ik ro c h e m ie , 21, 180 (1937).
(4) F. Pregl, “Quantitative Organic Micro Analysis," Third 

English Edition, P. Blakiston, Philadelphia, Penna., 1937, pp. 156- 
166.

(5) Williams, T h is  J o u r n a l , 58, 1819 (1936).

I t  was believed probable th a t the following nor­
mal reactions of hydriodic acid with alcohols would 
be analytically useful

(1) ROH +  HI — >  R I -f- H20
(2) R I + H I  — ^ R H + I 2

Hydroxyl groups, if completely reduced, m ust pass 
through both of the steps above. Complete re­
duction is difficult, however, and the second step 
m ay take place only partially. I t  was assumed 
th a t conditions might be found in which a t least 
the first reaction would take place quantitatively.

If the first reaction only, takes place 
Milliequiv. of OH groups = Milliequiv. of HI used up 
If an additional amount of hydriodic acid is used 
to complete the second reaction, this amount 
(which is equivalent to the millimoles of iodine 
liberated) is subtracted from the total and
Milliequiv. of OH = Milliequiv. HI used up — Millimoles 

of I2 liberated
The milliequivalents of OH groups reduced are 
equal to the millimoles of I2 liberated and the milli­
equivalents of OH groups merely replaced are 
equal to the to tal hydroxyl groups minus those 
reduced.

I t  seemed probable th a t the stage of comple­
tion of reaction (2 ) above would give information 
concerning the type of grouping being reacted 
upon. This was based on the statem ent6 given 
th a t the reactivity of alkyl halides toward hydro­
gen iodide is in the decreasing order; tertiary, 
secondary and primary.

Other Reactive Groups.— There are several 
types of functional groups th a t are readily at-

(6) Ogg, ib id ., 56, 526 (1934).
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tacked by concentrated hydriodic acid. I t  is 
well known th a t H I adds quantitatively to olefin 
double bonds and various studies of the conditions 
required have been m ade .7 Reduction of halo­
gen compounds also would take place. A quan­
tita tive study of a reaction of this type has been 
made by Shoesmith .8 Nitroso groups,9 phenyl­
hydrazine, 10 thiophene or furan derivatives11 and 
ethers are reacted upon readily by hydriodic acid. 
In  many of these cases the reaction may be quan­
tita tive and hence need not prevent the simultane­
ous determination of hydroxyl groups.

Experimental Procedure
Samples for analysis (0.5-10 mg. depending on hydroxyl 

content) are weighed into Pyrex capillary tubes on the 
micro balance. Forty X (0.04 cc.) of hydriodic acid (sp. 
gr. 1.96) is introduced into the sample tubes with a capil­
lary pipet. Extreme care should be taken to prevent drop­
lets of the reagent being deposited near the top of the 
tubes. Following the introduction of the reagent into a 
capillary, the pipet is rinsed into a 50-ml. Erlenmeyer 
flask that has been labeled to correspond to the sample. 
Each tube is sealed within a few minutes by use of a fine 
pointed oxygen flame. The sealed tubes are then placed 
in a bath of constant boiling liquid for five hours (or in some 
cases for a different period). After the reaction has thus 
been carried out, each tube is placed in its correspondingly 
labeled flask and crushed with the end of a glass rod. The 
solutions are titrated to the usual starch-iodine end-point 
with sodium thiosulfate (0.015 N ), followed by titrations 
of the same solutions to the phenolphthalein end-point 
with standard sodium hydroxide (0.05-0.15 N ). Blank 
tubes containing 40 X of hydriodic acid alone must accom­
pany each set of determinations. This determines the H + 
and I2 in the reagent itself.

In carrying out the reactions on esters, the H + from the 
acid produced on hydrolysis introduces a correction in the 
calculation. A peptide requires no correction since both 
acidic and basic groups are formed simultaneously on 
hydrolysis.

The technique in use and the description of the micro 
pipets used in the procedure given have been published by 
Kirk.12 The Pyrex capillary chambers are thin walled, 
about 4 mm. in diameter and 4 cm. long.

Materials.—The chemicals used were, for the most part, 
Eastman highest purity products, and were used without 
further purification. The hydroxybutyric acids used 
were obtained through the kindness of Professor J. W. E. 
Glattfeld, of the University of Chicago. Kahlbaum 
hydriodic acid (sp. gr. 1.96) was used throughout as the 
reducing agent.

Experimental Data
Table I illustrates the reproducibility of analyti-
(7) Kharasch and Hannum, This Journal, 56, 1782-84 (1934).
(8) Shoesmith, J .  C h em . S o c ., 123, 2828-30 (1923).
(9) Earl and Kenner, ib id ., 2139-45 (1927).
(10) Brewster, T ra n s . K a n s a s  A c a d . S c i . , 36, 111-12 (1933).
(11) Nellensteyer, C h em . W eek b la d , 24, 102—5 (1927).
(12) Kirk, M ik ro c h e m ie , 14, 1 (1933).

cal results on a single compound. These were 
not consecutive analyses b u t were made over a 
period of several months. T he effect of sample 
size on the am ount of reduction also is shown.

Table I
D etermination of Hydroxyl Groups in Mannitol at 

100° in  F ive H ours

1

Mannitol,
mmol.

0.00541

Total OH groups 
found/mol.

6.0

Reduced OH gi 
found/mol.

4.41
2 .00607 5.88 4.56
3 .00616 6.0 4.63
4 .00618 6.2 4.68
5 .00716 6.0 4.68
6 .00723 6.0 4.74
7 .00766 5.64 4.98
8 .00842 5.88 4.86

Table I I  is a condensation of analytical results 
obtained on several hydroxy compounds a t three 
temperatures.

Discussion of Results
A careful study of the data  leads to the follow­

ing conclusions of analytical significance.
1. Satisfactory analytical results can be ob­

tained on prim ary alcohols, poly alcohols, hy­
droxy acids and negative substituted compounds, 
bu t simple secondary and tertiary  alcohols, phe­
nols, inositol and threonine fail to give useful re­
sults. A variation of from 0 to 4%  low is noted 
on the more reactive types of compounds. These 
results compare favorably with existing methods 
for hydroxyl determination.

2. The reactions should be carried out in the 
range 100-134°.

3. From data  no t included here it was found 
th a t the reaction tim e of from five to tw enty hours 
was satisfactory. Over the  longer periods the 
therm al decomposition of hydrogen iodide pro­
duced a high blank and low results on compounds 
giving high reduction values. I t  was observed 
also th a t the  presence of non-reducing organic 
compounds decreases therm al decomposition of 
the reagent.

I t  becomes evident on a careful consideration of 
the data  th a t the  ease of reduction is not depend­
ent on the  type of hydroxyl group as originally 
assumed, bu t does depend on the adjacent group­
ings about the  hydroxyl. I t  m ay be stated th a t 
hydroxyls w ith w hat the organic chemists have 
called “negative groups*’ on adjacent carbon 
atoms, are reduced easily by hydriodic acid. 
The presence of adjacent m ethyl groups decreases 
the ease of the  reaction. These generalizations
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Detns, at °c. OH
Compound 100 134 163 present

Mannitol 10 8 2 6
Dulcitol 4 1 1 6
Erythritol 2 1 1 4
Benzyl alcohol 1 1 1 1
Glucose
Mannose 2 .

1
1 1

5
5

Levulose 2 1 1 5
Mandelic acid 2 1 1 1
Threonine 2 1 1 1
Inositol 2 1 1 6
2-OH-l ,4-Me-benzene 1 1 1 1
a,j8-Di-OH-isobutyric acid 8 3 1 2
a,/3-Di-OH-butyric acid 2 1 2
j8-OH-butyrolactone 2 1 1 2
Erythronic lactone 8 5 1 3
a-OH-butyrolactone 2 5 1 2
Tartaric acid 1 1 2 2
Pentaerythritol 2 2 1 4
Hexyl alcohol 2 1 1 1
Isoamyl alcohol 2 1 1 1
5-Butyl alcohol 2 1 1 1
2-Butyl alcohol 1 1 1 1
t-Amyl alcohol 2 1 1 1
E t acetoacetate 2 2 1 1
E t benzoate 2 1 2 1
m-OH-benzoic acid 1 1 1 1

23 100 134
HI

used,
calcd.

Crotonic acid 1 1 1
n-Butyl ether 1 1 1 2
/3-Alanine 2 1 0

® High results are due to reactions with groups other than

are supported by an observation of the number of 
reduced hydroxyl groups as listed in Table II. 
The following comparisons illustrate these facts:

1. Prim ary alcohols such as hexyl, isoamyl or 
pentaerythritol substitute completely and do not 
reduce, while secondary butyl, tertiary  butyl and 
tertiary  amyl alcohols show only partial substitu­
tion.

2. Poly alcohols such as m annitol or erythri­
tol show high reduction.

3. Benzyl alcohol shows a high reduction 
value, while an additional negative group, as in 
mandelic acid, promotes complete reduction.

4. Erythronic lactone and a,/3-dihydroxy- 
butyric acid have a tendency to be both substi­
tu ted  and reduced, while in the case of /3-hydroxy- 
7 -butyrolactone and a-hydroxy-y-butyric lactone 
less reduction follows the substitution. In the 
first two compounds the functional groups are all 
on adjacent carbon atoms, while such is not the 
case with the  latter two substances.

5. a-Hydroxy-7 -butyrolactone reacts with hy-

OH at 100° OH at 134° OH at 163°
Red. Subs. Red. Subs. Red. Subs.
4.70 1.25 4.82 0.69 4.47 0.81
4.72 0.79 4.96 .77 3.22 0.40
2.88 1.06 2.86 .86 2.14 1.18
0.71 0.24 0.97® .63® 0.69 0

4.74 .21
4.07 0.78 4.35 .70 3.05 0.90
3.60 1.05 3.16 1.49 3.90 .55
0.95 0 0.94 0.04 0.72 .02
0 0 0.725 .055 1.91® 0
0 0 1.3 .2 2.51 .01

.10 0.09 0.40 .04 0.54 0
1.0 .86 1.81 .23 1.28 0
0.83 .83 1.25 .75
0.91 .82 0.44 1.38 0.54 .60
1.93 .86 1.95 1.02 1.13 .82
0.05 .05 0.87 1.09 1.04 .88

.1 .2 0 0 1.15® 1.31®

.13 .67 .04 3.92 0 2.6
0 .98 0 1.00 0 0.81
0 .96 0 0.82 0 .64

.02 .90 0 .87 0 .52
0 .25 .01 .46 0 .44
0 .70 0 .61 0 .53

.09 .84 .14 .81 0.34 .80
0 1.3® 0 2.06° 0 1.31®
0 0 0 0 0 0
HI at 23°

subs, 
or add.

HI at 100°
subs, 

or add.
HI at 134°

subs, 
or add.

0 1.0 0 1.0
0 0.48 o.i® 3.7® 0 3.7®
0 0 0 0 0 0

hydroxyls.

driodic acid readily a t 134° bu t not a t 100°. 
Compounds with the hydroxyls adjacent react 
readily a t 1 0 0 °.

The last three compounds listed in Table I I  
indicate application of the method described to 
other groups than hydroxyls. These, and others 
previously mentioned, must be taken into ac­
count if present in a compound along with hy­
droxyl groups. The reaction of butyl ether with 
hydriodic acid is shown to be of a more complex 
nature than expected from the textbook reaction 

ROR +  HI — >  ROH +  RI 
A similar observation has been made by Earl and 
Kenner.9

Summary
1. A new method for the quantitative deter­

mination of hydroxyl groups is described and 
shown to be. useful down to quantities of about 1  
mg. Satisfactory results were obtained on pri­
mary mono alcohols, poly alcohols, hydroxy acids 
and various negatively substituted hydroxy com­
pounds. The hydroxyl groups in phenols, simple
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secondary and tertiary alcohols, inositol, threonine 
and tartaric acid could not be quantitatively de­
termined by this method.

2. On the basis of experimental data, a gener­
alization is offered for the variation in reactivity of 
aliphatic hydroxy compounds toward hydriodic 
acid. The presence of adjacent negative groups 
increases the reactivity of a hydroxyl while an

2726

adjacent methyl group decreases its reactivity.
3. The analytical data give some indication 

of structural relationships of the functional 
groups in a compound.

4. I t  is suggested th a t the analytical m ethod
described m ight be useful in the determ ination of 
any group readily reacted upon by hydriodic acid. 
Corvallis, Oregon Received June 8, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

The Kinetics of the Periodate Oxidation of 1,2-Glycols

B y C h a r les  C. P r ic e  and  H a r r y  K r o ll

The cleavage by periodic acid oxidation of the Experimental
carbon to carbon bond in compounds in which the Standard aqueous solutions of periodic acid or sodium
two carbon atoms each bear an oxygen atom 
either as a hydroxyl or carbonyl group was first 
observed by M alaprade . 1

RCHOHCHOHR -f- H104 — ^  2RCHO +  H20  +  HIOs 
RCHOHCOR +  H I0 4 — >-

RCHO +  RCOOH +  H20  +  H I0 3

The original investigator, as well as Fleury and 
Lange,2 were concerned chiefly with the analytical 
applications of the reaction. Fleury, Hérissey 
and Joly3 made use of the reaction in studying 
the problem of the ring structure of the sugars, 
an application which was extensively and success­
fully investigated by K arrer and Pfaehler and by 
Jackson and Hudson .4

Although M alaprade made the observation 
th a t the reaction was much more rapid in acid 
than in neutral or basic solution, no measure­
ments of the kinetics of the reaction have been 
made. The purpose of the present investigation 
was to study the kinetics under various conditions 
with the object of elucidating the mechanism of 
this oxidative cleavage in the particular case of
1 ,2 -glycols.

Ethylene glycol and 2,3-butylene glycol con­
sumed the theoretical amount of periodate almost 
instantaneously in acid solution. Pinacol, how­
ever, was found to oxidize a t a conveniently 
measurable rate and was therefore the material 
used for the kinetic investigation.

(1) Malaprade, B u ll. soc. ch im ., 43, 685 (1928); C o m p t. ren d ., 186, 
382 (1928).

(2) Fleury and Lange, J .  p h a rm . c h im ., 17, 196, 313, 409 (1933).
(3) Fleury, Herissey and Joly, ib id ., 20, 149 (1934).
(4) Karrer and Pfaehler, H elv . C h im . A c ta , 17, 766 (1934); Jack- 

son and Hudson, T h is  J o ur n a l , 59, 994 (1937).

periodate and pinacol were mixed a t 25.0° after adjusting 
the pH with 0.5 N  solutions of sulfuric acid or sodium 
hydroxide. The course of the reaction was followed by 
withdrawing samples which were added to acidified potas­
sium iodide solution, the liberated iodine then being ti­
trated with sodium thiosulfate to the disappearance of the 
iodine color.

The hydrogen ion concentration of the reaction mixture 
was determined with a Beckmann pH  meter. I t  did not 
vary appreciably during the course of the oxidation.

The Kinetics of the Reaction at Constant pH .—The 
dependence of the rate of the oxidation on the concentra­
tions of the periodate and pinacol was first determined by 
measurements a t a particular hydrogen ion concentration. 
The reaction was found to follow simple second order 
kinetics, the rate being directly proportional to the glycol 
and periodate concentrations as is illustrated by the results 
of these experiments summarized in Table I. The average 
deviation for the constants in any of the experiments was 
less than 5%.

Table I
The R ate Constants for Experiments with Various 
Pinacol and Periodate Concentrations at a Constant

pH
pH, 5.5-5.6; temp., 25.0°

[Periodate]® [Pinacol]® kb
0.00550 0.02327 0.205

.00611 .03116 ,207

.00916 .01871 .199

.01221 .01558 .202

.01221 .03513 .197

.01486 .02180 .197

.01960 .05270 .196
a Concentrations in moles per liter. 6 dx/d t =  k X 

[Periodate][Pinacol]; the [Periodate] being the total 
periodate as determined by titration.

The Effect of Changing pH .—I t  was found tha t the 
value of k for the simple second order reaction varied 
greatly with the pH  of the reaction mixture. Since this
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la tter factor remained constant during any one particular 
experiment, however, the rate constants for each experi­
ment readily were determined. The variation of these 
constants with the pH  of the reaction mixture is illustrated 
in Fig. 1.

Fig. 1.—The second order rate constants 
plotted against the pH: O, experimental
values; # , calculated values.

Comparison of Pinacol and Ethylene Glycol.—I t has
been reported5 tha t pinacol and other highly substituted 
glycols react more readily with lead tetraacetate than those 
substituted to a lesser degree such as ethylene or 2,3- 
butylene glycols. This order of reactivity, however, holds 
for periodate oxidation only in alkaline solution. In acid 
the relative rates are reversed, since ethylene glycol and
2,3-butylene glycol react much more rapidly than pinacol. 
The results of experiments demonstrating this fact are 
summarized in Table I I .

Table II
Comparison of the Rate of Oxidation of Ethylene 

Glycol and Pinacol in A cid and Base
.---------- p H  4---------- . ,---------p H  9—-----.

Time,
min.

% ethylene 
glycol 

oxidized
•% ,pinacol

oxidized
% ethylene glycol 

oxidized
%pinacol

oxidized
2 95 20
5 99 32 26 . 33

10 100 58
30 86 34 65

240 100 51 100

Discussion of R esults
I t  was found th a t the variation of the simple 

second order rate constant, k , with the p H  could 
be accounted for by assuming an uncatalyzed, 
an acid catalyzed and a base catalyzed reaction

(5) Criegee, Kraft and Rank, A n n ., 507, 159 (1933).

between the pinacol and a monovalent periodate 
ion. The acid reaction was directly proportional 
to the hydrogen ion concentration while the base 
reaction was proportional to the square root of 
the hydroxyl ion concentration.

Fig. 2.—The titration of periodic acid 
(0.1 N) with sodium hydroxide (1.0 N).

The simple second order ra te constant k , as 
calculated from the equation

d x / d t  =  k(A — x)(B — x)

where A  is the to tal initial periodate concen­
tration, B  the initial pinacol concentration and x 
the amount of pinacol oxidized (equivalent to the 
decrease in the periodate titer), is thus a function 
of the p H  of the solution which may be expressed 
as

k -  k0 +  k i[H+] +  jfe,[OH-]V*

By substituting the experimentally determined 
values for k a t the various values for the p H  and 
solving the resultant simultaneous equations, 
these constants were found to be ko =  0.14, 
ki =  1.3 X 103 and k2 =  3.0 X 103.

The simple rate equation above also m ust be 
corrected for the fact th a t the rate is dependent 
on the monovalent periodate ion rather than  the 
total periodate concentration. The ratio of 
these two concentrations as a function of the 
hydrogen ion concentration m ay be calculated 
from the dissociation constants of periodic acid 
as a mono- and dibasic acid .6

K , K 2
HsIOe 5 = ^  H + +  H4I 0 6-  ^ ± 1  H + +  H3I 0 6“

From these equilibria two independent equations
(6) From the titration curve of periodic acid with sodium hy­

droxide (Fig. 2) the values for these two constants were determined 
as K i  = 0.11 and K2 « 2.5 X 10-a.
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for the concentration of the monovalent ion may­
be derived.

[HJOe-I = Ai[H6I0 6]/[H+] (1)
[HrfO.-] = [H+][H3I0 6=-]/X2 (2)

Expressing the to tal periodate concentration 
as A ,  th a t of the monovalent ion as x y and th a t 
of the divalent ion as y  these equations become

x = K M  -  * -  y)/[H +] 
[H+] y K2x

x  =  - k T  or y  =  Ï ÏF ]

(10
(2')

Substitution of (2 ') in (1 ') leads finally to equation 
(3) for the ratio of monovalent ion to total 
periodate as a function of hydrogen ion concen­
tration.

K ^ A - x -
[H+]

[H+p * = üTa[H+] -  1&[H+] -  -  KiKi j
* _  ^t[H + ]
A [H+p +  -KJH+] +  KtKt K>

M ultiplication of the original rate equation by 
this factor leads to an equation for k as follows

i_ ( h  + h [ R + l +  kz [OH ~ ]V *)K\ fH+]
[H+]2 +  i£i[H+] +  K i K i  W

Vames for k calculated from this expression, 
using the constants as noted, have been included 
in Fig. 1 for comparison with those determined 
experimentally.

No simple and completely plausible explanation 
for the dependence of the ra te  on the square 
root of the hydroxyl ion concentration seems 
apparent although it m ay be accounted for on 
the basis of some such equilibrium as

2IO4- +  OH -  7 " ^  HlaOg3 
metaperiodate ion dimesoperiodate ion

If now the rate of the reaction were dependent 
on the square ro o t of such a dimesoperiodate 
ion value, the kinetics of the reaction would in­
deed agree with those observed.

The direct dependence of the rate on the hy­
drogen ion concentration is capable of two simple 
interpretations: (1 ) th a t the rate is dependent 
not on the periodate ion but on the undissociated 
periodic acid concentration, the effect of the 
hydrogen ion being to repress the ionization of 
the latter; or (2 ) th a t the reaction is a hydrogen 
ion catalyzed reaction between the glycol and 
periodate ion. The second concept is in better 
agreement with other observations on the reac­
tion but the first cannot be rigorously excluded.

The reversal of the relative rates of oxidation of

ethylene glycol and pinacol on shifting from an 
acidic to a basic reaction medium, as well as the 
fact th a t the order of glycol reactivity toward 
oxidation in acidic periodate is the reverse of the 
order with lead tetraacetate, m ay be due to the 
effect of hydrogen ion on the relative position 
of the two hydroxyl groups. In  non-aqueous 
solvents (as for the lead tetraacetate oxidation) 
or in basic aqueous solution, the glycol probably 
exists largely as the free molecular species in 
which the negative character of the two hydroxyl 
groups m ay favor a configuration with these two 
groups on opposite sides of the molecule. On 
the addition of acid, however, the oxygen of an 
hydroxyl group m ay associate with a proton, 
resulting in a  change in the configuration.
HO—CH2 +  H-*

CH*—OH 
(I)

c h 2—o h2+

CH2—OH 
(II)

(III)

I t  is reasonable to suppose th a t there is a t 
least considerably more glycol present as (II) 
or (III) in acid than in base and th a t (I) should, 
as an average, tend more toward a trans configura­
tion for the hydroxyl groups while in (II) they 
would tend to  be cis . Furthermore, the separate 
or combined effect of dipole moment, electrical 
charge and hydrogen bonding on promoting 
or inhibiting the cis configuration should be more 
pronounced the smaller the molecule, i .  e., ethylene 
glycol should tend to be more trans in base and 
cis in acid than  pinacol in corresponding solu­
tions. On the basis of these premises the experi­
m ental facts lead to the conclusion th a t the cis 
configuration is th a t more readily oxidized 
by periodate, a fact which has been experi­
mentally established for lead tetraaceta te .5 Ex­
periments to test the validity of this conclusion 
by comparison of glycols of known cis and trans 
configuration are under way. An alternative 
interpretation of the experimental facts, however, 
may be made simply on the basis of the relative 
base strength of the various glycols. If the acid- 
catalyzed reaction depends solely on the formation 
of the complex ion (II), regardless of configura­
tion, then the  oxidation of the glycol with the 
greater base strength (which m ust be ethylene 
glycol) would be more effectively catalyzed by 
a d d ,
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The further experimental work may lead to a 
decision between these alternatives, although 
actual measurements of base strength may be 
required.

Summary

The oxidation of pinacol with aqueous solutions 
of sodium periodate has been found to obey 
simple bimolecular reaction kinetics. The varia­
tion of the ra te with the p H  of the reaction mix­

ture m ay be interpreted accurately on the basis 
of reaction between pinacol and the monovalent 
periodate ion catalyzed by both acid and base.

The reversal of the relative rates of oxidation 
of pinacol and ethylene glycol on shifting from an 
acidic to a basic reaction medium m ay be inter­
preted either on the basis of the  configuration 
of the hydroxyl groups or on the relative base 
strengths of the two glycols.
Urbana, Illinois Received August 13, 1938

[Contribution from the Graduate School of D uquesne University]

Some Unsymmetrical Aryl Sulfides1
B y  N o e l  E . F o ss ,2 J o h n  J .  St e h l e , H ow ard  M . Sh u s e t t  and  D avid  H adburg

Zincke and Lenhart3 and Foss, Dunning and 
Jenkins4 have prepared a num ber of unsymmetri­

cal aryl sulfides of the general type \ s r ,

where R may be various phenolic groups, and NO2 
m ay be in either the ortho or para position. The 
present investigation is concerned with the 
preparation of w-nitrophenyl sulfur phenols,
N 0 2-

SR, w h e re  R m a y  b e  ^ -h y d ro x y p h e n y l,

resorcyl, or /5-hydroxynaphthyl.
The new nitro derivatives were chemically 

characterized by the preparation of their acetates 
and bromine substitution products. Two of the 
series were further identified by the synthesis of 
their benzyl and benzoyl derivatives, as well as 
by the reduction of the nitro compounds to the 
amino compounds.

The general scheme consists in preparing m ,m ;~ 
dinitrodiphenyl disulfide by the following reac­
tion
2N 02: y -----------V

^>S02C1 +  10HI ■
n o 2

< 0 0

n o 2

m-Nitrophenylsulfur chloride was prepared by 
allowing chlorine to react on the m ym '-dinitrodi­
phenyl disulfide by the method of Zincke and 
Lenhart3 and subsequently condensed with the

(1) Taken in part from theses presented by J. J. Stehle, H. M. 
Shusett, and D. Hadburg in partial fulfilment of the requirements 
for the degree of Master of Science in the Graduate School of Du­
quesne University.

(2) Present address: Burroughs Wellcome & Co. (U. S. A.), Inc., 
Tuckahoe, New York.

(3) Zincke and Lenhart, A n n ., 400, 1 (1924).
(4) Foss, Dunning and Jenkins, This J o u r n a l , 56, 1978 (1934).

respective phenols. The reactions with phenol 
are represented by the scheme

Cl2
NC^CelUSSCeHUNO,---->- 2N 02C6H4SC1

H2
n o 2c 6h 4s c i +  c 6h 6o h  — ^  n o 2c 6h 4s c &h 4o h  — >-

NH2C6H4SC6H4OH

Experimental
m,m '-Dinitrodiphenyl disulfide was prepared by a 

modification of the method of Ekbom.5 Two moles of the 
m -nitrobenzenesulfony 1 chloride were reduced directly by 
the addition of the calculated amount of 45% hydriodic 
acid (ten moles). The reaction proceeded smoothly as 
evidenced by the precipitation of iodine crystals. After 
refluxing for several hours on the water-bath, the mixture 
was cooled and sodium bisulfite added until the iodine had 
been entirely reduced. The crude crystalline material 
was washed with water and recrystallized from hot acetone. 
Yellow crystals melting a t 81-82° were obtained. The 
yield of pure product was about 80 %.

Condensation of ra-N itrophenylsulf ur Chloride with 
Phenols.—m-Nitrophenylsulfur chloride was prepared 
from m,m '-dinitrodiphenyl disulfide and condensed with 
the respective phenol according to the method described 
by Foss, Dunning and Jenkins.4 In  the case of the re­
sorcinol derivative, l,3-dihydroxy-2,6-foV(3-nitrophenyl- 
thio)-benzene is formed principally unless the resorcinol is 
kept in excess during the reaction. The crude condensa­
tion products were recrystallized from sodium hydroxide 
and hydrochloric acid. The mononitro derivative also 
could be recrystallized from hot alcohol. These yellow 
compounds were insoluble in water, fairly soluble in hot 
alcohol, and very soluble in acetone and ether.

Acetylation.—The hydroxynitrosulfides and hydroxy- 
aminosulfide were acetylated in the regular manner by 
refluxing with acetic anhydride and anhydrous sodium 
acetate. The pale yellow acetyl derivatives were very in­
soluble in cold water and slightly soluble in hot water.

(5) Ekbom, B e r ., 24, 335 (1891)7
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Condensation
with Derivative

Phenol
Monoacetyl
Dibromo
Monobenzyl
Monobenzoyl
Amino

Resorcinol
Diacetyl
Dibromo

0-Naphthol
Monoacetyl
Monobenzyl
Monobenzoyl
Amino

Acetylaminoaeetyloxy 
Resorcinol (2 moles :1 mole)

Diacetyl
Monobromo

Table

Formula 
N 0 2C6H4SC6H40H  
N02C6H4SC6H4(0 2CCH3) 
N 02C6H4SC6H2( Br)a( OH) 
N 02C6H4SC6H4(0CH2C6H5) 
N 02C6H4SC6H4(0 2CC6H'5)
n h 2c 6h 4s c 6h 4o h
N 02C6H4SC6H3(0H )2
n o 2c 6h 4s c 6h 3( o2c c h 3)2
N 02C6H4vSC6H(Br)2(0H)2
N 0 2C 6H4S C ioH6OH
N 02C6H4SCioH6(0 2CCH3)
N 02C6H4SCioH6(OCH2C6H5)
N 0 2C6H4SC ioH 6(0 2C C 6H 5)
NH2C6H4SCioH6OH
(NHCOCH3)C6H4SCioH6(0 2CCH3)
(N 02C6H4S)2C6H2(0H )2
(N 02C6H4S)2C6H2(0 2CCH3)2
(N02C6H4S)2C6H(Br)(0H)2

M. p., °c.
%  Sulfur

Found Calcd.
83.0-83.5 12.88 12.97

66-67 11.04 11.08
136-137 7.90 7.89
105-106 9.53 9.50

102.0-102.5 9.31 9.13
84.0-84.5 14.69 14.76

150.5-151.5 12.33 12.18
77-78 9.23 9.23

128-130 7.90 7.89
106 10.76 10.78

85.0-85.5 9.25 9.45
136-137 8.09 8.28

110.0-110.5 7.85 7.99
193 11.81 11.99

163-164 9.06 9.12
179-180 15.32 15.41

109.5-110.5 12.54 12.52
189-190 13.14 12.95

The acetylated hydroxy compounds were easily soluble in 
the usual organic solvents. The acetylated hydroxyamino 
compounds were sparingly soluble in alcohol and benzene, 
and very soluble in chloroform.

Bromination.—The hydroxynitrosulfides were bromin­
ated by adding the calculated amount of bromine to a 
glacial acetic acid solution of the compound. Recrystal­
lization from dilute alcohol yielded canary yellow crystals. 
The bromo derivatives were insoluble in water, slightly 
soluble in benzene, and fairly soluble in alcohol.

I t  was found impossible to prepare the bromo substitu­
tion product of the /3-hydroxynaphthyl derivative by this 
method. Subsequent analysis and determination of 
melting point indicated that the compound formed corre­
sponded to the original m,m '-dinitrodiphenyl disulfide. 
No explanation for the phenomenon is attempted.

Benzylation and Benzoylation.—The benzyl and benzoyl 
derivatives were prepared in the usual manner by the well 
known Schotten-Baumann reaction. Recrystallization 
from alcohol yielded canary yellow crystals which were 
found to be insoluble in water, slightly soluble in alcohol 
and chloroform, and very soluble in benzene.

Reduction to the Amines.—One part of nitrosulfide 
dissolved in ten parts of 95% ethyl alcohol was reduced by 
hydrogen with 0.01 part of Adams6 platinum black as 
catalyst. The amino derivatives were insoluble in water, 
fairly soluble in benzene and alcohol, and very soluble in 
chloroform.

The accompanying table lists the compounds together 
with their melting points and analyses.

Summ ary

Eighteen compounds have been prepared.
R

They are of the general type y >SRr, where 
R  m ay be NO2 or N H 2, and R ' m ay be the p - 
hydroxyphenyl, resorcyl, or /3-hydroxynaphthyl 
radical. Some bromo derivatives, acetates, ben­
zoates, and benzyl derivatives have been made.
Pittsburgh, Pa . R eceived July 21, 1938

(6) Adams, O rg . S y n th e s e s , 8 , 92 (1928).
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Reaction of Aliphatic Olefins with Thiophenol1
By V. N. I p a t ie f f , H e r m a n  P in e s  a n d  B. S. F r ie d m a n
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The alkylation of aromatic hydrocarbons2 and 
the C- and O-alkylation of phenols3 with olefins 
in the  presence of catalysts such as sulfuric or 
phosphoric acid lead to the formation of com­
pounds having structures which are in accordance 
with M arko wnikoff’s rule. The mechanism for 
these reactions has been described2,30’4 as involv­
ing interm ediate ester formation between the 
acid catalyst and the olefin. Posner,5 however, 
reported th a t the reaction of thiophenol and ole­
fins in the presence of a mixture of sulfuric acid 
and acetic acid proceeds abnormally, i .  e., con­
tra ry  to MarkownikofFs rule.

If Posner's proof of structure, which is open 
to criticism, is accepted, then one m ust conclude 
th a t either sulfuric acid played no part in the 
reaction or, what would be less probable, th a t it 
formed an interm ediate ester of abnormal struc­
ture.

Repetition of some of Posner’s experiments 
revealed several errors. The reaction of thio­
phenol with trim ethylethylene in the presence of 
sulfuric acid yields /-amyl- and not s-isoamyl 
phenyl sulfide as reported by him. The com­
pound Posner reported as /-amyl phenyl sul­
fone (m. p. 70°, no analysis) obtained by the 
metathesis of sodium benzene sulfinate and /- 
amyl bromide was probably benzene sulfinic acid 
(m. p. after first recrystallization 71°). All 
attem pts to synthesize /-alkyl phenyl sulfones 
by this m ethod led to the isolation only of ben­
zene sulfinic acid and diphenyl disulfide. The 
disulfide no doubt results from the decomposition 
of the sulfinic acid by heat in the presence of 
solvents.6,7

Because of the  discrepancies in Posner’s work 
further investigation of the reaction of thio­
phenol with aliphatic olefins was deemed neces­
sary. I t  was found th a t in the absence of cata-

(1) Presented before the Organic Division of the American Chemi­
cal Society at Milwaukee, Wis., Sept. 5-9, 1938.

(2) Ipatieff and Pines—V. N. Ipatieff, “Catalytic Reactions at 
High Pressures and Temperatures,” The Macmillan Co., New York, 
N. Y., 1937, p. 656.

(3) (a) Ipatieff, Pines and Schmerling, T h is  J o ur n a l , 60, 1161 
(1938); (b) Ipatieff, Pines and Friedman, ibid., 60, 2495 (1938); 
(c) Niederl and Natelson, ibid., 53, 273 ,1928 (1931).

(4) Ipatieff, Pines and Corson, ibid., 60, 577 (1938).
(5) Posner, B e r ., 38, 649 (1905).
(6) Otto and Róssing, B e r ., 19, 1235 (1886).
(7) Smiles and Gibson, J .  C h em . S o c ., 125, 176 (1924).

lysts thiophenol adds to aliphatic olefins8 contrary 
to the mode of addition implied by Markowni­
kofFs rule. Sulfuric acid (diluted with water or 
acetic acid), however, catalyzes the reaction to 
yield the normal alkylation product, and not the 
abnormal product as erroneously reported by Pos­
ner. The presence of phosphoric acid scarcely 
affects the course since the olefins react more 
readily with thiophenol than  with the acid.

The yield of the alkyl phenyl sulfide formed in 
the absence of any added catalyst depends upon 
the temperature, contact tim e and reactivity 
of the olefin used.

The alkyl phenyl sulfides obtained in these 
reactions were identified by comparison of their 
physical properties w ith those synthesized by the 
reaction

CeHsSNa +  R B r---->  C6H 5—S—R -f NaBr (A)

and by preparation of solid derivatives (Table 
II). /-Butyl- and /-amyl phenyl sulfides could 
not be prepared by (A) bu t were obtained for the 
first time by treating thiophenol with the corre­
sponding /-alkyl sulfides according to the method 
of Lee.9 All the alkyl phenyl sulfides are water- 
white liquids possessing a pleasant odor.

I t  is interesting to note th a t in the presence of 
both 75% sulfuric acid, and the sulfuric acid- 
acetic acid catalyst used by Posner, isopropyl- 
ethylene underwent isomerization at 0- 2 0 ° during 
the alkylation of the thiol group—just as it has 
been found10 to do in the presence of 96% sul­
furic acid a t 0 ° during the alkylation of benzene 
—to give a high yield of product containing only 
the /-amyl group.

This study is being extended to investigate the 
mode of addition to olefins of other compounds 
containing the thiol group, such as hydrogen 
sulfide, aliphatic m ercaptans and thio acids. 
The application of these reactions to the problem 
of identification of olefins is also under investiga­
tion.

(8) No attempt was made to free the reactants from peroxides or 
disulfides or to run the reaction in the absence of air. In a private 
communication Prof. M. S. Kharasch stated that he is investigating 
the effect of antioxidants on the addition of thiol compounds to 
olefins. C f. Ashworth and Burkhardt, J .  C h em . S o c ., 1791 (1928); 
also T ra n s. F a ra d a y  S o c ., 30, 18 (1934).

(9) Lee, U. S. Patent 2,020,421; C . A . ,  30, 489 (1936).
(10) Ipatieff, Pines and Schmerling, T h is  J o urnal , 60, 353 (1938),
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T a b l e  I
A l k y l  P h e n y l  S u l f i d e s  

P r e p a r a t i o n  a n d  P r o p e r t i e s

C ondition of -A n a lyses, % —
Press., reaction tem p. -C a lcd .- ■ F o u n d -

A lkyl B . p ., °C . m m . « 20d <J204 Yield& °C . H ours M ethod® /~ c S H ' C S H

«-P ropyl 2 1 8 .5 -2 1 9 .5 750 1 .5571 0 .9 9 9 5 A 2 1 .0 5 2 0 .8 5
72 120 10 B
20 60 6 C
60 120 8 C
15 60 6 B

Isopropyl 2 0 6 .5 -2 0 7 .5 750 1 .5468 .9855 A 7 1 .0 5 7 .8 9 7 1 .1 7 8 .0 0
16 120 6 D

« -B u ty l6 9 4 .5 -9 7 4 1 .5463 .9852 A
73 100 8 C

s-B u ty ld 90 -91 4 1 .5425 .9789 A
Isob u ty l6 107-108 13 1 .5430 .9803 A

8 5 -8 7 4 90 33 20 C
50 120 5 B

/-B u ty l 73 5 1 .5335 .9895 70 E 7 2 .2 8 8 .4 3 7 2 .3 4 8 .5 0
«-A m yl 117-118 8 1 .5396 .9714 A 7 3 .4 0 8 .7 2

9 3 -9 4 4 .5 25 50 12 C
Isoam yl 1 0 0 -1 0 0 .5 6 1 .5380 .9681 A 7 3 .3 3 8 .8 8 7 3 .3 6 8 .9 6

8 7 -8 8 3 .5 1 .5378 80 55 16 C
58 120 8 C

2-5-Am yl 9 1 -9 2 .5 4 .5 1 .5357 .9642 A 7 3 .4 3 8 .9 2
3-5-Am yl 1 0 7 -1 0 7 .5 9 1 .5385 .9738 A 7 3 .4 0 8 .8 2
A c tiv e  am yl 99 -101 4 .5 1 .5408 .9783 A 7 3 .2 7 8 .9 4
5-Isoam yl 8 3 .5 -8 6 3 .5 1 .5393 .9794 A 7 3 .2 7 8 .8 7

9 9 -100 5 1 .5395 60 R oom 168 C*
/-A m yl 9 1 -9 1 .5 6 1.5351 . 9679 69 E l 7 3 .2 9 8 .8 1

8 8 -8 8 .5 3 .5 1 .5351 15 E*
88 ■pe,g

' A, C6H6SK +  RBr.
B, C6H6SH +  Olefin +  90% phosphoric acid.

.  J C, C6H5SH +  Olefin.
| D, C6H5SH +  Alkyl phosphate.

E, C6H5SH +  Olefin +  75% H2S04.
F, C6H5SH +  Olefin +  sulfuric and acetic acids according to directions given by Posner.6

6 Based on mercaptan charged. Method A gave yields ranging from 60 to 85% of the theoretical. c Mann and Pur­
die, J. Chem. Soc., 1549 (1935) report 137-139 (12 mm.) for w-butyl phenyl sulfide and 126-127 (12 mm.) for isobutyl 
phenyl sulfide. d Taylor, T h i s  J o u r n a l , 58, 2649 (1936), reported 104-105 (25 mm.). e Trimethylethylene. f  t-Amyl 
alcohol. 0 Isopropylethylene.

Experim ental P art
Preparation of the Alkyl Phenyl Sulfides 

Method A.—Two-tenths of a mole each of thiophenol 
and potassium hydroxide was dissolved in 50 cc. of hot 
95% ethanol. To this mixture kept at 60-70°, 0.2 mole 
of the alkyl bromide was added dropwise (ten minutes); 
potassium bromide began to separate at once. The re­
action mixture was refluxed for fifteen to twenty minutes 
longer, cooled, diluted with water, and extracted with 
ether. The ether layer was washed with alkali, then with 
water, and dried over anhydrous sodium carbonate. Af­
ter removal of the solvent the product was distilled. The 
yields ranged from 60 to 85% of the theoretical.

The attempts to prepare /-alkyl phenyl sulfides by this 
method failed. If the reactants were kept a t room tem­
perature, potassium bromide was formed, but the thio­
phenol was recovered unreacted.

Method B.—The method consisted of placing approxi­
mately 0.2 mole of thiophenol, 0.15 to 0.2 mole of olefin, 
and 0.2 mole of 90% phosphoric acid in a glass liner, pro­
vided with a capillary closing, and placed in an Ipatieff 
type rotating bomb. The latter was charged with 30 atm. 
(at 25°) of nitrogen to keep the reactants inside the liner

during the reaction. After being heated a t 120° for 
five to ten hours, the bomb was opened. The product 
consisted of two layers: the lower of catalyst, and the 
upper of alkyl phenyl sulfide. The upper layer was 
washed with water, alkali, and water, then dried over 
anhydrous sodium carbonate, and distilled.

Method C.—Propene or the butenes and thiophenol were 
placed in the glass liner of an Ipatieff bomb and left a t 
room temperature or heated overnight in an atmosphere 
of nitrogen, the initial pressure of which was 20-30 atm. 
The pentenes in slight excess and thiophenol were placed 
in sealed glass tubes which were left a t room temperature 
or heated for a number of hours. The products were 
washed with alkali, water, dried and distilled.

Method D.—An excess of propene was heated with 
90% phosphoric acid in the glass liner of an Ipatieff bomb 
for six hours a t 100°. To 40 g. of the isopropyl phosphate 
so formed was added 23 g. of thiophenol and the mixture 
heated a t 120° for six hours in the bomb charged with nitro­
gen (initial pressure being 20 atm.). The acid layer 
of the product weighed 28.5 g. From the upper layer 6 g. 
of unreacted thiophenol was separated by washing with 
alkali, leaving 26 g. of alkali insoluble product which was 
distilled. Much of it appeared to  be products of nuclear
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alkylation of the isopropyl phenyl sulfide, but a few grams 
of material boiling in the propyl phenyl sulfide range was 
isolated and shown to consist of the isopropyl thioether.

Method E.—Lee’s9 method for preparing 2-alkyl sulfides 
was used with slight modifications for the preparation of 
(1) 2-butyl- and (2) 2-amyl-phenyl sulfides.

One hundred grams of 75% sulfuric acid was placed in a 
3-necked, 500-cc. flask which was equipped with a mer­
cury-sealed stirrer, a dropping funnel and an inlet tube at 
the bottom of the flask. The flask was surrounded by an 
ice-water bath. To prepare (1), isobutene was bubbled 
through the rapidly stirred acid until 0.2 mole was ab­
sorbed. To prepare (2), isopropylethylene or 2-amyl al­
cohol (0.2 mole) was added dropwise from the dropping 
funnel with stirring. Then 0.1 mole of thiophenol was 
added dropwise with stirring. When the addition was 
complete, the ice-water bath was removed to allow the 
flask to come to room temperature. Stirring was con­
tinued for another fifteen minutes. Crushed ice was 
added to the reaction mixture, after which it was extracted 
with ether. The ether extract was washed with water, 
alkali, and water, then dried over anhydrous potassium 
carbonate, and distilled.

Method F.—Posner's directions were followed in mixing 
the reactants. However, it is not a t all necessary to wait 
two weeks for the reaction to become complete: the yield 
at the end of one hour was 80%; a t the end of two weeks it 
was 88%.

Preparation of the Derivatives
Derivative Pd: Palladous Chloride Complexes of Alkyl 

Phenyl Sulfides.—To an aqueous solution containing a 
slight excess of palladous chloride was added 0.1 cc. of the 
alkyl phenyl sulfide, and the mixture shaken for a few 
minutes. The brown precipitate was separated by filtra­
tion and recrystallized by use of cold solvents. Usually 
it was dissolved in acetone; the acetone solution was then 
filtered and diluted with water until a turbidity just ap­
peared. The yellow or orange needles or prisms which 
appeared on standing were usually sufficiently pure for a 
melting point determination. Instead of water, heptane or 
ligroin may be used with the acetone; alcohol may replace 
the acetone.

On recrystallization of the 2-butyl- and 2-amyl-phenyl 
sulfides, insoluble brick red powders not melting below 
250° were obtained. In the presence of an excess of 2- 
butyl- or 2-amyl-phenyl sulfides, palladous chloride gave 
soluble yellowish precipitates which after a thorough 
pressing on a porous plate had fairly satisfactory melting 
points.

Derivative S: Alkyl Phenyl Sulf ones.—Two cc. each 
of 30% hydrogen peroxide and glacial acetic acid was added 
to 1 cc. of alkyl phenyl sulfide, and the mixture was heated 
in a 50-cc. beaker on a water-bath in a hood until the acetic 
acid and water were evaporated. The beaker was then 
cooled in dry ice-acetone mixture and scratched with a 
stirring rod to induce crystallization of the sulfone, which 
was then recrystallized from hexane or dilute alcohol. Or 
the crude sulfone was taken directly for nitration to form 
m-nitrophenyl alkyl sulf ones.

Derivative NS: w-Nitrophenyl Alkyl Sulfones.—To
the sulfone (from 1 cc. of sulfide) was added 2 cc. of nitrat­
ing mixture (3 parts concentrated sulfuric acid; 1 part
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concentrated nitric) and the mixture heated on a water- 
bath for five minutes, after which it was poured on crushed 
ice and extracted with ether. The ether solution was 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated on a water-bath. The crude nitro com­
pound was recrystallized from dilute alcohol, or used with­
out purification for preparation of the corresponding amine.

Derivative AS: m-Aminophenyl s-Isoamyl Sulfone.— 
The reduction of nitrophenyl s-isoamyl sulfone was made 
according to a modified method of Waldron and Reid.11 
The crude nitrophenyl sulfone obtained from 1 cc. of the 
sulfide was mixed with ten times its weight of iron powder 
(reduced by hydrogen), 10 cc. of water, and one drop of 
dilute sulfuric acid. With frequent stirring and adding 
of water to replace that lost by evaporation and the addi­
tion of a drop or two more of the acid, the mixture was 
heated on a water-bath for one-half to one hour. Sodium 
bicarbonate was added to the reaction mixture, and the 
aminosulfone was taken up in ether. The ether extract 
was treated with dilute hydrochloric acid. The free amine 
was then isolated by rendering the acid solution basic 
and extracting with ether. The ether solution was dried 
over anhydrous potassium carbonate and evaporated on a 
water-bath. The residue was recrystallized from a mix­
ture of ether and heptane.

Summ ary

The addition of thiophenol to aliphatic olefins 
proceeds contrary to MarkownikofFs rule. Pro-

(11) Waldron and Reid, T h is  J o u r n a l , 45, 2399 (1923).

pene, butene-1 , isobutene, pentene-1 , isopropyl- 
ethylene, and trim ethylethylene react with thio­
phenol in the absence of acid catalysts to yield 
n-propyl-, n -butyl-, i-butyl-, n -amyl-, i-amyl 
and .s-isoamyl phenyl sulfides, respectively. The 
presence of 90% phosphoric acid scarcely affects 
the course of the  reaction since the olefins react 
more readily with thiophenol than  with the  acid.

In  the presence of sulfuric acid (diluted with 
water or acetic acid) the reaction proceeds in 
accordance w ith MarkownikofFs rule: isobutene 
and trim ethylethylene yield /-butyl- and /- 
amyl phenyl sulfides, respectively.

Isomerization occurs during the reaction of 
isopropylethylene with thiophenol in the presence 
of sulfuric acid. The product is /-amyl phenyl 
sulfide and not the expected 5-isoamyl phenyl 
sulfide.

The physical properties of a number of alkyl 
phenyl sulfides are described. Several of these 
were characterized by preparation of solid deriva­
tives.

/-Amyl phenyl sulfone cannot be prepared by 
the m etathesis of /-amyl halide and sodium ben­
zene sulfinate, as reported by Posner.
Riverside, Illinois Received June 16, 1938

[Contribution from the Laboratory of Physiological Chemistry, the Ohio State University]

Studies on the Chemistry of the Fatty Acids, IV. The Purification of Linolenic 
Acid by Fractional Crystallization of the Fatty Acids of Linseed and Perilla Oils, with 
Observations on the Properties of this Acid Prepared by Crystallization and by De-

bromination*
B y  G. Y. Shin o w a ra  a n d  J. B . B r o w n

Linolenic acid is the principal unsaturated fatty  
acid of the vegetable drying oils; it occurs in 
small amounts in some of the semi-drying oils. 
Although it is rarely, if ever, found in animal 
lipids, unless the animal has eaten vegetable oils 
containing it, linolenic acid has been shown to 
replace linoleic as an essential fa tty  acid . 1 No 
new methods for the isolation of linolenic acid 
have been offered for over twenty-five years. 
The zinc salt purification proposed by Erdmann 
and Bedford2 apparently has not been successful 
in other hands. The hexabromide reduction

(*) Presented at the fall meeting of the American Chemical Society 
Milwaukee, Wis., 1938.

(1) Burr, Burr and Miller, J .  B io l . C h em ., 97, 1 (1932).
(2) Erdmann and Bedford, B e r ., 42, 3128 (1909).

method3 has been the one universally employed. 
This method has the advantage of starting with a 
pure solid derivative of the acid and gives a water- 
white product with an iodine number and mo­
lecular weight which are close to the theoretical. 
As in the case of linoleic acid, the method involves 
brom ination-debromination procedures, which 
greatly reduce the yield, and the product m ay or 
may not be the same as the linolenic acid present 
in the original oil.

In  the present work we have attem pted to 
apply the  crystallization procedures described by 
Brown and Stoner, and Brown and Frankel,

(3) Hazura, J .  S o c . C h em . I n d . , 506 (1888); Hehner and Mitchell, 
A n a ly s t , 313 (1898); Rollett, Z . p h y s io l. C h em ., 62, 410 (1909); 
70, 404 (1910).
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which were effective in purifying linoleic acid ,4 
to the fa tty  acids of linseed and perilla oils. 
Fractional crystallization of the acids of these oils 
from acetone a t —23, —45, —60 and —75° gave 
a final filtrate which contained 75% linolenic 
acid. Further crystallization from acetone was 
effective in raising the  purity  only slightly but 
when the 75% acid was crystallized from petro­
leum ether the precipitate contained 83-88% of 
the acid, assuming the im purity to be only linoleic 
acid. Four of the crystallization preparations 
have been compared with the pure so-called ox­
acid prepared by denom ination.

Specimens of the acid prepared by crystalliza­
tion gave hexabromide numbers ranging from 
72-83. Calculating these to the basis of 100% 
acid, these values would range from 84.5 to 99. 
The average value for the four crystallization 
specimens was 92 as compared to 70-75 for the 
a-acid. The theoretical is 272. Rollett3 found 
the yield of hexabromide to be 23%. From these 
results and from a comparison of other data it 
seems likely th a t the acids prepared by crystalliza­
tion and by debromination are not identical; 
they m ay be different mixtures of isomers, either 
of the cis-trans  or double bond position type.

In  a previous paper4b a method for calculating 
the amount of linoleic acid in a fa tty  acid mixture 
was proposed, the m ethod being based on a com­
parison of the tetrabrom ide number of the mix­
ture with the tetrabrom ide number of pure a -  
linoleic acid. However, the fact th a t a-linolenic 
acid prepared by debromination gives a consider­
ably lower hexabromide number than  the acid 
prepared by crystallization makes us hesitate to 
apply the same principle to linolenic acid. I t  is 
suggested, however, th a t a similar formula, based 
on the hexabromide number of a fa tty  acid mix­
ture in ether, will give much more accurate re­
sults than any of the procedures now available for 
calculating the linolenic acid content. Such a 
formula is proposed and discussed.

Experim ental P art
Raw Materials.—The linseed and perilla oils employed 

in this work were authentic specimens furnished us through 
the courtesy of E. E. Ware of the Sherwin-Williams 
Company. The oils were saponified and the acids liber­
ated from the resultant soaps with hydrochloric acid. 
The acids were distilled in vacuo. The constants of the 
oils and fatty acids appear in Table I. Iodine numbers 
were determined by the Wijs method with one hour

(4) (a) Brown and Stoner, T h is  J o u rn al , 59, 3 (1937); (b) Brown 
and Frankel, ib id . , 60, 54 (1938).

reaction time. Hexabromide numbers were determined 
as described by Brown and Frankel for linoleic acid, except 
that dry ether was used as a solvent. Further, it is 
important, in view of the results below, to note that not 
more than 2-2.5-g. samples were used in 35-40 cc. ether. 
The resultant hexabromides were washed four times with 
ether cooled to 0 ° in 50-cc. tared centrifuge tubes.

Table I
Constants of Linseed and Perilla Oils and of 

the Constituent Fatty Acids
Linseed Perilla

Original Oils
Iodine no. 189.2 208.4
Sap. no. 196.2 201.1

Fatty  Acids
Iodine no. 191.7 214.6
Mean mol. wt. 278.0 277.9
Hexabromide no. 49.7 58.7
Linolenic acid, %° 54.0 63.8

a Calculated from the hexabromide number, as explained 
later.

Fractional Crystallization of the Fatty Acids from Ace­
tone. Acetone was added to 500 g. of the acids to a total 
volume of 6 1. The solution was allowed to stand over­
night in a cold room at —20° and was then filtered with 
suction on a Büchner funnel. The crystals were washed 
with cold acetone ( — 20°) and are designated as fraction I. 
The filtrate was cooled to —45° in a dry-ice-alcohol 
bath and a second crop of crystals removed (II). The 
filtrate was further cooled to —60 and —75°, the crystal 
crops representing fractions III  and IV. The acids in 
the final filtrate constitute fraction V. The solid acids 
in (I) were recovered by simply drying in air to constant 
weight. Those in (II) to (V) were recovered by removing 
the acetone under reduced pressure and distilling the 
residue a t 2 mm. pressure. The analytical data on the 
fractions are given in Table II.

The iodine numbers of the several fractions progressively 
increase, indicating a concentration of linolenic acid in 
the successive filtrates as the temperature was lowered. 
This bears out our prediction that linolenic acid would be 
the most soluble acid present. Fraction I with both 
oils contains most of the saturated acids. The separation 
into saturated and unsaturated acids is especially efficient 
in the case of linseed oil. Oleic and linoleic acids in part 
come out and are removed in the intermediate fractions. 
The final filtrate acids, fraction V, gave iodine numbers 
of 252.9 and 249.1, respectively. Assuming these acids 
to be binary mixtures of linoleic and linolenic acids, and 
calculating from the iodine numbers, the linolenic acid 
contents were 77 and 74%, respectively, for linseed and 
perilla oil acids. Fractions IV of these oils contained 
66 and 67%, respectively, of the acid. Values for lino­
lenic acid, thus calculated from the iodine number, are 
low because small but unknown amounts of oleic acid 
and traces of saturated acids unavoidably are present in 
each instance.

In another experiment a similar crystallization was 
carried out, except that the later fractions were taken off
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Table II
R esults of Fractional Crystallization of the Fatty Acids of Linseed and Perilla Oils

Yield, Iod.
Linseed
Mean

Fraction g- no. mol. wt.
I ( -2 3 ° ) 65 7:8
II  ( -4 5 ° ) 124 165.2
I II  ( -6 0 ° ) 137 217.6 277.5
IV ( -7 5 ° ) 118 242.1 278.4
V Filtrate 56“ 252.9 278.3
* Yield 11.2% of acids used. 6 Yield 13.0%.

a t —55 and —65°. The yields and analytical data 
appear in Table III.

Table I II
Results of Fractionation of the Fatty Acids 

of Linseed Oil
Yield, Iod. Linolenic Hexabrom.

Fraction g. no. acid, % no.
I -1 7 ° 68 6 .8 0
II -4 5 ° 102 162.0 24.8
III -5 5 ° 70 198.0 40.2
IV -6 5 ° 120 225.0 45“ 52.5
V Filtrate 140 249.0 73“ 63.0

a Calculated from iodine number.

I t  is obvious tha t this procedure has resulted in a much 
higher yield (28%) of a product of slightly lower purity 
(73%). Numerous other experiments were conducted in 
the hope of increasing the yield and the purity. Appar­
ently the degree of success so far as the purity is con­
cerned is limited to the relative solubilities of oleic, 
linoleic and linolenic acids in acetone.

An attem pt to improve the procedure by using petroleum 
ether as a solvent was unsuccessful, the final filtrate giving 
an iodine number of only 216. This would indicate that 
linoleic and linolenic acids are more equally soluble in 
petroleum ether than in acetone and perhaps explains the 
success in further purification by recrystallizing the 75% 
product from petroleum ether described below.

The Further Purification of Linolenic Acid by Crystal­
lization from Petroleum E ther—Ninety grams of crude 
linolenic acid (iod. no. 250.4), prepared by crystallization 
from acetone, was added to 1200 cc. of petroleum ether 
and cooled to —50°. The acids which crystallized were 
recovered: yield 66 g.; iodine number 258.1; tha t of the 
filtrate was 244.7. This procedure therefore resulted in 
a considerable improvement in purity (83.5%). The 
preparation is further described as (1) in Table IV.

Several fractions of iodine number 218-220 were com­
bined and 544 g. of this mixture was made up to 6 liters 
with acetone. After crystallizing a t —60°, the acids in 
the filtrate (234 g.) were recovered and made up to 3 liters 
with petroleum ether. Crystal crops were obtained at 
—55 and —65°; these were combined and distilled. The 
first 30 g. of distillate (iodine no. 247) was rejected. The 
next 114 g. was found to have an iodine number of 260 
(85%) (see Table IV).

Repeated crystallization from petroleum ether was in­
vestigated, starting with 250 g. of acid of iodine number 
245 (69%) made up to 4 liters. Six successive crystalliza­
tions were made a t this volume a t —60°, the crystal crop

Perilla
Hexabrom. Yield, Iod. Mean Hexabrom.

no. g- no. mol. wt. no.
1.5 40 63.9 .  .  . 9 .5

35.4 20 142.3 .  .  . 30.1
56.0 235 220.3 278.4 33.1
66.3 130 242.8 276.0 60.5
73.0 65& 249.1 277.6 61.5

each time being employed. The final yield was 60 g.; 
iodine number 262; purity 88% (see (3) Table IV).

Still another preparation was made from perilla oil. 
One kg. of the fatty  acids of this oil was „made up to 12 
liters with acetone and cooled directly to —65°. The 
precipitate was again dissolved in acetone (81.) and cooled 
to this temperature. The acids of the combined filtrates 
amounted to 500 g., iodine number 245, purity 69%. 
This was crystallized five times from petroleum ether a t 
—60°, the crystals each time being used. The product 
after distilling a t low pressure amounted to 130 g., iodine 
number 259, purity 83% (see (4) Table IV).

Preparation of «-Linolenic Acid by Debromination.— 
Bromine was added slowly to 2 kg. of the mixed acids of 
perilla oil in 20% solution in ether, the temperature being 
kept below 10 ° with an ice-bath. The resultant bromides 
were washed very thoroughly seven times with 8 liters 
of ether, the supernatant wash ether being removed each 
time by suction. The yield of dried hexabromostearic acid 
was 640 g., m. p. 179.5-180°.

The hexabromide number as obtained here is only 32, 
which is much lower than reported above (see Table I). 
However, when the bromination experiment was repeated 
starting with 420 g. of the same batch of original acids 
and making up to only 5% with ether, a much higher 
yield of insoluble bromides resulted, 256 g. The hexa­
bromide number was 60.9, which is in close agreement 
with the value obtained under analytical conditions, 
—58.7. I t  is apparent from these and other results tha t 
the concentration of acids during bromination is an im­
portant factor in the yield of bromides obtained.

Six hundred and thirty grams of hexabromostearic acid 
was suspended in 1500 cc. of hot 95% ethyl alcohol and 
630 g. of zinc dust added very slowly in small portions 
since the reaction is quite vigorous. A few drops of con­
centrated hydrochloric acid were added occasionally. 
When all of the zinc had been added, the mixture was 
refluxed for one hour, the alcohol solution was separated 
and acidified with hydrochloric acid. About half of the 
alcohol was removed under reduced pressure. The partly 
esterified linolenic acid was recovered and distilled and, 
to remove ethyl ester, it was saponified, the acid recovered 
and again distilled: yield, 138 g., water-white acid (see (5) 
Table IV).

Discussion of Results
The analytical data  on four crystallization 

preparations are compared in Table IV with the 
data  on a-linolenic acid. By a-linolenic acid we 
refer to the debrominated product which may



Nov., 1938 P u r if ic a t io n  o f  L i n o l e n ic  A c id 2737

Table IV
Analytical Constants of Linolenic Acid Prepares by Crystallization and by Bromination

Specimen and Purity, Thiocyano­ Hexabromide Br., M. p. bromide,
method of prepn. % Mol. wt. M. p., °C. %20 Iod. no. gen no. no. % °c.

(1) Crystal. 83.5 279.0 1.4775 258.1 150.1 75.5
(2) Crystal. 85.1 279.2 1.4775 260. Ó 152.6 72.0
(3) Crystal, 88 .0 278.9 -1 1 .2 - .  0 1.4780 262.0 154.1 83.0 63.27
(4) Crystal. 84.0 278. a -11.6^-. 5 1.4795 259.0 151.3 83.2 63.38 180.4- .5
(5) a-Acid 1Q0.0 278,8 — 14.5-. 4 1.4795 269.5 161.0 70. l a 63.13 178.5-9 .5

Calcd. 100 278.2 273.7 182.5 272.3 63.32
a This value was slightly higher, i. e., 75, when a large amount of the acid was brominated in 5% solution. Hexa­

bromide numbers reported above were averages of a t least two determinations. I t  is worthy of note th a t redeterm ina­
tions of these values eight months later, the specimens having been kept under inert gas a t —20°, did not differ appre­
ciably from the above values.

or m ay not be a m ixture of isomeric linolenic 
acids.

Specimens (1), (2) and (3), described in Table 
IV, were derived from linseed oil while (4) and
(5) originated from perilla oil. W ith regard to
(5), the a-acid, it  is assumed th a t this would be 
the same acid or mixture of isomeric acids no 
m atter which oil was used in its preparation, since 
it is derived from ether-insoluble hexabro- 
mides. On the other hand, it seems possible th a t 
the crystallization acids m ay be mixtures of iso­
meric linolenic acids, either of the cis-trans or of 
the double bond position type. Mixtures, re­
sulting from fractional crystallization, m ay not be 
identical either as a result of differences in the 
component linolenic acids of the original oil or as 
a result of differences in physical properties 
(solubilities) of these isomers so th a t certain of 
the isomers are concentrated by the fractionation, 
Some of the data  support this idea. Specimen 
(3), 88.0% pure, melted a t —11.2°, whereas 
specimen (4), 84.0% pure, melted a t —11.6 °. 
On the other hand, the nearly pure a -acid melted 
a t —14.5°, lower than  either. Further, the n 20 
of the 84% acid from perilla oil was actually higher 
than of the 88%  acid from linseed oil and as high as 
the a-acid. The hexabromide numbers of the 
88 and 84% acids were about equal and much 
higher than  th a t of the a-acid. For these reasons 
we are inclined to  the belief th a t the crystalliza­
tion acids prepared from the two oils do not 
represent identical mixtures of isomeric linolenic 
acids and, further, with greater emphasis, the 
crystallization acids as a group are even more 
different from a-linolenic acid. No evidence for 
similar differences has been noted in our previous 
work with linoleic acid. We do not wish a t this 
time to enter into the unanswered question of the 
occurrence of one or several linolenic acids in the

original oils. Nevertheless, we believe th a t  the  
above evidence seems to favor the m ultiple natu re  
of * linolenic acid” despite the fact th a t  th e  m elt­
ing points of (3), (4) and (5) were quite sharp. 
The melting point of linolenic acid has no t been 
reported previously.

Three methods have been available previously 
for the estimation of linolenic acid in fa tty  acid 
mixtures: (1 ) calculation from the iodine num ber;
(2) the thiocyanogen method of K aufm ann5 which 
is based on calculation from simultaneous equa­
tions using iodine and thiocyanogen num bers; 
and (3) the hexabromide number. T he first 
of these methods is rarely practical since linolenic 
acid always occurs with unknown am ounts of 
oleic and linoleic acids which cannot be separated 
quantitatively by any known procedure. T he 
second method is the best of the three, b u t fails 
in being specific since it does not differentiate 
possible isomeric linolenic acids and also because 
thiocyanogen does not react quantitatively  w ith 
two of the double bonds. The thiocyanogen 
number of the pure a-acid above fails by  21.5 
units to approach the theory as expected from 
reaction with two double bonds. This point has 
been verified likewise by K im ura .6 The th ird  
method is the oldest of the three and is based on 
calculation of the amount of linolenic acid present 
in a mixture from the am ount of ether-insoluble 
hexabromides assuming the formation of such 
bromides to be quantitative. W ith one exception, 
however, 2 no one ever has claimed to have isolated 
a linolenic acid which would give the theoretical 
hexabromide number. Both E rdm ann’s and 
Rollett’s linolenic acids, prepared by debrom ina­
tion, gave yields of hexabromides which were 
only 2 3 - 2 5 %  of the theoretical, which agrees well

(5) Kaufmann and Keller, Z . an gew . C h em ., 42, 70, 73 (1929); 
Kaufmann, U n tersu ch . L e h e n sm ittl ., 51, 15 (1936).

(6) Kimura, J .  S oc. C h em . I n d . { J a p a n ) , 32, 451 (1929).
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with our results for the a-acid. The hexabromide 
numbers of the five preparations in Table V cal­
culated to the basis of 100% purity are as follows:

Preparation Purity,
%

Hexabrom.
no.

Hexabrom. no. 
calcd. to 1 0 0 %

( i) 83.5 75.5 91.6
(2) 85.2 72.0 84.5
(3) 88.0 83.0 94.3
(4) 84.0 83.2 99.0
(5) 100.0 70-75 70-75*

In  previous work on arachidonic acid7 an equa­
tion was suggested for the determination of the 
am ount of this acid present in fatty  acid mixtures 
based on the polybromide numbers of pure arachi­
donic acid and of the fa tty  acid mixture. A 
similar equation was proposed for linoleic acid, 
based on tetrabromide numbers.4b We hesitate 
to apply this principle to linolenic acid other than 
as an approximation, because obviously, from the 
above data, the hexabromide number is depend­
en t on the concentration of acids being bromi­
nated and especially because it varies in different 
preparations of linolenic acid. The average hexa­
bromide number for the four crystallization speci­
mens, calculated to 100% purity, is 92.3 or in 
round numbers 92. From this an approximate 
value for the content of linolenic acid in a mixture 
could be found from the equation

% linolenic acid = —  N-^ | C- 00

where H. N. is the hexabromide number of the 
fa tty  acid mixture and 92 is the average hexa-

(7) Ault and Brown, J .  B io l . C h em ., 107, 615 (1934).

bromide number for crystallization linolenic acid. 
In calculating the average, the H. N. for the a- 
acid is om itted for the reason of its obvious dif­
ference from the crystallization acids. I t  also 
should be pointed ou t th a t the hexabromide 
numbers calculated to 100% are slightly high be­
cause the percentage purities were calculated from 
the iodine numbers as a m ixture of linoleic and 
linolenic acids. In  spite of these objections to the 
method, we believe i t  to constitute a decided ad­
vance over any other now available both in ac­
curacy and in specificity.

Sum m ary

1. Low tem perature crystallization procedures 
for the isolation of linolenic acid have been ap­
plied to the fa tty  acids of linseed and perilla oils.

2. By fractional crystallization of the fa tty  
acids of these oils in acetone, 75% linolenic acid 
remained in the filtrate a t  —75°.

3. Crystallization of the 75% acid from petro­
leum ether resulted in preparations of 83.5 to 88% 
purity.

4. The constants of the crystallization acids 
are compared with those of a-linolenic acid, pre­
pared by debromination.

5. The possibility of the multiple nature of 
linolenic acid is discussed; also the application of 
the hexabromide number as a method of estim at­
ing the amount of linolenic acid present in fa tty  
acid mixtures.
Columbus, Ohio R eceived August 15, 1938

[Contribution from the D epartment of Chemistry of Cornell University]

The Colloid Chemistry of Leaf and Flower Pigments. I. The Precursors of the
Anthocyanins1

By W il d e r  D. B a n c r o f t  a n d  J o h n  E. R u t z l e r , J r .

Introduction
M ost of the research work on leaf and flower 

pigments has been done by organic chemists who 
were interested primarily in preparing and analyz­
ing pure compounds, or by biologists who were 
interested primarily in genetics. I t  has seemed 
worth while to us to present to some extent the 
viewpoint of those colloid chemists who are in­
terested especially in the changes of color with 
changing conditions.

(1) Original manuscript received December 13, 1935.

Some points are much simpler when considered 
as colloid chemistry. Chlorophyll is soluble in 
benzene; bu t benzene will take scarcely any 
chlorophyll out of the green leaf.2 Tsw ett3 has 
shown th a t this is due to marked selective ad­
sorption of the pigment of the leaf tissue. The 
phenomena of co-pigments or intensifying agents, 
studied by the Robinsons,4 become more simple 
when considered as due to adsorption.

(2) Willstatter and Hug, A n n ., 380, 177 (1911).
(3) Tswett, B er . d eu tsch . bo t. G es., 24, 318 (1906).
(4) Robinson and Robinson, B io c h e m . J . ,  26, 1663 (1932).
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Since chlorophyll is the most important plant 
pigment and the one best known to the public, it 
might seem wise to begin with that. We shall 
get into a more controversial and to us a more 
interesting field if we start with the red autumn 
leaves and most of the red and blue flowers. 
These pigments are known as anthocyanin pig­
ments and there is a wide difference of opinion as 
to the way they originated. The German 
chemist, Willstatter, believes that they are formed 
in the plant by reduction of flavones, while the 
English chemist, Robinson, believes that they are 
produced in the plant by hydrolysis and oxidation 
of what are known as leuco-anthocyanins. In 
this paper we plan to show how to differentiate 
between these two diametrically opposed views. 
Each is right in certain cases and each is wrong in 
others.

Anthocyanins and Anthocyanidins
In general the anthocyanins vary in color from 

red or purple through blue and green to yellow as 
the pH of the sap increases. The green is not a 
pigment color but is due to the combined effect of 
the yellow and blue. When one starts with a red 
flower and exposes it to ammonia vapor, the blue 
is apt not to be permanent in the absence of a 
stabilizer. If it changes fairly rapidly to yellow 
one gets no blue but only a green. If it changes 
very rapidly to yellow one gets neither blue nor 
green. The red leaves of the poinsettia are a 
case of this. I t seems probable therefore that all 
blue flowers contain a color-stabilizer, but there 
apparently has been no systematic study of this 
point. Sodium chloride, sodium nitrate and alum 
solutions5 are said to stabilize the blue in particu­
lar cases; but we do not know how general this 
is or what salts are found in blue flowers. The 
blue of Salvia patens extends over a pH range of
4-8 .6 Hirsutin, methyl malvin, is turned blue by 
a number of co-pigments :7 tannin, 2 -hydroxy- 
xanthone glucoside, rutin, quercetin, vanillin 
and quinaldine.

Pedagogically, most anthocyanins and antho­
cyanidins may be considered as reduction prod­
ucts of one of three flavonols or derivatives of 
them .8 The three flavonols are kaempferol, quer­
cetin and myricetin.

(5) Willstatter and Everest, A n n ., 401, 189 (1913); Molisch, 
B oL Z tg ., 47, 17 (1889); 55, 49 (1897); M iyoshi, B o ta n . C en tr ., 83, 
345 (1900).

(6) Buxton and Darbishire, / .  G en etics , 21, 71 (1929).
(7) Robinson and Todd, J .  C h em . S o c ., 2299 (1932).
(8) Robinson, E n c y c lo p a e d ia  B r ita n n ic a , 2, 26 (1929).
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An anthocyanin differs from an anthocyanidin in 
having one or more glucose, galactose or rham­
nose molecules attached to it. One or more of 
the hydroxyl groups may be methylated, giving a 
substituted anthocyanin if there are sugar mole­
cules attached and a substituted anthocyanidin if 
the molecule is an aglucone.

Willstatter and Mallison9 showed that cyanidin 
can be obtained by reduction of quercetin with 
a metal and an acid. Shibata, Nagai and Kis- 
hida10 got quicker results with magnesium and 
mercury in acid solution. They consider the 
mercury as essential to a good result.

At Cornell we have obtained excellent data by
(9) Willstatter and Mallison, A n n ., 408, 147 (1915); cf. Schunck, 

P ro c . R o y . S o c . (London), 42, 187 (1884).
(10) Shibata, Nagai and Kishida, J .  B io l . C h em ., 28, 93 (1916— 

1917).
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electrolysis in ail acid solution, using a mercury 
cathóde to give high over-voltage. Dr. T. S. 
Chapman11 extracted shredded leaves cold with 
dilute formic acid (2-5%). A pink solution 
shows the presence of anthocyanins or antho- 
cyanidins. If the pink color appears only after 
heating, leuco-anthocyanins are present. If a 
pink, yellowish or colorless solution is shaken with 
ether and if aqueous ammonia is added to the 
ether layer, the appearance of a distinctly deeper 
yellow going practically completely into the 
water layer indicates the presence of anthoxan- 
thins. Not much deepening of the yellow, with 
much of the color staying in the ether, indicates 
the presence of “Tswett’s water-soluble yellows.”

To early out the reduction, some of the formic 
acid extract was poured off the leaves and mixed 
with an equal volume of approximately molar 
sulfuric acid solution. Half of the mixture was 
poured into the reduction cell and half retained 
for comparison. On electrolysis with a platinum 
anode and a mercury cathode a change of color 
was usually noticeable within a few minutes and 
almost always within fifteen minutes; but it was 
customary to electrolyze for an hour to ensure a 
satisfactory reduction. I t is wise to keep the 
solution cold to prevent hydrolysis, which would 
give a red color if leuco-anthocyanins were present.

Some sixty-five different kinds of leaves con­
taining anthoxanthins were examined by Dr. 
Chapman and all but five gave satisfactory antho- 
cyanin-like pigments as shown by the red color. 
The locust, the California privet, the hawthorn 
and the wayfaring tree yielded reduction prod­
ucts which were rather yellow or orange in com­
parison with the others. The reduction of the 
extract from the privet in particular gave a very 
yellow color to the solution.

There are marked differences in the ease of re­
duction. The fiavones from the forsythia and 
the jonquil reduce much more readily than those 
from the sugar maple.

From these and other experiments it is clear 
that anthocyanins or anthocyanidins can be ob­
tained from fiavone or flavonol solutions by chemi­
cal or electrolytic reduction; but there is no 
proof that this happens in the living plant. 
Willstatter believes that anthocyanins are formed 
by reduction, but all that has been proved is 
that they might be so formed.

Many of the English chemists do not agree with
(11) Cornell University, Ph.D . Thesis, 1938.

Willstitter that anthocyanins and anthocyanidins 
are produced in thé plant by direct reduction of 
fiavones or flavonols. Keeble, Armstrong and 
Jones12 came to the conclusion that the decolori- 
zation of anthocyanins by alcohol was due to the 
action of a reducing agent. Unfortunately, this 
paper was published before the one in which 
Willstatter showed that decolorization of antho­
cyanin by alcohol was not due to reduction. 
That eliminated Keeble’s argument.

Robinson is the present leader of the movement 
in favor of the anthocyanin pigments being pro­
duced by oxidation. One reason for believing 
that fiavones are not the immediate precursors of 
anthocyanins is that in many cases the antho­
cyanins do not correspond structurally with the 
fiavones existing in the flower. This is not abso­
lutely conclusive, because there might have been 
two sets of fiavones originally and only one was 
reduced in the plant. Sands, Milner and Sher­
man13 say: “We cannot assume that, because a 
certain flavonol is not found coexisting with its 
homologous anthocyanidin, the latter was formed 
independently rather than by way of the flavonol. 
As mentioned, the particular flavonol in question 
may have been converted fully into anthocyani­
din.” This may be true, but it has not yet been 
proved and we do know that anthocyanins can be 
made differently in the plant.

Leuco-anthocyanins and Leuco-anfhocyanidins
Robinson and Robinson14 believe that many and 

perhaps all anthocyanins are derived from leuco- 
anthocyanins15 and leuco-anthocyanidins, sub- 
stances which were not known as such to Will­
statter.16 Laborde found that unripe green or 
red grapes contain colorless chromogens which are 
converted into pigment on heating with dilute 
hydrochloric acid. Malvézin showed that the 
same chromogen developed color on heating with 
water at 85°, but only in the presence of air which 
may have caused oxidation to acid. Dezain, 
Tswett, Rosenheim, Jonesco and Kozlowski also 
have showed the formation of pigments of antho- 
cyanin-like nature from colorless or pale yellow 
chromogens without the use of a reducing agent.

“Rosenheim17 prepared a white amorphous pow-
(12) Keeble, Armstrong and Jones, Proc. Roy. Soc. (London), 

86B, 312 (1913).
(13) Sands, Milner and Sherman, J . Biol. Chem., 109, 203 (1935).
(14) Robinson and Robinson, J . Chem. Soc., 744 (1935).
(15) Cf. Staats, Ber., 28, 2807 (1895).
(16) W illstatter, A n n ., 408, 4 (1915).
(17) Rosenheim, Biochem. J .,  14, 178 (1920).
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der of glycosidic nature from the unripe berries of 
purple grapes or from ripe white grapes and stated 
that anthocyanidin could be obtained from it by 
the action of hydrochloric acid in the absence of 
oxygen. He proposed the expression leuco- 
anthocyanin for the new group of natural prod­
ucts.”

Robinson and Robinson report that leuco- 
anthocyanins are of widespread occurrence in the 
vegetable kingdom and that a majority of them 
yield cyanidin on treatment with hot hydrochloric 
acid. A 10% sulfuric acid solution is even better 
because there is no difficulty about volatility. 
In 1933 Robinson and Robinson18 said that it is 
probable that the leuco-anthocyanins and the 
anthocyanidins formed from them are in the 
same state of oxidation. In 1937 Mrs. Robin­
son19 reported that the gum of Butea fondosa 
contains a substance which cannot be converted 
into cyanidin chloride by the action of hydro­
chloric acid alone; preliminary oxidation is 
necessary.

Robinson and Robinson20 now consider that the 
state of oxidation of a leuco-anthocyanidin is that 
of a dihydrofiavylium salt. If this is always 
true, hydrolysis and oxidation are necessary to 
produce an anthocyanin pigment from a leuco- 
anthocyanin. There seems to be nothing to 
show that an oxidation is always necessary. If 
Rosenheim is right there must be some cases 
not involving oxidation. Over-reduction of an 
anthocyanin or anthocyanidin gives a colorless 
system which turns red on oxidation,21 but we 
do not yet know whether this ever happens in 
the plant.

Regardless of the question of oxidation it is 
clear that an anthocyanin pigment can be ob­
tained in the laboratory from a leuco-antho- 
cyanin; but we do not yet know definitely whether 
this occurs in the plant or, if so, in which plants. 
One reason for this general uncertainty is that 
much of the work has been done on flowers where 
there is usually no change in pigments and one 
cannot well analyze the flowers for fiavones and 
leuco-anthocyanins before and after the change, 
though Hugo Fischer22 says that the first ap­
pearance of color in the flower buds is generally 
two weeks before the time of blooming in the case

(18) Robinson and Robinson, Biochem. J .,  27, 206 (1933).
(19) Robinson, J . Chem. Soc., 1157 (1937).
(20) Robinson and Robinson, ibid., 747 (1937).
(21) Charles worth, Chavan and Robinson, ibid . , 370 (1932).
(22) Fischer, Flora, 38, 380 (1908).

of red and blue flowers. This is not necessarily 
true, because cases are known of flowers starting 
white under suitable conditions and then develop­
ing a color.

Variable White Flowers
The flowers of Hibiscus L. mutabilis2Z and of 

Diervilla grandiflora24 open white and turn pink 
or red in the course of the first day. Quite a 
number of flowers are pale or white when grown 
in the dark.25 Among them is the mountain 
laurel. A low temperature also makes some 
flowers come white.25b With some the reverse is 
true.26

We have not found in the literature any sys­
tematic study of the chemistry of these pigments 
of these variable white flowers. Shibata seems 
to have shown that the change of color of the 
white Diervilla grandiflora to red is due to a re­
duction of a flavone-like substance, but in 1916 he 
of course did not test for the presence of leuco- 
anthocyanin and consequently there is a possi­
bility of error.

Red Autumn Leaves
If we shift from flowers to green leaves which 

turn red, it is a simple matter to analyze them 
before the red color appears. If we take a green 
leaf, moisten it with dilute sulfuric acid to ensure 
acidity and electrolyze it with a platinum anode 
and a mercury cathode, we shall get a red at the 
cathode if a fiavone or flavonol is present because 
of the reduction and no red, or at most a red at the 
anode, if a leuco-anthocyanin is present because 
it does not go red on reduction. Of course pre­
cautions must be taken against an error due to 
hydrolysis. It may not always be easy to see 
small amounts of red pigment on the mercury; 
but rinsing it with normal butyl alcohol will con­
centrate the red color in the alcohol and make it 
visible. The presence of leuco-anthocyanin can 
be shown by shredding the green leaf and heating 
it with approximately 10% sulfuric acid solution 
until the solution becomes red or pink. Extract­
ing the solution with normal butyl alcohol will 
make the red color more visible.

We have made tests on the green leaves of the 
sugar maple and the sumach in August, and on the

(23) Kuyper, Ree. trav. bot. nêer.L, 28, 1 (1931).
(24) Shibata, Nagai and Kishida, J . B iol. Chem., 28, 93 (1916).
(25) (a) Hildebrand: “ Die Farben der Bliithen,” 1879, p. 49;

(b) Klebs, Sitzber. Akad. W iss. W ien, 42, 155 (1905); ref. 22; (c) 
Sorby, Proc. Roy. Soc. (London), 21, 479 (1873); (d) Kosaka,
Bot. M ag., 46, 551 (1932).

(26) Onslow, “The Anthocyanin Pigments of P lants/' 1925, p. 8.
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green leaves of the flowering dogwood, the Vir­
ginia Creeper (Parthenocissus qiiinquefolia) and 
the Japanese Creeper (.Ampelopsis) in September; 
also on the green skin of a Seckel pear.

The leaves of the sumach, the barberry and 
the flowering dogwood, contain fiavones and no, 
or practically no, leuco-anthocyanins though there 
may be a mere trace of leuco-anthocyanin in the 
leaf of the dogwood. The leaves of the sugar 
maple and the Virginia Creeper and the skin of 
the Seckel pear contain leuco-anthocyanin and 
no, or practically no, fiavone, while the leaves of 
the Japanese Creeper contain both flavone and 
leuco-anthocyanin. We can, therefore, say defi­
nitely that the red autumn leaves of the sumach, 
the dogwood and the barberry, are due to reduc­
tion of fiavones, in accord with the view of Will­
statter. The red autumn leaves of the sugar 
maple and of the Virginia Creeper and the red 
color of the ripened Seckel pear owe their color to 
the decomposition of leuco-anthocyanin in ac­
cord with the view of Robinson, while the red 
color of the leaves of the Japanese Creeper may 
be due either to fiavones or to leuco-anthocyanins 
or to both simultaneously. We shall have to 
devise a new technique for this case or perhaps 
resort to quantitative analysis. It is now merely 
a question in most cases of collecting data on 
other leaves which turn red or which change from 
red to green.

DeVries27 says that the leaves of Drosera 
rotundifolia are red when grown in strong light, 
but otherwise green. There should, therefore, be 
no difficulty in determining the precursors of the 
anthocyanins in this plant. Schanz28 showed that 
when light less than 400 m̂u was cut off by euphos 
glass, the leaves of red cabbages, young beets 
and begonias were green and not red. The colors 
returned in the sunlight. He concluded that the 
red was developed as a protection against the 
long ultraviolet. With oak seedlings grown in 
the open air, the young leaves were a beautiful 
yellowish-red; under ordinary glass the color was 
paler; under euphos glass and under red glass 
the yellow-red did not appear and the leaves were 
uniformly green.

After the red disappears from the young leaves 
of the copper beech in summer, leuco-antho­
cyanins are found to be present. On this state­
ment of facts it seems probable that the red is

(27) DeVries, Bot. Zig., te ,  4 (1886).
(28) Schanz, P fiü g ^ s  Arch. Physiol., 181, 229 (1920).

developed from the leuco-anthocyanins. Abbott29 
has found that leaves of the copper beech are 
green in the spring when grown in the dark and 
turn red when exposed to light. He did not 
analyze these leaves for fiavones or leuco-antho­
cyanins, and consequently one step in the proof 
is missing.

We do not yet know what factors determine the 
formation of fiavones and leuco-anthocyanins, 
and consequently we» do not know how the rela­
tive amounts of these two kinds of substances will 
vary with changing soil and climatic conditions. 
In Ithaca the leaves of a certain sugar maple 
contain fiavones and no, or practically no, leuco- 
anthocyanins in May, and leuco-anthocyanins 
with practically no fiavones in September. I t is 
because of this that we do not yet dare to say defi­
nitely that the red of the copper beech is derived 
from leuco-anthocyanins.

To answer the question whether the conversion 
of leuco-anthocyanins into anthocyanidins neces­
sarily involves an oxidation we have tried heat­
ing equal amounts of the leaves of the sugar maple 
with sulfuric acid in the presence and in the ab­
sence of hydroquinone. There was no marked 
difference in the amount of red color, and conse­
quently there is no reason to assume that the 
leuco-anthocyanins must be considered as deriva­
tives of dihydroflavylium salts. Since oxygen is 
apparently of very little importance in this case, 
we confirm the observations of Rosenheim. This 
does not in any way contradict the results ob­
tained by Mrs. Robinson with the gum of Butea 
fondosa. There is no reason as yet why all 
leuco-anthocyanins should be derivatives of di­
hydroflavylium salts because some may be.

Enzyme Reactions
Whether in the formation of anthocyanin we are 

dealing with the reduction of flavone-like sub­
stances or with the hydrolysis of leuco-antho­
cyanins with or without accompanying oxidation, 
the reaction must apparently be an enzyme reac­
tion because we know of no straight reducing 
agent that the plant could use which would carry 
a flavone to an anthocyanin, and because it seems 
improbable that there would ever be sufficient 
acidity to produce the hydrolysis of a leuco- 
anthocyanin without the presence of an enzyme. 
Miss Wheldale30 says that “there is little doubt 
but that the formation of anthocyanin does in-

(29) Abbott, Nature, 80, 429 (1909).
(30) Wheldale, / .  Genetics, 1, 113 (1911).
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volve a series of progressive reactions, each of 
which is controlled by a certain enzyme.”

Enzymes can cause the reduction of sulfates,31 
a reaction which cannot be carried out chemically 
or electrochemically in the test-tube in the pres­
ence of water at ordinary temperatures.

If people can learn how to concentrate the 
enzymes and to inoculate leaves with them, it 
should be possible to make the leaves of the Nor­
way maple red. That ought not be a very diffi­
cult task, because the stems of the leaves are apt 
to be red and once in a while one sees an occasional 
red leaf. When we know more about the enzyme 
reactions, we shall be able to explain why Euro­
pean forests do not show the brilliant coloring 
that we get in this country.

In front of the chemistry building at Cornell 
there is a sugar maple and a copper beech. Both 
sets of leaves contain leuco-anthocyanin but 
those in the copper beech do not turn red in the 
autumn, while those in the sugar maple do. 
There is no reason to attribute this behavior to 
differences in climatic or soil conditions and conse­
quently there must be at least one other factor, 
apparently a genetic one. The green leaves of the 
Norway maple in Ithaca contain fiavones and no 
leuco-anthocyanins. Since the stems of the 
leaves are usually red and the leaves only rarely so, 
there must be some reason why the proper enzyme 
is found only occasionally in the leaves. Fiavones 
are present in the ginkgo; but we have never seen 
any red in Ithaca either on stems or leaves. 
The formic acid extracts of the leaves of the Nor­
way maple and of the ginkgo turn red when elec­
trolyzed with a mercury cathode. The yellowed 
leaf of the American elm will sometimes de- 

' velop a little red when bitten by an insect. There 
is no experimental evidence that the insect causes 
a preliminary formation of leuco-anthocyanin and 
we must therefore attribute the red to fiavones for 
the present.

Summary
1. Anthocyanin pigments may be obtained 

in the laboratory or in the plant by reduction of 
fiavones or by decomposition of leuco-antho­
cyanins.

2. The red autumn pigments of the sumach,
(31) Pozzi-Escot, A m . Chem. J .,  29, 542 (1903).

the dogwood and the barberry come from a 
flavone and those of the sugar maple, the Virginia 
Creeper and the Seckel pear from a leuco-antho­
cyanin. The Japanese Creeper contains both 
flavone and leuco-anthocyanin. We do not yet 
know which gives rise to the anthocyanin or 
whether both do.

3. On present data the red of the copper 
beech comes probably from a leuco-anthocyanin; 
but this is not yet proved.

4. There is no necessary contradiction between 
the experiments of Rosenheim and those of Mrs. 
Robinson. There are apparently some leuco- 
anthocyanins which require oxygen to develop 
the full red color and some which do not. On 
present data the sugar maple belongs in the sec­
ond class or partly so.

5. The development of anthocyanins is always 
due to enzymes. If one could inactivate the 
enzymes without killing the leaves one would pre­
vent the development of red. If one could supply 
the proper enzyme to the Norway maple, its 
leaves would turn red in the fall. The stems of 
the leaves usually turn red in the summer.

6. Since the leaves of the copper beech and 
of the sugar maple both contain leuco-antho­
cyanins but behave differently in the autumn, 
there is apparently a genetic factor to be con­
sidered in addition to the effects of soil and cli­
mate.

7. A method has been developed which will 
enable us to distinguish between the views of 
Willstatter and of Robinson in particular cases.

8. All blue flowers contain a stabilizing agent. 
A systematic study of this matter will lead to the 
production of blue roses.

9. There seem to be no satisfactory data on 
the reds which develop early and temporarily in 
the tropics.

10. The behavior of the sugar maple suggests 
the possibility of a flavone being the precursor of a 
leuco-anthocyanin; but there is no proof of this 
as yet.

11. There seem to be no data to show whether 
glucose as a nutrient or a suitable exposure to 
ultra-violet light will produce anthocyanins more 
rapidly from leaves containing fiavones or from 
leaves containing leuco-anthocyanins.
Ithaca, N. Y. R e c e iv e d  S e p t e m b e r  30, 1938
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The Conductance and Ionization Constants of Propionic and Normal Butyric Acids in
Water at 25°

By D onald Belcher

The modern theories of interionic attraction, 
which are now accepted in the form of limiting 
laws, are particularly useful in the interpretation 
of weak electrolytes. I t has been shown by 
several investigators1-3 that accurate conductance 
measurements of a weak binary electrolyte should 
suffice in theory to yield values of the limiting 
conductance and thermodynamic ionization con­
stant. In media of high dielectric constant, such 
as water, there is strong evidence for the com­
plete dissociation of the salts of weak acids (or 
bases) and therefore the limiting conductance of 
the weak electrolyte may be obtained by use of 
the additive law of Kohlrausch. But in non- 
aqueous solvents of low dielectric constant there 
are no strong electrolytes and hence to determine 
the limiting conductance it is necessary to apply 
methods of extrapolation to conductance data on 
the weak electrolyte alone.

For the additive method it is sufficient to deter­
mine the limiting conductance of the sodium salt 
of the weak acid, since the other necessary data are 
obtainable from the work of Shedlovsky.4

The extrapolation methods are based on a solu­
tion of the three simultaneous equations

K  =  ( 1)

where K  and K 1 are the thermodynamic and 
stoichiometric ionization constants, respectively, 
6 is the degree of dissociation, C is the total con­
centration of the acid in equivalents per liter, and 
/ ± is the mean activity coefficient of the ions. 
The activity coefficient of the undissociated acid 
is assumed to be unity.

— l o g = a  \ / C d  (2)

where a is the Debye-Hückel coefficient.

where X is the equivalent conductance of the 
acid at the total concentration C, X0 is the limit­
ing conductance of the acid, and A is the Onsager 
coefficient for uni-univalent ions in water at 25°.

If the right-hand side of (3) is expanded, and
(1) Fuoss and Kraus, T h is  J o u rn al , 55, 476 (1933).
(2) Shedlovsky and Uhlig, J . Gen. Physiol., 17, 549 (1934).
(3) Fuoss, T h is  J o u r n a l , 57, 488 (1935).
(4) Shedlovsky, ibid., 54, 1411 (1932).

terms of order higher than \ /  C discarded, the 
simple quadratic expression used by Shedlovsky5 6 7

- ï t + S V S ]  «>
is obtained. A combination of (1), (2), and (4) 
leads to a simultaneous solution which is much 
easier to use and, moreover, equation (4) has been 
shown to fit conductivity data over a much longer 
range of concentration than the original Onsager 
expression.

When X0 is not known, a trial value is assumed 
and adjusted until the equations are self-con­
sistent.

With these considerations in mind I have deter­
mined accurately the conductance of propionic 
and normal butyric acids in water at 25°. An 
examination of this data by the extrapolation 
method made it clear that data on the salts of 
these acids were necessary. The determinations 
of conductances of sodium propionate and sodium 
butyrate, given later in this paper, were made in 
collaboration with Dr. Theodore Shedlovsky.

Experimental Assembly and Technique.—The apparatus 
and technique used follow so closely the practice of Jones 
and his associates6,7 and of Shedlovsky8 that only the 
briefest description is necessary.

The bridge, of the Jones and Josephs type (with shield­
ing, following the practice of Shedlovsky8), was con­
structed by the Cambridge Instrument Company to order.

A two-stage audio amplifier and telephones of 2000 ohms 
resistance formed the detector circuit.

A vacuum tube oscillator of the "push-pull” type, con­
structed as described by Shedlovsky,8 supplied current to 
the bridge. The frequency could be varied in steps over a 
range of 850 to 4000 cycles by a bank of condensers in 
parallel. The frequency for various condenser settings 
was determined roughly by audio comparison with a Gen­
eral Radio oscillator which in turn was calibrated by a tun­
ing fork. Several times in each series of measurements the 
frequency was varied, but since the conductances were 
found to be independent of frequency an accurate knowl­
edge of the latter was unnecessary.

A shielded decade resistance box, supplied by the Cam­
bridge Instrument Company, permitted direct reading to 
11,111 ohms, to the nearest 0.01 ohm. It was calibrated 
by the National Physical’Laboratory with direct current. 
None of the coils was thermostated, but the box was en­
closed in a lagged wooden case and the temperature was 
known to the nearest degree.

(5) Shedlovsky, J . Franklin  In s t., 225, 739 (1938).
(6) Jones and Josephs, T h is  J o u r n a l , 50, 1049 (1928).
(7) Jones and Bollinger, ibid., 51, 2407 (1929); 53, 411 (1931)*
(8) Shedlovsky, ibid., 52, 1793 (1930); 52, 1806 (1930)*
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The thermostat was filled with Mineral Colza Oil and 
controlled to =*= 0.001 ° by a Thyratron relay.

Two pipet cells of Jena glass were used for the more con­
centrated solutions. They were calibrated with 0.1 demal 
potassium chloride, using the recent values of Jones and 
Bradshaw.9 The temperature of the thermostat was set to 
25 =*= 0.005° by using a thermometer recently calibrated 
by the National Physical Laboratory.

Two flask cells, one of Pyrex and one of clear quartz, 
were used for the more dilute solutions. The electrodes 
were lightly platinized. After each run the cells were 
cleaned with redistilled alcohol and ether, and occasionally 
with hot chromic acid.

Conductivity water was obtained from a still which fol­
lowed the general design of Ellis and Kiehl.10 The boiler 
was of Pyrex and the condenser of fused silica. Purified 
nitrogen was passed up the column and out through a water 
trap. A ball and socket joint connected the Pyrex and 
silica portions of the still and gave great flexibility and 
freedom from breakage. The boiler was charged with a 
good grade of distilled water made 0.025 molar in phos­
phoric acid. The still yielded one liter per hour of fair 
conductivity water (k =  5 X 10~7 mhos), and about 400 
cc. per hour of the best water (k  =  0.8 to 2 X 10 ”7 mhos). 
For the more dilute solutions the water was distilled di­
rectly into the flask cells.

Densities were determined with an ordinary Sprengel 
pycnometer in a water thermostat.

All solutions were made up by weight. The more accu­
rate weighings were performed on an analytical balance 
which could be read to 0.1 mg. Water and stock solutions 
were weighed on a large balance to the nearest 10 mg. 
Weights were calibrated against a set standardized by the 
National Physical Laboratory.

Materials.—The propionic and normal butyric acids 
were Kahlbaum “purest.” They were further purified by 
fractional crystallization and distillation. The freezing 
point of the recovered portion of propionic acid was 
—22.4°, which may be compared with —20.8° (Timmer­
mans and Hennaut-Roland11 12) and —22.3° (Broughton19). 
The final portion of butyric acid melted at —5.37°, very 
close to the value given by Timmermans and Hennaut- 
Roland.11 As a check on the purity of the acids they were 
analyzed by weight titrations against carbon dioxide free 
sodium hydroxide. By using phenolphthalein and a 
technique which excluded carbon dioxide it was possible to 
titrate with a precision of 0.04%. Several titrations gave 
the purity of the propionic acid as 100.02%, and that of the 
butyric acid as 99.96%. Accordingly the acids were as­
sumed to be pure within the experimental error. The 
sodium hydroxide was standardized against a standard 
brand of benzoic acid.

The molecular weights of the acids were taken from the 
“International Critical Tables.”

Several determinations of the densities of solutions of both 
acids checked so well with the data of Drucker13 that the 
latter's measurements were used to compute concentrations.

(9) Jones and Bradshaw, T h is  Jo u r n a l , 55, 1780 (1933).
(10) Ellis and Kiehl, ibid., 57, 2145 (1935).
(11) Timmermans and Hennaut-Roland, J . chim. phys., 27, 401 

(1930).
(12) Broughton, Trans. Faraday Soc., 30, 367 (1934).
(13) Drucker, Z . physik. Chem., 52, 641 (1905).

Results.—Tables I and II  give the data for 
the two acids. The columns are, respectively, 
the concentration in equivalents per liter, the 
equivalent conductance, the degree of dissocia­
tion, the mean activity coefficient of the ions; 
the stoichiometric ionization constant, and the 
thermodynamic ionization constant. These ta-

T a b l e  I

E q u iv a l e n t  C o n d u c t a n c e s  a n d  I o n iz a t io n  C o n s t a n t s  
of P r o p io n ic  A c id  a t  25 °. X0 = 385.47

Concn.
C x  103 X e ƒ=*= ft X o K  X 105
0.033831 177.94 0.46212 0.9954 1.343 1.331

.035330 174.76 .45377 .9953 1.332 1.320

.072197 134.25 .34880 .9942 1.349 1.333

.16091 96.690 .25136 .9926 1.358 1.338

.24142 81.209 .21116 .9917 1.365 1.342

.26595 77.812 .20234 .9915 1.365 1.342

.35702 68.283 .17761 .9908 1.369 1.344

.37303 66.895 .17400 .9907 1.367 1.342

.56685 55.320 .14395 .9895 1.372 1.343

.72479 49.385 .12853 .9888 1.374 1.343

.87116 45.348 .11805 .9883 1.378 1.345
1.8650 31.657 .082480 .9856 1.383 1.343
2.8788 25.717 .067042 .9839 1.387 1.343
4.8026 20.099 .052440 .9817 1.394 1.343
6.9117 16.852 .043990 .9799 1.399 1.343
6.9880 16.764 .043761 .9798 1.400 1.344
8.8839 14.903 .038920 .9786 1.400 1.341

10.342 13.844 .036164 .9777 1.403 1.341
12.208 12.763 .033351 .9768 1.405 1.340
15.347 11.375 .029738 .9753 1.407 1.338
15.401 11.373 .029732 .9754 1.403 1.335
49.876 6.3628 .016681 .9670 1.411 1.320
75.352 5.1598 .013543 .9635 1.401 1.301

101.64 4.4283 .011633 .9607 1.392 1,285
152.87 3.5375 .0083126 .9544 1.344 1.228
192.95 3.1576 .0064011 .9494 1.279 1.153

T a b l e  I I

E q u iv a l e n t  C o n d u c t a n c e s  a n d  I o n iz a t io n  C o n s t a n t s  
o f  N o r m a l  B u t y r ic  A cid  a t  2 5 ° .  Xo =  38 2 .4 0

Concn. 
C X 103 X e

©X& oX

0 .029576 193.29 0.50622 0.9955 1.535 1.521
,055746 154.28 .40418 .9945 1.529 1.512
.082109 132.99 .34851 .9938 1.531 1.512
.10606 120.01 .31451 .9933 1.530 1.510
.29695 77.368 .20293 .9910 1.534 1.507
.33908 72 .904 . 19124 .9907 1.534 1.505
.43277 65.335 .17142 .9901 1.535 1.505
.78715 49.671 .13040 .9883 1.539 1.503
.83817 48.242 .12666 .9881 1.540 1.503
.93748 45.846 .12038 .9877 1.545 1.507

1.0096 44.319 .11638 .9875 1.548 1.509
1.5818 35.848 .094184 .9859 1.549 1.506
2.1506 30.961 .081378 .9848 1.550 1.504
2.1754 30.817 .080999 .9847 1.553 1.506
2.7827 27.394 .072024 .9837 1.556 1.505
2.8099 27.253 .071653 .9837 1.554 1.504
3.6043 24.184 .063609 .9826 1.557 1.504
4.1450 22.610 .059482 .9819 1.559 1,504
5.2881 20.102 .052905 .9808 1.563 1.503
6.4110 18.312 .038209 .9798 1.565 1.503
8.5822 15.893

17.350 11.247
99.879 4.6414

149.96 3.7317
189.92 3.2776
240.10 2.8631
295.42 2.5398
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bles are based on X0 values obtained from salt con­
ductances by the additive method. Furthermore, 
the values of 0, ƒ ±, etc., have been computed by the 
new and more convenient method due to Shed­
lovsky.6 I t should be noted that for the present 
data the various extrapolation methods give 
identical results in the range of concentration 
where K  is reasonably constant. No water cor­
rection has been made in computing the equiva­
lent conductances since the specific conduc­
tivity of the water used never exceeded 0.2 X 10 ~6 
mho, and is due largely to the presence of carbon 
dioxide.

Discussion of Results.—Table I shows that 
the measured conductances of the four most dilute 
points are in error. This is undoubtedly due to 
the use of a Pyrex flask cell. The effect of glass 
on the conductivity of very dilute solutions of 
weak acids was noted many years ago by Kraus 
and Parker.14 The data of Table II do not show 
this effect since the butyric acid measurements 
were made in quartz.

A plot of the logarithm of the stoichiometric 
ionization constant against the square root of the 
ionic strength for these two acids gives straight 
lines for total acid concentrations not exceeding
0.01 normal. These lines have very nearly the 
Debye-Hückel slope (1.013), and the intercepts 
give the logarithm of the thermodynamic ioniza­
tion constant. At higher concentrations log K l 
falls off rapidly with increasing ionic strength, 
an effect noted by Maclnnes and Shedlovsky15 
for acetic acid. Davies16 showed that this so- 
called ‘ ‘medium effect” is largely due to viscosity 
in the case of acetic acid, and I propose to discuss 
the effect of viscosity in a forthcoming paper.

The extrapolation method yields a thermo­
dynamic ionization constant of 1.343 X 10~5 
for propionic acid, in fair agreement with the 
value 1.332 X 10~5, obtained by Harned and 
Ehlers17 from electromotive force measurements. 
The latter figure has been reduced from a molar 
to a concentration basis.

For normal butyric acid extrapolation gives 
1.508 X 10 ~5, in excellent agreement with the 
value 1.510 X 10 ~5, obtained by Harned and 
Sutherland18 from electromotive force measure­
ments.

(14) Kraus and Parker, T h is  J o u r n a l , 44, 2429 (1922).
(15) M aclnnes and Shedlovsky, i b id . ,  54, 1429 (1932).
(16) Davies, P h i l .  M ag., 4, 249 (1927); “The Conductivity of 

Solutions,” 1933, p. 141.
(17) Harned and Ehlers, T h is  J o u r n a l , 55, 2379 (1933).
(18) Harned and Sutherland, i b id . ,  56, 2039 (1934).

The Conductance of the Sodium Salts of Pro­
pionic and Normal Butyric Acids in Water at 

25°
Materials.—Kahlbaum acids were used, but no further 

purification was attempted since the salt concentrations of 
stock solutions were known accurately from titrations.

Preparation of Solutions.—A carbonate-free solution of 
sodium hydroxide was prepared and standardized by 
weight titrations against Bureau of Standards acid potas­
sium phthalate. The latter was dried before using. 
Phenolphthalein was used as indicator and nitrogen was 
passed through the titration vessel for some time before the 
alkali was added and during the titration. It so happens 
that the phenolphthalein end-point corresponds very 
closely to the pH  of neutralized acid phthalate so that it is 
possible to titrate to an accuracy of 1 or 2 parts in 10,000. 
As a check, however, the pH  of the final solution was deter­
mined with the glass electrode and if necessary a small 
correction applied. The acids were titrated in a similar 
manner, but since in this case the pH  of the neutralized 
solutions does not correspond to the phenolphthalein end­
point, the correction was important. By applying the 
correction it was possible to titrate the acids to a precision 
of 3 parts in 10,000. This method has the advantage of 
being much more rapid and convenient than the method of 
differential electrometric titration of Maclnnes and Dole.19

When a sufficient number of titrations had established 
the strength of the acids, stock solutions were made up 
without indicator. To suppress hydrolysis about 0.5% 
excess acid was added. The salt concentration was known 
accurately from the amount of alkali used.

The densities of several solutions of sodium butyrate 
were measured and it was found that the agreement with 
sodium acetate solutions was very close in the dilute range. 
Accordingly it was considered justifiable to use the same 
density-concentration relationship, in the case of sodium 
propionate.

Table III gives the conductances of sodium propionate 
and sodium butyrate at 25 °.

Table III
Sodium Propionate Sodium Butyrate
c X C X

0.0021779 82.53 0.0012132 80.14
.0041805 81.27 .0025811 78.27
.0078705 79.72 .0071049 76.72
.014272 77.88 .011963 75.21
.025973 75.64 .016858 74.04

.029336 71.86

.063417 68.03

.106195 64.86
&h2o = 0.269 X 10 &h2o =  0.467 X 10~6

The specific conductances of the solutions were 
corrected by 1 X 10“7 mho, that amount of the 
conductance of the water being estimated as due 
to salt impurity. The remaining conductance of 
the water was considered as due to its carbon 
dioxide content. In the slightly acid solutions

(19) M aclnnes and Dole, ibid., 51, 1119 (1929).
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the contribution of carbon dioxide would be 
negligible.

The limiting conductances were determined by 
using Shedlovsky’s5 method of extrapolation, in 
which 1/X is plotted against \/C . This gave X0 = 
85.92 for sodium propionate, and X0 = 82.70 for 
sodium butyrate. These values, combined with 
the limiting conductances for Na+ and H +, as 
determined by Maclnnes, Shedlovsky, and Longs- 
worth20 (corrected to the Jones and Bradshaw 
basis) give the X0 values for the acids which were 
used in Tables I and II.

The Limitations of the Extrapolation Method
There are now sufficient accurate conductivity 

data to permit of a critical examination of the 
validity of the extrapolation method for deter­
mining conductances and ionization constants of 
weak electrolytes. Table IV gives a comparison 
of X0 and K  values as obtained (1 ) from conduct­
ance measurements on the weak acid and its
alkali salt, and (2) from conductance measure­
ments of the weak acid alone, using the extra­
polation method.

T a b l e  IV
From acid

From acid and salt conductances alone, 
conductances by extrapolation

Acid Xo K Xo K
Carbonic21 394 .3 4 .31  X 10“7 424 3 .65  X 10-7
A cetic22 390.71 1.753 X 10-5 395.3 1.705 X 10-5
Propionic23 385.47 1.343 X 10-5 386.34 1.337 X 10-5
n~ Butyric23 382.40 1.508  X 10-5 386.05 1.475 X 10-5
Monochloroacetic24 389.52 1.396 X 10“3 389 .5 1.396 X 10-3
o-Chlorobenzoic25 380.07 1.197 X 10-3 380.0 1.197 X 10-*
Benzoic26 382.21 6 .312 X 10-3 382.1 6.312 X 10-3

Table IV shows that the extrapolation method 
is reliable if the electrolyte is not too weak (K ^

(20) M aclnnes, Shedlovsky and Longsworth, T h is  J o ur n a l , 54, 
2758 (1932).

(21) Shedlovsky and M aclnnes, ibid., 57, 1705 (1935).
(22) M aclnnes and Shedlovsky, ibid., 54, 1429 (1932).
(23) Belcher, this communication.
(24) Shedlovsky, Brown and M aclnnes, Trans. Electrochem. Soc., 

66 , 165 (1935).
(25) Saxton and Meier, T h is  J o u r n a l , 56, 1918 (1934).
(26) Brockman and Kilpatrick, ibid., 56, 1483 (1934).

10 “3), but that if the electrolyte is much weaker 
(.K  g  1CV5) the method may give X0 and K  values 
that are seriously in error. Therefore, the state­
ment of some authors1 that the extrapolation 
method will give a X0 value as accurate as the X 
values is unjustified. I t is obvious why the 
extrapolation method may fail if the electrolyte 
is too weak. Even if the limiting laws are obeyed 
exactly in the concentration range used for the 
extrapolation, the correct X0 will not be found un­
less the number of experimental points is very 
large and the distribution of experimental errors 
is random. Thus, in the worst case of Table IV,
i. e., carbonic acid, accurate extrapolation from 
X’s of the order of 5 to a X0 of 394 would require an 
unobtainable experimental accuracy. However, 
the extrapolation methods are valid for deter­
mining ionization constants if the X0’s are known 
accurately.

It follows from the above that in those cases 
where it is impossible to measure limiting con­
ductances by the additive principle the extra­
polation method may not serve if the electrolyte, 
is too weak.

I wish to thank Dr. D. A. Maclnnes and Dr. 
Theodore Shedlovsky for continued encourage­
ment and invaluable advice during the progress 
of this work.

Summary
Measurements are reported on the electrical 

conductance of solutions of propionic acid, 
sodium propionate, ^-butyric acid, and sodium 
butyrate in water at 25°. From these are de­
rived limiting conductances and ionization con­
stants.

The limitations of the extrapolation method for 
determining limiting conductances and ioniza­
tion constants of weak electrolytes are dis­
cussed.
T h e  L a b o r a t o r y  o f  P h y s ic a l  C h e m is t r y  
C a m b r id g e , E n g l a n d  R e c e iv e d  A u g u s t  17, 1938
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Optical Crystallographic Studies with the Polarizing Microscope. II. Identification 
of the Para-bromoanilides of Some Lower Aliphatic Acids1

B y  W. M. D. B r y a n t  a n d  J. M i t c h e l l , Jr .

Para-bromoanilides because of their stability 
and ease of preparation are excellent derivatives 
for the identification of organic acids by means of 
melting point and optical crystallographic prop­
erties. Melting points of many fatty acid p- 
bromoanilides are available in the literature2,3 
together with convenient preparative methods, 
but optical data are limited to those of the acetic 
and propionic derivatives recently studied in this 
Laboratory.1 There was consequently no in­
formation available regarding the value of optical 
crystallographic properties for differentiating be­
tween derivatives of structurally isomeric acids. 
Also, the para-bromoanilides prepared by earlier 
investigators were confined to the unsubstituted 
fatty series, so that it was by no means evident 
that derivatives of substituted acids could be 
prepared with equal ease.

Tn the present research para-bromoanilides of 
nine aliphatic acids were prepared and the optical 
properties and melting points studied. The 
group consisted of the two butyric and the four 
isomeric valeric compounds and in addition the 
derivatives of methacrylic, methoxyacetic and 
pyruvic acids, to illustrate the effects of structural 
isomerism and the substitution of other functional 
groups for hydrogen. These crystalline deriva­
tives are well suited for optical study. They are 
easily prepared and quite stable. Interference 
figures are distinct and usually well centered, thus 
facilitating the measurement of optical axial 
angle. This property was particularly useful in 
the present study because of its sensitivity to 
changes of composition. The measurement of 
optic axial angle alone is sometimes sufficient to 
establish the identity of an unknown acid. Opti­
cal character and axial dispersion are valuable 
properties of this series but are not highly specific 
of the individual compounds. The refractive 
indices a, 0 and 7 , however, are useful criteria, 
and most of the weight of an identification rests 
upon these constants and optic axial angle. 
Brief descriptions of crystal habit are included,

(1) A further study of para-bromoanilides. For the first paper of 
this series, see Bryant, This Journal, 60, 1394 (1938).

(2) Robertson, J . Chem. Soc., 115, 1210 (1919).
(3) Kuehn and M cElvain, This Journal, 53, 1173 (1931).

but as this property is often extremely sensitive 
to traces of contamination and to minor differences 
in preparative detail, less reliance is placed upon 
it and upon the related elongation, as criteria in 
identification.

Identification of methacrylic and three of the 
isomeric valeric derivatives is facilitated by the 
occurrence of metastable phases of considerably 
different optical properties in crystalline films 
prepared by fusion. These preparations usually 
revert to the stable modifications on standing. 
The metastable methacrylic derivative is stabilized 
by a trace of impurity. For example, a sample 
melting 3° lower than the pure substance was defi­
nitely dimorphous while under the same conditions 
the pure material failed to produce a metastable 
phase. The stable form in the contaminated 
preparation was scarcely distinguishable by its 
physical characteristics from the pure material.

I t is interesting to note that the Kuehn and 
McElvain3 procedure can be used to prepare p~ 
bromoanilides of unsaturated acids. I t  was 
feared at first that hydrogen chloride, resulting 
from the action of thionyl chloride on the organic 
acid, would add at the double bond to form a 
chloroacyl chloride and give rise to the corre­
sponding j£>-bromoanilide. Analyses of metha­
crylic ^?-bromo anilide for total halogen, however, 
have shown that no addition takes place.

Experimental
Materials.—All of the reagents used were from the 

Eastman Kodak Company with the exception of meth­
acrylic acid, a du Pont product. Some batches of East­
man p -bromoaniline contained a purple coloring matter, 
most of which was removed by one recrystallization from 
chloroform. It was necessary to subject the n-valeric acid 
used to careful fractionation in order to obtain a sharp 
melting derivative. All of the remaining chemicals were 
sufficiently pure as received.

Preparation of the Derivatives.—The ^-bromoanilides 
were prepared from the corresponding acids by the method 
of Robertson2 as modified by Kuehn and McElvain .3 
Chloroform is a better solvent for the ^-bromoanilides 
than benzene and advantageously can replace the latter 
in preparing derivatives of the lower fatty acids. The 
methacrylic derivative was analyzed for total halogen by a 
Parr peroxide bomb method.4 The analyses showed only

(4) Bulletin N o. 113, Parr Instrument Co., Moline, Illinois, p. 8.
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the expected amount of halogen, hence contamination by 
the chloroisobutyryl derivative must have been negligible.

Melting Points.—Where comparisons can be made, the 
melting points given in Table I are in satisfactory agree­
ment with the literature. Those of the remaining deriva­
tives apparently have not been reported previously. In 
most cases there is a distinct spread between the melting 
points of the individual £-bromoanilides. Even where this 
fails, the distinct depression obtained on mixing two 
different ^-bromoanilides of similar melting points is 
sufficient to remove ambiguity. For example, a mixture 
of equal parts by weight of the isobutyric (m. p. 155.0°) 
and trimethylacetic (m. p. 155.7°) derivatives melts at 
147.6°, representing a depression of 8 °. Similarly, a mix­
ture of the isovaleric (m. p. 126.7°) and methylethylacetic 
(m. p. 122.3 °) compounds melts at 112.0°.

Table I
M elting Points of ^-Bromoanilides of Aliphatic

A c id s  
M. p., °C.« M. p., °C.

Derivative (this research) (literature)
«-Butyric 1 1 2 . 0 115.02
Isobutyric 155.0 150-151,3 128®
«-Valeric 107.1 108.02
Isovaleric 126.7 128-1293
J,/-Methylethylacetic 122.3
Trimethylacetic 155.7
Methacrylic 116.0
Methoxyacetic 85.3
Pyruvic 167.8

a Melting points determined by means of a carefully 
calibrated Dennis melting point bar;1 average uncertainty 
±  0.3°.

Apparatus and Technique.—A Bausch and Lomb LC 
petrographic microscope was used in this research. The 
optical equipment and methods of calibration, however, 
were identical with those used with the LD microscope in 
an earlier study .1 The technique of optical examination 
was essentially the same as that previously described.1 
Both individual crystals mounted in Canada balsam and 
thin crystalline films prepared by fusion were examined. 
The pronounced birefringence and good optical quality of 
the latter facilitated conoscopic examination using an oil 
immersion system of high numerical aperture (1.25 N.A.). 
This technique permits direct measurement of the acute 
optic axial angles regardless of size, and in some cases even 
the obtuse angles. As previously, the quantity measured 
is 2H, the optic axial angle relative to cedar oil, from which 
2V, the true angle within the crystal, may be calculated by 
means of appropriate formulas.1 2V was calculated from 
the refractive indices a, /3 and 7  by a graphical method us­
ing tables and diagrams developed by F. E. Wright.®

Refractive indices were measured by the immersion 
method as outlined in the first paper of this series.1 Since, 
however, the solubility of the present group of p-bromo- 
anilides is appreciable in many of the usual organic im­
mersion liquids, the aqueous liquids described in an earlier 
paper7 were employed. This series has since been ex­

(5) Norton, A m . Chem. J .,  7, 116 (1885).
(6) F. E. Wright, A m . J .  Sci., 36, 509 (1913).
(7) Bryant, This Journal, 54, 3758 (1932).

tended to nv 1.760 in intervals of 0.005, using aqueous 
solutions of barium mercuric iodide. Above 1.760, the 
organic series was found satisfactory. The liquids of low 
refractive index used were standardized at 25° using an 
Abbe refractometer, while those above 1.650 were deter­
mined by the method of minimum deviation using a 30° 
capillary prism8 suspended from the crystal adjusting de­
vice of a Hutchinson Universal Goniometer.9 This pro­
cedure requires only a drop of the liquid and its precision 
compares favorably with that of the Abbe refractometer.

Optical Crystallographic Data
Optical constants of the group of nine p- 

bromoanilides of aliphatic acids are given in 
Table II. Comparison of measurements upon the 
unheated derivatives with the iesults obtained 
with preparations previously subjected to fusion 
has supplied conclusive evidence of the existence 
of metastable modifications in three of the four 
isomeric valeric derivatives and in a slightly con­
taminated sample of the methacrylic compound. 
The interference figures observed in the freshly 
prepared crystalline films were distinctly different 
from those of the original material as illustrated 
by the optic axial angle data appearing in Table 
II. After a few days at room temperature, the 
metastable crystals reverted to the corresponding 
stable varieties. Since the conditions suitable for 
the formation of isolated crystals of the meta­
stable varieties were not known, dependable re­
fractive index measurements could not be made. 
These metastable modifications are tentatively 
regarded as true polymorphs. Dynamic isom­
erism, although less likely, is not excluded.

The optical properties measured may be di­
vided into two classes, those characteristic of the 
series rather than the individual compound, and 
exemplified by optical character10 and axial dis­
persion, and those of a more specific nature in­
cluding optic axial angle, the principal refractive 
indices and the more complex forms of dispersion. 
Acute bisectrix interference figures are more com­
mon than the obtuse in all but the methoxy acetic 
derivative. The strong inclined dispersion of

(8) F. E. Wright, J . Wash. Acad. S e t . ,  4, 269 (1914), method 1.
(9) Manufactured by James Swift & Son. Ltd., 81 Tottenham  

Court Road, London, England.
(10) The optical characters of all of the substances in Table II 

are positive by the usual test involving the effect of a quartz wedge 
upon interference figures and also by the approximate test, y  — 
p > P — oc. By the exact modification of the latter test described 
by Wright (vide supra, Ref. 6, pp. 529-532) and based on the relation, 
1 / P2 -  I / 7 2 >  1 / a 2 — 1 / /3 2, the «-butyric, «-valeric and isovaleric 
derivatives appear negative. However, changes in the refractive 
indices within the experimental tolerances are sufficient to restore 
the positive sign in two of the three cases. The optical characters 
of these three compounds remain in some doubt.



T a b l e  II
O p t ic a l  C r y s t a l l o g r a p h ic  P r o p e r t i e s  o f  ^ -B r o m o a n il id e s

Derivative
Polymorph

«-Butyric Isobutyric .---------------«-Valeric------------ —«•
Stable M etastable

-------------- Isovaleric---------------- •
Stable M etastable

.---------rf,/-Methylethylacetic------ —-
Stable M etastable

Elongation Bxa sections Inclined 20-40° We Inclined 50-75° ||j9 Inclined 25-40° Inclined 12° to ± e  We
to a or (3 to a to fi e

Bx0 sections 11/5 We 11/5 I t JL/S
Refractive indices® at 25 =*= a 1.478 1.520 1.482 1.488 1.578

3° for X =  5461 A. fi 1.615 1.588 1.617 1.615 1.602
y  1.783 1.750 *  0.005 1 . 7 7 3 1.777 1.66 *  0.01

Birefringence 0.305 0.23 0.291 Strong 0.289 Strong 0 .08  Strong
X =  5461 A. 

Optical character Positive? Positive Positive? Positive Positive? Positive Positive Positive
Optic axial angle6 . •

X =  5461 A. 2Ha 95° 77° 9 2 * 3 °  66.5° 95.5° 71° 64.5° 82°
2H0 112 *  2° 103 *  2°
2V 88°c,d 85oc, 86 °d

0010000000 «000 61 °c, 64-72 °d
Dispersion r >  V» slight r >  v, slight r >  v, slight Weak inde- r >  v, slight r >  v v  >  r, strong r >  v, strong

terminate inclined inclined
Crystal habit Long, narrow Large rectan- Fine needles Small, rectan­ Small rectan­

rectangular gular crys­ from C2H5- gular plates gular plates
c r y s t a l s tals from OH and C6- and prisms from C2H 5-
from C2H 5- C2H5OH H6; rectan­ from C2H§- OH, C6H 6
OH gular plates OH; larger and acetone

from ace­ plates from
tone acetone

Derivative
Polymorph

Trimethylacetic ___ ,. M ethoxyacetic Pyruvic
Stable Metastable

Elongation
WeBxa sections X a l a fi X a

Bx0 sections We II* fi Xfi
Refractive indices at 25 * a  1.570 1.526 i1.503 1.535

3° for X =  5461 A. fi 1.590 1.656 1l.620 1.608
y  1.708 > 1 .8 5 1 . 8 3 * 0 . 0 1 > 1 . 8 5

Birefringence 0.138 > 0 .3 0 Strong 0.33 >0 . 31
X =  5461 A.

Optical character Positive Positive Positive Positive Positive
Optic axial angle 2Ha 53° 91° 82 .5° 92° 67.5°

X = 5461 A. 2H0 10 2  * 2 °
2V 50 °c, 48'yd g i  oc 85°c,e, 83 °d 63 °c

Dispersion r > v r > v r > v r > v r > v
Crystal habit Long rectangular plates Needles from CeH6 and Long needle-like crystals Rectangular plates from

from C2H5OH; needles a c e t o n e ;  rectangular from C2H 5OH and ace- C2H 5OH; needles from
from acetone plates from C2H6OH tone acetone

• Precision =±=0.003, except where noted. 6 Precision =*=1° for 2H, except where noted. c Calculated from 2Ha and fi. d Calculated from a, fi, y. e Calculated from
tangent formula using 2Ha and 2H0.
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both the stable and metastable methylethylacetic 
modifications is highly specific of this compound.

Acknowledgment.—The authors thank Mr. 
A. N. Oemler of this Laboratory for his aid in the 
preparation of the derivatives and for analyses 
of the methacrylic derivative for halogens.

Summary
1 . Optical crystallographic data and melting 

points of the ^-bromoanilides of nine lower

aliphatic acids have been determined.
2. Metastable crystalline modifications of the 

^-valeric, isovaleric, d,/-methylethylacetic, and 
methacrylic derivatives have been obtained from 
the molten material.

3. The unsaturated methacrylic derivative 
was successfully prepared by the regular pro­
cedure, without formation of the chloroisobutyric 
derivative.
W il m in g t o n , D e l a w a r e  R e c e iv e d  A u g u s t  17,1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , U n i v e r s it y  o f  W i s c o n s i n ]

The Method of Garelli and Racciu for the Preparation of Piperazine: A Criticism

By D e an  B: R ollins and H. N. Calderwood1

With regard to a paper2 describing a simple and 
inexpensive dehydration method for obtaining 
piperazine disulfate by heating monoethanolamine 
with sulfuric acid, we wish to céll attention to the 
fact that the authors do not prove that the re­
action product obtained by them is piperazine 
disulfate. The solubilities reported and the 
percentages of nitrogen and sulfate, their only 
analytical data for the product they designate as 
piperazine disulf ate, hold also for /3-aminoethyl- 
sulfuric acid. Their only other description, the 
rhombohedral crystals from dilute ethanol, is 
characteristic of /3-aminoethylsulfuric acid,3,4 the 
crystals of piperazine disulfate from dilute ethanol 
being monoclinic.

The interaction of monoethanolamine and 
fuming sulfuric acid to form /3-aminoethylsulfuric 
acid was reported in 1918.4 Believing that 
Garelli and Racciu might have developed condi­
tions leading to the formation of piperazine di­
sulfate, we attempted to prepare the compound 
according to the method sketched by them, but 
in twenty-three experiments, under various time 
and temperature conditions and with different 
amounts and concentrations of sulfuric acid, we 
were unable to obtain even a trace of piperazine, 
the resulting product in every case being /3- 
aminoethylsulfuric acid.

Our reagents were monoethanolamine, 99.54% 
purity, from the Carbide and Carbon Chemicals 
Corporation, and c. p . grade sulfuric acid in

(1) Present address: 3105 Cross Street, Madison, Wisconsin.
(2) Garelli and Racciu, A tti. acoad. sci. Torino, 69, 162-165 

(1934).
(3) Gabriel, Ber., 21, 1056 and 2667 (1888).
(4) Frankel and Cornelius, ibid., 51, 1660 (1918).

concentrations from 88.3 to 20% fuming. Sam­
ples of both our crude and recrystallized products 
analyzed for nitrogen by the semi-micro Dumas 
method and for sulfur by both wet and dry oxida­
tion gave the results recorded in Table I. These 
values being valid for both /3-aminoethylsulfuric 
acid and piperazine disulfate, other properties of 
our purified product were compared with the 
corresponding properties of an authentic sample 
of piperazine disulfate.

T a b l e  I

A n a l y s e s  o f  C r u d e  a n d  P u r i f i e d  P r o d u c t s

Crude Purified Calcd.
Material I II I II C2H 7NO4S

Sample, g. 0.07025 0.07753 0.07117 0.07054
Nitrogen, % 9.96  9 .94  10.13 10.05 9 .93
Sample, g. 0.2710 0.2652 0 .2745 0.2714
Sulfur, J  Wet 22 .40  22.48 22.68

% \  Dry 22 •34 22 • 37

Our product purified by recrystallization from 
dilute ethanol formed rhombohedral crystals 
sintering at 230°, as recorded in the literature for 
/3-aminoethylsulfuric acid,3,4 whereas piperazine 
disulfate from dilute ethanol gave white mono­
clinic crystals which began to darken at 325° 
and charred at 330°. Our purified product gave 
no precipitate with barium chloride, even after 
standing at room temperature for ten hours, nor 
with benzenesulfonyl chloride, whereas piperazine 
disulfate gave immediately after the addition of 
barium chloride a copious precipitate of barium 
sulfate, and with benzenesulfonyl chloride gave 
a copious white crystalline precipitate melting 
at 281°.5 The molecular weight of our purified

(5) Hans T. Clarke, “A Handbook of Organic Analysis,” Edward 
Arnold and Company, London, 4th ed., 1926, p. 207.
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product determined by neutralization was 141.2 
and 142.5, and by eryoscopy 140.5 and 141.5, 
values in excellent agreement with the theoretical 
141 for /3-aminoethylsulfuric acid, whereas pipera­
zine disulfate would have given values at least 
twice as large.

In case of a remote possibility that /3-amino - 
ethylsulfuric acid might under favorable condi­
tions decompose to form piperazine which Garelli 
and Racciu6 claim to have isolated from their 
product, our purified product was treated with an 
equivalent amount of potassium hydroxide and 
steam distilled. The pale yellow viscous liquid 
obtained by evaporating the steam distillate to 
dryness yielded no piperazine, contained nitrogen 
but not sulfur, and did not form insoluble deriva­
tives with reagents for either amino or alcohol 
groups. The use of small and large excesses of 
potassium and sodium hydroxides failed to yield 
piperazine or any other definite product. With 
large excesses of the hydroxides steam distilla­
tion was always accompanied by a volatile imine, 
probably ethyleneimine.7

Garelli and Racciu state that they obtained the 
pure base as a crystalline hydrate, m. p. 44°, to 
which they assign a formula approximating that 
of the monohydrate, but incorrect, as printed, for 
any piperazine hydrate. Since the literature8 re­
ports that it is piperazine hexahydrate which 
melts at 44°, this statement of Garelli and Racciu 
is surprising. Our examination of an authentic 
sample of piperazine corroborated Berthelot’s 
findings.

It would be interesting to know in detail the 
method by which Garelli and Racciu isolated the 
free base from the product which they designate 
as piperazine disulfate and which had the crystal-

(6) Ref. 2, p. 164.
(7) Wenker, T h is  J o ur n a l , 57, 2328 (1935).
(8) Berthelot, Compt. rend., 129, 688 (1899), and A nn. chim . phys.,

[7] 20, 471 (1900).

line form not of piperazine disulfate but of /?- 
aminoethylsulfurie acid, and also in detail the 
conditions under which they obtained piperazine 
hydrate, from the base so isolated, by cooling over 
sulfuric acid the residue obtained by evaporating 
to dryness on a water-bath the condensate formed 
in isolating the free base by steam distillation. 
We found that piperazine hexahydrate when 
stored at room temperature over sulfuric acid 
volatilized completely and was absorbed by the 
acid.

We wish to express our gratitude to Messrs. 
G. E. Bernard, J. M. Hogrefe, and A. L. Wilson 
of the Carbide and Carbon Chemicals Corpora­
tion for their interest and assistance in this 
investigation.

Summary
1. The only product that can be isolated from 

the reaction of monoethanolamine and either 
concentrated or fuming sulfuric acid by the 
method of Garelli and Racciu is /3-aminoethyl­
sulfuric acid.9

2. /3-Aminoethylsulfurie acid does not form an 
insoluble derivative with benzenesulfonyl chlo­
ride.

3. Both piperazine disulfate and piperazine 
hexahydrate form the same insoluble derivative 
with benzenesulfonyl chloride.

4. From dilute ethanol piperazine disulfate 
forms monoclinic crystals which begin to darken 
at 325° and char at 330°. This crystalline form 
and its behavior upon heating are reported for the 
first time here.
M a d is o n , W is c o n s in  R e c e iv e d  M a r c h  28, 1938

(9) We have just received a letter written on August 5, 1938, by  
Prof. G. Bruni, lifelong friend of Prof. Garelli, who allows us to 
quote him as authority for the fact that after the departure of Dr. 
Racciu from his Institute, Professor Garelli had occasion to repeat 
his preparation, recognized the product as /3-aminoethylsulfuric acid 
and was planning a short paper rectifying the mistake, when illness 
and death overtook him.
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Sarsasapogenin. II. Sarsasapogenoic Acid
By L o uis  F. F ie se r  and R obert P. J aco bsen1

Nov., 1938 Sarsasapogenoic Acid 2753

The observations reported in this paper are 
concerned with a study of sarsasapogenoic acid, 
a C27-acid obtained as described in Part I2 by 
the oxidation of sarsasapogenin acetate with 
chromic acid at 60-65° and subsequent gentle 
saponification of the acidic fraction. Under the 
conditions found most favorable for the isolation 
of this acid, the neutral fraction contains a small 
amount of the acetate of the hydroxy lactone 
C22H34O3, together with a substance previously 
regarded2 as unchanged sarsasapogenin acetate 
but now recognized as consisting in large part of 
an isomorphous substance of higher oxygen con­
tent, possibly the acetate of a hydroxysarsasapoge- 
nin. Sarsasapogenoic acid, which probably is a 
stereoisomer of Tschesche and Hagedorn’s3 tigo- 
genoic acid (C27H42O5), displays a number of 
interesting if perplexing properties, and a further 
study of the substance was undertaken with the 
idea that it might hold the key to the structure of 
the sapogenin side chain. The extent of experi­
mentation has been somewhat limited by the low 
yield of this oxidation product of the rather diffi­
cultly accessible genin, the average yield being 
about 5 g. of acid from 20 g. of sarsasapogenin 
acetate, representing the material from some 20 
lb. (9 kg.) of root.4 Farmer and Kon5 did not 
encounter the acid in the mixture obtained on 
conducting the oxidation at the temperature of 
the steam-bath with a larger amount of chromic 
acid, and oxidation at 32-'33° by the procedure 
found by McMillan and Noller6 to give a good 
yield of chlorogenoic acid diacetate proved to be 
unsatisfactory for the sapogenin under considera­
tion. A slight difference in one part of a steroid 
molecule often alters considerably the suscepti­
bility to attack by chromic acid at some other site.

Tschesche and Hagedorn3 tentatively suggested 
that tigogenoic acid may be a 7 -keto acid arising 
from the opening of one of the postulated five- 
membered oxide rings. They were not able, 
however, to demonstrate the presence of a carbonyl

(1) D u Pont Research Fellow.
(2) Fieser and Jacobsen, This Journal, 60, 28 (1938).
(3) Tschesche and Hagedorn, Ber., 68 , 1412, 2247 (1935).
(4) We are greatly indebted to E. R. Squibb and Sons for generous 

supplies of sirupy glycoside extracted from Mexican (sarsaparilla) 
root under the supervision of Dr. J. M. Oft.

(5) Farmer and Kon, J . Chem. Soc., 414 (1937).
(6) McMillkn and Noller, T his Journal, 60, 1630 (1938).

CHaCH—CHCOCH2CHCOOH

J ^ O  0 h3

Sapogenoie acid
(Formulation of Tschesche and Hagedorn)

group, the ethyl ester forming no oxime or semi­
carbazone under the usual conditions, and absorb­
ing no hydrogen on attempted hydrogenation. 
Sarsasapogenoic acid is similarly inert to carbonyl 
reagents, the methyl ester, for example, being 
recovered unchanged after attempted oximation 
in boiling alcohol, and the acid yielding no semi­
carbazone under the usual conditions. McMillan 
and Noller6 made a similar observation concern­
ing chlorogenoic acid diacetate. On treating 
sarsasapogenoic acid or ester with carbonyl re­
agents under forcing conditions we were able to 
bring about reactions, but these all proved to be 
more profound than a simple condensation or 
addition involving only a carbonyl group. Thus 
the acid and its ester both react with two mole­
cules of hydroxylamine at 130° and give products 
which appear to be unrelated but which contain 
two atoms of nitrogen (see chart). Paralleling 
the experience of Tschesche and Hagedorn, we 
found sarsasapogenoic acid to be very resistant 
to hydrogenation, but under certain conditions we 
were able in at least some experiments to effect a 
slow hydrogenation. On the above formulation 
one would expect to obtain a hydroxy acid or its 
lactone, but the substance isolated proved to be a 
free acid corresponding to the introduction of two 
or four hydrogen atoms and the loss of a molecule 
of water ; the compound evidently is an anhydro- 
hydro acid and not a lactone. This loss of water 
in some way other than by lactonization is sur­
prising; it cannot be attributed to the presence 
of water of crystallization in the starting material 
(m. p. 193°) for this gives a normal ester, acetate 
and methyl ester benzoate.

The elimination of a molecule of water was ob­
served also in a curious reaction of sarsasa-
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pogenoic acid with alkali.2 When 
heated with dilute aqueous alco­
holic alkali for two hours, the 
sapogenoic acid (C27H42O5) is con­
verted into a higher melting acid 
C27H40O4, designated anhydro - 
sarsasapogenoic acid. This sub­
stance is quite reactive and, as 
indicated in the chart, has been 
converted into a number of trans­
formation products. The pres­
ence of a carboxyl group and of 
the original C3-hydroxyl group 
was established by the prepara­
tion of a crystalline methyl ester 
acetate. The anhydro acid rap­
idly absorbs two moles of hydro­
gen in the presence of platinum 
oxide catalyst giving a tetrahy­
dro acid, and the same compound 
(VI) was obtained by reduction 
with sodium and w-propyl alcohol. 
The latter reaction suggested the 
presence of a conjugated system, 
and this inference was fully con­
firmed by a determination of the 
absorption spectrum kindly car­
ried out for us by Dr. T. J. Webb 
at the Merck Research Labora­
tories. The absorption maximum 
at 243 m/x (Fig. 1) clearly indi­
cates that the substance is an a,/3- 
unsaturated ketone. The four 
oxygen atoms are therefore pres­
ent as a hydroxyl, carboxyl, and 
conjugated carbonyl group, and 
it is clear that both of the original 
oxide rings of the sapogenin have 
been severed. A further signifi­
cant inference can be drawn from 
the behavior of tetrahydroanhy- 
drosarsasapogenoic acid (VI). On 
esterification with diazomethane 
followed by acetylation, this gave 
a crystalline methyl ester diace­
tate (VII), as shown by the analy­
sis and saponification equivalent. 
The same substance (VII) was 
also obtained from the anhydro 
acid (V) in a different sequence: 
esterification, hydrogenation, and 
acetylation. The free acid group
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is thus characterized, one of the acetylated hy­
droxyls must be that originally present in the 
nucleus at C3, and the other is a new secondary 
alcoholic group arising from the addition of hy­
drogen to the carbonyl group of the anhydro acid. 
When the tetrahydroanhydro acid was acetylated 
without prior esterification it yielded, in place of 
a diacetate, a lactone acetate (VIII); a lactone 
benzoate (IX) was similarly obtained on benzoyla- 
tion. The new hydroxyl group formed in the re­
duction of the anhydro acid must, therefore, be in 
a position with respect to the carboxyl group favor­
able for lactone formation, and it is concluded that 
the carbonyl group of anhydrosarsasapogenoic acid 
is y or d to the carboxyl group.
. From its composition, anhydrosarsasapogenoic 

acid must contain either one isolated double bond, 
in addition to that conjugated with the carbonyl 
group, or a newly formed carbon ring. The fact 
that the tetrahydro acid resists further hydrogena­
tion and is saturated to permanganate points to 
the presence of a new ring.

The anhydro acid was altered on attempted 
oximation at 130° but gave a non-crystalline 
product, and the methyl ester acetate was at­
tacked only slowly by chromic acid at 95° and 
afforded no crystalline material. The free acid, 
however, is oxidized smoothly and rapidly by 
alkaline permanganate and gives in good yield a 
nicely crystalline dibasic acid (X), m. p. 207°, of 
the composition C27H40O7. The reaction 

C27H 40O4 +  3 [O ] — >■ C27H 40O7 

involving the production of a new carboxyl 
group, can only be interpreted as follows 

( —CH [ —COOH

1 >C0
One of the unsaturated carbon atoms carries a 
hydrogen atom and the other is joined to two 
carbon residues, and since no loss of carbon atoms 
occurs on severing the ethylenic linkage it is 
evident that the double bond is inserted in 
a carbon chain which is joined to the main body of 
the molecule on both sides of the point of un­
saturation. This is perhaps a further indication 
of the presence of a fifth ring in the anhydro acid. 
For further characterization the dibasic acid'X 
was heated with hypoiodite in dioxane-alkali, 
according to the haloform test of Fuson and 
Tullock,7 and it yielded iodoform. The carbonyl 
group generated in the oxidation therefore is

(7) Fusoo and Tullock, T h is  J o u r n a l , 56, 1638 (1934).

210 230 250 270
X in mix.

Fig. 1 .—Anhydrosarsasapo-
genoie acid (V) in absolute alco­
hol.

present in the form of an acetyl group, and the 
knowledge of the oxidation can be elaborated thus 

—CH ( —COOH
II

—CCH3 1 —COCH3

The conjugated carbonyl group of anhydrosarsa­
sapogenoic acid may be attached to either of the 
two unsaturated carbon atoms. A further re­
quirement is that this group must be placed y 
(or d) to the carboxyl group, and from the evi­
dence of the absorption spectrum it appears that 
the carboxyl group is not conjugated with the
1,4-system. The anhydro acid, therefore, must 
contain one of the groupings
—C(CH3)=CHCOCCCOOH or

—CH=C( CH3)COCCCOOH

Only the first of these groupings can be accom­
modated to the cholesterol side chain, and it re­
mains only to place the carbon bridge connect­
ing the residues on the two sides of the double 
bond. Inspection of the possible structures 
shows that the choice lies between the six-ring 
structure indicated in the partial formula and a 
seven- or eight-ring structure; the six-ring formula 
is the more likely both from the point of view of 
ring size and because ring closure in this case 
would involve an activated position a- to the 
carbonyl group.

It is inferred that the anhydro acid probably 
has the structure shown and that it contains a new
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ring formed by condensation between the ex ­
position of the side chain and position 16 of 
Ring D. According to this formulation the di-
H3C

uo2h
'CHs

Anhydrosarsasapogenoic 
acid (V)

j « ï

Tetraliydroanhydro- 
sarsasapogenoic 
acid (VI)

K M n 04 QH

CHs

io coco2h
CHCHC02H 

CHs

Dibasic acid (X)

Acetate 
lactone (VIII)

basic acid produced on permanganate oxidation 
has two carbonyl groups, but since they are both 
subject to considerable hindrance the formula is 
perhaps not inconsistent with the observation 
that the dimethyl ester does not react with hydrox­
ylamine at 130°. The free acid does react 
under these conditions and yields an anhydro- 
oxime. I t is known only that the substance is 
not a ft 7 -unsaturated enol lactone (negative 
Legal test), but with so many functional groups 
present any formulation, such as that shown, is 
purely conjectural. Uncertain also is the struc-

NOH
ch3 ![ co

c h 3
CO o

I I/CH^CO
\ chch3

Anhydro-oxime XII (?)

ture of a nicely crystalline product obtained in one 
small-scale hypohalite oxidation of the dibasic 
acid. Preliminary analyses indicate that prob­
ably two carbon atoms are lost in the oxidation 
and that the composition is C25H38Ö7 or possibly 
C25H36O7. Since a titration with a small sample

C02H
CO2H

CHCHCO2H 

CH3

CO—O CHS

C—CHCO2H 

CO2II

C25H38O7 C25H36O7

Hypohalite oxidation product (?)

(in the cold) pointed to a dibasic acid, the second 
structure shown is the more probable.

While the nature of these little studied trans­
formations is still highly uncertain, the formula­
tion given above for tetrahydroanhydrosarsasa- 
pogenoic acid is reasonably secure; all of the func­
tional groups have been characterized adequately, 
particularly by conversion to the lactone acetate 
and benzoate. As shown on the reaction chart, 
anhydrosarsasapogenoic acid was also converted 
in poor yield by Clemmensen reduction into a 
neutral product giving an acetate of the same 
composition as the acetate lactone VIII. The 
substances melt at not greatly different tempera­
tures but show a distinct depression when mixed. 
The acetate resulting from the Clemmensen re­
duction product may be a d-lactone with the 
oxygen attached at the 22-position, or, consider­
ing the opportunity for the migration of the double 
bond in the acid mixture, it may be a stereoiso­
meric 7 -lactone different from VIII in the con­
figuration at C23.

With the knowledge gained of the nature of 
anhydrosarsasapogenoic acid, the next step is to 
attempt to trace the manner of its formation and 
the structure of this part of the sapogenin mole­
cule. The carbonyl group at C23 and the ter­
minal carboxyl group must have arisen by the 
rupturing of one of the original oxide linkages at 
C23 and C26 in the chromic acid oxidation, and the 
degradative experiments of Farmer and Kon5 
have established the attachment of an oxide 
bridge at Ci6. The presence of a double bond in 
the anhydro acid between positions C2o and C22 is 
understandable only on the assumption that an 
oxide ring originally extended to one of these posi­
tions. The former position is eliminated by the 
observation that derivatives of the sapogenin can

C22-Saturated lactone Position of oxide linkages

be oxidized to saturated C22-lactones in which the 
carbon atom in question is not hydroxylated.8,5 
The evidence therefore indicates that the oxidic 
linkages of the sapogenin are joined at positions 
16, 22, 23, and 26. The only structures for the

(8) Simpson and Jacobs,, J . Biol. Chem., 110, 565 (1935),
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sapogenin admissible on this basis are those shown 
in Formulas A and B, and only the first of these 
accounts for the appearance of a carbonyl group

tt r\ 22 O
H3C\ / | \ / \

d 0[-
26

-CHS

at C23 and a terminal carboxyl group in the oxida­
tion, as demonstrated in the characterization of 
the anhydro acid. The structure A, which is the 
formulation tentatively suggested by Tschesche 
and Hagedorn,3 thus accords best with the ob­
servations reported.

Sarsasapogenoic acid is then a y-keto acid, cor­
responding also to the formulation of Tschesche 
and Hagedorn. The remarkable transforma-

'H3C\ / \ / °
c h 3;

\

L /

Dienone

C02H

CHs

'3C\ / \ / 0

Anhydro acid

tion brought about by the action of alkali in­
volves elimination of the oxide bridge and a con­
densation between positions 16 and 24. Posi­
tion 16 is a point of attachment of the oxygen 
atom, and the methylene group at position 24 is 
adjacent to an activating carbonyl group, which 
may account for the disposition to cyclize under 
the influence of alkali. The ready cleavage of 
the oxygen bridge may also be attributable to the 
activating influence of the carbonyl group ad­
jacent to C22, and the reaction possibly involves 
the intermediate formation of a dienone.

This hypothetical dienone may be an inter­
mediate in other reactions of the sapogenoic acid, 
cleavage of the oxide ring occurring under the 
forcing conditions required to overcome the re­
sistance of the carbonyl to additions. The inert 
character of this group may be associated with a

hindrance arising from a special steric arrange­
ment, although this does not seem very plausible, 
or to a tendency for the substance to exist in 
the lactol form. If the reaction with hydroxyl­
amine at 130° involves cleavage of the oxide ring, 
one molecule of the reagent may add to the ends of 
the conjugated system of the dienone or dienone 
oxime giving, by a succession of ketonizations, 
the saturated dioxime-acid of the formula shown.

Dienone

The reaction of the sapogenoic methyl ester with 
hydroxylamine at 130° seems to result in the loss 
of three carbon atoms and may follow some other 
course; a purely speculative formulation satisfy­
ing the present analytical data is as follows.

CH=NOH
NOH I /C 0 2CH3 

CH3 II CHCH<
\ xc h 3

C25H40O5N 2 (?)
The product obtained from sarsasapogenoic 

acid in some experiments in a slow hydrogenation 
may be either a di- or a tetrahydride; the analyti­
cal data do not distinguish between the two 
possibilities but agree slightly better with the 
tetrahydride formula. Possibly the activated 
oxide ring is eliminated by hydrogenolysis, or the 
dienone is slowly formed and saturated with 
hydrogen, giving in either case a saturated y- 
keto acid. The substance may also be a satu-

Anhydrotetrahydrosarsa- 
sapogenoic acid, C27H44O4 (?)

rated dihydride with a linkage between Cia and 
C24, as in the anhydro acid.

While many of the new compounds described
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need to be characterized much more fully in order 
to establish the structures, the evidence regarding 
the structure of the anhydrosapogenoic acid is 
now secure and the only formulation of the sapo­
genin side chain consistent with this structure is 
that suggested by Tschesche and Hagedorn.3

Experimental Part9
Extraction of the Genin.—In working further batches 

of the sirupy extract from Mexican (sarsaparilla) root we 
followed a suggestion kindly made by Dr. J. C. E. Simp­
son and simplified the process by omitting the initial ex­
traction with ligroin. The gum was defatted during the 
precipitation of the crude glycoside by running a 3.5-kg. 
portion in a thin stream into 10 1. of vigorously stirred 
ether. The resulting viscous gum was then processed as 
before,2 centrifuging the aqueous solution of the gum 
prior to hydrolysis, when clarification was necessary. 
One batch of 18.2 kg. of crude sirup yielded 195 g. of pure 
sarsasapogenin, which is about the amount previously re­
ported;2 another lot of 20.0 kg. processed in the same way 
gave only 67 g. of genin. We were not able to determine 
the variable factor involved.

Notes on the Preparation and Characterization of 
Sarsasapogenoic Acid.—In studying further the oxidation 
of sarsasapogenin acetate,2 material (3.8 g.), m. p. 141- 
145°, recovered from the neutral fraction and previously 
designated as “unchanged sarsasapogenin acetate” was 
crystallized repeatedly from acetone-chloroform to yield 
2 g. of flat needles melting constantly at 165-167°. This 
material resembles sarsasapogenin acetate in crystalline 
form but melts about 20° higher. On saponification with 
alcoholic potassium hydroxide this gave a product crys­
tallizing from acetone-chloroform in elongated plates, 
m. p. 216-218° (av. of three analyses: C, 76.09; H, 10.06). 
The crystals are similar in appearance to those of sarsasapoge­
nin but the m. p. is distinctly higher. This substance on 
reacetylation and crystallization as above gave material, 
m. p. 158-160°, apparently identical with the original ace­
tate (no depression). This was analyzed with the follow­
ing results.

Anal. Calcd. for C29H46O5: C, 73.38; H, 9.76; sapon. 
equiv., 475. Found: C, 73.20, 73.21; H, 9.71, 9.93; 
sapon. equiv., 487.

These analyses suggest that the substance is the acetate 
of a hydroxysarsasapogenin, but the carbon content of 
the saponified material is about 1 % higher than that re­
quired for the normal desacetyl compound. All that 
can be said is that the substance recovered from the neu­
tral fraction is definitely not pure sarsasapogenin acetate 
and probably is an oxidation product, or contains such a 
substance.

Among other attempts to improve the yield of sarsa­
sapogenoic acid, sarsasapogenin acetate (4 g.) was oxidized 
by the exact procedure worked out by McMillan and Nol­
ler6 for the conversion of chlorogenin diacetate into the 
sapogenoic acid diacetate in good yield (32-33°), and the 
precipitated material was extracted with aqueous sodium 
carbonate from ether. Acidification of the extract

(9) All melting points are corrected. Analyses by Mrs. Verna R. 
Keevil, Dr. C. Fitz, and the Arlington Laboratories.

gave 2 g. of solid, but no crystalline product could be ob­
tained from this material. After gentle saponification, 
as in our original procedure,2 and crystallization from dilute 
acetone 0.4 g. of crude sarsasapogenoic acid was obtained, 
m. p. 188-190°. The neutral fraction yielded (from aque­
ous acetone) 0.32 g. of needles, m. p. 162-166°. On con­
ducting the oxidation (4 g. of acetate, 6 g. chromic an­
hydride) initially at 35-37° and then at 45°, no crystalline 
sapogenoic acid could be isolated.

Trials were made of the action of chromic anhydride on 
sarsasapogenoic acid acetate (0.85 g.) at 60-65° and at 
90-95°, but in each instance the only crystalline product 
isolated from the acidic fraction after saponification was 
unchanged sarsasapogenoic acid (0.2 g.) and there was no 
appreciable neutral fraction, indicating the absence of the 
acetate lactone C24H36O4.

An attempted Clemmensen reduction of sarsasapogenoic 
acid (0.5 g.), using 20 cc. of benzene, 70 cc. of alcohol, and 
20 cc. of 6 A hydrochloric acid with fresh additions of con­
centrated acid (ten hours) gave a resin which formed dense 
clusters of fine needles (0.3 g.) from ether-hexane, but 
satisfactory crystals could not be obtained free from gum. 
Reduction with sodium and w-propyl alcohol gave an even 
less promising product.

Heated with semicarbazide acetate in alcohol for two 
hours, sarsasapogenoic acid gave only non-crystalline ma­
terial. When treated with hydroxylamine under similar 
conditions, the methyl ester was recovered unchanged. 
Oximation of the methyl ester at 130° for three hours gave 
in a poor yield a substance crystallizing from dilute meth­
anol in fine needles, m. p. 169-171° (Found: C, 66.96, 
67.21; H, 8.68, 9.30; N, 6.41, 6.49. C25H4o05N2 requires
C, 66.92; H, 8.99; N, 6.25). Because of the very low 
yield, the substance was not studied further.

Dioxime-Acid (III) from Sarsasapogenoic Acid.—A 
mixture of 500 mg. of sarsasapogenoic acid, 0.33 g. of 
hydroxylamine hydrochloride, and 0.5 g. of potassium 
acetate in 35 cc. of absolute methanol was heated in a 
sealed tube at 130° for three hours. The solution was 
concentrated and diluted with water and the finely divided 
solid which separated was collected, dried, and crystallized 
by dissolving it in about 150 cc. of alcohol and concen­
trating the solution to a volume of 35 cc. The product 
then separated in small leaves, and after a second crys­
tallization there was obtained 350 mg. of pure material 
which, when dried in vacuum at 80° over phosphorus 
pentoxide, melted with decomposition at 247° in a bath 
preheated to 235°.

Anal. Calcd. for C, 68.03; H, 9.31; N,
5.76; neut. equiv., 477. Found: C, 67.86, 67.88; H, 
9.18,9.16; N, 5.89, 5.98; neut. equiv., 461.

It seems necessary to adhere strictly to the conditions 
specified in order to obtain the pure dioxime in satisfac­
tory yield, for non-crystalline products were obtained 
when the oximation was conducted at a slightly higher 
temperature or for a longer time, or on varying the propor­
tion of the reagents. Attempted hydrolysis of the diox­
ime acid with methyl alcoholic hydrochloric acid gave no 
crystalline product.

Anhydrodi-(or tetra)-hydrosarsasapogenoic Acid (IV).— 
One-half gram of carefully purified sarsasapogenoic acid 
(from aqueous acetone, m. p. 190-191°) in 40 cc. of pure
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acetic acid was shaken with hydrogen at atmospheric pres­
sure in the presence of 0.1 g. of Adams catalyst. Ab­
sorption of hydrogen continued slowly for fifteen to twenty 
hours; the apparent consumption was about 1 mole of 
hydrogen, but this could not be determined accurately. 
The solvent was partially removed in vacuum, and after 
dilution with water a solid product was obtained. The 
dried material when crystallized from 90% acetone yielded 
380 mg. of short needles, m. p. 171-178°. This material 
was apparently nearly pure; after four more crystalliza­
tions from the same solvent the melting point range was 
174-184°.

Anal. Calcd. for C27H4204: C, 75.31; H, 9.83. Calcd. 
for C27H4404: C, 74.96; H, 10.25. Found: C, 75.01, 
74.97; H, 10.18, 10.06. Earlier analyses of a less highly 
purified sample gave the results: C, 75.59, 75.15; H,
9.92, 10.25.

The reduced acid is markedly less soluble in acetone 
than sarsasapogenoic acid. It is soluble in alkali but does 
not decolorize permanganate.

Although the absorption of hydrogen proceeded steadily 
if slowly in the above experiment, hydrogenation subse­
quently was accomplished only in a few of several trials 
with various preparations of catalyst. Even so it usually 
was necessary to continue shaking for a prolonged period, 
work up the mixture, separate a small amount of the less 
soluble reduced acid, and submit the recovered starting 
material to further hydrogenation. No reduction was 
observed with Raney nickel in absolute alcohol at 80° and 
2000 lb. (133 atm.) pressure of hydrogen. Using Adams 
catalyst and glacial acetic acid, 1 g. of acid shaken with 
hydrogen at 90-100° and 500 lb. (33 atm.) pressure for 
six hours yielded 30 mg. of the acid IV, m. p. 173-183°.

Methyl Ester Acetate of IV.—Treated with diazometh­
ane, the reduced acid IV gave an oily methyl ester mobile 
at —15°. On acetylation with acetic anhydride and po­
tassium acetate this yielded a product which became 
crystalline on being moistened with methanol. Crys­
tallization from aqueous methanol gave leaves melting 
at 64-66° with evolution of gas. After repeated crystalli­
zation from the same solvent the substance formed glis­
tening hexagonal plates, m. p. 64-66°, dec. For analysis 
the sample was dried at room temperature over phosphorus 
pentoxide.

Anal. Calcd. for C3oH4606-V2CH3OH-V2H20: C, 71.59; 
H, 9.65; solvent of crystallization, 4.89. Calcd. for C3o- 
H48(V 1/ 2CH3OH* V2H20 : C, 71.31; H, 10.01; solvent of 
crystallization, 4.87. Found: C, 71.57, 71.50; H, 10.06, 
9.93; loss in weight at 110° and 5 mm., 4.99, 4.97.

Methyl Ester Benzoate of IV.—The liquid methyl ester 
from 0.3 g. of the acid IV was heated with 1 cc. of benzoyl 
chloride in 4 cc. of dry pyridine for thirty minutes, and 
the mixture was diluted with water and extracted with 
ether. After washing with acid and alkali and evaporat­
ing the ether, the residue was crystallized from methanol. 
This gave silvery leaves, m. p. 136.5-139°, and after re­
peated crystallization the substance melted, when dried at 
100° and 15 mm., at 138.5-140.5°.

Anal. Calcd. for C ^sO g: C, 76.64; H, 8.87. Calcd. 
forC8BH50O6: C, 76.32; H, 9.15. Found: C, 76.37, 76.35; 
H, 9.06, 8.83.

Tetrahydroanhydrosarsasapogenoic Acid (VI). (a) By
Catalytic Hydrogenation of V.—One-half gram of the 
anhydro acid (m. p. 244-246°, dec.) in 50 cc. of absolute 
alcohol with 0.1 g. of Adams catalyst was shaken with 
hydrogen at atmospheric pressure. The reaction pro­
ceeded at a regular rate and stopped with the absorption 
of 2 moles of gas in four to five hours. When concentrated 
and diluted with water the solution deposited 480 mg. of 
flat needles which effervesce on melting at 182°. Further 
crystallization from aqueous alcohol, ether-hexane, or 
benzene-acetone did not greatly change the decomposi­
tion point. Other preparations melted with effervescence 
at temperatures ranging from 179 to 188°. The product 
is soluble in alkali but does not decolorize permanganate.

Anal. Calcd. for C^E^Ch: C, 74.96; H, 10.25.
Found: C, 74.99; H, 10.57.

(b) With Sodium and Alcohol.—A solution of 0.5 g. of 
the anhydro acid V in 20 cc. of w-propyl alcohol was re­
fluxed for one hour while adding 2 g. of sodium in small 
portions. The solution was diluted with a large volume of 
water, acidified with dilute sulfuric acid, and the chalky 
precipitate was collected and crystallized from aqueous 
methanol. Needles were obtained (300 mg.) melting with 
effervescence at 170°. Further crystallization from 
aqueous methanol and from ether-hexane gave material 
melting at 181° with decomposition and showing no de­
pression when mixed with the sample prepared by catalytic 
hydrogenation.

Methyl Ester Diacetate VII. (a) From Tetrahydro- 
anhydrosarsasapogenoic Acid.—On treating 0.46 g. of the 
tetrahydro compound VI (prepared by catalytic hydro­
genation) with diazomethane in ether there was obtained 
a non-crystalline residue. This was taken up in acetic 
anhydride (10 cc.) and heated with potassium acetate 
(0.1 g.). Treatment with water afforded a solid product 
and on crystallization from methanol this gave 380 mg. 
of lustrous leaves, m. p. 158-160°. Further crys­
tallization from methanol and from ether-hexane raised 
the melting point (of the well-dried material) to 159.5- 
161°.

Anal. Calcd. for C32H50O6: C, 72.41; H, 9.50; sapon. 
equiv., 177. Found: C, 72.58t 72.40; H, 9.33, 9.29; 
sapon. equiv., 181.

The same compound was obtained from a sample of 
VI prepared by reduction with sodium and alcohol; the 
purified substance melted at 160-162° and the mixed m. p. 
was 160-161.5°.

(b) From the Methyl Ester of Anhydrosarsasapogenoic 
Acid.—The oily ester prepared from V with diazomethane 
was hydrogenated as in (a) and the crude reaction product 
treated with acetic anhydride and potassium acetate. 
This gave material which crystallized from methanol as 
glistening leaves, m. p. 159-161°, and there was no de­
pression when mixed with the first sample of diacetate 
described above.

Lactone Acetate VIII.—A solution of 200 mg. of tetra- 
hydroanhydrosarsasapogenoic acid and 50 mg. of potas­
sium acetate in 3 cc. of acetic anhydride was heated slowly 
to boiling during forty-five minutes; treatment with water 
gave 180 mg. of solid material. This crystallized from 
80% methanol in flat needles, m. p. 200-203° (dried in 
vacuum at 80°),
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Anal. Calcd. for C29H44O4: C, 76.27; H, 9.71; sapon. 
equiv., 228. Found: C, 76.58, 76.11; H, 9.77, 9.51; 
sapon. equiv., 233.

The compound is insoluble in cold alkali, saturated to 
permanganate and tetranitromethane, and does not re­
act with diazomethane.

Lactone Benzoate IX.—The tetrahydro acid VI (100 
mg.) was heated at 50-55 0 for one hour with benzoyl chlo­
ride (1 cc.) in pyridine (3 cc.). After decomposing the 
excess benzoyl chloride the mixture was extracted with 
ether and the ether layer was washed with acid and sodium 
bicarbonate solution, dried and evaporated. When the 
oily residue was moistened with petroleum ether and al­
lowed to stand in the cold room for several days, 50 mg. 
of a fine powder separated, m. p. 218-223°, dec. Re­
peated crystallization from acetone-hexane gave flat, 
bluntly tapering needles melting gradually with slight 
yellowing at 225-235° (well dried).

Anal. Calcd. for C34H460 4: C, 78.72; H, 8.94. Found: 
C, 78.54; H, 8.86.

The benzoate is insoluble in cold alkali and does not 
react with diazomethane.

Clemmensen Reduction of Anhydrosarsasapogenoic 
Acid: Neutral Product XIII.—A mixture of 500 mg. of 
the acid, 20 cc. of alcohol, 2 g. of amalgamated zinc, and 5 
cc. of concentrated hydrochloric acid was refluxed for 
five and one-half hours, with the further addition during 
this period of two 5-cc. portions of acid. The solution 
was poured into water and the finely divided solid col­
lected and taken into ether. After washing with water the 
solution was extracted with sodium hydroxide solution, 
the alkaline extract depositing 20 mg. of solid when acidi­
fied. The ethereal solution of the neutral fraction was 
evaporated, and the residue yielded a crystalline product 
(100 mg.), m. p. 212-219°, from ether-hexane. Twice 
recrystallized from ether-hexane, the substance was ob­
tained as rectangular plates (75 mg.), m. p. 226-229° 
(dried in vacuum).

Anal. Calcd. for C27H420 3: C, 78.21; H, 10.2 1 .
Found: C, 78.11; H, 10.39.

Acetylation of the Neutral Product: Acetate XIV.— 
After heating 50 mg. of the product XIII with acetic 
anhydride and potassium acetate, treatment with water 
gave a solid. This crystallized from aqueous methanol 
as long, flat needles, m. p. 212.5-214°. Repeated crys­
tallization from the same solvent brought the m. p. of well 
dried material to 214-216°.

Anal. Calcd. for C29H4404: C, 76.27; H, 9.71. Found: 
C, 76.32; H, 9.44.

This acetate is different from the lactone acetate VIII 
from tetrahydroanhydrosarsasapogenoic acid, for a mixture 
of the two samples began to melt somewhat below 185°.

Oxidation of Anhydrosarsasapogenoic Acid: Dibasic 
Acid X.—One-half gram of the anhydro acid V was sus­
pended in 20 cc. of water and neutralized with sodium 
hydroxide. The solution was cooled to 0° and a 2% 
solution of potassium permanganate was dropped in with 
stirring until the color was no longer discharged, the end­
point being very apparent. The solution was filtered 
through a thin layer of Norite to remove manganese 
dioxide and the nearly colorless filtrate was acidified with

dilute sulfuric acid. The precipitate was dried at room 
temperature in vacuum over sulfuric acid and crystallized 
from ether-hexane, giving 350 mg. of prisms, m. p. 193- 
203 °, dec. After two crystallizations from ether-acetone- 
hexane, it melted at 206-207 °, dec.

Anal. Calcd. for C27H4o07.* C, 68.04; H, 8.46; neut. 
equiv., 238. Found: C, 68.20; H, 8.84; neut. equiv., 
232.

Attempted Clemmensen reduction of the acid gave a 
non-crystalline product. Gas is evolved at the melting 
point of the dibasic acid, and this is not carbon dioxide. 
When heated at 235° under nitrogen the acid was con­
verted into a brittle glass which was separated with 
bicarbonate into neutral and acidic fractions, but neither 
yielded crystals.

Dimethyl Ester XI.—The dibasic acid X  (200 mg.) with 
excess diazomethane in ether gave a solid ester which crys­
tallized from ether-hexane in fine,, silky needles, m. p.
163.5-165 °r and on recrystallization melted at 164.5- 
165° after thorough drying.

Anal. Calcd. for C29H4407: C, 69.02; H, 8.79. Found: 
C, 69.26, 69.01; H, 8.84, 9.12.

The ester was recovered unchanged on attempted oxima­
tion in refluxing alcohol for three hours and in methanol at 
130° for two hours.

Anhydro-oxime XII from the Dibasic Acid.—The acid 
X  (200 mg.) was heated at 135° for three hours with an 
excess of hydroxylamine acetate in absolute methanol. 
The solvent was partially evaporated and the residue 
treated with water. The white solid was dried and taken 
into ether-acetone; on long standing there was obtained 
0.2 g. of crystalline material, m. p. 263-266°, dec. (ef­
fervesces and becomes dark brown). Further crystalliza­
tion from methanol-acetone gave glistening microneedles 
(95 mg.), m. p. 268°, dec. The substance gives a negative 
Legal test.

Anal. Calcd. for C ^ O e N :  C, 68.47; H, 8.30; N, 
2.96. Found: C, 68.32; H, 8.88; N, 3.33.

Haloform Oxidation of the Dibasic Acid X.—A solution 
of 0.6 g. (m. p. 204-206°, dec.) of the dibasic acid in 15 cc. 
of dioxane and 6 cc. of 10% sodium hydroxide was treated 
at 60° with iodine-potassium iodide until the color per­
sisted for two minutes.7 No iodoform separated on dilu­
tion with water, but a halogen-containing acid was ob­
tained on acidification. This was redissolved in 5% alkali 
and warmed with iodine-potassium iodide solution on the 
steam-bath, and after three minutes yellow crystals of 
iodoform (odor) separated, m. p. 117-122°. The alkaline 
solution was chilled and acidified, and the dried precipi­
tate after two crystallizations from dilute acetone yielded 
50 mg. of glistening, small leaves, m. p. 212-213 °, dec. 
(gas evolution). Preliminary analyses gave the results: 
C, 66.82, 67.00; H, 8.75, 8.97; neut. equiv., 233; C25H3̂ 07 
requires: C, 66.93; H, 8.09; C26H3807 requires: C, 66.63; 
H, 8.50. On attempting to recover the material used in 
determining the neutralization equivalent it was found that 
the substance had undergone alteration (isomerization?).

Summary
From a study of a number of transformation 

products of sarsasapogenoic acid and anhydro-
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sarsasapogenoic acid it is concluded that the latter
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substance is an unsaturated y-keto acid containing 
the grouping shown. The sapogenin and the 
sapogenoic acid very probably are correctly 
represented by the formulas of Tschesche and 
Hagedorn.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s a c h u s e t t s  R e c e iv e d  A u g u s t  18,1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Sarsasapogenin. III. Concerning Desoxysarsasapogenin and the Degradation of
the C22-Hydroxy Lactone

By Louis F. Fieser and Robert P. Jacobsen1

Simpson and Jacobs2 prepared desoxysarsa­
sapogenin by reduction of the sapogenyl chloride 
with sodium and amyl alcohol, but the over-all 
yield from the sapogenin was only about 14% 
and the method was employed only after other 
possible methods of removing the hydroxyl group 
had been considered and abandoned as unsatis­
factory. Attempted reduction of sarsasapogenone 
by the Wolff-Kishner method was unsuccessful, 
and Clemmensen reduction of the ketone was con­
sidered unsuitable because of the known sensi­
tivity of the side chain to acids.3 In our experi­
ments on the acid cleavage of the side chain,4 

* we had observed that this sensitivity is mani­
fested particularly when acetic acid is employed 
as the solvent but that cleavage occurs much less 
readily in alcoholic solution. I t therefore seemed 
possible that with this solvent reduction of the 
ketone might be accomplished at an acidity below 
that at which cleavage occurs. I t  was also 
thought that the addition of an immiscible sol­
vent, as in Martin's5 procedure, might provide 
added protection for the sensitive steroid. These 
hopes were realized, for on refluxing sarsasa­
pogenone for five days with amalgamated zinc in 
a two-phase medium of alcohol, benzene, and 6 N  
hydrochloric acid, pure desoxysarsasapogenin 
was obtained in an over-all yield of 43.5% from 
sarsasapogenin.

The comparatively simple new method of pre­
paring the desoxysapogenin may have other 
applications, and this consideration has prompted 
us to report the observation at the termination

(1) Du Font Research Fellow.
(2) Simpson and Jacobs, J . Biol. Chem., 110, 565 (1935).
(3) Jacobs and Simpson, ibid., 105, 501 (1934).
(4) Fieser and Jacobsen, This Journal., 60, 28 (1938).
(5) Martin, ibid., 58, 1438 (1936).

of the fellowship work of the junior author, even 
though the investigation of the desoxy compound 
has not yet reached a very advanced stage. In 
connection with our work on the oxidation of 
sarsasapogenin acetate,4,6 we hoped to extend a 
brief observation of Simpson and Jacobs2 and 
gain further information concerning the acidic 
substances resulting from the oxidation of desoxy­
sarsasapogenin with chromic acid. Simpson and 
Jacobs were interested chiefly in the lactone 
C22H34O2, which they obtained in 15-18% yield 
on conducting the reaction at 75°, but they in­
vestigated incidentally the acidic material en­
countered as a by-product. Neither the acidic 
product nor the material obtained from it on 
esterification yielded homogeneous crystals, but 
the oily ester on reaction with semicarbazide 
acetate gave in very small yield a pure substance 
having the composition of the disemicarbazone 
methyl ester of an acid characterized by the 
analyses as either C27H40O5 or C27H42O5. Simp­
son and Jacobs were inclined to accept the first 
formula and to regard the oxidation product as a 
triketo acid with one inert carbonyl group, as in
I. A similar oxidation product of sarsasapogenin

O

I
acetate was isolated by Farmer and Kon7 as the 
methyl ester acetate, apparently of the acid 
C27H40O6. We conducted the oxidation at the

(6) Fieser and Jacobsen, ibid., 60, 2753 (1938).
(7) Farmer and Kon, J . Chem. Soc., 414 (1937).
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lower temperature of 60-65° and from the neutral 
fraction isolated the desoxy lactone C22H34O28 
in 13% yield. The acidic fraction afforded two 
crystalline products. One of these was obtained 
in amounts too small for thorough purification but 
corresponded approximately in composition to a 
desoxysarsasapogenoic acid (C27H42O4).

The other substance, isolated in 20% yield as 
flat needles, m. p. 1 1 1 °, is a monobasic acid of the 
formula C27H42O5. The composition is that of a 
hydroxydiketo acid, and this formula was rec­
ognized by Simpson and Jacobs as an alternative 
possibility for the substance which they charac­
terized as the methyl ester disemicarbazone. It 
is doubtful, however, that our acid is the sub­
stance which they characterized, for the behavior 
toward carbonyl reagents is quite different. Our 
acid with diazomethane gave a crystalline an­
hydro ester, a molecule of water being eliminated 
in the process, and the pure ester gave no crystal­
line product on prolonged refluxing with semi­
carbazide acetate in methanol, in contrast to the 
behavior of the crude ester investigated by Simp­
son and Jacobs. The anhydro ester liberates 
approximately one mole of methane in the Zere­
witinoff test. Our acid was found to react with 
hydroxylamine at 100°, but the product proved 
to be an anhydro-monoxime.

The interesting oxidation product gave no 
crystalline material on attempted acetylation, 
and was recovered unchanged after being heated 
with acetic-hydrochloric acid or with ö-phenylene­
diamine. I t decolorizes permanganate on warm­
ing, but not in the cold. The formation of an 
anhydro ester and an anhydro oxime may mean 
that the substance contains an easily eliminated 
hydroxyl group, but it seems unlikely that de­
hydration of an alcoholic group should occur on 
treatment with diazomethane in ether but not on 
refluxing with an acetic-hydrochloric acid mixture. 
The low-melting acid more probably is a hydrate, 
possibly of the unsaturated diketo acid II.

The behavior of the anhydro ester in the Zere­
witinoff test would then be attributable to enoliza-

(8) The formula was incorrectly written as C22H 32O3 in Part I ,4
p. 31.

tion, and some analogy for the failure of a car­
bonyl group at C16 to exhibit normal response to 
typical reagents is furnished by the results of the 
following series of experiments.

A Grignard degradation of the hydroxy lac­
tone C22H34O3 was carried in Part I 4 to the stage 
of a diphenylcarbinol monoacetate of the prob­
able structure III (position of the substituent in 
Ring A still uncertain), only the less hindered 
secondary hydroxyl group at C3 being acety­
lated in pyridine solution. Under controlled 
conditions (20-25°) it has been possible to oxidize 
this compound to a monoketone (IV) in good yield.

CH3
/M

AcO

/ \  

/ \ /  

\ )

/

c h 3 o h
! I
CH—C(C6H5)2 

OH

H
III

CH3 OH

CH—C(C6HB)2

c h 3 o h  

CH—C(C6Hb)2

ho/ V H
V

This substance failed to form an oxime or semi­
carbazone under the usual conditions. Clem­
mensen reduction gave a desoxy diphenyl carbinol 
of the probable formula V, but the yield was so 
low that the degradation could not be carried 
further with the amount of material available.

Experimental Part9
D eso x y sarsasap ogen in .—The crude sarsasapogenone 

prepared from 15 g. of sarsasapogenin by the method of
(9) All m elting points are corrected. Analyses by Mrs. G. M. 

Wellwood, Mrs. Verna R. Keevil, the Arlington Laboratories, and 
Lyon South worth.
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Simpson and Jacobs10 was dissolved in 150 cc. of benzene 
and refluxed for seventy hours with 75 g. of zinc (amal­
gamated with 7.5 g. of mercuric chloride), 50 cc. of 6 N  
hydrochloric acid, and 50 cc. of alcohol, with the addition 
at five- to ten-hour intervals of 5-cc. portions of concen­
trated hydrochloric acid. The benzene layer was sepa­
rated and combined with benzene extracts of the aqueous 
layer. After washing the benzene solution with water 
and concentrating it to a volume of about 150 cc., the re­
duction was continued, using 25 g. of amalgamated zinc 
to supplement the unused metal from the first treatment 
and adding fresh concentrated acid. After refluxing for 
fifty hours more, the benzene layer was washed and con­
centrated. On adding alcohol to the concentrated ben­
zene solution, there was obtained 7.4 g. of crude desoxy­
sarsasapogenin in the form of diamond-shaped plates, m. p. 
209-216°. The mother liquors yielded only a sticky gum 
readily soluble in alcohol. One further crystallization of 
the solid product from benzene-alcohol gave 6.3 g. of ma­
terial, m. p. 214-217°; yield from sarsasapogenin, 43.5%. 
Simpson and Jacobs2 report the melting point 216-217°.

Anal Calcd. for C27H44CV. C, 80.94; H, 11.07. 
Found: C, 80.64; H, 10.76.

O xidation of D eso xysarsasap ogen in .—A suspension of
5.1 g. of the desoxysapogenin in 400 cc. of glacial acetic 
acid was stirred mechanically and treated with a solution of 
4.3 g. of chromic anhydride in 75 cc. of 80% acetic acid, 
keeping the temperature at 60-65°. The addition was 
completed in one-half hour, and stirring was continued for 
one and one-quarter hours longer. The mixture was 
poured into water, and after standing overnight the gummy 
solid which separated was taken into ether. The ethereal 
solution was washed thoroughly with water and extracted 
with dilute sodium hydroxide solution. The alkaline 
extract was washed once with ether and acidified, and the 
precipitated solid was dried over sulfuric acid in vacuum. 
Crystallized from dilute acetone, this yielded 1.2 g. of 
small leaves of acidic material, m. p. 103-106°. When 
treated with cold methanol, a very small amount of amor­
phous solid remained undissolved. (When purified 
partially by crystallization from dilute acetone, this 
material, m. p. 218-220°, corresponded most nearly in 
composition to desoxysarsasapogenoic acid, calcd. for 
C27H42O4: C, 75.31; H, 9.83. Found: C, 75.87; H, 9.02.) 
The solution was concentrated and a few drops of water 
added, and on cooling, the pure d esoxy  acid  separated in 
the form of flat needles (1.15 g.), m. p. (well dried) 108- 
111°. There was no change in melting point after two 
further crystallizations from aqueous methanol. The sam­
ple for analysis was dried at 80° (18 mm.) over phosphorus 
pentoxide.

A nal Calcd. for C27H42O6: C, 72.61; H, 9.48; neut. 
equiv., 447. Found: C, 72.49, 72.23; H, 9.80, 9.56; 
neut. equiv., 447.

The acid is saturated to alkaline permanganate in the 
cold but rapidly decolorizes the reagent on warming. 
Attempted acetylation gave a gummy product. The 
substance was recovered unchanged after heating with 0- 
phenylenediamine in alcoholic solution and also after 
being refluxed with acetic acid (10 cc.) and concentrated

(10) Simpson and Jacobs, J . Biol. Chem.t 109, 573 (1935).

hydrochloric acid (2 cc.). It does not reduce Tollens’ 
reagent.

The ethereal solution containing the neutral fraction 
was evaporated and the residue crystallized from benzene- 
alcohol. The first material separating was crude desoxy­
sarsasapogenin, amounting to 0.75 g., and after this had 
been removed the residue from the mother liquor was dis­
solved in hot aqueous methyl alcoholic sodium hydroxide 
and heated for twenty minutes on the steam-bath. The 
alkaline solution was diluted with water, filtered hot 
through a thin layer of Norite, cooled, and acidified. The 
precipitated solid on crystallization from aqueous methanol 
gave 0.55 g. (13%) of flat needles, m. p. 125.5-127.5°, 
and a further crystallization raised the melting point to 
127-129°. This gave no depression when mixed with the 
sample of the desoxy lactone C22H34O2, m. p. 129.3- 
130.5°, prepared in our earlier work.4

A nhydro-m ethyl E ste r  of th e  D eso x y  A cid.—The acid 
(200 mg.) was treated with excess diazomethane in ether 
and the crude product left on evaporation of the solvent 
melted at 74-76°. Crystallized from dilute methanol, 
this was obtained in the form of thin, glistening leaves, 
m. p. 78.5-79.5°.

A nal Calcd. for C28H42O4: C, 75.97; H, 9.57. Found: 
C, 75.97, 75.79; H, 9.96, 9.91.

The ester was recovered unchanged after short heating 
with acetic anhydride and potassium acetate. In a 
Zerewitinoff determination it liberated 0.63 mole of meth­
ane. In an attempt to prepare a semicarbazone the ester 
was heated on the steam-bath for seventeen hours with 
semicarbazide acetate in methanol, but no crystalline prod­
uct was obtained.

A nhydro-oxim e from  th e  D e so x y  A cid.—This was ob­
tained by heating 200 mg. of the acid with hydroxylamine 
acetate in absolute methanol in a sealed tube at 100° for 
two hours. The gummy solid separating on dilution with 
water was dried and taken up in ether; on standing there 
separated 60 mg. of crystalline solid, m. p. 177-178°, dec. 
This material, which is very sparingly soluble in ether, 
was crystallized repeatedly from acetone and gave in 
poor yield small leaves melting with decomposition at 
193-195° in a bath preheated to 188°. On rapid heating, 
starting with a cold bath, the substance began to turn 
brown at about 178° and melted at 189-191°, dec.

A nal Calcd. for C27H41O4N: C, 73.10; H, 9.32; N, 
3.16. Found: C,72.58; H, 9.72; N, 3.76.

Oxidation of th e  M on oacetate  o f th e  D iphenyl Carbinol 
C34H 46O3: K eton e A cetate IV .—A solution of 650 mg. of 
the previously described4 monoacetate (III, m. p. 189- 
190°) in 50 cc. of glacial acetic acid was stirred at 20-25° 
and treated with 100 mg. of chromic anhydride in 10 cc. 
of 90% acetic acid, added in ten minutes. After ten 
minutes more the mixture was poured into cold water 
and the collected solid was washed, dried, and crystallized 
from ether-petroleum ether, giving 500 mg. of silky needles, 
m. p. 156-159°. After a further crystallization from 
ether-hexane the k etone aceta te  melted at 157-159° 
(well dried).

A nal Calcd. for C36H4604: C, 79.67; H, 8.54. Found: 
C, 79.56; H, 8.90.

Attempts to prepare an oxime or semicarbazone were
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unsuccessful. Reduction with hydrazine according to 
Staudinger11 was tried without success.

Clemmensen Reduction of the Ketone Acetate: De­
soxy Diphenyl Carbinol V.—The above ketone acetate 
(390 mg.) was refluxed for seven hours with 1.2 g. of amal­
gamated zinc in 25 cc. of alcohol and 7 cc. of 8 N  hydro­
chloric acid. The solid material obtained on diluting the 
filtered solution with water yielded no crystals and was 
refluxed for one-half hour with alcoholic alkali for saponi­
fication. The solid which precipitated on dilution was 
dried and crystallized from ether-hexane, the solution de­
positing glistening prisms mixed with slightly gummy, 
fine, felt-like needles. The prisms were separated me­
chanically (m. p. 224-226°) and recrystallized repeatedly 
from ether-hexane, giving 20 mg. of satisfactory material, 
m. p. 226-228° (well dried). The composition is approxi­
mately that of the desired desoxy diphenyl carbinol.

Anal. Calcd. for C34H46O2: C,83.90; H, 9.53. Found: 
C, 84.26; H, 9.04.

(11) Staudinger, Ber., 44, 2204 (1911).

The slightly gummy needles (180 mg.) could not be freed 
completely from the above material by repeated crystalli­
zation from ether-hexane. Acetylation gave a resin and 
this on saponification gave an intractable mixture separat­
ing from methanol in clusters of small needles and soft 
wax-like nodules.

Summary
Conditions have been found for the reduction 

of sarsasapogenone to desoxysarsasapogenin in 
good yield by the Clemmensen method without 
alteration of the side chain. A preliminary ac­
count is given of a new C27-acid obtained by the 
oxidation of desoxysarsasapogenin with chromic 
acid, and further observations are reported on the 
degradation of the hydroxy lactone C22H34O3.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s . R e c e iv e d  A u g u s t  18, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  H a r v a r d  U n i v e r s i t y ]

H eats of Organic Reactions. VII. Addition of Halogens to Olefins

B y  J ohn B. C o nn , G. B. K istiakow sky  a nd  E lgene  A. S mith

It has been shown in the earlier papers of this 
series1 that the heats of addition of hydrogen to 
the olefinic bond vary in a regular manner with the 
constitutional make-up of the rest of the molecule. 
It seemed highly desirable to investigate whether 
these variations are specific for hydrogenations 
or are characteristic generally of addition reac­
tions opening the ethylenic bond. The reaction 
with halogens was selected to test the question 
because of its convenience and the lack of accu­
rate combustion data on dihalides. Another reac­
tion considered, the addition of hydrogen halides, 
had to be discarded because we were unsuccess­
ful in creating catalytic conditions under which 
this reaction occurs rapidly in the gas phase at 
temperatures below ca. 150°, the upper limit of 
usefulness of the present calorimeter. The re­
sults to be presented here unfortunately are 
neither as reliable nor as extensive as those on the 
heats of hydrogenation; nevertheless, even allow­
ing for all possible errors, they are many times more 
accurate than the available combustion data.

Method and Compounds
The calorimeter itself and the general procedure were 

the same as described in the first paper of this series and 
only changes need to be recorded.

(1) T h i s  J o u r n a l , 57, 65 (1935); 57, 876 (1935); 58, 137 (1936); 
58, 146 (1936); 59, 831 (1937); 60, 440 (1938).

To avoid premature reaction, bromine or chlorine was 
carried to the calorimeter through a separate conduit in a 
stream of inert gas and mixed with excess hydrocarbon in 
the catalyst chamber within the calorimeter. Upon re­
action and heat exchange the gases passed through a 
valve which directed the stream either to a cold trap for 
collection of a sample and tests for completeness and 
cleanliness of the reaction (in the fore- and after-periods), 
or, during the calorimetric run, to a jet where the gases 
were burned in excess oxygen and the halogens determined 
as such and as hydrogen halides.

The halogens were contained in an efficient spiral bub­
bler, kept at constant temperature (ice for bromine, Dry- 
Ice and alcohol for chlorine), through which passed a 
metered stream of inert gas (carbon dioxide with bromine, 
argon with chlorine).2 Frequently additional inert gas 
was by-passed around the bubbler and added to the main 
gas stream to dilute the reaction mixture and so avoid the 
condensation of the product in the calorimeter. The hy­
drocarbon vapor also was metered, so that a condition of 
constant gas flow prevailed in the calorimeter during a run.

Several substances have been tried for their catalytic 
effect on the halogenation reaction, the choice being fin­
ally calcium bromide and calcium chloride for the bromina­
tion and the chlorination, respectively. Glass wool, as­
bestos, platinized asbestos, ferric halides, bismuth halides 
and activated charcoal were also experimented with but 
discarded either because of insufficient activity at the 
temperatures in question (around 100°) or because sub­
stitution reactions took place with the hydrocarbons used. 
The catalysts were made by evaporating a solution of cal­

(2) Nitrogen had to  be avoided since nitrogen oxides are formed in  
the free flame used in the analytical system , and disturb the analysis.
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cium halides (30%) with cleaned asbestos fibers (70%) and 
drying above 100°.

The conditions in the calorimeter were maintained such 
that a complete reaction of the halogen occurred, the exit 
gases being a mixture of the inert gas, the excess hydro­
carbon and the dihalide. Because of this, a determination 
of the total halogen content of the gases sufficed to find 
the amount reacted. Figure 1 shows semi-schematically 
the analytical setup. After leaving the control valve the 
reacted gases entered a quartz jet and burned there in an 
excess of oxygen; some hydrogen was added to the com­
bustible gases to ensure a healthier flame. The ignition 
was started by a spark-coil, the current being turned on a 
few seconds before turning the valve. Immediately sur­
mounting the flame vessel was a quartz tube in a furnace 
maintained at bright red heat; this tube was filled with 
chips of porcelain, which ensured the combustion of the 
organic material and completed the conversion of the halo­
gens to the free state or to the form of hydrogen halides. 
From the furnace the gases passed a trap in a Dry-Ice or 
ice-bath, ̂ surmounting which was a tower filled with glass 
beads and solid potassium iodide. Finally there was a 
bubbler filled with a potassium iodide solution which acted, 
however, merely as an indicator that absorption of halo­
gens was complete. After the run the furnace was flushed 
with nitrogen and the connecting tubing flamed to distil 
the condensed water into the trap. The contents of the 
tower were then washed into the trap with potassium iodide 
solution and water, and the whole was made up to a liter. 
Aliquot parts were titrated with thiosulfate solution; 
the sample was then brought to boiling, cooled and potas­
sium iodate added; a second titration with thiosulfate 
followed. In case of bromine the fraction present as 
hydrogen bromide was usually quite small (about 5%), 
but with chlorine the acid constituted the bulk of the 
product (ca. 95%).

Ordinarily two titrations were made on each run, but in 
the few cases when they disagreed by more than 0.1%, re­
peated titrations ensured the reliability of the result to 
better than that figure.

The thiosulfate solution was standardized with potas­
sium bromate according to accepted procedure,3 the results 
of repeated determinations agreeing to within 0.05%.

Before the calorimetric work was started, various tests 
of the analytical setup with weighed samples of pure or­
ganic halides showed that results correct to nearly 0.1% 
could be expected. Thereupon other preliminary work 
and calorimetric runs were undertaken, which occupied 
the fall and winter of 1937-1938. When the series of 
brominations was completed, the tests with weighed 
samples were done again, but to our considerable dismay 
it was discovered that losses of halogen to the extent of 0.5 
to 1.0 % occurred somewhere. Extensive search for sources 
of this error traced it finally to a coating of platinum on the 
porcelain chips in the furnace, which was present there from 
the work on hydrogenations. It is very difficult to ex­
plain why the same furnace gave satisfactory results a 
year earlier, the only possibility being that its tempera­
ture may have changed in the meantime. The mecha­
nism by which the halogens are removed from the gas

(3) Treadwell and Hall, "Quantitative Analyses," John Wiley and 
Sons, Inc., N ew  York, N . Y., 1928, Vol. II, p. 554.

stream is also puzzling since the small amount of a solid 
distillate from the furnace was always flamed after the run 
to ensure its decomposition, the remainder appearing to be 
metallic platinum.

Fig. 1.—A, gas inlet; B,oxygen inlet;
C, porcelain filled quartz furnace; D, 
cold trap; E, moist potassium iodide- 
glass pearl filled absorption tower; F, 
bubbler of 10% potassium iodide solu­
tion.

Nonetheless, whatever the precise cause of the failure 
of the original furnace, its repacking with clean porcelain 
remedied the situation, as shown in Table I, which pre­
sents the data on runs with weighed samples of organic 
halides and of molecular bromine. These samples were 
contained in sealed thin-walled glass ampoules placed in 
the gas stream instead of the calorimeter, and were broken 
after the flame was started, the rest of the procedure and 
the composition of the gases (except for the halogen, of 
course) being essentially the same as in ordinary calori­
metric runs. Table I contains all runs made with sealed 
samples, none being discarded for “inconsistency” of the 
result. The runs with molecular bromine give the best 
agreement, then follow runs with ethylene dibromide 
which are also good; small losses of chlorine are noted in 
runs with ethylene dichloride but these, we believe, are 
within experimental uncertainties of the method. H ow-

T a b l e  I

Sample
Sample,

g-

Moles of 
halogen 

recovered, 
X 103

Error of 
analysis, 

%
Br2 0.9794 6.137 -0 .0 7
Br2* 1.5556 9.753 +0.20
C2H4Br2 1.6994 9.034 -0 .1 5

1.4568 7.760 +0.06
C4H8Br2 1.0496 4.836 -0 .5 1

1.4040 6.472 - 0 .4 7
1.6234 7.481 -0 .5 1

C2H4C12 0.7826 7.873 -0 .4 3
0.6857 6.918 -0 .2 6
1.3767 13.883 -0 .2 1

® Ethylene present in the gas stream.
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T a b l e  I I

H e a t s  o f  H a l o g e n a t io n  R e a c t io n s
Final

Hydrocarbon
Expts.
made

Preliminary
— AH 355°

w20d product 
measured Literature - A H 3550 - ~ -  mole

A. Bromination
c2h 4 13 29,231 =*= 100 1.5380 d r 0.0001 1.5379 29,058 =*= 300
c3h 6 5 29,585 =*= 29 1.5199 =fc .0001 1.5203 29,412 ±  200
c4h 8-i 3 29,758 ±  3 1.5150 db .0001 1.51504 29,585 =fc 200
t r a n s - C4H8-2 1 29,148 1.5113 1.51164 29,075 ±  200
as-C4H8-2 3 30,350 ±  23 1.5149 d r .0001 1.51474 30,177 200
Trimethylethylene 2 30,577 =*= 2 1.5054 d r .0003 30,398 ±  200

B. Chlorination
C2H4 3 43,653 ±  27 1.4443 d r .0003 1.44432 43,653 =t 150

, the very constant shortage of bromine in dibromo- Results
butane is outside the analytical errors and must be due to a 
slight impurity of the compound used for analysis (redis­
tilled dibromide prepared for this work). This is best 
demonstrated by a run in which molecular bromine in the 
sealed ampoule and ethylene in the gas stream were used. 
Before the gases reached the analytical unit, the conversion 
of bromine to ethylene bromide was nearly complete and 
yet no shortage of bromine developed.

At the time of the discovery of the analytical errors, the 
still available quantities of pure hydrocarbons were so 
limited that a repetition of the entire series of brominations 
would have required new preparations of several of the 
olefins. To avoid this we have chosen to sacrifice some­
what the final accuracy of the data, making only one run 
on each of the olefins with the corrected combustion fur­
nace. The average difference between the new runs and 
the old averages was used to correct the latter. This pre­
sumes that the furnace was misbehaving in the same man­
ner during the entire series of brominations and thus intro­
duces a not excessively large but nevertheless a consider­
able additional uncertainty.

Chlorination runs were made after the refilling of the 
furnace and therefore no analytical uncertainty impairs 
these results.

Bromine used for the reaction was Mallinckrodt analyti­
cal grade; iodimetric titration gave the correct molecular 
weight but no further tests or purification were under­
taken.

Chlorine was distilled into the spiral bubbler directly 
from a used tank.

Excepting ethylene and propylene the hydrocarbons 
used were samples remaining from the work on hydrogen­
ations; their description is superfluous.

Ethylene and propylene were generously presented to us 
by the Linde Air Products Company and were subjected 
by them to fractional distillations; the former is rated as 
99.88% pure, the latter as 99.89% pure.

It is to be noted that in contrast to our work on hydro­
genations, the method of analysis here devised is such that 
small amounts of saturated hydrocarbons in the material 
used have no effect on the results. Even the presence of 
minor olefinic impurities is of very small import because the 
heats of bromination, as will be seen presently, change 
only slightly with the nature of the olefin.

(4) Dillon, Young and Lucas, This Journal, 52, 1953 (1930).

The two important chemical sources of error 
in the measurement of brominations and chlorina- 
tions by the method here outlined are the incom­
pleteness of the reaction and the occurrence of 
substitution. Fortunately, both are readily de­
tected, one by introducing into the stream of exit 
gases a Congo Red paper, the other by introducing 
a paper moistened with starch-potassium iodide 
solution. Both these tests were applied before and 
after each run and were so sensitive that 0.1 % 
of the original halogen present as such or as 
hydrogen halide, could have been detected readily. 
Only runs in which both tests were negative are 
reported in the following. Samples of the di­
halides were collected and their refractive indices 
taken, but no freezing curves studied.

Table II presents a summary of the results ob­
tained in the brominations and chlorinations. 
The literature values for the refractive indices are 
from “I. C. T.” except where otherwise stated. 
Where more than one experiment was performed 
on a compound, both the rate of flow of the gases 
through the calorimeter and the bromine rolefin 
ratio were varied, but no systematic trends in the 
heats were observed. The deviations from the 
given heats of halogenation in the column of 
“preliminary values” represent the average de­
viations from the mean values; the deviations 
from the final values are estimated total probable 
errors. Deviations of the measured refractive 
indices from the given figures are maximum devia­
tions of individual samples from the mean.

The experiments with ethylene extended during 
a period of over four months, many adjustments 
and minor changes of technique being made be­
tween successive runs. Undoubtedly thé earlier 
mentioned losses of bromine did not remain quite 
constant, which accounts for the rather large
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deviations from the mean. It is preferable, 
however, to use all these runs in forming the aver­
age since no safe clue is available for a rejection 
of some runs.

In experiments with propylene and higher 
hydrocarbons a Dry-Ice trap was placed in the 
gas stream before it reached the Congo Red 
paper, since otherwise a hydrolysis of the bromide 
caused a change in color of the test paper. In 
experiments with trimethylethylene difficulty was 
experienced in freeing the sample of the dibromide 
from the unreacted olefin and the product turned 
purple on standing in the air, presumably due to 
a loss of hydrogen bromide and rearrangement to 
a ketone caused by the moisture of the air.

Cyclohexene and isobutene could not be bro­
minated because in both cases substitution took 
place. With the latter hydrocarbon much meth- 
allyl bromide was recovered.

Propylene and higher hydrocarbons could not be 
chlorinated successfully because substitution took 
place to an extensive and variable degree. No 
catalyst could be found to promote the quantita­
tive chlorination of cis- and /raws-dichloroethyl- 
enes at the temperature of the calorimeter.

Table III presents the results obtained in the 
bromination reaction with the repacked furnace 
and shows the deviations of the new results from 
the averages of the “preliminary” column of 
Table II. The deviations are not very constant, 
but an estimation on the basis of all available data 
suggests that they are not outside the limits of 
possible accidental errors. This is demonstrated 
best by a comparison of the propylene and the 
butene-1  reactions, the products of which surely 
will undergo combustion in much the same man­
ner. These two series of runs followed one an­
other and thus the furnace should have behaved 
also quite similarly. And yet the variations be­
tween the earlier and the new experiments with 
the two compounds differ appreciably. It is 
therefore preferable to interpret all variations in

T a b l e  III
B r o m in a t io n  w it h  t h e  C o r r e c t e d  A n a l y t ic a l  P r o ­

c e d u r e

Hydrocarbon
Expts.
made

— AH3550 
cal./mole

Diff. from the 
mean of Table II 

cal./mole
c2h 4 1 29,126 - 1 0 5
CsH6 1 29,277 - 3 0 8
C4H8-1 1 29,682 -  76
trans-0,31% -2 1 28,945 - 2 0 3

Mean —173

the fourth column of Table III as accidental and 
take their average for the correction of the third 
column of Table II. The so calculated values are 
given in the last column of Table II.

It may be noted that no more trimethylethylene 
and m-butene-2 were available at the time of the 
repeat runs and therefore the average from the 
other hydrocarbons in Table III was used to 
correct the data of Table II.

Discussion of the Results
Since the heat of addition of chlorine to ethyl­

ene was measured after the alteration of the 
analytical furnace, no significant systematic error 
should be involved in the results and the error of 
the average is of the same order of magnitude as 
the mean deviation and not more than 0.3%.

The same is not true for brominations: first, 
the individual values show greater scattering, due 
no doubt to the somewhat irreproducible losses 
of bromine in the platinum coated furnace; 
second, a semi-systematic error is introduced in 
correcting for bromine losses. The uncertainty 
from the first cause can be estimated as 0.3% 
(except for ethylene, where a slightly larger value 
is used), that from the second, as not more than
0.7%; altogether, then, somewhat less than 1%.

These imperfections, fortunately, do not dis­
figure the results to an extent large enough to 
void any of the following deductions; they leave 
the new data decidedly superior in accuracy to 
values which can be derived from combustion 
heats. A perusal of the standard reference works 
reveals that extremely little has been done on 
combustion of dihalides derivable from olefins 
by addition of halogens. In fact, the only avail­
able data are on ethylene dihalides, which have 
been summarized by Bichowsky and Rossini.5 
Using their values, the heats of the gaseous addi­
tions are found readily

C2H4 +  Cl2 = C2H4CI2 -  40.3 kcal.
C2H4 +  Br2 «  C2H4Cr2 -  29.2 kcal.

The agreement of these values with those here 
reported is as good as could be expected.

The series of olefins investigated in the bromine 
reaction is not very extensive but it includes those 
essential compounds, the study of which previ­
ously led to the establishment of the regularities of 
the heats of hydrogenation. It is possible, there­
fore, to draw a rather interesting conclusion that

(5) Bichowsky and Rossini, “Thermochemistry of Chemical 
Substances," Reinhold Publishing Corp., New York, N. Y ., 1936.
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the trend of the heats of the two reactions is in the 
opposite direction when the substitution on the 
ethylenic group is changed; with increasing sub­
stitution the heats of hydrogenation show a very 
decided decrease, the heats of bromination, on 
the other hand, show a less pronounced increase. 
This is brought out very clearly in Fig. 2.

0 1 2 3
* Number of substituents.

Fig. 2.—The effect of substituents on the 
heats of reactions: curve A, hydrogena­
tions; curve B, brominations.

Some time ago it was suggested that the heats 
of iodination of olefins follow the same trend6 as 
the heats of hydrogenation. This conclusion was 
reached, however, on the basis of rather limited 
and not too accurate experimental material and 
must be revised in view of the present findings on 
the heats of brominations. The iodination of 
butene- 1  is in reality probably more exothermic 
than that of ethylene. This conclusion can be 
reconciled with the experimental data presented 
in the cited work; consequently the entropy 
changes in the two reactions are significantly 
different.

The opposite trends in the hydrogenation and 
halogenation reactions suggest that the changes 
themselves are due not so much to variations in 
the strength of the ethylenic bond as to variable

(6) Cline and Kistiakowsky, J .  C h e m .  P h y s . ,  5, 990 (1937).

bond strengths of the addenda; they must be 
subject to constitutional influences from the 
groups attached to the ethylenic system. These 
effects may be termed for short steric, although a 
naïve interpretation based on the volume re­
quirements of the different atoms and radicals 
involved leads to completely wrong conclusions. 
Indeed, a replacement of the small hydrogen 
atoms by the more bulky methyl radicals in 
ethylene, reduces the heat of addition of the small 
hydrogen atoms but enhances that of the larger 
bromines. A qualitatively correct interpreta­
tion is offered by considerations of electrostatic 
induction effects. The replacement of an electro­
positive hydrogen atom by a more electronegative 
methyl radical should make the ethylenic carbon 
atom more electropositive and therefore favor the 
addition of bromine, making the addition of 
hydrogen less exothermic. I t is very doubtful, 
however, whether such effects are strong enough 
to account for some 6 kcal./mole change in the 
reaction heats and, besides, another effect must 
be included, the direct electrostatic attraction or 
repulsion of the atomic groups in ethylene on the 
addenda. Evidently this action will cause oppo­
site trends in the reaction heats from those just 
deduced and the over-all effect is in doubt.

Whatever may be the correct atomistic inter­
pretation of the results here described, they serve 
admirably to explain on a thermodynamic basis 
the so-called Markownikoff rule, which states 
that normally the addition of hydrogen halides to 
olefins occurs so that the halogen adds to a more 
highly substituted carbon atom. To give this 
interpretation a quantitative character, it is neces­
sary to formulate a rule which may be stated as 
follows. The heat of addition to the ethylenic 
linkage is the sum of two nearly independent 
terms, the heats of addition to each of the two 
ethylenic carbon atoms. The heats of hydrogena­
tion provide a sound basis for this rule; they show 
that, except for effects of conjugation, only atoms 
or radicals once removed in the molecule have 
significant effects upon one another. Upon addi­
tion to the ethylenic bond, however, the addenda 
are twice removed from each other and there­
fore only minor interaction should be expected 
between them.

The lowering of the heat of hydrogenation in 
going from ethylene to propylene means therefore 
that less heat is evolved on adding hydrogen in a 
secondary position, the lowering being equal to the
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difference in observed reaction heats. On the 
contrary, an increase of the heat of bromination 
means that the addition of bromine in a secondary 
position is accompanied by more heat evolution 
than that in the primary one.

Reasoning in this manner it is possible to ac­
count for all our previous observations to about 
1 kcal. accuracy, which is therefore to be consid­
ered as the accuracy of the enunciated rule.

If the rule is generally correct, then the heat of 
addition of hydrogen halide must be an average of 
the heats of addition of hydrogen and halogen, 
corrected by the heat of formation of the hydrogen 
halide. Using combustion data this comparison 
may be made and is shown in Table IV. The 
values of the first column of heat data were all 
derived from figures given by Bichowsky and Ros­
sini;5 the figures in the last column are averages 
of the observed heats of hydrogenation and halo­
genation, the heat of iodination being derived from 
equilibrium measurements7 and therefore subject 
to a larger uncertainty. These data were con­
verted to 25° by deducting 0.2 kcal. and cor­
rected by the heat of formation of the hydrogen 
halide. The agreement of the two columns is 
well within the combined experimental errors, 
which shows that even a profound change of one 
of the addenda leaves unaltered the heat of addi­
tion of the other one.

T a b l e  IV
H e a t s  o f  A d d it io n  o f  H a l o g e n  A c id s  to  E t h y l e n e

From heats of combustion: Calculated
AH , kcal./m ole AH  in kcal./mole

C2H4 +  HCl = C2H6C1 - 14 .6  -15 .9
C2H4 +  HBr = C2H5Br - 17 .9  -18 .3
C2H4 +  HI = C2H5I - 17 ,9  (?) -2 1 .4  (±1)

A further interesting case, which tests the rule, 
is the addition of hydrogen bromide to isobutene 
to form the tertiary bromide. The heat of this 
reaction has been calculated from the equilibrium 
measurements8 and the value, 18.9 kcal./mole, 
is fairly accurate (±0.9 kcal.). The heat of 
addition of bromine to isobutene has, not been 
measured but by analogy with hydrogenations it 
may be taken to be identical with the heat of 
bromination of cis-butene-2 , i. e.y 30.0 kcal. at 
room temperature. The difference of this value 
from that found for ethylene (28.9) will be attri­
buted to the addition on the tertiary carbon atom. 
Hence for this reaction we can write: isobutene 
+  y 2 Br2 (in tertiary position) = 30.0 —

(7) Cuthbertson and Kistiakowsky, J .  Chem.. Phys., 3, 631 (1935).
(S) Kistiakowsky and Stauffer, T h i s  J o u r n a l , 39, 165 (1937).

V2(28.9) = 15.5 kcal. Hydrogen addition occurs 
in the primary position and therefore one half 
of the heat of hydrogenation of ethylene (16.3 
kcal.) applies to this reaction. Together 31.8, 
and when this figure is corrected for the heat of 
formation of hydrogen bromide (Bichowsky and 
Rossini;7 —12.4 kcal. from the gaseous ele­
ments), the result is 19.4 kcal. in excellent agree­
ment with the directly measured figure.

The heats of addition of hydrogen chloride and 
hydrogen iodide to isobutene are 17.18 and 19.19 
kcal., respectively. It is thus evident by com­
parison with Table IV that addition of chlorine 
or iodine in tertiary position is accompanied by an 
increased heat evolution similar to that discussed 
above for bromine.

Under normal conditions in the liquid reaction 
and certainly in the gas phase, the tertiary bro­
mide is formed in preference to isobutyl bromide; 
this is according to the Markownikoff rule and, as 
we can now show, means that in the reaction the 
thermodynamically more stable compound results. 
Indeed, the heat of formation of isobutyl bromide, 
according to the enunciated rule, is made up of
14.4 kcal. for the addition of bromine in the pri­
mary position (as in ethylene) and 28.2 — 1/ 2(32.6) 
= 11.9 for hydrogen (heat of hydrogenation 
of isobutene less one half the heat of hydrogena­
tion of ethylene). Together 26.3 kcal., which, 
when corrected by the heat of formation of 
hydrogen bromide, gives 13.9 kcal. and shows 
that isobutyl bromide is considerably less stable 
than the tertiary compound, since its entropy 
cannot be so much larger as to overcome the exo- 
thermicity of the reaction to form the tertiary 
compound. In the cited work it was found that 
the equilibrium constant in the reaction isobutyl 
chloride-tertiary butyl chloride was somewhat 
larger than 10 at 270°. Assuming zero entropy 
change in the reaction between the bromides at 
270°, an equilibrium constant of 102 is calculated 
in close agreement with the above value for the 
chlorides.10

On the whole it appears then that the Markow­
nikoff rule, although it deals with the essentially 
kinetic problem of the relative rates of two com­
peting reactions, can be correlated with the ther­
modynamic stability of the preferentially formed

(9) Jones and Ogg, ibid., 59, 1943 (1937).
(10) Similar conclusions can be drawn from the work of Brouwer 

and W ibaut [Rec. trav. chim., 53, 1001 (1934)] on the form ation of 
and equilibrium between the primary and secondary propyl bromides 
and chlorides. See also Schj&nberg, Z . physik. Chem., A172, 197 
(1935).
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compound. It is obviously incorrect to postulate 
a close proportionality between the free energy 
decrease in a reaction and the rate at which it 
occurs, since too many exceptions to such a corre­
lation can be cited. Nevertheless, in a series of 
homologous reactions a correlation of this type 
must frequently exist. Some cases have been dis­
cussed earlier.11 Also in the field of catalytic 
reactions two instances may be cited; in the series 
of hydrogenations from ethylene to tetramethyl- 
ethylene, studied calorimetrically, the heats of the 
addition decrease markedly; simultaneously the 
speed of the reaction on a given catalyst decreases 
also; thus the copper catalyst used could hydro­
genate ethylene instantaneously even at 0°, but 
with tetramethylethylene it was ineffective even 
at 80° and the intermediate compounds fell in 
between these limits. On the other hand, the 
heats of bromination rise with increasing sub­
stitution ; in parallel to this an increasing activity 
of the calcium bromide catalyst was observed.

Kharasch and others have cited instances when 
the Markownikoff rule breaks down, the condition 
apparently being that the reaction be catalyzed 
by oxygen or a peroxide. This effect is not noted 
in the gas phase reaction8,9 and is undoubtedly 
due to the promotion of a chain reaction, in the 
course of which the peroxide or some other inter­
mediate adds temporarily to one end of the double 
bond. This is then blocked for the addition of 
one of the atoms in the hydrogen halide and the 
reaction is forced to take the unnatural course.

Another instance where the rates of reaction 
seem to change parallel to the heat content 
changes in a series of analogous reactions, is the 
substitution of bromine in hydrocarbons. Since 
the reaction may be looked upon formally as a 
dehydrogenation, followed by addition of hydro­
gen bromide, the calculations discussed on the 
previous pages may be again employed. It is 
thus readily found that the substitution of bro­
mine in a primary position is accompanied by
10.5 kcal. heat evolution, substitution in the 
secondary one by 13.6 and that in the tertiary one 
by 16.0 kcal. The increasing heat evolution in 
this order is wholly paralleled by the well-known 
kinetic tendency of bromine to replace hydrogen 
on the most highly substituted carbon atom of a 
hydrocarbon molecule.

The opposite trends of the heats of hydrogena-
(111 Ogg and Polanyi, Trans. Faraday Soc., 31, 482 (1935); 

Gershinowitz, J . Chem. Phys., 4, 363 (1936).

tion and bromination, so prominent in the ethyl­
enic series, must be limited to those molecules 
where the changes of the reaction heats are con­
ditioned by the interactions of the addenda with 
the neighboring groups. In particular, a de­
crease in the heat of hydrogenation due to the 
existence of conjugation in a diene or some other 
conjugated system, must be paralleled by a simi­
lar decrease of the heat of bromination, unless the 
now accepted theory of conjugation is incorrect 
and the phenomenon is not a stabilization of the 
double bond system by mutual interaction. 
There is thus offered, in the comparative study of 
the hydrogenation and the bromination heats, a 
more reliable and accurate method for a differ­
entiation between conjugation energies and 
“steric” effects, than is possible from the analysis 
of the hydrogenation data alone; it is hoped to 
put this idea into practical form in the near future.

The failure to measure the heat of bromination 
of isobutene merits a brief comment. It has been 
known for some time12 that upon addition of 
halogens to isobutene there is a tendency to form 
methallyl halide and free halogen acid. Under the 
conditions of bromination in the calorimeter this 
last reaction is thermodynamically possible, 
which conclusion is arrived at by comparison with 
the equilibrium between isobutene, hydrogen bro­
mide and /-butyl bromide.8 The noteworthy point 
is, however, that neither propylene nor trimethyl­
ethylene gives rise to such a reaction when bro­
minated under identical conditions, although in at 
least one of these cases the equilibrium must be 
as favorable for decomposition of the dibromide as 
with isobutene. Thus purely kinetic factors of 
undetermined but highly specific nature must 
make the decomposition of the dibromide of iso­
butene occur exceptionally rapidly.

In concluding this discussion it may be pointed 
out that the difference of the heats of bromination 
of the cis- and //Yws-butenes-2  is quite close to the 
difference in their heats of hydrogenation. In 
the latter of these reactions the same end product 
•is obtained, but the bromination of m-butene-2  
leads to the dl-mixture, while trans gives the 
meso form of the dibromide.4 I t is therefore evi­
dent that the heat content difference of these two 
compounds is quite small, if not zero.
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(12) Pogorshelski, J . Russ. Phys.-Chem. Soc., 36, 1129, 1486 
(1905); Linnemann and Zotta, A n n ., 162, 36 (1872).
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Summary
Certain brominations and chlorinations have 

been studied calorimetrically, the following being 
the results

C2H4 +  Br2 «  C2H4Br2 -  29,058 ±  300 cal.
C3H6 +  Br2 -  C3H6Br2 -  29,412 =*= 200 cal. 

H2C = C H —C2H8 +  Br2 = CH2Br—CH2Br—C2H6 -
29,585 =*= 200 cal.

Irans-HsC—CH—CH—CH3 +  Br2 -
i-CH3—CHBr—CHBr—CH3 -  29,075 ±  200 cal. 

cis-H3C—C H =C H —CH3 +  Br2 =
dl-CH.z—CHBr—CHBr—CH3 -  30,177 200 cal.

c h 3x
>C =C H —CH3 +  Br2 -  

C H /

c h 3x
>CHBr—CHBr—CH3 -  30,394 =*= 200 ca t 

C H /
C2H4 +  Cl2 «  C2H4C12 -  43,653 ±  120 cal.

All heats of reaction refer to 355°K. and gases 
at one atmosphere total pressure.

The most notable conclusion to be drawn from 
these data is that substitution on the ethylenic 
group results in increased heat evolution on addi­
tion of bromine, while previously it was found to 
decrease the heat of hydrogenation.

It is pointed out that the observed trends give 
a thermodynamic basis to the so-called Mar- 
kownikoff rule and to the trend of bromine to re­
place hydrogen on the most substituted carbon 
atom of a saturated hydrocarbon. A rule is 
formulated which makes possible a calculation of 
quite accurate heats of addition of hydrogen ha­
lides and of substitution of bromine.
Cambridge, Mass. Received August 5, 1938

[Contribution from the Department of Chemistry, Williams College]

The Solubility of Carbon Dioxide in Deuterium Oxide at 2501

B y  J a m es  C u r r y  and  C. L. H azelto n

In the course of measuring the first ionization 
constant of deuterio-carbonic acid, it was found 
necessary to determine the solubility of carbon 
dioxide in deuterium oxide. This measurement is 
of interest in itself since, up until the present, no 
values for the solubility of gases in deuterium 
oxide have appeared in the literature.

Experimental
Apparatus.—The apparatus used was of the Ostwald 

type2 and the measurements were carried out by means of 
the “dry method.” The buret, which was surrounded by a 
water jacket, had a volume of 10 cc. and was graduated in 
0.05 cc. The absorption vessel had a volume of approxi­
mately 7 cc. The buret and the absorption vessel were 
connected by a flexible piece of copper tubing 1.5 meters 
long and 1 mm. internal diameter. In  order to fasten the 
copper tubing to the glass, short pieces of 7-mm. glass 
tubing were sealed to the three-way capillary stopcocks 
which were a t the top of the buret and the absorption 
vessel. The copper tubing was inserted to a depth of 
about 3 cm. into the glass tubing and the joints were then 
made fast with picein. In  order to minimize breakage the 
copper tubing was held by a brass clamp a t a point near 
the picein joint a t the buret stopcock. This clamp in

(1) Based on a thesis presented by C. L. Hazelton to Williams 
College in 1938, in partial fulfilment of the requirements for the de­
gree of Master of Arts.

(2) Just, Z. physik. Chem., 37, 342 (1901).

turn was fastened to the ringstand which held the buret. 
Another type of brass clamp, acting as a splint, strength­
ened the other copper-picein-glass joint at the absorption 
vessel. This mode of connection permitted a vigorous 
shaking of the absorption vessel but when necessary it 
was very simple to disconnect the latter.

Materials.—The carbon dioxide came from a commer­
cial tank. I t  was analyzed by absorption in a potassium 
hydroxide solution and was found to be 99.8% pure.

The deuterium oxide was from a commercial source and 
at the beginning of the measurements was 99.9% D20. 
It was purified by distillation from alkaline permanganate, 
then from phosphoric anhydride and finally carried through 
a distillation without any reagents in a still especially re­
served for this purpose. Before use the deuterium oxide 
was refluxed in order to remove any dissolved gases. 
During this operation it was protected from the atmos­
phere by means of a soda lime-calcium chloride tube. 
After the solubility measurements were completed the 
deuterium oxide was used for ionization constant deter­
minations and when these were finished the analysis was 
99.1% D20 .

Measurements.—These were carried out in the usual 
manner except tha t a few slight modifications were neces­
sary because the quantities of deuterium oxide used were 
relatively small and deuterium oxide is hygroscopic. 
During a measurement the absorption vessel was shaken in 
a thermostat adjusted to 25.00 =*= 0.01°. The absorption 
vessel contained a short piece of 1-mm. copper wire 
which moved about during the shaking and thus aided in
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lessening the time required to reach equilibrium. The 
amount of water in the absorption vessel was obtained from 
the weight of the dry vessel and the weight of the vessel 
plus contents at the end of the measurements, allowance 
being made for the weight of the carbon dioxide present.

Equilibrium was established in about ten minutes. The 
vessel was then allowed to stand for fifty minutes in con­
tact with the carbon dioxide and was then shaken for a 
few minutes. No additional absorption was ever noted.

Results
In order to test the apparatus, measurements 

were also made on the solubility of carbon dioxide 
in ordinary water. The experiments were car­
ried out in exactly the same way except that H20  
was used in place of D20. Thus if any errors were 
present while one kind of water was being used 
they also would be present during the measure­
ments with the other kind of water. The ex­
perimental data and the calculated results are 
given in the table.
Solubility of Carbon Dioxide in H20  and D20  at 25°

The total volume of the absorption vessel was 6.811 cc. 
except in the first experiment with HaO, where it was 
8.868 cc.

h 2o

Atm.
pres.,
mm.

Buret 

t, °C.
Change 
in vol., 

cc.

Abs. vessel 
Par. pres. Wt. of 

of CO2 water, 
mm. g.

Ostwald
coef.

X
749 .4 21 .6 7 .6 4 722 .9 4.7374 0.816
754.0 21 .2 6 .1 2 7 28 .2 2.2735 .822
747 .5 2 1 .8 6 .1 2 7 21 .5 2 .4543 .834
735.5 21 .3 5 .9 0 709.3 3.3496 .813

Av. 0.821 =*= 0.007
d 2o

741 .2 2 0 .8 6.11 718.6 2.6003 0.817
743.7 2 1 .0 5 .90 7 2 0 .4 3.9476 .818
749.9 2 1 .4 5 .9 2 7 26 .6 3.8461 .817
732 .8 2 1 .2 6 .0 0 709 .7 3.5729 .831
735.9 2 3 .0 5 .9 4 712 .6 4 .0429 .823
754 .5 21 .3 5 .8 8 731 .2 3.9585 .810

Av. 0.819 ± 0.005

There is no general agreement as to the best 
method for expressing the solubility of gases in 
liquids. We have chosen the Ostwald coeffi­
cient, X, i. e.y the volume of gas (measured at 
experimental conditions) absorbed by unit volume 
of liquid, because it is often used in theoretical 
discussions.

In order to determine the partial pressure of the 
carbon dioxide in the absorbing vessel it was neces­
sary to know the vapor pressures of the two waters 
at 25°. For deuterium oxide the value 20.7 mm. 
was used.3

(3) Wahl and Urey, J. Chem. Phys., 3, 411 (1935).

As mentioned previously, the composition of 
the deuterium oxide changed slightly during the 
experiment. The average composition was taken 
as 99.8% D20. Thus in calculating the above 
results tZ254 was taken as 1.1042. In the calcula­
tions correction was made for the slight amount of 
impurities in the carbon dioxide.

Discussion
Shedlovsky and Maclnnes4 have made the most 

recent determination of the solubility of carbon 
dioxide in H20. The value they obtained was
0.03372 mole per liter per atmosphere. In terms 
of the Ostwald coefficient this corresponds to 
X = 0.825. Our value agrees with theirs well 
within our experimental error, which is less than 
1 %, so we can conclude that our results are 
fairly reliable. I t should be pointed out that 
the precision obtainable in solubility measure­
ments is largely determined by the quantities 
of water used. With the present high cost of 
D20  it is necessary to make some sacrifice in 
precision.

Thus, from our data, it is apparent that the 
values for the Ostwald coefficient for carbon di­
oxide in H20  and D20  are the same within less 
than 1 %. Consequently on a molal basis (moles/ 
1000 g. of water) carbon dioxide is less soluble in 
D20  than in H20, the respective solubilities being
0.0304 and 0.0337 molal when the partial pressure 
of carbon dioxide is one atmosphere.

This result is about what one would expect from 
theory. I t has been known for a long time that 
there usually is at least a qualitative relationship 
between solubility of a gas and surface tension of 
the solvent. Uhlig5 has been one of the latest to 
attempt a quantitative expression. Early workers 
reported a difference of about 7% in the surface 
tension of the two kinds of waters but this result 
has not been substantiated. Jones and Ray6 
found that the surface tensions were the same 
within 0.054%. Thus one would expect no great 
difference in the solubility of a gas, such as carbon 
dioxide, in the two waters, particularly since, in 
addition, the values for the dielectric constants 
are the same within 1 % . 7

We are indebted to the Class of 1900 Fund for a
(4) Shedlovsky and Maclnnes, T h i s  J o u r n a l , 57, 1708 (1935). 

For a summary of the literature see Morgan and Pyne, J. Phys. 
Chem., 34, 1578 (1930).

(5) Uhlig, J. Phys. Chem., 41, 1215 (1937).
(6) Jones and Ray, J. Chem. Phys., 5, 505 (1937). See also Lachs 

and Minkow, Nature, 136, 186 (1935).
(7) Lewis, Olsen and Maroney, This J o u r n a l , 55, 4731 (1933).
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grant which enabled us to purchase the deuterium 
oxide used in this work.

Summary
The solubility of carbon dioxide in 99.8% 

D20  at 25° has been measured relative to its

solubility in H20  at the same temperature. In 
terms of the Ostwald coefficient the solubilities 
are the same within less than 1%. On a molal 
basis this means that carbon dioxide is 0.902 
times as soluble in D20  as in H20.
Williamstown, Mass. Received June 10, 1938

[Contribution from the Department of Chemistry, Williams College]

The First Thermodynamic Ionization Constant of Deuterio-carbonic Acid at 2501

B y  J am es C ur r y  and  C. L. H azelton

Introduction
Since carbon dioxide plays an important role 

in many physiological processes and the effect of 
deuterium oxide on living matter has been studied 
extensively, it is of importance to determine the 
strength of deuterio-carbonic acid. From the 
standpoint of chemical theory the strength of this 
acid is also of interest.

The method used in this work followed that of 
Korman and La Mer2 very closely. In this paper 
it was shown that heavy water studies could be 
made using a quinhydrone electrode in cells with­
out transference of the type developed by Harned 
and Ehlers.3 On account of the cost of deuterium 
oxide the measurements were limited to a relative 
determination of the first thermodynamic ioniza­
tion constants of proto- and deuterio-carbonic 
acid in dilute solutions. No extrapolation to 
infinite dilution was attempted.

Measurements were made using the following 
cells

Pt, Q, QH2, H2C 03, KHCO3, KC1, AgCl, Ag (I) 
Pt, Q, QD2, D2COs, KDCOs, KC1, AgCl, Ag (II)

As is well known, the potential of cell I is given by

E  = £„ -  ^  In mu moi -  ^  In/ h / c i  (1)

where the E0 term includes the standard electrode 
potential for the quinhydrone and the silver-silver 
chloride electrodes in H20, m is the concentration 
in molal terms and ƒ is the activity coefficient of 
the quantities indicated by the subscripts.

The primary dissociation of proto-carbonic 
acid may be written in the following manner 

C 02 +  H20  H2C 03 H-+ +  HCO3-

(1) Based on a thesis presented by C. L. Hazelton to Williams 
College in 1938, in partial fulfilment of the requirements for the de­
gree of Master of Arts.

(2) Korman and La Mer, T h i s  J o u r n a l , 58, 1396 (1936).
(3) Harned and Ehlers, ibid., 64, 1350 (1932).

The first thermodynamic ionization constant for 
proto-carbonic acid is accordingly

__ fflH  ^ H C O s # / h  / h OQ3 ,o\
H mco* fcoi

where mco2 represents the total concentration 
(C0 2 +  H2C03) of dissolved carbon dioxide in 
molal terms.4 A similar expression would hold 
for the thermodynamic ionization constant of 
deuterio-carbonic acid, KD.

Replacing in (1) by its value from (2) we 
obtain for the e. m. f. of cell I

E R T , mG\ mao*in __—------
t  Whco3

R T  j _  
~~p~ ln — EE in fw fv02 

F  / h c o s  

(3)
In order to determine this expression may be 

put into a somewhat more convenient form. In 
an aqueous solution, in the region of a partial 
pressure of 760 mm., carbon dioxide obeys 
Henry’s law so we may say that mco2 = hpco% 
where h is a constant. Using this expression and 
rearranging (3) we obtain

log K b. = E q — E  
0.0591 — log mG\

^HC03
-  log h -  log pcoi -

logMco*
JHC03 (4)

The similar expression which holds for cell II is
. „  E'o -  E  m'c 1 . , . .
log K b 0.Q591 °S m'DCo, °g d f Pco*

log-S ^ ° a (5)
J D C 03

The prime terms refer to the values for D2O and 
d corresponds to h except that it refers to the 
solubility of carbon dioxide in D20 .

Since carbon dioxide is a neutral molecule its 
activity will be unaffected by ions in dilute solu-. 
tions so we may put / C02 = /co2 = l *5 If the

(4) For a discussion of this expression see Maclnnes and Belcher, 
ibid., 55, 2630 (1933).

(5) This statement is not absolutely true due to the salting-out 
effect of the electrolytes on the carbon dioxide. The influence of 
this factor will be considered later.
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molal concentration of potassium chloride is about 
the same as that of potassium bicarbonate, then 
in dilute solutions, since they are both uni­
univalent electrolytes, their respective activity 
coefficients will be practically equal, so in (4) and 
(5) the last logarithmic term on the right-hand 
side will be almost zero and consequently may be 
neglected. This will be true for both the H20  and 
D20  solutions. Even if these terms do not vanish 
completely they should be the same in H20  and 
D20  solutions of the same molal concentrations 
since the dielectric constant of H20  is nearly 
identical with that of D20. Therefore, in order to 
determine the ratio of ionization constants it is 
only necessary to determine i£H and K D at one 
and the same ionic strength. The measurements 
should be carried out in dilute solutions which 
have been made up so that Mqi and co8 
(or m 'ci and w 'DCo3) are about equal. A discus­
sion of the remaining quantities in equations
(4) and (5) will be given later.

Experimental
Materials.—The carbon dioxide was obtained from a 

commercial tank and was 99.8% pure. The deuterium 
oxide was purified as previously described6 and at the end 
of the measurements was 99.1% D20 . Eastman Kodak 
Co. quinhydrone was used without further purification. 
The potassium bicarbonate was purified by the method of 
Maclnnes and Belcher4 (p. 2633) and the potassium chlo­
ride was recrystallized twice from distilled water and dried 
at 120 °. A semi-micro balance was used in making up the 
D20  solutions.

Electrodes.-—The silver-silver chloride electrodes were 
prepared by the method of Brown.7 Pairs showing a po­
tential difference of not more than 0.05 mv. were used in 
each experiment. The platinum electrodes were of the 
spiral type and were kept in cleaning solution when not in 
use. They agreed with each other better than 0.05 mv. 
Before insertion into the cells, both types of electrodes 
were well rinsed with the appropriate solution. This re­
quired about 1.6 cc. per electrode.

Cells.—Two identical cells (A and B) were used and all 
measurements were carried out in duplicate. Each cell 
was shaped like the letter H. The two side arms had an in­
side diameter of 8 mm. and a length of 8 cm. and were ol 
course closed at the bottom. The top of each arm was 
widened out so that it would take a no. 2 rubber stopper. 
The two side arms of a cell were connected by means of a 
stopcock which had a 1.5-mm. bore. The connection 
tubes were sealed in just where the side arms started to 

• widen out and the stopcocks were greased only at the top 
and bottom. Each rubber stopper carried an electrode, 
an inlet tube for the introduction of carbon dioxide and 
an outlet tube. The total amount of solution needed

(6) Curry and Hazelton, T h is  J o ur n a l , 60, 2771 (1938).
(7) A. S. Brown, ibid., 56, 646 (1934).

for each cell was about 6 cc. The cells were immersed in a 
thermostat adjusted to 25.00 =*= 0.01 °.

Before the carbon dioxide entered the cell it was satu­
rated with water vapor by allowing it to bubble through a 
trap immersed in the thermostat and filled with the 
appropriate water. After bubbling through the cell solu­
tion the carbon dioxide escaped into the air through a tube 
which dipped just under the surface of some paraffin oil.8 
Thus the pressure of carbon dioxide over the solution was 
essentially equal to the atmospheric pressure minus 
the vapor pressure of water in the cell. The gas connec­
tions were arranged so that the pressure was the same in 
all four compartments. I t  should be pointed out that 
carbon dioxide was bubbled through both the quinhydrone 
and the silver-silver chloride electrode compartments. 
This was done in order to eliminate the possibility of any 
liquid junction potential.

Experimental Procedure.—Measurements were made 
with a Leeds and Northrup type K potentiometer and a 
type R galvanometer. The standard cell was checked 
against one calibrated by the Bureau of Standards. 
Measurements were made first with H20  and then with 
D20. Reproducible results were obtained without re­
sorting to a vacuum technique to remove oxygen. In 
making measurements the appropriate solution was first 
saturated with carbon dioxide and then part of it was put 
in cell A and part in cell B. Quinhydrone was then added, 
the stoppers inserted tightly and carbon dioxide bubbled 
through the cells with the stopcocks closed. A gentle flow 
of gas was maintained except when e. m. f. measurements 
were actually being made. Equilibrium was established 
in about th irty  minutes and the potential of any one cell 
remained constant within 0.2 mv. for a period of two to 
three hours. After equilibrium was established the e. m. f. 
values were the same whether or not the stopcocks were 
open.

Results and Discussions
In order to test the method, apparatus and 

materials the thermodynamic ionization constant 
for acetic acid in H20  was determined using the 
above method except that acetic acid and potas­
sium acetate were used instead of carbon dioxide 
and potassium bicarbonate. At an ionic strength 
of 0.06132 the ionization constant was found to be 
1.75 X 10 ~5, which is in good agreement with the 
value in the literature.9

Table I lists our experimental data and the 
calculated results.

Several of the quantities in equations (4) and
(5) require further discussion. E0 was obtained 
from Harned and Wright’s10 data for the quin-

(8) With this technique it is conceivable that the cell solution be­
came supersaturated with carbon dioxide. If such an effect did oc­
cur it must have been small because, as will be pointed out later, 
our value for K b  agrees well with careful measurements made by 
other workers. Even if supersaturation did occur it should be prac­
tically the same in H2O and D2O and accordingly have no appreciable 
effect on K b / K j).

(9) See for example reference (3), page 1355.
(10) Harned and Wright, ibid., 55, 4849 (1933).
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Table I
First Thermodynamic Ionization Constants of Proto- and Deuterio-carbonic Acid at 25° 

Eo -  —0.4775, log h = -4.3533; Eo = -0.5119, log d =  -4.3987

Pc02. mm
/---------- Molality-----------*

KC1 Bicarbonate Cell A
—E 

Cell B Av. pK K  X X07

711.8 0.02580 0.02122
h 2o

0.0182 0.0176 0.0179 6.354 4.43
719.7 .02612 .02224 .0183 .0182 .01825 6.338 4.59
719.3 .02546 .01229 .0323 .0318 .03205 6.351 4.46
718.3 .03054 .02351 .0202 .0203 .02025 6.347 4.50

716.4 .02608 .02530
>99.1% D .0 

.0206 .0206 .0206 6.775

4.50 *  0.05 

1.68
725.0 .03161 .02431 .0265 .0263 .0264 6.783 1.63
718.5 .02393 .01959 .0256 .0255 .02555 6.766 1.72

K s / K j )

hydrone electrode and the silver-silver chloride

1 . 6 8 * 0 . 0 2 '
-  2.68

place very rapidly and at the concentrations used
electrode. The term E'0 is made up of the stand- the equilibrium point should be far over on the
ard electrode potential of quinhydrone in D20 Ö o o eo side.
and the standard electrode potential for the silver- 
silver chloride electrode in D20. The quin­
hydrone potential was obtained from the work of 
La Mer and Korman,11 and is equal to —0.7341 v. 
The standard electrode potential of the silver- 
silver chloride electrode should be the same in 
D20  as in H20  since there is no theoretical reason 
for thinking that / C1 and f'C\ differ, provided the 
molal concentrations of the chloride ions are the

In order to establish the reliability of our meas­
urements it is necessary to compare our values for 
KH with those recorded in the literature. Up until 
a few years ago it was thought that KH was 
equal to 3.5 X 10~7 at 25°. Recently, however, 
Maclnnes and associates redetermined KH using 
two methods; with a glass electrode4 they found 
KH equaled 4.5 X 10~7, and by conductivity 
methods12 to be 4.3 X 10~7.

same in the two kinds of water.
The terms h and d are the Henry's law constants 

for the molal solubility of carbon dioxide in H20  
and D20  when the partial pressure of this gas is 
expressed in mm., and these, or rather their 
logarithms, have been calculated from some pre­
vious work done by us.6 In very exact work the 
salting out effect of the electrolytes on the carbon 
dioxide should be considered but this often is 
neglected. At the ionic strengths we used, if this 
correction were made the values of KH and K D 
recorded above would have to be increased by 
about 0.7%. This correction would certainly be 
practically the same for both kinds of water and 
accordingly would not affect the KH/K D ratio 
given above.

No account has been taken of the secondary 
dissociation of carbonic acid. This is allowable 
since it is very small (Kn = 7 X 10 ~n) compared 
to the first dissociation. It also should be pointed 
out that the solution actually used for cell II was 
made up using KHCO3 but exchange must take

(11) La Mer and Korman, T h is  J o ur n a l , 57, 1511 (1935). See 
also ref. (2).

Our value of 4.5 X 10~7 agrees very well with 
that of Maclnnes and Belcher at the same ionic 
strength. Of course we used a potentiometric 
method also but ours differed considerably from 
theirs in respect to details.

The heavy water used in determining the above 
Kh/K d ratio was at least 99.1% D20. To a first 
approximation the curve KH/K D — AD2q is 
linear and this would mean that for 100% D20 
the ratio would be greater but certainly not more 
than 1% higher. Since this is less than the pre­
cision of our measurements this correction will 
not be applied.

It is of interest to compare our results with those 
of other workers. Rule and La Mer,13 making 
very careful measurements on five acids, found 
that the KH/K D ratio increases as the strength 
of the acid decreases. This is in accordance with 
the prediction of Lewis and Schütz and the theory 
of Halpern.14 From the Rule-La Mer data one 
might expect for carbonic acid a ratio of 3.6.

(12) Shedlovsky and Maclnnes, ibid., 57, 1705 (1935).
(13) Rule and La Mer, ibid., 60, 1974 (1938).
(14) Lewis and Schütz, ibid., 56, 1913 (1934); Halpern, J. 

Chem. Phys., 3, 456 (1935).
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Our value, 2.68, is 25% smaller, and this difference 
is much greater than our experimental error 
which is about 2%. However, it should be re­
membered that carbonic acid is a peculiar acid in 
that the proton (or deuteron) must come ex­
clusively from the water. Thus the hydration 
equilibrium plays an important role and it prob­
ably will not be the same in H2O and D20. This 
factor may account for the difference mentioned 
above.

We are indebted to the Class of 1900 Fund for a

grant which enabled us to purchase the deuterium 
oxide used in this work.

Summary
The ratio of the first thermodynamic ionization 

constants of proto- and deuterio-carbonic acid has 
been determined potentiometrically using a cell 
without transference in which the electrodes were 
quinhydrone and silver-silver chloride. Using 
99.1 % D20  the ratio, K^/Kj^, has been found to 
be 2.68 at 25°.
WlLLIAMSTOWN, MASS. RECEIVED JUNE 10, 1938

[Contribution from the Department of Chemistry, Stanford University]

Conductivities of Concentrated Mixtures of the Nitrates of Some Uni-, D i-, and
Trivalent Cations in Aqueous Solution

By Pierre Van Rysselberghe and Goon Lee

As a further step in our investigation of the 
conductivity of concentrated mixtures of strong 
electrolytes1 we have studied a number of nitrates 
of uni-, di-, and trivalent cations at different 
total concentrations ranging from 1 to 5 iV. 
All possible types of binary mixtures have been 
included: two univalent cations, one uni- and 
one divalent cation, two divalent cations, one 
uni- and one trivalent cation, one di- and one 
trivalent cation, two trivalent cations. The 
method was essentially the same as in our pre­
vious work. The conductivities of the pure salts 
were found to be in close agreement with the 
existing standard data (I. C. T.; L. B. R.), 
except in three cases [LiN03, Mg(N03)2, Cr- 
(N0 3)3] for which the standard data seem to be 
somewhat in error. Moreover, some conductivi­
ties of pure salts are reported here for the first 
time. Others have been obtained for the first 
time at 25°. The results are recorded in Table I 
in which we give the conductivities of twenty 
types of mixtures arranged in series corresponding 
to the same total equivalent concentration. We 
represent by x and 1—x the fractions of the total 
equivalent concentration corresponding to salts 
1 and 2, salt 1 being the first in the title of the 
series. For each solution we give the specific and 
the equivalent conductivity and the difference AA 
between the measured conductivity and that cal-

(1) Van Rysselberghe and Nutting, T h is  J o ur n a l , 56, 1435 
(1934); 59, 333 (1937); Van Rysselberghe, Grinnell and Carlson, 
ibid.. 59, 336 (1937).

culated from the simple, uncorrected mixture rule:
A = xAi 4- (1 — oc)A2

Two series of mixtures (19 and 20) contain nitric 
acid as one of the components, the maximum 
amount of nitric acid present being in both cases 
half the total normality.

Table I
Conductivities of Concentrated Mixtures at 25°
Composition 
x 1 — X

Specific
conductivity

Equivalent conductivity 
Measured Calculated -AA

l . i 1 N  mixtures of KNO$ +  NaNOa
1 0 0.09254 92.54
5/ i 74 .08798 87.98 88.37 0.39
7s 7s .08324 83.24 84.19 .85
7« 74 .07973 79.73 80.02 .29
0 l .07585 75.85

1.2 2  N  mixtures of KNO3 +  NaNOa
1 0 0.15848 79.24
*/« 74 .14993 74.97 75.20 0.23
V. 7s .14104 70.52 71.17 .65
V 4 74 .13383 66.92 67.12 .20
0 1 .12617 63.09

1.3 3 N  mixtures of KNO3 +  NaNOa
l 0 0.21042 70.16
7< 74 .19996 65.99 66.00 0.01
V* 7s .18413 61.38 61.85 .48
74 74 .17222 57.41 57.72 .31
0 l .16075 53.58

2 5 N  mixtures of NaNOa +  LiNOa
l 0 0.19815 39.65
74 lh .18944 37.89 38.28 0.39
7s 7 , .18167 36.42 36.72 .30
74 74 .17511 35.02 35.27 .25
0 l .16910 33.82
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Table I (Continued)
Composition 
x  1 —• X

Specific
conductivity

Equivalent conductivity 
Measured Calculated — A A

3.1 1 N  mixtures of K N 03 +  Cd(N03)2
l 0 0.09236 92.36
3A Va .08392 83.92 84.84 0.92
Va Va .07522 75.22 77.33 2.11
Va Va .06894 68.94 69.81 0.87
0 1 .06230 62.30

3.2 2 N  mixtures of K N 03 +  Cd(N03)2
l 0 0.15912 79.56
3A Va .13947 69.78 71.53 1.75
Va V* .12313 61.56 63.50 1.94
‘A Va .10778 53.89 55.47 1.58
0 1 .09487 47.44

3.3 3 N  mixtures of K N 03 +  Cd(N03)2
1 0 0.21009 70.03
Va Va .18015 60.05 61.58 1.53
Va Va .15243 50.81 53.13 2.32
Va Va .12895 42.98 44.68 1.70
0 1 .10868 36.23

4 3 N  mixtures of KNO3 -f  Zn(N03)2
1 0 0.21019 70.06
3A Va .18973 63.24 63.75 0.51
Va Va .17035 56.78 57.44 .66
Va Va .14966 49.89 51.13 .24
0 1 .13446 44.82

5.1 2 N  mixtures of K N 03 +  Cu(N03)2
1 0 0.15928 79.64
Va Va .14380 71.90 73.06 1.16
Va Va .13002 65.01 66.48 1.47
Va Va .11746 58.73 59.90 1.17
0 1 .10664 53.32

5.2 3 N  mixtures of K N 03 4- Cu(N03)2
1 0 0.21000 70.00
Va Va .18482 61.61 62.98 1.37
Va Va .16200 54.00 55.92 1.95
Va Va .14368 47.89 48.93 1.04
0 1 .12570 41.90

6.1 3 N  mixtures of L iN 03 +  Cd(N03)2
1 0 0.14494 48.31
Va Va .13504 45.01 45.29 0.28
Va Va .12613 42.04 42.29 .25
Va Va .11741 39.13 39.28 .15
0 1 .10881 36.27

6.2 5 N  mixtures of LiN03 -b Cd(N 03)2
1 0 0.16910 33.82
Va Va .14894 29.78 30.57 0.79
Va Va .13345 26.69 . 27.34 .65
Va Va .11797 23.59 24.10 .51
0 1 .10432 20.86

7 4 iV mixtures of L iN 03 +  Zn(N03)2
1 0 0.16168 40.42
Va Va .15711 39.27 39.33 0.06
Va Va .15277 38.19 38.26 .07
Va Va .14842 37.10 37.18 .08
0 1 .14440 36.10

8 3 N  mixtures of L iN 03 -J- M g(N03)2
1 0 0.14409 48.03
Va Va .14032 46.77 46.87 0.10
Va Va .13679 45.59 45.72 .13
Va Va .13323 44.41 44.56 .15
0 1 .13120 43.40

9.1 2 IV mixtures of Cu(N03)2 4  Cd(N03)2
1 0 0.10664 53.32
Va Va .10369 51.85 51.91 0.06
Va Va .10083 50.42 50.50 .08
Va Va .09805 49.03 49.08 .05
0 1 .09534 47.67

9.2 3 iV mixtures of Cu(N03)2 4“ Cd(ND3)2
1 0 0.12570 41.90
Va Va .12146 40.49 40.51 0.02
Va Va .11728 39.09 39.11 .02
Va Va .11303 37.68 37.72 .04
0 1 .10896 36.32

10.1 3 N  mixtures of Mg(NO;02 +  Cd(N03)2
1 0 0.13120 43.40
3A Va .12420 41.40 41.62 0.22
Va Va .11875 39.58 39.84 .26
Va Va .11373 37.91 38.05 .14
0 1 .10882 36.27

10.2 5 iV mixtures of M g(N03)2 +  Cd(N03)2
1 0 0.14555 29.11
Va Va .13102 26.20 27.05 0.75
Va Va .12119 24.24 24.99 .75
Va Va .11000 22.00 22.92 .92
0 1 .10432 20.86

11 4 iV mixtures of Zn(N03)21 +  Cd(N03)2
1 0 0.14440 36.10
Va Vi .13549 33.87 33.99 0.12
Va 72 .12683 31.71 31.88 .17
Va 74 .11808 29.62 29.77 .25
0 1 .11068 27.67

12 3 N  mixtures of K N 03 +  A1(N03)3
1 0 0.21019 70.06
Va 74 .19026 60.09 61.75 1.66
Va 72 .15467 51.56 53.44 1.88
Va 74 .12971 43.24 45.13 1.89
0 1 .11045 36.82

13 4 N  mixtures of L iN 03 +  A1(N03)3
1 0 0.16168 40.42
Va 74 .14832 37.08 37.36 0.28
Va 72 .13567 33.92 34.30 .38
Va 74 .12339 30.85 31.25 .40
0 1 * .11276 28.19

14 2 N  mixtures of k n o 3 +  Cr(N03)3
1 0 0.15857 79.29
Va V* .13537 67.69 68.46 0.77
Va 72 .11395 56.98 57.64 .66
Va 74 .08986 44.93 46.81 1.88
0 1 .07198 35.99

15 3 N  mixtures of Zn(N03)2 +  A1(N03)3
1 0 0.13446 44.82
Va Va .12701 42.34 42.82 0.48
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Table I (Concluded)
Composition Specific ̂ Equivalent conductivity
X 1 -  3c conductivity Measured Calculated - A A

lA 72 .12116 40.39 40.82 .43
'A 7 i .11334 37.78 38.82 1.04
0 1 .11045 36.82

16 4 A mixtures of Cd(N03)2 +  A1(N03)3
l 0 0.11068 27.67
74 74 .11120 27.80 27.80 0.00
7» V 2 .11144 27.86 27.93 .07
74 3,/4 .11186 27.97 28.06 .09
0 l .11276 28.19

17.1 2  A  mixtures of Cd(N03)2 +  Cr(N03)3

l 0 0.09562 47.81
74 74 .09034 45.17 44.76 - 0.41
V. 72 .08498 42.49 41.71 - .78
74 74 .07752 38.76 38.65 - .11
0 1 .07119 35.60

17.2 4 A mixtures of Cd(N03)2 +  Cr(N03)3
l 0 0.11040 27.60
74 74 .11170 27.92 27.25 - 0.67
7 . 72 .11181 27.95 26.89 - 1.06
74 74 .10963 27.43 26.54 - 0.89
0 1 .10471 26.18

18.1 1 A  mixtures of A1(N03)3 +  Cr(NOs)3
1 0 0.06264 62.64
74 74 .05797 57.97 57.63 - 0.34
7» 72 .05349 53.49 52.62 - .77
74 74 .04828 48.28 47.61 - .67
0 1 .04260 42.60

18.2 2 A  mixtures of A1(N03)3 +  Cr(N03)*3
l 0 0.09647 48.24
74 74 .09207 46.04 45.08 - 0.96
7* 72 .08617 43.09 41.96 - 1.13
74 74 .07997 39.99 38.82 - 1.17
0 1 .07136 35.68

18.3 4 A mixtures of A1(N03)3 +  Cr(NOs)'3

l 0 0.11232 28.08
74 74 .11380 28.45 27.54 - 0.91
7 . 72 .11413 28.53 26.99 - 1.54
74 74 .11010 27.52 26.45 - 1.07
0 1 .10361 25.90

19 2 A mixtures of H N 03 +  k n o 3
l 0 (289.80)
7. 72 0.36682 183.42 184.59 1.17
V. 7. .31319 156.59 163.54 6.95
74 74 .25680 128.40 131.97 3.57
7s 75 .23726 118.63 121.44 2.81
0 1 .15879 79.37

20 2 A mixtures of H N 03 -f• Cd(N03)2
1 0 (289.80)
72 72 0.32599 163.00 168.83 5.83
75 75 .27131 135.66 144.63 8.97
74 74 .20242 101.21 108.30 7.09
75 75 .18164 90.82 96.24 5.42
0 1 .09572 47.86

Discussion
In all the mixtures, except those of chromium 

nitrate with cadmium nitrate and of chromium 
nitrate with aluminum nitrate, the conductivity 
calculated according to the mixture rule is larger 
than the measured conductivity. As previously 
observed with other types of mixtures, the maxi­
mum difference between measured and calculated 
conductivities in a series of given total equivalent 
concentration follows the same trend as the differ­
ence between the conductivities of the pure salts. 
This is shown in Table II where the various 
groups of mixtures are classified according to the 
value of the difference X between the conductivi­
ties of the pure salts, AA being the largest 
departure from the mixture rule in the series. If 
one excludes the mixtures of chromium nitrate 
with cadmium and aluminum nitrates and those 
containing nitric acid, Table II could be combined 
with the corresponding tables of our previous 
papers. We note, however, that AA for 1 N  
mixtures of KN03 +  NaN03 is larger than for the 
1 molal mixtures previously studied.

Table II
N Mixtures \ -AA
2 HNOs +  Cd(N 03)2 241.94 8.97
2 HNOs +  KNOs 210.43 6.95
2 KNOs +  Cr(NOs)s 43.30 1.88
3 KNOs +  Cd(NOa)2 33.80 2.32
3 K N 03 +  Al(NOs)s 33.24 1.89
2 KNOs +  Cd(NOs)2 32.12 1.94
1 KNOs +  Cd(N03)2 30.06 2.11
3 KNOs +  Cu(NOs)2 28.10 1.95
2 KNOs +  Cu(NOs)2 26.32 1.47
3 KNOs +  Zn(NOs)2 25.24 0.66
1 Al(NOs)s +  Cr(NOs)s 20.04 -  .77
1 KNOs +  NaNOs 16.69 .85
3 KNO, +  NaNOs 16.58 .48
2 KNOs +  NaNOs 16.15 .65
5 LiNOs +  Cd(NOs)2 12.96 .79
2 Al(NOs)s +  Cr(NOs)s 12.56 -1 .1 7
4 LiNOs +  Al(NOs)s 12.23 0.40
2 Cd(NOs)2 +  Cr(NOs)s 12.21 -  .78
3 LiNOs +  Cd(NOs)2 12.04 .28
4 Zn(NOs)2 +  Cd(N03)2 8.43 .25
5 Mg(NOs)2 +  Cd(NOs)2 8.25 .92
3 Zn(NOs)2 +  Al(NOs)s 8.00 1.04
3 Mg(NOs)2 +  Cd(NOs)2 7.13 0.26
5 NaNOs +  LiNOs 5.83 .39
2 Cu(NOs)2 +  Cd(NO,)2 5.65 .08
3 Cu(NOs)2 +  C d(N 03)2 5.58 .04

«3 LiNOs +  M g(N 08)2 4.63 .15
4 LiNOs +  Zn(N 03)2 4.32 .08
4 Al(NOs)s +  Cr(NOs)s 2.18 -1 .5 4
4 Cd(NOs)2 +  Cr(NOs)s 1.42 - 1 .0 6
4 Cd(NOs)2 +  Al(NOs)s 0.52 0.09
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The behavior of the Cr(N03)3 +  Cd(N0 3)2 and 
Cr(N03)3 +  A1(N03)3 mixtures seems abnormal, 
particularly in 4 N  solutions where some mixtures 
exhibit larger conductivities than those of the two 
pure salts. We have noticed that the slope of the 
conductivity curve of Cr(N03)3 is, at least in the 
range of concentrations here studied, appreciably 
smaller than the slopes for the other nitrates, 
these being all nearly equal. When the conduc­
tivities of Cr(N03)3 and of the other salt in the 
mixture are nearly equal, there is a positive AA 
due to this difference in the slopes. When the 
conductivities are quite different, as in the 2 N  
mixtures with K N 03, AA is negative because 
the effect of this difference is larger than that of 
the difference in the slopes.

On account of the very large difference between 
the conductivity of pure nitric acid and that of 
KN03 or Cd(N03)2 we would expect — AA to be 
much larger than is observed. We found in our 
previous work that, with salts, a difference of 
100 in A corresponds to a AA of 14 to 16. The 
abnormal behavior of mixtures containing acids 
was pointed out in one of our papers and is 
evidently connected with the peculiar mechanism 
of proton conductivity. A common ion effect 
on the degree of ionization of nitric acid would 
tend to increase the lowering of the conductivity 
with respect to the mixture rule. Such an effect 
is to be expected, whether we accept Rao’s2 
claim that nitric acid, alone among all nitrates, is 
incompletely dissociated, or whether we make the 
less drastic and more reasonable assumption that, 
at these high concentrations, nitric acid is less 
completely dissociated than the salts. The

(2) Rao, Proc. Roy. Soc. (London), A127, 279 (1930).

corresponding effect on the conductivity of mix­
tures containing nitric acid apparently is over­
shadowed to a certain extent by an effect in the 
opposite direction due to the adjustment of 
mobilities.

Strong evidence for the incomplete dissociation 
of nitrates is provided by Davies,3a recent analysis 
of Van Rysselberghe and Nutting’s data3b on the 
conductivity of mixtures of KN03 with NaCl and 
of NaN03 with KC1. Davies gives a striking 
explanation for the fact that the calculated A’s 
are smaller than the experimental values in the 
former group of mixtures, and larger in the 
latter. On the basis of dissociation constants 
previously obtained for KN03 and NaN03 he is 
able to calculate AA values in excellent agree­
ment with the experimental ones.

Summary
1 . Conductivities of twenty groups of binary 

mixtures of nitrates of uni-, di-, and trivalent 
cations have been measured at total equivalent 
concentrations ranging from 1 to 5 A.

2. All mixtures studied, except those of 
chromium nitrate with cadmium and aluminum 
nitrates, exhibit conductivities lower than the 
values calculated from the simple mixture rule. 
The departure from the mixture rule is the larger 
the larger the difference of the conductivities of 
the pure salts.

3. The behavior of mixtures containing chro­
mium nitrate and of those containing nitric acid is 
briefly discussed.
Stanford University, Calif.
______ _ Received September 26, 1938

(3) (a) Davies, J. Chem. Soc., 448 (1938); (b) Van Rysselberghe 
and Nutting, T h is  J o urn al , 59, 333 (1937).
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Heats of Solution and Heats of Reaction in Liquid Ammonia. V.1 The Alkali
and Alkaline Earth M etals
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In earlier papers in this series a liquid ammonia 
calorimeter has been described and results of 
measurements of heats of solution and reaction in 
liquid ammonia have been published.2 In the 
present work, the heats of solution of the alkali 
and alkaline earth metals have been studied over 
a fairly wide range of concentrations. Kraus 
and Schmidt previously measured the heat of 
solution of metallic sodium in this solvent2 and 
found it to have a negative heat of 1385 cal. 
Metallic lithium also has been studied, but only 
at quite low concentrations. In this paper the 
results of the heats of solution of lithium at higher 
concentrations are reported, as well as those of 
calcium, barium and strontium, and they show a 
markedly large change in the atomic heat effect 
with a change in concentration. Atomic heats of 
solution of the metals, potassium, rubidium and 
cesium have also been measured.

Experimental Details
A new calorimeter made of “Nonex” glass was used in 

these experiments. This instrument was the same in all
details as the one described 
by Kraus and Schmidt.2 
The calorimeter constant 
was determined experi­
mentally by introducing a 
known amount of heat into 
water in the calorimeter and 
noting the difference in the 
heat introduced and that 
taken up by the water 
at 20°. Allowing for the 
change in the specific heat 
of the glass with the tem­
perature, this reduces to 
9.16 cal. per degree a t the 
boiling point of liquid am­
monia. Uncertainties in 
this value do not affect the 
precision of the results, as 

the temperature changes are, for the most part, very small. 
The radiation constant of the calorimeter was determined

(1) This present investigation was made possible by a Grant-in- 
Aid from the Society of the Sigma Xi and the Warren Fund of the 
American Academy of Arts and Sciences.

(2) C. A. Kraus and J. A. Ridderhof, T h is Jo urn al , 56, 79
(1934); Kraus and Prescott, ibid., 56, 86 (1934); Kraus and Schmidt, 
ibid., 56, 2297 (1934); Schmidt, Sottysiak and Kluge, ibid., 58, 2509
(1936).

and found to be 0.10 cal. per degree per minute. This cor­
rection was generally insignificant, due to the short dura­
tion of the determinations. The amount of ammonia used 
in all the determinations was 29.80 g., which was corrected 
for the ammonia vaporized due to the heat evolved. 
The following constants were employed: specific heat of 
ammonia a t the boiling point 1.067 cal./deg.,3 heat of 
vaporization 327.7 cal./g.4 In  the case of the metals 
potassium, rubidium and cesium, whose heat effects were 
zero, the current in the battery circuit of the Queen poten­
tiometer was diminished by means of a resistance so as to 
spread out the scale readings and catch any small tempera­
ture change that might have occurred. The temperature 
change in all of these measurements was zero to an ac­
curacy of 0.005°,

Preparation of the Metals.—The metals rubidium and 
cesium were reduced from their respective chlorides by 
granulated metallic calcium in the apparatus shown in 
Fig. 1. Twenty-five grams of the chloride was quickly and 
thoroughly mixed in an atmosphere of dry air with ap­
proximately 5% more than an equivalent of the calcium 
and put into a pure nickel tube (A), the ends of which were 
folded over. The charged tube was introduced into the 
apparatus a t (B) and supported by nickel wire springs. 
The apparatus was then sealed off a t the top and immedi­
ately evacuated. The glass was heated with a hand 
torch during the evacuation so as to degas the interior as 
thoroughly as possible. Coil (D) from an induction fur­
nace was used to heat the nickel tube to red heat in order 
to initiate the reaction. Sufficient heat was maintained 
by the reaction to carry the reduction to completion. 
Both rubidium and cesium distilled and exuded from the 
seams of the nickel tube, free from unreacted salts and 
calcium chloride, and ran down into the fragile bulb (C) 
which was then sealed off. The metals were then redis­
tilled into weighed fragile bulbs to be used for the heat 
measurements. Yields ranging from 35 to 45% were ob­
tained in the case of both metals. Chemical examination 
of these metals showed no impurities. The potassium 
used was twice distilled. The lithium and the alkaline 
earth metals were better than 99.5% pure. In  an atmos­
phere of dry hydrogen, these metals were cut into as large 
pieces as were permitted by the size of the capillary tubes 
on the fragile bulbs. The metals were free of their re­
spective nitrides and oxides.

Experimental Results
The heats of solution of lithium, potassium, 

rubidium and cesium are presented in Table I, 
and those of the alkaline earth metals, calcium, 
barium and strontium, in Table II.

(3) Osborne and Van Dusen, Bureau of Standards, Scientific 
Paper No. 313, issued Dec. 13, 1917; T h i s  J o u r n a l , 40, 1 (1918).

(4) Roy Overstreet and W. F. Giaugue, ibid., 59, 254 (1937).
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T a b le  I
A tomic H e a t s  of Solution  of M etallic  L ith iu m ,

P o ta ssiu m , R u b id iu m  a n d  Ce siu m
Moles NHs Obsd. ht. Atomic heat

w t., g. per atom effect, cal. effect, cal.

(A) Lithium
0.1056 102.8 120.9 7961

.1769 67.6 202.9 7962

.2953 39.7 346.6 8144

.4100 28.2 487.9 8260

.4822 23.6 585.1 8421

.5448 20.9 646.4 8380
(B) Potassium

1.2918 52.9 0.00 0.0
1.7200 39.8

oo .0
(C) Rubidium

0.4837 309.6 0.00 0.0
.6375 233.7 .00 .0

1.0689 139.6 .00 .0
(D) Cesium

1.0800 215.2 0.00 0.0
3.3963 68.4 .00 .0

T a b l e  II
A tomic H e a t s  of S olution  of  Ca lciu m , B ar iu m  a n d  

Strontium

Sample
Moles NHs 
per atom

Observed ht. 
effect, cal.

Atomic ht. of 
soln., cal.

(A) Calcium
0.1907 366.0 46.47 9,764

.2470 282.0 62.36 10,116

.2779 251,0 74.77 10,780
(B) Barium

0.3850 621.0 30.90 11,024
.5477 435.0 50.03 12,547
.7469 319.0 77.53 14,258
.9011 262.0 93.80 14,298

1.3658 173.0 160.32 16,124
(C) Strontium

0.3000 507.0 59.40 17,351
.3831 397.0 78.44 17,940
.6606 248.0 125.98 18,200
.9720 155.0 214.90 19,380

Discussion
As will be noted upon examination of Figs. 2 

and 3, the atomic heats of solution of lithium and 
the alkaline earth metals vary regularly over the 
range of concentrations measured, decreasing with 
a decrease in concentration. The high heats of 
solution of these metals are due, in part, to a heat 
of reaction to form an ammoniated metal ion. 
The other metals measured, potassium, rubidium 
and cesium, do not form solvated ions. The 
atomic heats of solution of lithium and calcium 
in liquid ammonia were calculated by Kraus from 
vapor pressure measurements and found to be

8698 and 10,230 cal., respectively, for their satu­
rated solutions at O0.5 Our measurements of 
these metals were made at the boiling point of the 
solvent and in the concentrated region agree very 
well in magnitude with the calculated values at 
the higher temperatures.

Fig. 2.—Atomic heats of solution of lithium in anhydrous 
liquid ammonia.

0 200 300 400 500 600
Moles NH s per atom.

Fig. 3.—Atomic heats of solution of calcium, barium, 
and strontium.

In the case of the solution of metallic calcium in 
anhydrous liquid ammonia two phases are formed, 
one of which is quite dilute and one of which is 
quite concentrated.5 There are no data regarding 
such happening in the case of the metals barium 
and strontium, but in all probability similar two 
phase systems are formed. I t would seem that 
such a phenomenon would show as a break in the 
atomic heat of solution-concentration curves of 
these metals. Examination of these curves in 
Fig. 3 shows that apparently such is not the case 
in the region of the concentrations studied.

Summary
A method is described for the extraction of pure 

rubidium and cesium from their respective halides 
in good yields.

(5) G. A. Kraus, T h is  J o u r n a l , 30, 653 (1908).
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The atomic heats of solution of potassium, rubid­
ium and cesium have been measured over a fairly 
wide range of concentrations and found to be zero. 

The atomic heats of solution of metallic lithium,

calcium, barium and strontium have been meas­
ured over a range cf concentrations and have 
been found to have a negative heat of dilution. 
S chen ec ta d y , N. Y. R e c eiv ed  S e pt e m b e r  29, 1938

[Co n t r ib u t io n  from  the  Chem ical  L aboratory  of t h e  U n iv e r sit y  of Ca l if o r n ia ]

The Kinetics and Mechanism of a-Aminoisobutyronitrile Formation

By T. D. S t e w a r t  a n d  C h o h - h a o  Li

Introduction
The a-amino nitriles are generally obtained by 

the reaction of equimolecular proportions of an 
alkali cyanide and an amine salt with an aldehyde 
or ketone in aqueous or aqueous alcoholic solu­
tion,1 or by the reaction between equimolecular 
proportions of a cyanohydrin and an amine.2 
The main reaction is
R2C(OH)CH +  R2NH 7 " »  R2C(NR2)CN +  H20  (1) 

This equation implies that the oxygen is removed 
from the cyanohydrin and is replaced by the 
amino group directly; but in view of the follow­
ing argument this path is extremely unlikely.

When a cyanohydrin is placed in an alkaline 
medium, such as a solution of an amine, the follow­
ing equilibria are rapidly established

r 2c (o h )c n  T i f :  r 2c o  +  h c n  (2)
HCN +  R2NH r 2n h 2c n  -t ->  r 2n h 2+ +  c n -

(3)
The rapid appearance of cyanide ion demonstrates 
an apparent high reactivity of the carbon-cyanide 
bond in the cyanohydrin and shows the improba­
bility of the hydroxyl group being dissociated or 
exchanged in alkaline solution. Ultee3 showed 
that this reactivity was not a property of the cy­
anohydrin as such, because in acidic medium 
prussic acid was not formed.

The mechanism4 of the dissociation in alkali 
can be expressed

R2C(CN)OH +  O H - 7 ± :  R2C (C N )0- -1- h 2o  (4) 
R2C (C N )0- 7 - »  R2CO +  CN - (5)

in which both reactions are rapid and reversible. 
Equations (4) and (5) are of particular interest 
inasmuch as a similar effect of alkali has been 
noted in other cases, namely, aldehyde bisulfite 
and formocholine dissociations.

(1) “Organic Syntheses,” John Wiley and Sons, Inc., New York, 
1931, Vol. XI, p. 4.

(2) Zelinski and Stadnikoff, Ber., 39, 1722 (1906).
(3) A. J. Ultee, Rec. trav. chim., 28, 248 (1909).
(4) A. Lapworth, J. Chem. Soc., 85, 1206 (1904).

— OH~
C6H5CH(S03)0 H -  7  - >  C6H5CH(S03)0= — >

CeHfiCHO +  S03-  +  H20  (6)
+ • +

(CH3)3NCH2OH 7  ^  c h 3)3n c h 2o - — >
(CH3)3N +  CH20  (7)

In each case5 the rate of appearance of cyanide 
ion, sulfite ion or trimethylamine, respectively, is 
proportional to the hydroxide ion concentration 
which in turn governs the concentration of the 
intermediate ion. In each case the intermediate 
takes the form

; o \  -
R2C ; * — ^  R2C :: o ’l +  : X "  (8)

•X

in which the electron pair bonding the radical X  
is replaced by an unshared electron pair of the 
charged oxygen; the dissociation is therefore a 
substitution reaction and not an ionization in the 
ordinary sense, and as such would be a relatively 
rapid reaction.6 The alkaline catalysis of sugar 
mutarotation as well as alkaline catalysis of di­
acetone alcohol dissociation7 may be represented 
similarly. It is clear that in an acidic medium 
the concentration of the intermediate ion would 
be reduced and hence the rate of dissociation in­
hibited; in alkali neither the cyanohydrin as such 
nor the intermediate ion could be expected to dis­
sociate hydroxyl or react to replace it by the 
amine group.

A clue as to the path by which the oxygen 
(Eq. 1) is removed is given by the known reac­
tions of the cK-amino alcohols and their ethers. 
Lapworth and his co-workers8 have pointed out

(5) (a) T . D. Stewart and L. H . Donnally, T h is  J o u r n a l , 54, 
2333 (1932); (b) T. D. Stewart and H. P. Kung, ibid., 55, 4813 
(1933).

(6) A. R. Olson, J. Chem. Phys., 1, 418 (1933).
(7) F .  H. Westheimer and H. Cohen, T h is  J o u r n a l , 60, 90 (1938).
(8) (a) W. Cocker, A. Lapworth and A. Walton, J. Chem. Soc., Ill,

449 (1930). (b) T . D . Stewart and W. E. Bradley, T h is  J o u rn al ,
64, 4172 (1932).
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the capacity of the hydroxyl and alkoxyl groups 
in these substances to dissociate

R2C(NR2)OH +  H + 7 " ^  R2C = N +R2 +  H20  (9) 

The reaction conforms to the generalized intra­
molecular substitution reaction presented in 
Equation 8, and, unlike the cyanohydrin case, 
both the oxygen and nitrogen systems are suscep­
tible to dissociation. I t is evident that in the a- 
amino alcohols a means is to be found by which 
the oxygen of a ketone may be removed readily. 
We may therefore superimpose upon the system 
represented in Equations 2 and 3 the further reac­
tions

r 2c = o  +  r 2n h  r 2c (o h )n r 2 (io)
R2C(OH)NR2 +  HCN R2C(CN)NR2 +  h 2o  (11)
r 2c (o h )n r 2 +  r 2c (o h )c n

R2C(CN)NR2 +  R2C(OH)2 (12)

showing how the hydroxyl of the cyanohydrin is 
formally replaced by the amine group. Evidence 
favoring this viewpoint is presented below.

Experimental Results
The Rate Law in Acetone as a Solvent.— 

The rate of the reaction 
(CH3)2C(OH)CN +  (C2H5)2NH — >

(CH3)2C(CN)N(C2H5)2 +  h 2o

was determined to be proportional to the concen­
tration of each of the reactants in acetone solution. 
Tables I and II present typical data; a and b rep­
resent the concentration of acetonecyanohydrin 
and diethylamine, respectively, and k tr is the 
specific reaction rate constant as normally calcu-

T able I
Rate op R eaction Using D ifferent Initial Concen­

trations at 25°
a

g. mole/1.
b

g. mole/l.
Time

sec. X 10"3 % of 
b reacted kn X 10® 

g. mole/l./sec.
0.1277 0.1277 86.4 11.95 1.225

.2554 .1277 43.2 11.80 1.174

.1277 .2554 43.2 6.05 1.211

.0487 .4756 22.2 1.25 1.233

Table II
Rate of Reaction between Diethylamine and Ace-

TONE CYANOHYDRIN AT 25°; a = b = 0.1277
Time

sec. X 10 ~3 Per cent, reacted
k" X 10® 

g. mole/l./sec.
0.0 0.0

86.4 11.95 1.225
175.2 21.62 1.276
262.8 29.20 1.218
376.8 37.38 1.266
585.0 48.26 1.248

1196.4 65.40 1.225
Av. 1.243

lated for a second order reaction. In Table II the 
rate constant was calculated for each interval of 
time and shows no trend up to 65% of the total 
reaction, showing that the equilibrium lies far to 
the right in this solvent.

Catalysis by Tertiary Amines.—When tri- 
ethylamine or tri-^-propylamine is added to the 
reacting mixture of acetonecyanohydrin and di­
ethylamine in acetone, the rate of the reaction is 
increased in proportion to the concentration of 
tertiary amine present, as shown in Fig. 1. If

Fig. 1.—The catalytic effect of tertiary amines:
1, tri-w-propylamine; 2, triethylamine.

kt is the over-all bimolecular specific reaction 
rate constant we may write

k 9 -  k" +  mkl

where m is the molarity of the tertiary amine, 
k" the specific reaction rate constant of the 
catalyzed reaction, and k ,r that of the uncata­
lyzed reaction. The rate law becomes 

Rate = k"(a) (b) +  k ’0(a) (b) (m)

as an expression of two independent rate deter­
mining steps. The. data are summarized in 
Table III.

Table III
Catalytic Effect of Tertiary Amines at 25°
Triethylamine Tri-n-propylamine

r  = 1.539 X 10-4 ko «= 8.890 X 10-®
100m k", X 10® 100m k” X 10®
0.000 1.240 0.000 1.240
3.799 1.783 5.245 1.690
7.078 2.355 7.940 1.930

11.620 3.037 10.560 2.162
14.300 3.457 13.430 2.428

16.360 2.698

Catalysis by Alcohols.—Figure 2 and Table 
IV show the change in specific reaction rate when 
varying portions of ethanol are added to the ace-
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M, moles.
Fig. 2.—The catalytic effect of alcohols: 1, eth­

anol; 2, methanol.

tone solution. No correction was necessary for 
initial dissociation of the cyanohydrin (Eqs. 2 and
3) for the calculation of the rate constant, since 
the dissociation was negligible due to the high 
acetone concentration. In these solvents equilib­
rium is reached when the reaction has proceeded 
about 60%, so that for each solvent the equilib­
rium was determined and used in the calculation 
of the rate constant. Table V presents typical 
data in which kt has been calculated, using the 
equation

dx/d t = kt(a — x) (b — x) — k%x2

where kt and k2 are specific velocity constants of 
the forward and reverse reactions, respectively.

T able IV
Catalytic Effect of Ethanol at 25°

Molality of ethanol kt X 10s
0.000 1.240

.855 1.618
1.352 1.948
1.712 2.260
1.931 2.588
2.205 2.942
2.372 3.207
2.570 3,450
4.240 5.579

Table V
Typical Kinetic Data in Ethanol-A cetone M ixture 

at 25°
Molality of ethanol: 4.240; equilibrium constant, K, 

1.872; a =  0.0925 M; b =  0.925 M.
Time X fetX 106

(sec. X 10 ”3) {M  x  103) (g. mole/l./sec.)
00 .0 0 .0 0
12.9 6 .0 8 5 .44
31 .5 13.62 5 .45
45 .0 18.69 5 .58
85 .8 2 9 .3 8 5 .42

118.2 37 .1 0 5,79
167.1 4 4 .08 5.82
212.1 4 8 .25 5.58

Methanol also shows the same effect on the rate 
as ethanol as shown numerically in Table VI and 
graphically in Fig. 2 (curve II). Addition of t- 
butyl alcohol does not affect the rate up to 3 M  
alcohol; dioxane up to 2 M  has no effect upon the 
reaction rate in acetone.

Table VI
Catalytic Effect of M ethanol at 25°

Molality of methanol K  X 10»
0.000 1.240

.491 1.657

.734 1.972

.884 2.170

.983 2.525
1.225 3.003
1.475 3.820
1.950 5.115

The Rate Law in Alcohol. Catalysis by 
Acetone.-—It is found in alcohol containing up 
to 1.4 M  acetone that the rate constant calcu­
lated from the bimolecular rate law decreases as 
the initial concentration of the reactants increases. 
The rate of the reaction is actually independent 
of acetonecyanohydrin and at constant acetone 
concentration is proportional to the concentration 
of diethylamine as shown in Figs. 3 and 4. Since 
the acetone concentration is high,9 the dissocia­
tion of cyanohydrin is small and may be consid­
ered to be constant over the small portion of the 
total reaction studied. The data are shown 
graphically in Figs. 3 and 4 where the logarithm 
of the diethylamine concentration is plotted 
against the time. The velocity constants, sum­
marized in Table VII, were evaluated by multi-

Table VII
Initial Concentrations and Reaction R ates in Alco­
hol Solution. Rate Data Plotted in Figs. 3, 4 and 5

Run
a (Cyano­
hydrin) 

m./l.
b{ Diethyl­

amine) 
m./l.

c (Acetone) 
m./l. k[ x 106

E7 0.1058 0.1058 0.4160 3.38
E22 .1062 .2124 .4170 . . . .

E13 .2155 .2155 .440
e6 .1033 .1033 .1541
e6 .2106 .2106 .1551 1.44
Eg .2166 .2166 .1710
E17 .2157 .2157 .6910
E23 .1050 .1050 .6793 5.12
Ei8 .2159 . 1079 .6920
E19 .2166 .2166 1.3680 9.67
E24 .1059 .1059 1.3545 . . . .

El6 .2147 .2147 0.073(x.) 0.928
E20 .2160 .1080 1.3500

(9) In Expt. E16 no acetone was added; that present was due to 
dissociation of the cyanohydrin. The initial reaction rate only was 
calculated, as the acetone concentration was not constant in this
case.



Nov., 1938 Kinetics and M echanism of <*-Aminoisobutyronitrile Formation 2785

Time X 10 ~4, sec.
Fig. 4.—The reaction rate in ethanol.

plying the negative slopes of the straight lines by 
2.303. In Fig. 5 the acetone concentration is 
plotted against the unimolecular rate constants 
of Table VII. The result indicates a reaction 
rate proportional to the acetone concentration.

Discussion of Results
Empirical rate laws have been obtained in solu­

tions using acetone as solvent with varying

amounts of .alcohol present, and in solutions using 
alcohol as solvent with varying acetone content. 
For thé first series the rate law found is

d(P)/<F = k " (amine) (cyanohydrin) (A)

where P is the product of the reaction.
In ethanol as solvent a different rate law has 

been found
d(P)/ch = &'(acetone) (amine) (B)

It is improbable that these rate laws should in­
volve two fundamentally different mechanisms, 
and an attempt will be made to derive them from 
a simple mechanism.

Fig. 5.—Effect of acetone concentration upon the 
specific reaction rate in alcohol.

The Reaction Mechanism.—Assume the ex­
istence of the reaction

h
R 2C = 0  +  R 2N H  -7 - ^  R 2C (O H )N R 2 (13) 

k'2

where k\ is the specific rate of amino alcohol for­
mation and fe its specific dissociation rate. We 
also assume that the mechanism of aminonitrile 
formation may be expressed

d(P)/d£ =  &(amino alcohol)(H C N ) (C )

The concentration of the hydrocyanic acid is de­
termined by the equilibrium

R 2C(O H )CN R 2C = 0  +  H C N  (14)

From these considerations the empirical* rate 
laws above (Eqs. A and B) may be derived upon 
the additional assumptions that in acetone as a 
solvent the equilibrium between the amino alcohol, 
acetone and amine (Eq. 13) is maintained as the 
reaction proceeds, whereas in alcohol as a solvent 
the amino alcohol is no longer at its equilibrium 
concentration but a low steady state value. This 
value is determined largely by the acetone con­
centration. A low acetone concentration permits
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a higher hydrocyanic acid concentration (Eq. 14) 
and thereby decreases the probability that any 
amino alcohol formed will dissociate into its origi­
nal constituents.

The rates of appearance and disappearance of 
amino alcohol may be expressed

d(amino alcohol)/d t *  ki(acetone)(amine)
—d(amino alcohol) /d t — k2{amino alcohol) +

&(amino alcohol) (HCN)

When the steady state is established, these rates 
are equal and

, , t 1X &i(acetone) (amine)
(ammo alcohol) = -  ^(h c n ) +  k»

Therefore
j /p w j ,  _  fci(acetone) (amine) (HCN) , .
d(F ;/d  &(h c n ) +  k2

If k2 is small and negligible in comparison with the 
factor &(HCN), Equation (D) becomes

d(P)/d£ = ^ '(acetone) (amine) (B)

which is the empirically determined rate law, and 
implies that the major rate determining step is the 
rate of amino alcohol formation.

In acetone as the solvent, where the amino al­
cohol is maintained at or near its equilibrium con­
centration10

(amino alcohol) = ki/ k2(acetone)(amine)

and from Equations C and 14
d(P)/ck = &M2(acetone)(amine)(HCN) (E)

= k "(amine) (cyanohydrin) (A)

I t  is thus possible to use a single reaction mecha­
nism (Eq. C) involving amino alcohol and hy­
drocyanic acid over the whole range of mixed 
solvents, and yet account in a simple way for the 
observed change in the rate law from an apparent 
bimolecular form in pure acetone, to a pseudo- 
monomolecular law in alcohol as a solvent.

The Catalytic Effect of Tertiary Amines and 
Alcohols.—The factor described as (HCN) in 
the rate determining steps (Eq. C) was evaluated 
from Eq. 14 as the ratio: (cyanohydrin)/(acetone). 
An equally valid evaluation would be the ratio: 
(amine cyanide salt)/(amine). Actually, hydro­
cyanic acid is present not only as such, but , in

(10) The fact that pure acetone and diethylamine react only 
slightly to form the amino alcohol is indicated by the properties of 
their binary solution. Results of this study will appear in a separate 
communication.

various solvated forms; the cyanohydrin itself 
as well as a tertiary amine salt could be considered 
as belonging to the solvated hydrocyanic acid 
species of molecule, and as such enter the rate 

law. Each such variation of hydro­
cyanic acid would contribute to the 
total reaction rate in a specific and 
characteristic way. From the slopes 
of the curves in Figs. 1 and 2 the 

catalytic constants in acetone for the alcohols 
and amines appear in the order: ethanol, 4.0; 
methanol, 8.0; tri-w-propylamine, 89; and tri­
ethylamine, 154.

It is striking that there is no evidence of the 
secondary amine (one of the reactants) taking the 
place of the tertiary amine (a catalyst) and 
thereby entering the rate law to the second power. 
A ten-fold excess of diethylamine was used to test 
this, and any adequate hypothesis of this catalytic 
action should consider it. It is obvious that as 
bases, the tertiary and secondary amines are 
nearly equivalent, but in one respect their com­
plexes with acetone cyanohydrin are very differ­
ent.

. R . R
O : H : N ; R .  . O : H : N
C . Ë ‘ R : c

R* *' C . .  H
; - N : ‘ N :

I II

R . . Ö : H : Ö : R

III

Formulas II and III present chelated complexes be­
tween the cyanohydrin and secondary amine and 
alcohol. In these cases, the presence of the pro­
tons from the secondary amine and alcohol, re­
spectively, offers opportunity for completion of a 
ring structure through hydrogen bond formation 
between the cyanide group and the nitrogen or 
oxygen atoms. The corresponding tertiary amine 
structure is not chelated, and, as discussed in the 
Introduction, its formation would increase the 
reactivity of the cyanide residue and thereby in­
crease the availability of cyanide for replacement 
of the hydroxyl group of the amino alcohol (Eqs. 
11 and 12). Chelation in II would both stabilize 
the complex, and in case of rupture of the carbon- 
cyanide bond, effectively reduce the activity of 
the cyanide ion by its association with the amine 
residue. The alcohol complex, on the other hand,

r 2c = o  +  R2NH
ki

R2C(OH)NR2-
m

r 2c = o  +  r 2n h
2 Jj

HC
->  R2C(NR2)CN +  H20
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is intermediate in its reactivity; as a chelated 
structure it might be reasonably stable and less 
reactive than the tertiary amine derivative; as 
an oxonium rather than an ammonium derivative 
it would offer a source of hydrocyanic acid far 
more reactive than the secondary amine complex. 
I t is interesting that /-butyl alcohol and dioxane 
do not participate in this catalysis, a result which 
clearly indicates that these substances are no 
better proton acceptors than acetone, and very 
much poorer than the primary alcohols.11

The Reaction in Alcohol.—The pseudo first 
order reaction found in alcohol as a solvent is well 
supported. Doubling cyanohydrin concentration 
produces very little difference in the rate of the 
reaction, as measured by the slopes of the curves 
in Figs. 3 and 4. On the other hand, doubling 
the amine concentration doubles the actual rate 
but not the specific rate. Moreover, tertiary 
amines do not catalyze the reaction in alcohol, 
that is, under conditions where the rate deter­
mining step is primarily amino alcohol formation. 
Since the reaction probably comes to an equilib­
rium at close to 60% completion in alcohol, the 
measurements have been carried to but 25% in 
any one experiment. In Fig. 3, Curve E22, there 
is evidence of a slower reaction than would be 
predicted from Curves E7 and Ei3, and this may 
be ascribed to the fact that amine is in excess in 
this experiment, with consequent increase in the 
steady state value of the amino alcohol concentra­
tion. The fact that in Fig. 5 where the specific 
reaction rate constant is plotted against the ace­
tone concentration, the straight line does not pass 
through the origin, indicates that the steady state 
value of the amino alcohol concentration is not 
zero, but decreases relatively with decreasing 
acetone concentration. At any one acetone con­
centration &2 is small compared to fe (HCN) as 
discussed above, and no interference arises with 
the apparent first order law. The accuracy of the 
data does not warrant an attempt to calculate 
specific values for ki, ki and k3 which would be 
required for a complete analysis.

Experimental
Materials.—The preparation of acetonecyanohydrin 

has been described already.11 All amines were fraction­
ated after standing over fused potassium hydroxide for at

least one week. The fractions used distilled as follows: 
(C2H5)2NH, 55.46° (corr.); (C2H5)3N, 89.23° (corr.); and 
(CH3CH2CH2)3N, 156.47° (corr.). Acetone was refluxed 
for several days with solid potassium permanganate, dis­
tilled, dried over calcium chloride and fractionated in a 
1-meter column of the Podbielniak type. The central 
fraction had a constant boiling point of 56.20° (corr.). 
Alcohols were treated as previously described.11

Experimental Procedure.—The diethylamine was dis­
solved in the dried solvent, pure acetone or acetone-alcohol 
mixtures, in known concentrations, and added to weighed 
portions of cyanohydrin in a thermostat. Aliquot parts 
of this solution were transferred at known time intervals 
to known volumes of 0.020 M  silver nitrate in 0.20 M  
nitric acid solution and the mixture allowed to  stand for an 
hour to complete the precipitation of silver cyanide. The 
latter was then filtered off, washed with water, and the 
filtrate titrated with standard thiocyanate using ferric 
alum as indicator. Accuracy in the end-point depends 
upon having an appreciable excess of silver nitrate in the 
filtrate and thorough removal of the precipitated silver 
cyanide.

The above analytical method for the determination of 
the amount of aminonitrile formed depends upon several 
factors. In the presence of appreciable acetone the cyano­
hydrin does not dissociate hydrocyanic acid, even in the 
presence of amines. In the solvents low in acetone al­
lowance was made for such dissociation. Neither does the 
cyanohydrin lose cyanide ion to acidified silver nitrate. 
The rate at which aminonitrile loses cyanide ion depends 
upon the acidity. When the excess nitric acid is 0.05 M, 
half of a given amount of aminonitrile reacts in three 
minutes; when the excess acid is 0.13 M  the half-life is 
about six and one-half minutes; no appreciable reaction 
occurs in 1 Af nitric acid. I t  is important th a t no local 
concentration of alkali exist during the mixing of the alka­
line reaction mixture and the acidified silver nitrate. To 
avoid this, vigorous stirring is employed and a concentra­
tion of acid greater than the concentration of amine is 
required.

Summary
The specific reaction rates of the reaction

(CH3)2C(CN)OH +  (C2H 5)2N H ----
(CH3)2C(CN)N(C2H 5)2 +  h 2o

have been measured in acetone and in alcohol as 
solvents, and the corresponding rate laws de­
duced. The two rate laws are, for the alcohol 
and acetone solvents, respectively

d(P)/d£ = &'( acetone) (amine)
d(P)/d£ = k "(amine) (cyanohydrin)

These have been shown to be related through a 
common reaction mechanism, and this in turn has 
been discussed from the general standpoint of the 
reactions of carbonyl systems.
Berkeley, Calif. Received July 22, 1938(11) C. H. Li and T. D. Stewart, This J o u r n a l , 59, 2596 (1937).
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The Reducing Action of Primary Grignard Reagents with Trimethylacetyl Chloride

B y F r a n k  C. W h it m o r e , R. E. M e y e r , G. W . P e d l o w , J r ., a nd  A. H . P o p k in

Recent studies have been made of the reducing 
action of Grignard compounds on acid chlorides.1

In the present work, the preparation of a series 
of secondary carbinols, for use in subsequent re­
arrangement studies, involved the addition of 
trimethylacetyl chloride to various primary Grig­
nard reagents. The results, tabulated below, are 
in accord with previous reduction studies in this 
Laboratory.

-ignard reagent
% Yield of reduction products 

(CH3)3CCH2OH (CH3)3CHOHR
Ethyl2 None 69
w-Propyl 20 76
Isopropyl 23 53
w-Butyl3 28 71
Isobutyl 61 26
n-Amyl 20 75
Isoamyl4 15 71

The reduction of trimethylacetyl chloride to 
trimethylcarbinol by each of the Grignard re­
agents except ethyl is in sharp contrast to the 
failure to reduce /-butylacetyl chloride to neo­
pentylcarbinol even by a tertiary Grignard re­
agent.1 The obvious explanation that the reduc­
tion depends on the attachment of a tertiary 
group directly to the COC1 group is unsound since 
n- and isobutyryl chlorides are reduced to the 
primary alcohols in 20 and 9% yields by /-butyl­
magnesium chloride.1

In these reactions, trimethylacetyl chloride was 
added to an excess of Grignard reagent. It has 
since been found that the reverse addition of a 
primary Grignard reagent to an excess of tri­
methylacetyl chloride produces carbinols in the 
form of the corresponding esters, with a marked 
change in the yield of reduction products. This 
is being investigated further.

Grignard solutions used in this study were 
filtered.

Experimental
The columns used were of the total condensation variable 

take-off type packed with single-turn glass helices. The

(1) Greenwood, Whitmore and Crooks, T h is  J o urn al , 60, 2028  
(1 938 ); Whitmore and co-workers, ibid., 60, 2030, 2458, 2462 
(1938 ).

(2) A 20% yield of diethyl-/-butylcarbinol was formed as the high 
boiling fraction.

(3) Yields in this reaction checked with those previously reported.1
(4) 7% of olefin, corresponding to the dehydrated tertiary car­

binol was also found.

dimensions (cm.) are of the packed portions: Column I, 
45 X 0.9; II, 35 X 1.1; III, 43 X 0.5; IV, 67 X 1.3; V, 
75 X 1.2.

Addition of Trimethylacetyl Chloride to Ethylmagnesium 
Bromide.—The ethylmagnesium bromide was prepared 
from 545 g. (5 moles) of ethyl bromide, b. p. 36° a t 730 
mm., n2Qd 1.4240,121.5 g. (5 moles) magnesium and 900 cc. 
of dry ether. Addition of 181.5 g. (1.5 moles) of tri­
methylacetyl chloride, b. p. 57.6° a t 150 mm., n20d 1.4125, 
prepared in 84% yield from thionyl chloride and trimethyl­
acetic acid, required two and one-half hours for comple­
tion. The complex was then decomposed with ice, ex­
tracted with ether, and after removal of ether through 
column IV was fractionated through column I to give 
fractions: 1-3, 31.9 g. ether, b. p. 34-35° a t 732 mm., 
n20d 1.3532; 4-5, 12.4 g., 50-130.5°, 1.4026-1.4205; 6, 
14.6 g., 130.5-133°, 1.4218; 7-11, ethyl-/-butylcarbinol,
75.4 g., 133-134° a t 732 mm., 1.4223-1.4225; 12, 9.8 g., 
85-114° a t 150 mm., 1.4292; 13-15, diethyl-/-butylcarbinol,
43.5 g., 114.5° a t 150 mm., 1.4424-1.4427; residue 10 g.

Cut 4 on refractionation through column III  gave:
16, 0.5 g., b. p. 33.5-60° a t 735 mm., n2»d 1.3696; 17, 1.5 
g., 60-75°, 1.4057; 18, 1.1 g., 75-110°, 1.3825; 19, 0.6 g., 
110°, 1.4142; residue 0.8 g. No indication of neopentyl 
alcohol could be found. The identity of fractions 6-13 
was proved by m. p. and mixed m. p. of 109-110° for the 
a-naphthylurethan of ethyl-/-butylcarbinol. Fractions 
13-15 were diethyl-2-butylcarbinol, b. p. 114.5° atl50mm., 
n20D 1.4424, d204 0.8524, in agreement with the constants 
given by Nasarow.5

Fraction 17 contained ethyl alcohol as shown by the m. p . 
and mixed m. p. of the 3,5-dinitrobenzoate, 93-94°.

Addition of Trimethylacetyl Chloride to w-Propylmag- 
nesium Bromide.—The addition of 181.5 g. (1.5 moles) of 
trimethylacetyl chloride to 4.5 moles of w-propylmag- 
nesium bromide in 1900 cc. of dry ether was completed in 
eighty minutes. The complex was decomposed with ice, 
extracted with ether, and the solvent removed through 
column IV. The product was then fractionated through 
column I to give: fractions 1-4, 59.8 g. ether, b. p. 32.5- 
42.0° a t 739 mm., n20D 1.3529-1.3531; 5-7, 8.9 g., 45.0- 
107°, 1.3821-1.3953; 8, 3.2 g ,  107-110°, 1.4010; 9-12,
24.1 g., 66.5-104° a t 150 mm., m. p. 50°; 13-15, 19.0 g., 
104-105.5° a t 150 mm., 1.4245-1.4260; 16-20, 114.0 g.,
105.5-106.5° a t 150 mm., 1.4270-1.4276; residue 6.4 g.

Fractions 5-7 contained n-propyl alcohol as identified 
by the 3,5-dinitrobenzoate, m. p. and mixed m. p. 73-74°.

Fractions 8-12 were neopentyl alcohol, phenylurethan, 
m. p. and mixed m. p. 113-114°.

Fractions 13-20 were w-propyl-2-butylcarbinol, phenyl­
urethan, m. p. and mixed m. p. 70.5-71.5°.

Addition of Trimethylacetyl Chloride to Isopropylmag- 
nesium Bromide.—The addition of 181.5 g. (1.5 moles) of 
trimethylacetyl chloride to 4.5 moles of isopropylmag- 
nesium bromide in 900 cc. of dry ether required three

(5) Nasarow, Ber., 69, 21-24 (1936).
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hours. The product was decomposed and extracted in the 
usual manner and fractionated through column V to give: 
fractions 1, ether, b. p. 35-36° a t 743 mm., w20d 1.3535; 
2-7, 9.6 g., 43-99°, 1.3574-1.3840; 8-12, 30.3 g., 111° at 
743 mm. and 73-75° a t 150 mm., m. p. 50°; 13-14, 5.9 g., 
81-96° at 150 mm., 1.4108-1.4212; 15-16, 11.6 g., 98- 
100° a t 150 mm., 1.4277-1.4285; 17-25, 93.5 g., 100° at 
150 mm., 1.4290-1.4295; residue 8.2 g.

Fractions 4-6 contained isopropyl alcohol as identified 
by the phenylurethan, m. p. and mixed m. p. 89-90 °.

Fractions 8-12 were neopentyl alcohol, phenylurethan, 
m. p. and mixed m. p. 113-114°.

Fractions 15-25 were isopropyl-/-butylcarbinol, phenyl­
urethan, m. p. and mixed m. p. 36-86.5°.

Addition of Trimethylacetyl Chloride to Isobutylmag- 
nesium Bromide.—Addition of 181.5 g. (1.5 moles) of tri­
methylacetyl chloride to 4.5 moles of isobutylmagnesium 
bromide was completed in three hours. The complex 
was decomposed and extracted in the usual manner and 
fractionated through column V to give: fractions 1, 
ether, b. p. 34-35° a t 735 mm., w20d 1.3535; 2-9, 13.3 g., 
52-104°, 1.3574-1.3952; 9-18, 81.4 g., 106-111 and 76° 
a t 150 mm., m. p. 50°; 19-20, 3.2 g., b. p, 100-109° 
a t 150 mm., 1.4131-1.4212; 21-22, 12.2 g., 110-111° at 
150 mm., 1.4270-1.4293; 23-27, 43.2 g., 111-112° at 
150 mm., 1.4299-1.4302; residue 5.8 g.

Fractions 5-8, 7.8 g., contained isobutyl alcohol, phenyl­
urethan, m. p. and mixed m. p. 83-84°.

Fractions 9-18 were neopentyl alcohol, phenylurethan, 
m. p. and mixed m. p. 113-114°.

Fractions 21-27 were isobutyl-2-butylcarbinol, phenyl­
urethan, m. p. and mixed m. p. 112-112.5°, a-naphthyl- 
urethan, m. p. and mixed m. p. 103.5-104.5°.

Addition of Trimethylacetyl Chloride to w-Amylmag- 
nesium Bromide.—The addition of 181.5 g. (1.5 moles) of 
trimethylacetyl chloride to 4.5 moles of w-amylmagnesium 
bromide in 1900 cc., of dry ether was completed in two 
hours. The complex obtained was decomposed with ice, 
extracted with ether, the solvent being removed through 
column IV and the product on fractionation through col­
umn II  gave: fraction 1-2, 17.5 g. ether, b. p. 32-55.0° at 
741 mm., n20d 1.3535-1.3545; 3-5, 26.9 g., 55-127.0°, 
solid; 6, 9.6 g., 127.0-176.5°, 1.4171; 7, 4.7 g., 39-61.5° 
a t 18 mm., 1.4340-1.4342 ; 8-13, 22.1 g., 61.5-86.0° at 
18 mm., 1.4176-1.4332; 14r-17, 77.7 g„ rc-amyl-*-butylcar- 
binol, 86.0-88.0 ° a t 18 mm., 1.4340-1.4342; 18-19, 62.3 g., 
b. p. 85-89° a t 17 mm., 1.4345-1.4346; 20-23, 10.2 g., 
85.0-134.0° a t 14 mm., 1.4360-1.4484; residue 6.8 g.

Fractions 3-5 were neopentyl alcohol, identified by the 
phenylurethan, m. p. and mixed m. p. 113-114°.

Fractions 6-7 failed to produce any evidence of n-amyl 
alcohol. This fraction is probably a mixture of neopentyl 
alcohol, n-amyl alcohol, and the secondary alcohol (n- 
amyl-/-butylcarbinol).

Fractions 8-13 and 18-23 on refraetionation through 
column I gave: fractions 24-25, 13.1 g., b. p. 42-67.8° 
a t 7mm., ##p 1.4199-1.4294; 26^30, 56.4g., 67.8-72.5° at 
7 mm., 1.4336-1.4348; residue 4.4 g.

Fractions 14-17 and 26-30 were n-amyl-2-butylcar- 
binol: M R  found 49.80, calcd. 49.92.

Addition of Trimethylacetyl Chloride to Isoamylmag- 
nesium Bromide.—The addition of 181.5 g. (1.5 moles) of 
trimethylacetyl chloride to 4.5 moles of isoamylmagnesium 
bromide required two hours. The complex was decom­
posed and extracted in the usual manner and fractionated 
through column I, to give: fractions 1-3, 25.3 g., ether, 
b. p. 34-35° at 742 mm., w20d 1.3535; 4-7,26.8 g„ 84-113 ° 
and 62-81.5° (150 mm.), 1.4000-1.4047 ; 8-12, 31.6 g.,
81.5-128° a t 150 mm., 1.4060-1.4130; 13-15, 50 g., 128- 
133.2° a t 150 mm., 1.4284-1.4319; 16-18, isoamyl-4 
butylcarbinol, 80.3 g., 133.2-133.5° a t 150 mm., 1.4320- 
1.4323; 19-20, 31.9 g., 133.5-134° a t 150 mm., 1.4325;
21-22, 24.4 g., 99-108° at 18 mm., 1.4407-1.4410; residue
1.6 g.

Fractions 4-7 were refractionated through column III  to 
give: fractions23-27,3.4 g., b. p. 33-107°a t 735mm., w20d 
1.3540-1.4080; 28-29, 20.5 g., 107-126°, solid; residue
2.2 g.

Fractions 8-12 were refractionated through column III  
to give: fractions 30-32, 8.4 g., b. p. 73-101 a t 150 mm., 
n20d 1.4072-1.4080; 33-37,14.2 g., 101-105.5° at 150mm.,
l .  4098-1.4100; residue 1.7 g.

Fractions 30-32 contained isoamyl alcohol, phenyl­
urethan, m. p. and mixed m. p. 54°.

Fractions 28-29 were neopentyl alcohol, phenylurethan,
m. p. and mixed m. p. 113-114°.

Fractions 33-37 were olefins formed by the dehydration 
of isoamyl-2-butylcarbinol, d2\  0.7278; MR  calcd. 47.43; 
found 47.37.

Fractions 13-20 were isoamyl-Lbutylcarbinol d%\ 
0.8236; M R  calcd. 49.92, found 49.74.

Fractions 21-22 were olefins from the dehydration of 
diisoamyl-/-butylcarbinol, d204 0.7772; MR  calcd. 71.03, 
found 71.34.

Summary
1. The reducing action of Grignard reagents 

with acid chlorides has been studied further by the 
addition of trimethylacetyl chloride to the Grig­
nard reagents of ethyl, n- and isopropyl, n- and 
isobutyl and n- and isoamyl.

2. Neopentyl alcohol was obtained with all 
except the ethylmagnesium bromide. Even the 
latter gave reduction as represented by a 68% 
yield of ethyl-^-butylcarbinol.
State College, Penna. Received August 23, 1938
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This is a continuation of the studies in this 
Laboratory on the reducing action of Grignard 
reagents.2

In the first paper of this title1 the acid chloride 
was added to excess of Grignard solutions. The 
chief products isolated were tertiary alcohols of 
the type (CH3)3CCH2C(OH)R2 in which R was 
ethyl, ^-propyl, 72-butyl, or 72-amyl, and the corre­
sponding olefins (CH3)3CCH=CR2 and their iso­
mers. The other products were secondary car­
binols of the type (CH3)3CCH2CHOHR, in which 
R was 72-propyl, 72-butyl, or 72-amyl. No reduc­
tion product of this type was found when ethyl­
magnesium bromide was used.

In the present study each of the four Grignard 
solutions was added to a slight excess of ^-butyl- 
acetyl chloride in anhydrous ether.

Ethylmagnesium bromide gave the largest 
amount of the primary product, the ketone of the 
type (CH3)3CCH2COR, giving about 51%  of 
neopentyl ethyl ketone. The 72-propyl, 72-butyl, 
and 72-amyl Grignard reagents gave 37, 34, and 
29%, respectively, of the corresponding ketones.

Reduction by means of the Grignard reagent 
would convert these ketones to secondary car­
binols (CH3)3CCH2CHOHR. These would ap­
pear as the ^-butylacetates. About 7% of such 
reduction took place with the ethyl Grignard solu­
tion. This is in contrast to the result of adding 
the acid chloride to the ethyl Grignard solution 
which gave no reduction.1 The other three 
Grignard solutions gave about 20, 23, and 21% 
of the corresponding secondary alcohols as the 
/-butylacetates.

It is significant that these yields are nearly the 
same as those obtained by adding the acid chloride 
to an excess of the Grignard reagents.1 As in the 
earlier experiments no trace of neopentylcarbinol 
or its ester was found even by extended searches. 
This is in contrast to the action of trimethylacetyl 
chloride which gives neopentyl alcohol in about 
20% yields with 72-propyl, 72-butyl, and 72-amyl 
Grignard reagents.2

A small amount of ethyl ^-butylacetate was
(1) No. I, Whitmore, Popkin, Whitaker, Mattil and Zech, T h is 

J o urnal , 60, 2462 (1938).
(2) Whitmore and co-workers, ibid., 60, 2028, 2030, 2458, 2462, 

2788 (1938).

found in each of the four reactions. This was 
due apparently to interaction of the acid chloride 
with the solvent ether.

The Grignard solutions used were filtered from 
free magnesium under nitrogen pressure.

Experimental
The /-butylacetyl chloride, b. p. 76-77° a t 140 mm., 

7720d 1.4212, used in these reactions was prepared, in 86% 
yield, from /-butylacetic acid and thionyl chloride.

The Grignard compounds were prepared from the 
corresponding alkyl bromides, magnesium, and dry ether 
in the usual way. They were filtered and titrated.

Addition of Ethylmagnesium Bromide to /-Butylacetyl 
Chloride.—Ethylmagnesium bromide (1.84 moles in 1 
liter of ether) was added to 250 g. (1.86 moles) of /-butyl­
acetyl chloride in 1200 cc. of ether, during fifty minutes. 
After standing overnight, the complex was decomposed 
with ice, extracted with ether, and the products after re­
moving most of the solvent using column X II3 were frac­
tionated through column X I, using a solid carbon dioxide 
trap, to give: nos, 1-5, 71.4 g., b. p. 98-100° a t 200 mm., 
n 20D 1.4150-1.4163; residue 130 g.; trap contents 68 g. 
All fractions contained water, indicating dehydration.

The trap contents with nos. 1-5 were refractionated 
through column X I to give: 6, 27.5 g., 35° a t 736 mm., 
1.3580; 7 ,1 .4 g., 133°, 1.4060; 8-12,46.5g., 143°, 1.4150- 
1.4160. The main residue was added and fractionation 
continued to give: 13-22, 101.2 g., 62-110° at 23-74 mm., 
1.4120-1.4163; 23-24, 14.5 g., 118° at 23 mm., 1.4253- 
1.4263; 25-27, 15.7 g., 118-135° at 23 mm., 1.4323- 
1.4500; residue 5 g.

Fractions 6-22, 25-27, and the residue were again re­
fractionated, by parts, through column XI to give: 28- 
37, 123.2 g., 92° a t 150 mm., 1.4130-1.4160; 38, 4.2 g., 
105-134° a t 150 mm., 1.4175; 39, 7.0 g., 134° at 150 mm., 
1.4130; 40-43, 20.0 g., 124-166° a t 90 mm., 1.4152- 
1.4500; residue 6.2 g.

Fraction 7, ethyl /-butylacetate, was saponified by 
aqueous potassium hydroxide to give ethyl alcohol, 3,5- 
dinitrobenzoate, m. p. and mixed m. p. 92°; and /-butyl- 
acetic acid, anilide, m. p. and mixed m. p. 130-131°.

Fractions 23, 24, and part of 25 represented a 7% 
yield of neopentylethylcarbinyl /-butylacetate. Alcoholic 
saponification gave neopentylethylcarbinol, previously re­
ported,1 b. p. 96° a t 150 mm., n2Qd 1.4248, 3,5-dinitro­
benzoate, m. p. and mixed m. p. 81-82°; and /-butylacetic 
acid, anilide m. p. and mixed m. p. 130-131 °.

Fractions 28-37 represented a 51% yield of ethyl neo­
pentyl ketone, m. p. and mixed m. p. of the dinitrophenyl- 
hydrazone 135-136°.

The high index of fraction 38 appeared to be due to the

(3) The fractionating columns used have been described: Whit­
more, Popkin, Whitaker, Mattil and Zech, ibid., 60, 2459 (1938).
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presence of diethylneopentylcarbinol or the corresponding 
olefins.1

Fraction 39 contained /-butylacetic acid, m. p. and mixed 
m. p. of the anilide 130-131°.

All attem pts to find neopentylcarbinol and neopentyl- 
carbinyl /-butylacetate failed.

Addition of 77-Propylmagne sium Bromide to /-Butyl­
acetyl Chloride.— The addition of 1.85 moles of 77-propyl- 
magnesium bromide, in 1 liter of ether, to 260 g. (1.94 
moles) of /-butylacetyl chloride in 600 cc. of ether, was 
com pleted in forty-five m inutes. T he complex stood 
overnight and the products were isolated as above to give: 
1-18, 166.3 g., b. p. 2 0 -9 8 ° at 11 m m ., 7720d 1.4078- 
1.4250-1.4147; 19-22, 45 g., 111-112° at 13 mm., 1.4272- 
1.4181; 23-25, 7.5 g., 121-128° at 13 mm., 1.4340- 
1.4442; residue 3.8 g . ; trap contents 37 g.

T he trap contents on rem oval of the ether yielded 5.7 
g. of oil, n 20D 1.3985. This oil together with 1-18 was 
fractionated by parts through column X  to give: 26-29,
14.9 g., 95-102° at 150 mm ., 1.4032-1.4085; 30, 5.9 g., 
107° at 150 mm., 1.4100; 31-32, 13.1 g., 109.5°, 1.4132- 
1.4140; 33, 4.8 g., 99-108°, 1.4105; 34r-44, 83.5 g., 108- 
110°, 1.4132-1.4153 ; 45-47, 15.2 g., 51-58° at 7 mm., 
1.4161-1.4273; 48-49, 7.9 g., 64 -74° at 7 mm., 1.4315- 
1.4228; 50-51, 16.7 g., 78°, 1.4135-1.4122; residue 1 g.

Fractions 26-29 were identified as ethyl /-butylacetate. 
Aqueous saponification gave ethyl alcohol, 3,5-dinitro­
benzoate m. p. and mixed m . p. 92°; and /-butylacetic 
acid, anilide m. p. and mixed m. p. 130-131°.

Fractions 31-32 and 34-44  were identified as neopentyl 
77-propyl ketone, sem icarbazone m. p. and mixed m. p .4 
9 3-94°, yield 36.7% .

Fractions 47-49 contained dodecenes, as previously re­
ported,1 obtained by dehydration of the tertiary alcohol.

Fractions 50-51 were /-butylacetic acid, anilide m. p. 
and mixed m. p. 130-131°.

Fractions 19-22 represented a 20% yield of neopentyl- 
77-propylcarbinyl /-butylacetate. Alcoholic saponification 
gave neopenty 1-77-propylcarbinol,1 b. p. 120-121° at 150 
m m ., n 20D 1.4270, m. p. and mixed m. p. of phenylurethan 
80-82°; and /-butylacetic acid, m. p. and mixed m. p. of 
anilide 130-131°.

All attem pts to find neopentylcarbinol and neopentyl- 
carbinyl /-butylacetate failed.

Addition of 77-Butylmagnesium Bromide to /-Butyl­
acetyl Chloride.— T he addition of 2.01 moles of ^-butyl- 
magnesium bromide, in 1 1. of dry ether, to  292 g. (2.18 
m oles) of /-butylacetyl chloride, in 600 cc. of ether, was 
com pleted in eighty m inutes. After standing overnight 
the products were isolated to  give: 1-18, 173.6 g., b. p. 
34° a t 742 mm. to  59° at 4 mm ., 7720d 1.4070-1.4195; 
19-23, 27.6 g., 68 -95° at 4  mm ., 1.4232-1.4415-1.4365; 
24r-29, 55.2 g., 98-99° at 4 m m ., 1.4300-1.4315; 30, 6.1 g., 
109° at 4 mm ., 1.4430; residue 5.1 g.; trap contents
18.6 g.

T he trap contents, on rem oval of ether, yielded 8.9 g. 
of oil. This and 1-18 were fractionated by parts through 
column X  to give: 31-32 , 2.7 g., 4 8 -5 2 ° at 150 mm., 
1.4332-1.4300 ; 33-38 , 22.6 g., 63 -102°, 1.4030-1.4098; 
39-43 , 38.6 g., 127°, 1.4192-1.4195; 44-49, 55.0 g., 126-

(4) This ketone and the semicarbazone prepared by H. C. Grafton, 
Jr., of this Laboratory.

127°, 1.4182-1.4178 ; 50-53, 39.6 g., 130-134°, 1.4170- 
1.4150; 54-55, 8.0 g., 134-155° at 150 mm., 1.4270-
l .  4400; residue 2.0 g.

Fractions 33-38 were ethyl /-butylacetate.
Fractions 39-52 were identified as a mixture of neopentyl 

w-butyl ketone, m. p. and mixed m. p.5 of semicarbazone 
82-84°, and /-butylacetic acid, anilide m. p. and mixed
m. p. 130-131°; which contained 105.2 g. of the ketone 
and 28.0 g. of the acid, as determined from a composition—  
index of refraction curve. This represented a 34% yield  
of neopentyl 77-butyl ketone.

The index of refraction of 20-23 corresponded to tetra- 
decenes.1

Fractions 24-29 w ith part of fraction 23 represented 
a 23% yield of neopentyl-w-butylcarbinyl /-butylacetate. 
Alcoholic saponification gave neopentyl-77-butylcarbinol,1 
b. p. 92° at 100 mm., 7720d 1.4295-1.4305, phenylurethan 
m. p. and mixed m. p. 84-85°; and /-butylacetic acid, 
anilide m. p. and mixed m. p. 130-131°.

All attem pts to identify neopentylcarbinol and its /- 
butylacetate failed.

Addition of 77-Amylmagnesium Bromide to /-Butylacetyl 
Chloride.— Addition of 1.9 moles of 77-am yl Grignard 
solution to  271 g. (2 moles) of /-butylacetyl chloride in  
fifty m inutes as above gave: 1-16, 161.7 g., 67-145° at 
150 m m ., 7720d  1.4240-1.4090-1.4235; 17-18, 21.8 g.,
128-132° a t 20 mm., 1.4342-1.4450; 19-22, 42.3 g., 
133-144°, 1.4450 ; 23-27, 54.1 g., 146-147°, 1.4332- 
1.4350; 28 ,7 .1  g., 147°, 1.4412; residue3g .; trap contents 
91 g.

The trap contents w ith fractions 1-17 gave: 29-30,
9.8 g., 65 -90° at 150 mm., 1.4370-1.4210 ; 31-34 , 45.1 g., 
90-103°, 1.4060-1.4080; 35-42, 44.6 g., 103-134°, 1.4160-
l .  4140; 43-52, 76.3 g., 122-138°, 1.4212-1.4280; residue 
1 g.

Fractions 31-34 were identified as ethyl /-butylacetate.
Fractions 35-42 were largely /-butylacetic acid, anilide

m. p. and mixed m. p. 130-131°. The other component 
was identified as neopentyl 77-amyl ketone, semicarbazone 
m. p. and mixed m. p. 99-102 °.1

Fractions 43-52 were largely neopentyl 77-amyl ketone. 
This together w ith an estim ate from fractions 35-42 repre­
sented a 29%  yield of this ketone.

Fractions 19-22 were hexadecenes.1
Fractions 23-27  represented a 21%  yield of neopentyl- 

77-am ylcarbinyl /-butylacetate. Alcoholic saponification of 
26-27 gave neopentyl-77-amylcarbinol, 1 b. p. 132° at 100 
mm., 7720d  1.4340-1.4347, phenylurethan m. p. and mixed 
m. p. 62-63°; and /-butylacetic acid, anilide m. p. and 
mixed m. p. 130-131 °.

All attem pts to identify neopentylcarbinol and its /- 
butylacetate failed.

Preparation of Neopentylcarbinyl /-Butylacetate.— A
solution of 0.8 mole of neopentylmagnesium chloride was 
prepared from neopentyl chloride, b. p. 82° a t 740 mm., 
7720d  1.4042. An excess of dry formaldehyde, generated 
by heating dry paraformaldehyde, was passed into the  
solution during four hours. T he complex was decomposed 
w ith ice and 30% H 2S 0 4 and fractionated through col­
umn X  to  give 48 g. (0.47 m ole) of neopentylcarbinol, 
b. p. 140-146° a t 739 mm ., 7720d  1.4120-1.4034.

(5) Unpublished work of E. Rohrmann, this Laboratory.
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Heating 22.2 g. (0.22 mole) of the above carbinol for 
two hours with 29 g. (0.2 mole) of /-butylacetyl chloride, 
b. p. 79 ° a t 150 mm., n20D 1.4215, and fractionation through 
column X  gave: 1-2, 7.7 g., b. p. 78-140° a t 150 mm., 
n 20D 1.4050-1.4190; 3-5, 22.2 g., 104° a t 26 mm., 1.4198- 
1.4202; residue 4.8 g.

Fractions 3-5 represented a 57% yield of neopentyl- 
carbinyl /-butylacetate. Saponification of 16.0 g. of this 
ester with alcoholic potassium hydroxide gave neopentyl­
carbinol, «-naphthylurethan m. p. and mixed m. p. 81- 
82°; and /-butylacetic acid, anilide m. p. and mixed m. p. 
130-130.5°.

Preparation of Ethyl /-Butylacetate.—A mixture of 57.5 
g. (0.54 mole) of /-butylacetic acid, n 20D 1.4096, 125 cc. of 
absolute ethyl alcohol, and 25 cc. of coned, sulfuric acid 
was refluxed fifteen hours. The mixture was dissolved in 
ether, washed with water and dilute potassium carbonate 
solution, dried over magnesium sulfate, and fractionated

through column X  to give 60.1 g. or a 77% yield of ester 
of b. p. 102° a t 740 mm., n20d 1.4032-1.4040.

Summary
1. Ethyl, ^-propyl, ?z-butyl, and n - amyl Grig­

nard solutions, when added to a slight excess of 
/-butylacetyl chloride, gave ketones of the type 
(CH3)3CCH2COR in about 51, 37, 34, and 29% 
yields, respectively. They also gave esters of the 
type (CH3)3CCH2CHROCOCH2C(CH3)3. The 
latter were obtained in about 7, 20, 23, and 2 1% 
yields, respectively, from the four Grignard solu­
tions.

2. Ethyl /-butylacetate and neopentylcarbinyl 
/-butylacetate have been prepared.
State College, Penna. Received August 24, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

Lactone Formation in the Addition Product of Maleic Anhydride and Bicyclohexenyl

B y  R o ger  A dams and E. E. G r u b e r 1

The addition of maleic anhydride to bicyclo­
hexenyl takes place readily with the formation of 
A4a,5a - dodecahydrophenanthrene - 9,10 - di­
carboxylic acid anhydride (I).2 During the 
course of the study of this compound, several 
reactions were noted which have a general bearing 
upon lactone formation of 7 ,5-unsaturated acids. 
Linstead has demonstrated3 that the ease and 
direction of lactonization of aliphatic y,ö-ole- 
finic acids depend on the substituents on the 5- 
carbon. The formation of a 7 -lactone is favored 
if hydrogens, a 5-lactone if alkyl groups, are 
present. Lactonization is promoted by mineral 
acids and in some cases merely by heating the 
olefinic acids.
c h 2= c h —c h 2c h 2c o o h  —

c h 3—c h —c h 2—c h 2—CO

(CH3)2> C = C H C H 2CH2COOH — >
(CH3)2 >  c —CH2CH2CH2CO

When I or its anhydride (V) is esterified with 
absolute ethanol and hydrogen chloride, a mono­
ethyl ester lactone (II) is obtained. Saponi­
fication of this compound gives a sodium salt of

(1) Portion of a thesis submitted in partial fulfilment of the re­
quirements for the degree of Doctor of Philosophy in chemistry.

(2) Gruber and Adams, T h i s  J o u r n a l , 57 , 2555 (1935).
(3) Linstead and others, J. Chem. Soc.', 115 (1932); ibid.-, 557, 

561, 568, 577, 580 (1933H

an hydroxy acid (III) which on acidification re­
sults not in the hydroxy dibasic acid but in a 
lactone acid (IV). By the action of heat or 
acetic anhydride, I forms the anhydride (V) 
which upon treatment with cold sodium ethylate 
leads to an ester acid (VI). Hot sodium ethylate, 
however, results in a complicated reaction, the 
character of which was not determined. The 
ester acid (VI) can be hydrolyzed by boiling 
with dilute alkali to the dibasic acid (I). Heating 
I alone gives a mixture of anhydride (V) and lac­
tone (IV).

Of significance is the fact that the action of 
bromine in carbon tetrachloride differentiates 
between the dibasic acid derivatives and the 
lactone acid derivatives. Thus, compounds I, 
V and VI absorb bromine while compounds II and 
IV do not.

As lactonization of one of the carboxyls re­
sults when I or V is esterified and no diethyl ester 
may be isolated, it is obvious that lactonization 
of the second carboxyl is the more rapid of the 
competing reactions. Lactonization also takes 
place merely by heating the acid (I) in acetone 
solution in presence of hydrochloric acid; lac­
tone (IV) is formed.

Thé structures of the lactones obviously may 
be either those given in II and IV or the isomeric
7 -lactones. Stereochemically the 7 - or 5-lac-
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tones might form with equal ease. It seems 
likely, in view of LinsteacPs work, that the factors 
which lead to 5-lactone formation are probably 
more influential than those which lead to the 
y-lactone.

Unfortunately, all of the reactions described 
are accompanied by side-products of an oily 
character which exclude quantitative studies.

Experimental
A4a’ 5a-Dodecahydrophenanthrene-9,10-dicarboxylic Acid.

—The preparation of this product and its lactone 
was described previously.2 The anhydride is also con­
veniently formed from the acid by the action of acetic 
anhydride.

A4a’ 5a-Dodecahydrophenanthrene-9,10-dicarboxylic Acid 
Anhydride.—A solution of 2 g. of dibasic acid in 20 cc. of 
acetic anhydride was refluxed for five hours. The acetic 
anhydride and acetic acid were removed by distillation in 
vacuo and the residue extracted with 125 cc. of hot ligroin 
(b. p. 60-110°). Upon filtering and evaporating to 75 cc., 
a tan precipitate separated on cooling. Purification from 
cyclohexane gave colorless crystals of m. p. 121°. The 
yield was low.

Monoethyl Ester of Hydroxytetradecahydrophenan- 
threne-9,10-dicarboxylic Acid Lactone (II).—Dry hydro­
gen chloride was bubbled through a solution of 11 g. of 
A4a.5a_d0decahydr0phenanthrene-9,10-dicarboxylic acid in 
150 cc. of absolute ethanol for one and one-half hours and 
the mixture was then refluxed on a steam cone for one hour. 
About 50 cc. of ethanol was distilled off and the residue 
poured into 200 cc. of ice water. The oil was extracted 
with benzene, the solution washed with dilute aqueous 
sodium carbonate and 10% sulfuric acid, then evaporated 
and the oil distilled in vacuo, b. p. 225-250° a t 13 mm.; 
yield 8.2 g. (68%). After standing in a desiccator for 
several days, it solidified and was recrystallized from cyclo­
hexane; white microcrystals, m. p. 109-110°.

Anal. Calcd. for CisHggO^ C> 70.54; H> 8.56. Found: 
C, 70.29; H» 8,61.

The product is insoluble in cold or warm 10% aqueous 
sodium hydroxide but goes into solution on prolonged 
boiling.

A second procedure using the anhydride follows: dry 
hydrogen chloride was bubbled for three-quarters of an 
hour through a solution of 2 g. of dodecahydrophenan- 
threne-9,10-dicarboxylic acid anhydride in 30 cc. of ab­
solute ethanol. After refluxing for about twenty-four 
hours on a steam cone, the alcohol was evaporated by 
means of a stream of warm air and the residue poured 
into water. Extraction with benzene and purification 
as described above gave the same product.

Tetradecahydrophenanthrene-9,10-dicarboxylic Acid 
Lactone (IV). Compound III as Intermediate.—A 
solution of 1.5 g. of the ethyl ester of the lactone in 
10 cc. of 5% sodium hydroxide was refluxed for a few 
hours until all the solid had dissolved. Upon cooling, 
a solid precipitated. This proved to be a disodium salt.

Anal. Calcd. for Ci6H2205Na2: Na, 13.51. Found: 
Na, 13.81.

The sodium salt, as well as the filtrate from the sodium 
salt, on acidification gave a precipitate, which still con­
tained sodium. If, however, it was warmed with hydro­
chloric acid, a crystalline product separated on cooling. 
After purification from dilute acetone, it formed long blunt 
prisms, m. p. 246-247°.

Anal. Calcd. for Ci6H220 4: C, 69.02; H, 7.97; neut. 
equiv., 278. Found: C, 69.14; H, 8.09; neut. equiv., 
278.

Monoethyl-A4a,5a - dodecahydrophenanthrene - 9,10 - di- 
carboxylate (VI).—To a cold solution of 0.2 g. of sodium in 
20 cc. of absolute ethanol was added 3 g. of A4a,5a-dodeca- 
hydrophenanthrene-9,10-dicarboxylic acid anhydride. Af­
ter standing a day a t room temperature, the alcohol was 
evaporated by means of a stream of air. The solid residue 
was dissolved in 35 cc. of water and acidified with dilute 
hydrochloric acid. The clumpy precipitate was allowed 
to dry and any material tha t gradually separated from the 
acidified solution added to it. Crystallization from cyclo­
hexane, followed by several crystallizations from dilute 
acetone, gave small white plates, m. p. 127-128°.

Anal. Calcd. for CisH^C^: C, 70.54; H, 8.56; neut. 
equiv., 306. Found: C, 70.71; H, 8.52; neut. equiv., 
323.

Effect of Heat upon A4a,5a-Dodecahydrophenanthrene-
9,10-dicarboxylic Acid.—A sample of 0.9 g. of acid was 
heated in a test-tube a t 200-210° for fifteen minutes. 
Upon cooling, 30 cc. of cyclohexane was added and the 
mixture heated to boiling. Insoluble material was filtered 
from the hot solution. This solid product was crystallized 
from dilute acetone and prisms were obtained which 
proved to be lactone acid (IV).

Heating the acid (I) above its melting point, and direct 
extraction of the reaction mass with petroleum ether gave 
a small amount of crystalline material, m. p. 123-123.5°, 
which proved to be anhydride.

Conversion of A4a* 5a-Dodecahydrophenanthrene-9,10- 
dicarboxylic Acid to Tetradecahydrophenanthrene-9,10- 
dicarboxylic Acid Lactone (IV).—To a solution of 2 g. of 
dicarboxylic acid in 50 cc. of acetone was added 10 cc. of 
concentrated hydrochloric acid. After refluxing for four
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to five hours the solution was poured into ice water and 
filtered. The filtrate upon evaporation left a brown crys­
talline residue which was recrystallized from dilute ace­
tone; m. p. 213°.

Since the neutral equivalent determination indicated 
that the material was probably impure lactone acid, it was 
recovered and subjected to three more recrystallizations. 
This treatment yielded long blunt prisms, m. p. 242-244°, 
which proved to be the lactone acid by mixed melting point.

Summary
A4a’5a _ Dodecahydrophenanthrene - 9,10 - dicar­

boxylic acid and its anhydride are converted 
into a lactone ester and not into a diester upon 
esterification. Saponification of this lactone ester 
with alkali gives the alkali salt of an hydroxy di­
basic acid which on acidification gives a monobasic 
acid monolactone. It is assumed by analogy to 
previous results on the study of 7,5-olefinic acids 
that in these molecules a 5-lactone probably has 
formed.
Urbana, Illinois Received September 30, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

Anomalous Mutarotation of Salts of Reychler’s Acid. VI. Synthesis and Structure 
of the Sultam of 2-(N-Methylamino)-</-camphane-10-sulfonic Acid

B y  R. L. Sh r in e r , J am es A. Sh o tto n  a n d  H a r r y  S u t h er la n d

One of the reactions used to establish the keti­
mine structure (I) of the dehydration products of 
primary amine salts of Reychler’s acid1 was re­
duction to the substituted amino sulfonic acid
(II) . The two forms of the latter underwent 
dehydration, producing compounds whose analy­
ses and properties indicated the sultam structure,10
(III) .
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The purpose of the present investigation was to 
synthesize one of these sultams by an independent 
method in order to establish this structure.

Accordingly, use was made of an observation by 
Reychler2 that ^-camphor-10-sulfonamide (IV) 
underwent dehydration to an anhydro compound 
to which Armstrong and Lowry3 had assigned the 
structure shown in formula V. In the present

(1) (a) Schreiber and Shriner, T h i s  J o u r n a l , 57, 1306 (1935); 
(b) ibid., 57 , 1445 (1935); (c) ibid., 57, 1869 (1935); Sutherland and 
Shriner, ibid., 58 , 62 (1936); ibid., 60, 1314 (1938).

(2) Reychler, Bull. soc. chim., 19, 127 (1898).
(3) Armstrong and Lowry, J. Chem. Soc., 81, 1448 (1902); Lowry 

and Desch, ibid., 95, 1340 (1909); Richards and Lowry, ibid., 127, 
1503 (1925).

work this anhydramide was reduced catalytically 
with hydrogen and Raney nickel to the sultam, 
VI. Although the latter may exist in two di- 
astereoisomeric forms, since carbon atom 2 is 
now asymmetric (*), only one form actually was 
produced. The sodium salt of this sultam was 
treated with methyl iodide and the N-methyl 
sultam, VII, obtained. Hydrolysis by means of 
concentrated hydrochloric acid opened the hetero­
cyclic ring and produced the «-form of 2- 
(N -methylamino) -d-camphane- 10-sulfonic acid
(VIII). Although Reychler’s acid and its amide 
are dextrorotatory, all the derivatives V, VI, VII 
and VIII were levorotatory; the specific rotations 
being —32, —33, —59 and —98°, respectively.
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Samples of the N-methyl sultam (VII) and its 
hydrolytic product (VIII) were next prepared 
from the methylamine salt of Reychler’s acid 
(IX) which was dehydrated to the ketimine (X).

Catalytic reduction produced the two diastereo- 
isomeric forms of 2- (N-methylamino) -d-cam- 
phane-10-sulfonic acid (VIII). These isomers were 
separated by fractional crystallization and the 
a-form possessed the same decomposition point 
and specific rotation as the sample of compound 
VIII obtained by the first series of reactions. By 
refluxing this a-form with acetic anhydride the 
N-methyl sultam (VII) was obtained which was 
identical in melting point with the N-methyl sul­
tam described above.

These two series of reactions not only establish 
the structure of these sultams but also serve to 
confirm Lowry and Armstrong's formula for d- 
camphor-10-sulfonanhydramide.

Experimental
c/-Camphor~10-sulfonanhydramide (V).—A mixture of 

25 g. of d-camphor-10-sulfonic acid and 5 cc. of thionyl 
chloride was warmed on the steam-bath until the reaction 
started and then another 30 cc. of thionyl chloride was 
added slowly. The mixture was heated on the steam- 
bath for four hours, cooled and poured slowly into a mix­
ture of 100 cc. of concentrated ammomum hydroxide and 
400 g. of cracked ice. The crude anhydramide was fil­
tered and recrystallized from 95% ethanol. The aqueous 
mother liquor deposited additional crops of crystals of the 
anhydramide after standing overnight. Concentration 
of the ethanol mother liquor above yielded a product which 
melted at 126°, being an impure form of d-camphor-10- 
sulfonamide. When this material is warmed for ten min­
utes with concentrated hydrochloric acid, it is converted 
into the anhydramide. By working up all these fractions 
there resulted a total yield of 19.1 g. (90%) of colorless 
crystals of d-camphor-10-sulf onanhydramide which melted 
at 224° (corr.) and possessed a specific rotation4 * of —32°

(4) All rotations were taken at 25° with sodium D light. The
concentration in grams per 100 cc. of solution is denoted by c.

in chloroform (c, 5). These values check closely those 
given by Armstrong and Lowry.3

Sultam of 2-Amino-d-camphane-10-sulfonic Acid (VI).— 
A mixture of 10 g. of the anhydramide, 10 g. of Raney 
nickel catalyst and 150 cc. of warm 95% ethanol was 

shaken with hydrogen under 45 lb. (3 atm.) pres­
sure. The anhydramide was only partially in 
solution at the start but dissolved as the reduc­
tion proceeded. The reduction was complete in 
one and one-half hours after which time the cata­
lyst was removed by filtration and the filtrate 
concentrated. The sultam which separated 
melted at 181-182°. I t was subjected to frac­
tional crystallization but all the fractions melted 
at 181-182°, showing that only one form had 
been produced. The sultam was soluble in di­
lute aqueous sodium hydroxide and was precipi­
tated upon acidification. I t  had a specific rota­
tion in chloroform (c, 5) of —33.0°.

Anal. Calcd. for Ci0H i7O2NS: N, 6.51;
S, 14.88. Found: N, 6.62; S, 14.83.

Sultam of 2-(N-Methylamino)-d-camphane-10-sulfonic 
Acid (VII).—A solution of 0.5 g. of sodium in 10 cc. of 
absolute ethanol was added to a solution of 5 g. of the above 
sultam (VI) in 25 cc. of absolute ethanol. To this solution 
was added 2.5 cc. of methyl iodide and the mixture re­
fluxed for two hours. I t  was then poured into 50 cc. of 
water and acidified with hydrochloric acid. An oil sepa­
rated which solidified on stirring and rubbing. The solid 
was removed by filtration and the filtrate concentrated 
to obtain an additional crop of crystals. The crude N- 
methyl sultam was recrystallized from hot water. A total 
yield of 4.5 g. (89%) of colorless crystals was obtained 
which melted a t 80° and possessed a specific rotation in 
chloroform (c, 5) of —59.6°.

Anal. Calcd. for CiiH190 2NS: N, 6.11; S, 13.96. 
Found: N, 6.07; S, 14.10.

Hydrolysis of the N-Methyl Sultam (VII).—Three 
grams of the above N-methyl sultam was refluxed with 
50 cc. of concentrated hydrochloric acid for twenty-four 
hours. The mixture was evaporated to dryness and the 
residue recrystallized from absolute ethanol. An 83% 
yield of the a-form of 2-( N-methylamino)-d-camphane-10- 
sulfonic acid was obtained which decomposed at 325-326 0 
on the Maquenne block. Its specific rotation in ethanol 
(c, 1) was -98.0°.

Anal. Calcd. for CnH2i03NS: N, 5.66; S, 12.95. 
Found: N, 5.43; S, 13.10.

2-(N-Methylimino)-d--camphane-l0-sulfonic Acid (X).— 
One sample of this ketimine was prepared according to the 
method previously described.10 Fifty grams of Reychler’s 
acid was added to an ethanol solution of 9.2 g. of methyl­
amine and the salt obtained by evaporation to dryness. 
Dehydration was effected by heating the salt for six hours 
at 184° in vacuo. Four recrystallizations from absolute 
ethanol with the use of Norite were necessary in order to 
obtain a pure product.

A modified procedure proved simpler and yielded a prod­
uct more easily purified. To a solution of 6.8 g. of methyl­
amine in 100 cc. of ethanol were added 30 g. of Reychler’s 
acid and 150 g. of ethylene glycol. The mixture was dis­
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tilled until the volume of the residue was about 50 cc. 
This residual solution was cooled and the ketimine filtered 
and washed with cold ethanol. Recrystallization from 
absolute ethanol gave 12.8 g. of colorless crystals which 
melted at 312-313° (Maquenne block) and possessed 
a specific rotation of —137.6° in ethanol (c, 1). These 
constants checked with those previously obtained.lb

2-(N-Methylamino)-d-camphane-10-sulfonic Acid (XI). 
—2-(N-Methylimino)-d-camphane~10-sulfonic acid (18.8 
g.) was dissolved in 150 cc. of absolute ethanol and catalyti- 
cally reduced with hydrogen and platinum-oxide plati­
num black. I t was necessary to use two successive por­
tions of 0.5 g. of catalyst in order to secure complete re­
duction, which required about twenty-four hours. The 
catalyst was removed by filtration and the filtrate con­
centrated. The crude product was fractionated by a 
series of systematic crystallizations from 95% ethanol. 
The two diastereoisomers were isolated as colorless crys­
tals.

a-Form.—This form had a decomposition point of 
320° and a specific rotation in ethanol (c, 1) of —98.6°. 
Anal. Calcd. for CnH2i03NS: C, 53.41; H, 8.56; N, 
5.66. Found: C, 53.51; H, 8.54; N, 5.54.

/3-Form.—This isomer decomposed at 338-343° and 
had a specific rotation in ethanol (c, 1) of +38.8°. Anal. 
Calcd. for CnH2i0 3NS: C, 53.41; H, 8.56; N, 5.66. 
Found: C, 53.52; H, 8.49; N, 5.65.

The a-form was identical with the compound obtained 
by hydrolysis of the N-methyl sultam (VII).

Conversion of the a-Form of 2-(N-methylamino+/- 
camphane-10-sulf onic Acid to the Sultam (VII).—One- 
tenth of a gram of the a-form of 2-(N-methylamino)-rI- 
camphane-10-sulfonic acid was heated with 3 cc. of acetic 
anhydride for eighteen hours. The mixture was then 
poured into 5 cc. of water and evaporated to dryness. 
Three cubic centimeters of acetic anhydride was added and 
the mixture again heated to the boiling point. The mix­
ture was cooled and then 3 cc. of water was added. This 
mixture was then evaporated to dryness. Two cubic centi­
meters of water was added and the white crystals collected 
on a filter. The substance melted at 79°. The mixed 
melting point with the methyl sultam (VII) was 79-80°.

Summary
The sultam of 2-(N-methylamino) -d-camphane- 

10-sulf onic acid was synthesized by alkylation of 
the sultam of 2-amino-d-camphane-lO-sulfonic 
acid which was obtained by catalytic reduction of 
d-camphor-10-sulfonanhy dr amide. The sultam
was hydrolyzed to 2- (N-methylamino) -rf-cam- 
phane-10-sulf onic acid. The latter was shown to 
be identical with the a-form obtained by catalytic 
reduction of 2-(N-methylimino)-^-camphane-10- 
sulfonic acid. This a-form was converted to the 
N-methyl sultam by acetic anhydride.
Urbana, Illinois Received September 6, 1938

[Contribution from the Department of Chemistry, University of Wisconsin]

The Determination of Dissolved Oxygen by M eans of the Dropping Mercury Elec­
trode, with Applications in Biology

B y  H arold  G. P e t e r in g  and  F a r r in g to n  D a n ie l s

The measurement of respiration constitutes but 
one of the many demands for an accurate and 
rapid method for the quantitative determination 
of oxygen. The differential pressure mano­
meter such as the Warburg-Barcroft manometer 
is widely used for this purpose. The Winkler 
process is another standard method. The results 
of this investigation show that for many purposes 
the concentration of dissolved oxygen can be 
determined with great simplicity, accuracy, and 
rapidity by means of the dropping mercury elec­
trode.

The method described here is a modification of 
the polarographic method, shown by Vitek1 to be 
applicable to the determination of oxygen. The 
recording features of the polarograph are dis­
pensed with and the apparatus is constructed from

(1) Vitek, Chimie et Industrie, 29, 215 (1933); Coll. Czech. Chem. 
Comm., 7/537 (1935).

ordinary laboratory materials in such a way that 
readings of oxygen concentration in water or 
other conducting solvents can be made in a few 
seconds. It is especially useful for studying 
systems which involve a changing oxygen con­
centration.

This method may be regarded merely as an 
empirical analytical procedure which has been 
checked against chemical standards. On the 
other hand, theoretical interpretations of the 
polarographic method have been proposed.

Theory
The use of the dropping mercury electrode for 

analytical purposes depends on the fact that 
solutes (electrolytes or non-electrolytes) are re­
duced (or oxidized) when a current is passed 
through the solution at voltages above the de­
composition potential. The current flowing de­
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pends on the rate of diffusion of the material to 
the electrode, and this in turn depends on the con­
centration. The dropping mercury electrode 
gives reproducible results because a fresh surface 
of the electrode is being exposed continuously. 
At low voltages a small residual current flows, 
and then as the voltage is increased above the 
decomposition potential the current depends 
directly on the voltage in accordance with Ohm’s 
law. As the voltage is still further increased, a 
point is reached after which the current is limited 
by the rate of diffusion of the reducible substance 
into the surface of the dropping mercury cathode. 
The current-voltage curve then becomes flat in 
the ideal case, and the current remains constant 
and independent of the voltage until the voltage 
becomes high enough to produce some other 
chemical reaction at the electrode.

The dropping mercury electrode was originally 
used by Kucera2 to measure the interfacial ten­
sion of polarized mercury. Heyrovsky3 is re­
sponsible for its extensive use in analytical 
chemistry. He devised the sensitive, self-record­
ing polarograph which enables one to obtain easily 
and accurately the current-voltage curves of any 
dissolved reducible (or oxidizable) material— 
electrolyte or non-electrolyte. The decomposi­
tion potentials corresponding to breaks in the 
curve are used for qualitative analysis and the 
magnitude of the current at the “waves” is used 
for quantitative analysis.

There are several complications in the quantita­
tive determination of a solute by this method. 
Other materials which have decomposition po­
tentials in the same voltage range as oxygen will 
also give diffusion currents. As in any analytical 
procedure, these materials must be eliminated or 
corrected for. In this case, the readings are 
calibrated with a chemical method which is 
specific for oxygen, or these extraneous materials 
are determined when oxygen is removed by bub­
bling hydrogen through the cell. Again, these 
materials do no harm if only differences in oxygen 
concentration are being determined. When elec­
trolytes are being determined the migration cur­
rent of the ions affects the observed galvanometer 
readings, but this difficulty is removed by adding 
an excess of an indifferent electrolyte4 such as

(2) Kucera, Ann. Physik, 11, 529 and 698 (1905).
(3) Heyrovsky, Phil, Mag., 45, 303 (1923); Trans. Faraday Soc., 

19, 692 (1923).
% (4) For a discussion of the migration current, cf. Ilkovic, Coll, 
Czech. Chem. Comm., 6, 498 (1934).

potassium chloride (about 0.1 mole per liter). 
In the case of oxygen, which is a non-electrolyte, 
this migration current is not a factor.

Another complication is due to the (electro­
static) adsorption of reducible molecules on the 
surface of the mercury, which then causes a 
current to flow which is greater than the limiting 
current set by the diffusion rate. This phenome­
non is evident in the maximum shown in the 
dotted line of Fig. 1A. These maxima are re-

0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6
Volts.
Fig. 1.

producible, but they may not be proportional 
to the reducible matter in solution^ and it be­
comes necessary to eliminate them by the addi­
tion of small amounts of adsorbable material 
which are not reduced at the given potentials. 
Materials used to suppress these maxima are 
colloids such as proteins and carbohydrates, 
polymers, soaps, dyes, and alkaloids.5 The ad­
sorption of these materials tends to prevent the 
adsorption of the reducible material, and it does 
not affect thé readings because they have a 
different decomposition potential than the mate­
rial in question. It has been found in this in­
vestigation that for the analysis of oxygen there is 
sufficient material of this type in most biological 
samples and even in water which has been passed 
through filter paper to eliminate or greatly sup­
press the adsorption maximum of oxygen. The 
elimination of the objectionable maximum by the 
addition of algal cells is shown in Fig. IB, while

(5) This subject is fully treated by Heyrovsky in “Actualités 
scientifiques et industrielles,” No. 90, Hermann et Cie, Paris, 1934. 
It has been found in this work on dissolved oxygen that the alkaloids 
do not lead to the same diffusion current as the colloids do when the 
maximum is suppressed. Gelatin and ethyl cellulose are good 
agents for suppressing the maximum.
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the dotted line A for a smaller concentration of 
algal cells shows that the maximum has been only 
partially suppressed.

As already stated, oxygen was determined with 
a polarograph by Vitek.1 He showed that the 
absorption coefficients of oxygen in water, ethanol, 
and methanol, were proportional to the wave 
heights (i. e., diffusion currents corresponding to 
the flat parts on the polarographic records) for 
oxygen in these three solvents. He gave the pre­
cision of the method as 4% and the range of dis­
solved gas capable of being measured as 0.04 
mg. per liter up to saturation, but he did not 
report quantitative measurements on the abso­
lute concentrations of oxygen. No further appli­
cation of the method seems to have been pub­
lished since that time.6

The object of the present research has been to 
simplify the method and to show how it can be 
used to advantage in a number of problems, par­
ticularly to those of biology. The simplification 
consists in dispensing with the recording features 
of the polarograph and in determining the cur­
rent only at two voltages which have been deter­
mined previously by experiment.

0.1 v

A
Fig. 2.

B

According to present practice, quantitative 
analysis by means of the dropping mercury elec­
trode involves the determination of the whole 
current-voltage curve either by graphic or by 
automatic recording as in the polarograph. In 
some cases the difference in currents between two

adjacent flat parts of the curve is taken as a 
measure of the concentration of the material 
whose decomposition potential falls in this range. 
In another method, parallel tangents are drawn 
at a definite angle above and below the region cff 
the diffusion current, and the difference in cur­
rent between the points of tangency is taken as 
the significant diffusion current which is pro­
portional to the concentration.7 The interpreta­
tion of the polarograms is fully discussed by 
Hohn.8 It is much simpler, however, to deter­
mine the current at a predetermined voltage 
slightly less than the decomposition voltage of 
the electrode reactants, and again at a second 
voltage above the decomposition potential in the 
region of the diffusion current but below the de­
composition voltage of a second electrode reaction. 
The difference between the currents flowing at 
these two voltages is proportional to the con­
centration of the substance (oxygen) taking part 
in the first electrode reaction. The results of this 
investigation show that this procedure is ade­
quate, provided that the voltages are predeter­
mined by experiment and the calibration curve 
is shown to be reproducible. The experimental 
apparatus then becomes extremely simple.

Apparatus

The apparatus, shown in Fig. 2B, consists merely of a 
stream of mercury dropping from a capillary tube into 
a solution in a closed bottle. The mercury stream is 
made the cathode and the pool of mercury the anode in 
a circuit which contains a storage battery, adjustable 
resistance and a galvanometer. The potential is varied 
by means of the resistance and measured with a simple 
potentiometer. The galvanometer need not be of the 
most expensive type, a sensitivity of 5 X 10 ~7 amp. per 
scale division being sufficient. A portable box type with 
a light and scale will do if the scale is long enough (6-10 
cm.).

Since a study of the whole current-voltage curve showed 
that only two voltages are necessary for the analysis, it 
is evident tha t even the potentiometer may be dispensed 
with and two large capacity standard cells substituted for 
it as shown in Fig. 2A. The standard cells are made from 
two eight-ounce square bottles taped together, closed 
with rubber stoppers, and connected with a salt bridge. 
Connections are made with the mercury or amalgams, a t 
the bottom of the bottles, by means of platinum wire 
fused to copper wire and sealed into glass tubes fitting 
into the stoppers. In  the 1.0-v. Weston cell one bottle 
contains 100 g. of 13% cadmium-mercury amalgam. 
(The cadmium dissolves more quickly if its surface is in­

(6) After this manuscript was completed it was learned that 
Baumberger and O. H. Müller reported an application of the polaro­
graphic method to respiration measurements at the meeting of the 
Western Society of Naturalists in 1935.

(7) Borcherdt, Adkins and Meloche, T h is  J o urn al , 59, 2171 
(1937).

(8) Hohn, “Chemische Analysen mit dem Polarographen/* 
Verlag von Julius Springer, Berlin, 1937.
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creased by cautiously pouring the molten metal into 
water.) The other bottle contains about the same amount 
of pure mercury covered with a paste of mercurous sulfate 
in 2 molar cadmium sulfate. Both bottles are then filled 
to the top of the bridge with approximately 2 molar 
cadmium sulfate and the opening a t the top of the bridge 
is closed. Such a cell maintains a constant potential of 
about 1.04 v. over long periods of time and is unaffected 
by ordinary currents during continued usage.

The 0.1-v. cell is a cadmium-lead cell9 in a similar 
double-bottle. One electrode contains 10% lead in 90% 
mercury over which stands a solution of about 1 molar 
cadmium iodide saturated with lead iodide. The other 
electrode contains 11% lead, 9% cadmium and 80% mer­
cury in a solution of about 1 molar cadmium iodide.

As shown in Fig. 2A a double pole-double throw switch 
is used for throwing in first the 1.0-v. cell and then the 
0.1-v. cell. The difference in galvanometer readings with 
the two cells gives the desired measurement which is pro­
portional to the concentration of dissolved oxygen.

The dropping mercury cathode must be adjusted care­
fully to give maximum galvanometer deflections with 
minimum oscillation and without clogging of the capillary 
tube. A separatory funnel is connected with a capillary 
tube from a broken thermometer through a minimum 
length of pure gum rubber tubing or rubber which has 
been boiled with sodium hydroxide to remove sulfur. 
The rubber tube is wired on and reinforced if necessary 
with a wrapping of tape. A 50-cm. head of mercury is 
satisfactory and the tip is so made that the mercury drops 
off a t the rate of about one drop every one or one-half 
seconds.

Several different types of cells were used in this work. 
The cells are completely filled with the liquid, leaving no 
gas space. In  one type (Fig. 2A) the solution overflows 
as the mercury flows in. In  another type (Fig. 2B) the 
mercury pool a t the bottom is kept a t a constant level, 
by allowing the mercury to overflow. In still another 
type the anode was a calomel electrode connected through 
a bridge of potassium chloride (1.0 N) solution. In  the 
photochemical work the sides of the cell were made of 
polished glass and care was taken to place the mercury 
cathode in the center of the cell.

Calibration
In using the dropping mercury electrode it is necessary 

to calibrate the galvanometer readings directly against 
the concentration of the substance being analyzed under 
the same conditions, and in the simple method proposed 
here it is necessary first to determine empirically a t what 
voltage the galvanometer readings should be taken in 
order to give a straight line when the concentration is 
plotted against deflections. Using the same tip and the 
same apparatus, then the concentration of an unknown 
solution is obtained readily by interpolation on this 
straight line or by simply multiplying the galvanometer 
readings by a constant, i. e., by the slope of the calibration 
line.

In Fig. 3 are shown current-voltage curves a t 18° for 
various concentrations of oxygen in a solution containing 
some suspended algae. The full curve is shown at a con-

(9) Vosburgh, T h is  J o u rn al , 49, 2223 (1927).

centration of 3.00 X 10“4 mole per liter while for the other 
concentrations the range only from 0.7 to 1.0 v. is shown. 
When the currents a t 0.7, 0.8, 0.9, 1.0 v. are plotted 
against the concentration of oxygen, only the points a t
1.0 v., marked with double circles, give a straight line, 
as shown in A of Fig. 4. I t  is clear from an inspection of 
Fig. 3 that if a straight line is produced a t 1.0 v., a straight 
line cannot be produced a t the other voltages.

0.0 0.4 0.8 1.2
Volts.
Fig. 3.

In  these calibrations the oxygen concentration was 
determined by titration with sodium thiosulfate using the 
standard Winkler method10 with manganous sulfate and 
potassium iodide. The oxygen concentration was con­
trolled by equilibrating the nutrient solution in which the 
chlorella were suspended (or just the salt solution, for 
example 0.1 A  potassium chloride) with air at the specified 
temperature, and then passing through this solution oxy­
gen, or nitrogen, or gases containing some oxygen. The 
closed vessel, containing the solution with dissolved 
oxygen, was fitted with a siphon, and the samples were 
withdrawn quickly for chemical analysis and for analysis 
with the dropping mercury electrode under conditions 
giving a minimum of change in the oxygen concentration.

Four different calibration curves (A, B, C, and D) 
obtained by the first method are shown in Fig. 4. These 
curves illustrate the necessity for separate calibrations for 
each tip and for each temperature as well as for each 
galvanometer and electrical circuit. Calibrations A, B, 
and C were all made with the same dropping mercury 
cathode tip, but a t different temperatures—namely, 18, 
22, and 28°, respectively. Calibration D was made with 
a different tip and a t 25 °.

An examination of these calibration curves shows the 
high sensitivity of this method of analysis. Assuming 
that the galvanometer can be read to a t least one-half 
of a scale division (0.5 mm.), the corresponding limit of 
error in the oxygen concentration is of the order of 5 X

(10) Treadwell and Hall, “Analytical Chemistry,” Vol. II, 7th 
edition, John Wiley and Sons, Inc., New York, 1928, p. 650.
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10 ”7 mole per liter. The experimental points fall on the 
straight line within these limits. I t  is quite convenient 
to use the dropping mercury electrode with samples of 
about 10 cc.; and for a sample of this size the actual 
change which can be measured is of the order of 5 X 10 ̂ "9 
mole to tal change in oxygen concentration. At room

temperatures this corresponds to 1.2 X 10“4 cc. or to 
0.112 cu. mm., or 1.6 X 10~7g. Expressed in another way 
the dissolved oxygen can be determined to 0.016 part per 
million by weight. These estimates of the sensitivity of 
the method are substantiated by the curves and particu­
larly the data of Table I.

A simple calculation shows that the passage of current 
during the reading of the galvanometer deflections is far 
too small to cause detectable change in concentration by 
electrolysis.

The straight line relation between concentration and 
current apparently fails to hold below a concentration of 
about 5 X 10 “5 mole per liter. The straight lines do not 
extrapolate to zero current a t zero concentration, an 
observation which has been disctissed by several investi­
gators. In  curve D of Fig. 4 special effort was made to 
determine the relation between concentration and current 
in this region. The Winkler method loses its sensitivity 
at these low concentrations and hence the true situation is 
difficult to determine. The curve bends toward the axis 
so that it extrapolates to zero, and this fact has been 
checked by other determinations. Despite this com­
plexity, it is possible to use the method outlined here for 
low concentrations of oxygen by interpolating on the 
curve even where the straight line relationship does not 
hold.

The limitations of this simplified method should be 
summarized. The substitution of two empirically ̂ deter­

mined voltages for the complete polarogram is possible 
only after a complete voltage-current curve has been 
plotted, and the proper voltages checked by independent 
chemical or physical determinations of the concentration 
of dissolved oxygen. However, after these voltages have 
been established it is no longer necessary to determine 

these complete curves. The preliminary 
curves can be prepared, manually, with 
simple apparatus. Calibration must be 
carried out for each cell and tip, and for 
each new type of solution unless it can 
be shown th a t no interfering substances 
are present. However, such calibrations 
are necessary, also, in the complete 
polarographic method. Calibration can 
be effected by direct chemical analysis 
as with the Winkler method, or by re­
moval of oxygen by the bubbling of hy­
drogen and the addition of measured 
quantities of oxygen. I t  might be argued 
that, with this calibration method, a 
single voltage rather than two voltages 
would be sufficient, but the zero point of 
the galvanometer fluctuates with tem­
perature and accidental variations in the 
amount of iron and other easily reduc­
ible substances give large fluctuations in 
the galvanometer deflections even at 0.1 
volt. The fluctuations are cancelled 
out by taking the difference between 
two voltages, 1.0 and 0.1 v., for example, 
when analyzing for oxygen. The maxi­
mum deflections of the galvanometer 
are taken a t a given voltage and these 

maxima are read easily when the mercury is dropping at 
the rate of one drop every second or second and a half. 
Although this rate may be considered somewhat rapid for 
producing a “ theoretical” curve, it has been shown to be 
entirely satisfactory for the method described here.

0 20 40 60 80
Time, min.

Fig. 5.

Applications
The accuracy and the quick response of this 

method is clearly shown in Fig. 5 where the photo­
synthesis of algae is protrayed. In this experi­
ment light from a 500-watt projection lamp was 
filtered through 9 cm. of 0.025 N  cupric sulfate 
and a Corning No. 243 filter. This red light at

10 20 30 40 50
Galvanometer deflections, cm.

Fig. 4.

60 70
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about 3500 ergs per second per sq. cm. was passed 
into a vessel containing chlorella pyrenoidosa sus­
pended in Warburg nutrient solution, 16,000,000 
cells per cc. The steady evolution of oxygen is in­
dicated by the straight line with a positive slope. 
At point A, the light was turned off and photo­
synthesis stopped, but the respiration of the algae 
continued. The negative slope shows that oxy­
gen is being consumed by the respiration. It is 
of interest to note that the rate of respiration,
i. e., the slope of the line, is greatest just after 
removal of the light. It was, in fact, to study this 
rate of respiration just after the exposure to light 
that this method was developed. Chemical 
analysis and differential manometric methods 
have failed to give information of any degree of 
definiteness or consistency about this rate of 
respiration immediately after exposure to light. 
When the light is turned on again at B, the photo­
synthesis immediately releases oxygen and the 
net effect of respiration and photosynthesis is a 
uniform increase in concentration of oxygen as 
before. The slopes of the oxygen concentration- 
time curves during exposure to light are identical 
within experimental error.

Before using this method it was necessary to 
prove that mercury is not toxic to chlorella—at 
least not in the concentration to which this 
method subjects the algae. Algae were cultured 
in the presence of 1 cc. of purified mercury of the 
grade used in the dropping mercury electrode. 
The algae grew normally along with many controls 
which were a part of the regular culture stock 
maintained for experimental purposes. No differ­
ences were noticed in the appearance of the algae 
grown in the presence of and in the absence of 
mercury, nor was there any noticeable difference 
in the total growth at the end of seventeen days. 
The algae which were grown in the presence of 
mercury respired and photosynthesized in the 
same way as those which were grown in the ab­
sence of mercury. Likewise, Mr. Albert E. 
Dimond of the Botany Department, who fur­
nished the yeast used in some of these experi­
ments, found that yeast is not affected by the pres­
ence of the mercury in these experiments.

Other applications of the analysis of oxygen by 
the dropping mercury electrode method are given 
in Fig. 6. Curves A, B, C, and D are for the 
respiration of yeast. They show how the respira­
tion rate increases with the concentration of cells 
and with the addition of glucose. Curve E is for

0 10 20 30 40
Time, min.

Fig. 6.—A. Yeast in physiological salt solution—3 X 
10® cells/cc. B. Yeast in physiological salt solution +  
1% glucose—3 X 106 cells/cc. C. Yeast in physiologi­
cal salt solution +  6% glucose—3.3 X 106 cells/cc. D. 
Yeast in physiological salt solution +  6% glucose—6.6 
X 106 cells/cc. E. Homogenized liver tissue in Krebs 
phosphate buffer +  sodium succinate. (7.13 g. ra t liver 
+  400 ml. buffer solution +  0.5 g. Na succinate.) F. 
Chicken’s red blood cells—Ringers bicarbonate buffer— 
9 X 107 cells/cc. G. Chicken’s red blood cells—Ringers 
bicarbonate buffer—3 X 107 cells/cc. H. Dog’s red 
blood cells—Ringers bicarbonate buffer—60 X 107 
cells/cc.

the oxygen uptake of homogenized rat liver tissue 
in the presence of sodium succinate four hours 
after the rat had been killed. The volt-current 
curve for this material is shown in Fig. 1, D. 
Curves F and G give the respiration rates of red 
blood cells from chickens. F and G are for the 
same cells, but G was obtained with a suspension 
in which the concentration of cells is about one- 
third that of F. Curve H shows the respiration 
of the red cells of dog's blood in vitro and it is 
particularly interesting because the respiration is 
so slight that it can be followed by other methods 
only with great difficulty. Accordingly, the de-

Table I
Respiration of Dog’s Blood

60 X 107 cells per cc. Temperature, 24.5°. Accord­
ing to the calibration of the electrode 1-cm. deflection =  
3.88 cu. mm. of O2. Over-all uptake of O2, 7.56 cu. mm. 
Average uptake of O2, 0.84 cu. mm. in five minutes.

Time, Galvanometer Time, Galvanometer
min. deflection, cm. min. deflection, cm.

0 33.10 25 31.95
5 32.90 30 31.75

10 32.60 35 31.70
15 32.40 40 31.45
20 32.20 45 31.15
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tails of the experimental measurements are given 
in Table I  and the volt-current curve for the 
dog’s blood is shown in Fig. 1 at curve C.

When the chicken and dog blood are put on the 
same basis of concentration of cells, it is seen 
that chicken blood takes up in thirty minutes 
twenty times as much oxygen as the dog blood. 
The cells of the chicken bloods are nucleated 
while those of the dog blood are not.

Measurements were made on the dog blood 
cells at the same time using a Barcroft-Warburg 
manometer. However, the oxygen uptake was 
too small to be measured with any accuracy by 
the manometric method.

Another application of the method described 
here lies in the determination of the oxygen con­
tent of soils. This analysis has been beset with 
many difficulties and the values which have been 
obtained have little significance according to 
many workers in soil culture. The methods de­
scribed here may be used, by determining first 
the oxygen content of a given volume of 0.1 A 
potassium chloride solution, and then determining 
the oxygen content after adding a sample of soil 
and allowing equilibrium to be established. In 
one sample of loam, 33 cu. mm. of oxygen was 
found to be associated with 1 g. of soil with a 
moisture content estimated as 30%.

The apparatus is portable and it can be made 
adaptable to field use such as determining the 
oxygen content of lakes at different depths.

There are other fields of study in biology which 
might be attacked with this precise method of 
oxygen analysis such for example as the study of 
the border line between aerobic and anaerobic 
bacterial action, the respiration of small amounts 
of tissue and nerve material, the accurate measure­
ment of the respiration of cancer cells and the 
study of the influence of drugs and various dis­
eases on the respiration of blood.

Although this investigation has been limited to 
the determination of dissolved oxygen, it is

likely that other substances can be determined in 
the same simple way. Calibration curves with 
galvanometer deflections plotted against con­
centration are plotted at several different volt­
ages and that voltage (or rather the difference in 
current between two voltages) is selected which 
gives a straight line for a calibration curve. A- 
side from giving the confidence which results from 
a straight line relationship over a wide range of 
concentration, this method renders unnecessary 
any expensive recording apparatus and enables 
one to make an analysis on systems undergoing 
rapid chemical or biological change.

The authors are glad to acknowledge the sup­
port given this investigation by the Research 
Committee of the Graduate School and the 
Wisconsin Alumni Research Foundation. They 
are indebted to Professor B. M. Duggar of the 
Botany Department in whose laboratory much of 
the work was done. They wish to thank Pro­
fessor V. W. Meloche for his helpful interest and 
for the use of a polarograph in a preliminary test. 
They appreciate the help given by Mr. A. Axelrod 
in the measurements with the Barcroft manometer 
and by Mrs. N. Dimond in preparing the algal 
cultures.

Summary
1. A method using simple apparatus is de­

scribed for measuring the concentration of dis­
solved oxygen. A dropping mercury electrode 
is used and galvanometer deflections are measured 
at two predetermined voltages. The deflections 
are plotted against solutions of known concentra­
tions giving a calibration curve which is a straight 
line.

2. The limitations of the method are pointed 
out and the method is illustrated with the photo­
synthesis and respiration of algae and with the 
respiration of yeast and blood cells and with 
animal tissue.
Madison, Wisconsin Received August 8, 1938



Nov., 1938 S a l t e d -O u t  P r o t e in  F il m s 2803

[Contribution from the Research Laboratory of General Electric Company]

Salted-Out Protein Films
B y  I r v in g  L a n g m u ir  a n d  V in c e n t  J .  S c h a e f e r

Proteins can be adsorbed from aqueous solu­
tions onto a plate, covered by barium stearate 
multilayers, which has been conditioned1,2 by 
previously dipping it into a solution of thorium 
nitrate. When a 1% solution of insulin is ap­
plied in this way to a conditioned plate and this is 
then washed in distilled water, and dried, a film 
of a thickness of about 45 A. is obtained. How­
ever, if the protein solution is washed off the plate 
with an 0.8% sodium chloride solution instead of 
with water and the plate is then washed with dis­
tilled water and dried, the film thickness is much 
greater, ranging from 70 to about 200 A. The 
variations in thickness seem to depend upon the 
rapidity of mixing the salt solution with the under­
lying protein solution.

These results suggested that the increased 
thickness due to the application of the salt solu­
tion directly to the protein solution on the plate 
was caused by the concentration gradient in the 
solution while the salt diffused into the insulin 
solution. Confirmation of this hypothesis was 
obtained from experiments in which 0.8% sodium 
chloride was added to the insulin solution before 
applying this to the conditioned plate. After 
washing this off with sodium chloride solution and 
then with water, the normal thickness of about 
45 A. was found.

The effect seems to be analogous to the Lud- 
wig-Soret effect in which a temperature gradient 
causes a migration of a solute to the cold part of a 
solution. The theory of this phenomenon has not 
been satisfactorily worked out. A simple explana­
tion often given is that the molecules of the solute 
are bombarded by the solvent molecules with 
greater intensity on the high temperature side 
than on the low temperature side. Such an ex­
planation seems particularly useful in accounting 
for the Soret effect in air commonly manifested 
by the slow accumulation of dust particles at cold 
spots on the ceiling of a room.

According to S. Chapman3 particles having a 
large diameter compared to the free path of the 
molecules in a liquid should distribute themselves

(1) I. Langmuir and V. J. Schaefer, T h i s  J o u r n a l , 59, 1406 
(1937).

(2) 1. Langmuir and V. J. Schaefer, ib id ., 59, 1762 (1937).
(3) S. Chapman, P ro c . R o y . S oc. (London), A119, 34 (1928).

in such a way that cD is constant throughout the 
solution, c being the concentration of the particles 
and D the diffusion coefficient. Thus, since the 
diffusion coefficient increases with temperature, 
the concentration should be less in the hotter 
parts. Bruzs4 attempts to develop a thermo­
dynamic theory and concludes that the Soret 
coefficient a depends upon the entropy and the 
partial molar specific heats. There are, however, 
practically no experimental data for checking this 
theory.

Hartley,5 after discussing the preceding theories, 
advances reasons for believing that the relative 
solubilities of the solute in the solvent, at different 
places in the tube, are important in determining 
the Soret coefficient.

In a second paper,6 Hartley considers the dis­
tribution of solute molecules in a solvent of graded 
composition. Apparently in all cases if there is 
one component A originally uniformly distributed 
throughout a solvent, the effect of a concentration 
gradient in a second component B is to drive the 
molecules of A toward the region where B has a 
low concentration. We shall designate this as the 
carrying effect.

Hartley believes that there are three factors 
that determine the magnitude of this forced migra­
tion. First there is the Chapman effect, according 
to which the particles should migrate toward the 
region where the diffusion coefficient is lowest. 
Thus, if the presence of a substance B increases 
the diffusion coefficient of substance A, A should 
tend to move into the region where B has a low 
concentration. It seems improbable, however, 
that the general effect of dissolved substances 
should be to raise the diffusion coefficient of other 
substances, so that Chapman’s theory seems in­
adequate as a general explanation of the carrying 
effect.

As a second factor, Hartley considers the ef­
fect of the added substance B on the solubility 
of A.

The third factor he describes as a “push effect.” 
The larger molecules are subjected to greater bom­
bardment by diffusing molecules than small ones.

(4) B. Bruzs, Z. p h y s ik . C h em ., A162, 31 (1932).
(5) G. S. Hartley, T ra n s . F a r a d a y  S o c ., 27, 1 (1931).
(6) G. S. Hartley, ib id ., 27, 10 (1931).
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Hartley assumes that the pressure exerted is 
approximately proportional to the mean cross- 
sectional area of the large molecules. Thus an 
enormous push effect is to be expected in the case 
of colloidal particles. This simple explanation of 
the “push effect” cannot be generally valid, for it 
would indicate that a sphere the size of a baseball 
placed at the boundary between a molar salt 
solution and overlying pure water should be forced 
upward with a force of about 1000 lb. It is 
obvious, however, that any pressure difference 
greater than that due to gravity will be equalized 
by a flow of liquid. It is only when the particles 
are of a size comparable to the free path of the 
molecules of the liquid that an appreciable push 
effect can exist.

Recently Seastone7 found it impossible to 
spread monolayers of tobacco mosaic virus by 
Gorter’s method on the surface of water adjusted 
to a pH corresponding to the isoelectric point of 
the protein. At pH 1 there was a small amount 
of spreading corresponding to about 0.1 sq. m. 
per mg. Since the protein solution when applied 
sank to the bottom of the tray and so could diffuse 
only slowly to the surface, Seastone attempted to 
spread the protein on a solution of higher density, 
using for this purpose a 25-90% saturated am­
monium sulfate solution. The protein solutions, 
and even distilled water, spread with almost ex­
plosive rapidity on such strong salt solutions, for 
these have surface tensions that exceed that of 
pure water by several dynes per cm. With 90% 
saturated ammonium sulfate at pH 7.1, a film of 
virus covering an area of 0.06 sq. m. per mg. was 
obtained. Measurements of the virus activity 
proved that little or none of the tobacco virus 
remained in the liquid under the film. If this 
film has a density 1.3 and if it contains all the 
protein applied to the solution, its thickness 
should be 126 A. In another case Seastone re­
ports that a film of a thickness of 1000 A. was 
obtained by applying tobacco mosaic virus to a 
50% saturated ammonium sulfate solution. He 
suggests that these thick films may correspond to 
monolayers in which the rod-shaped molecules of 
diameter 150 A. lie flat in the surface in some cases 
and lie with their long axes perpendicular to the 
surface in other cases.

The work of Gorter and Philippi shows that 
many proteins spread to give films of thicknesses 
from 7 to 20 A. under compressions to 0 to 10

(7) C. V. Seastone, J .  G e n .  P h y s i o l . ,  21, 621 (1938).

dynes per cm. Some samples of tobacco virus 
sent to us over a year ago by Dr. Stanley gave 
films of approximately this thickness. About 
six months ago, Dr. Stanley sent us some new 
samples of 1.9%  tobacco virus purified by ultra­
centrifuge sedimentation. With a spreading tech­
nique which we had used previously, which was a 
modification of Gorter’s, we were unable to obtain 
monolayers. When this solution of tobacco virus 
was spread upon ammonium sulfate solution we 
obtained very thick films, ranging from 100 to
2000 A.

Our experiments showed clearly that the film 
thickness was not determined by the molecular 
diameter but depended on the concentration of the 
salt solution and on the amount of protein applied 
in relation to the area available for spreading.

When a drop of tobacco virus solution is placed 
upon a concentrated ammonium sulfate solution, 
the drop spreads over the surface because the 
surface tension of the water is less than that of 
the salt solution. We have observed that one 
drop of distilled water (0.05 ml.) spreads on a 
saturated ammonium sulfate solution to form a 
film 5 X 10 ~4 cm. thick and of an area of about 
100 sq. cm., as shown by the pushing back of a 
film of indicator oil on the surface of the solution. 
A pressure of only one dyne per cm. causes the 
immediate collapse of the circular area covered 
by the water film.

The rate of diffusion of salt from a solution into 
an overlying layer of initially pure water can be 
calculated by methods used in problems of heat 
conduction.8

Consider a salt solution of concentration c 0 

on which is placed at time t  =  0, a layer of water 
of thickness b. Then, if x is the depth below 
the surface, the concentration c is initially 0 
between x — 0 and x =  5, and is c0 for x  > b. 
The concentration gradient has a maximum value 
at x — b which is given (for not too large values of 
t) by

Ac/Ax =  (c0/2){itD t)-lh
where D is the diffusion coefficient of the salt.

For values of x small compared to b, the con­
centration gradient is at first very small but rises 
to a maximum and then decreases toward zero. 
The maximum value of dc/dx occurs when t =  
b2/6D  and is given by 
___________  (dc/dx)max. = 0.93 c0x/b2

(8) Ingersoll and Zobel, “Mathematical Theory of Heat Conduc­
tion,” Ginn and Co., New York, N. Y., 1913; see especially Eq. 
(25) on p. 70.



Nov., 1938 S a l t e d -O u t  P r o t e in  F il m s 2805

At this time the concentration at the surface x =  
0 is only O.O84c0; at x =  b/2 it is O.198c0 and. at 
x =  b it is 0.5003c0. The concentration gradient 
at x =  b/2 is then OA5co/b.

The diffusion coefficient D for salts in water 
is of the order of magnitude of 10“5 cm.2/sec. 
Thus the maximum concentration gradients close 
to the surface will occur within less than a second, 
even if the water film has a thickness as great as
0.08 mm., which corresponds to 0.8 ml. per 100 
sq. cm.

Although the concentration gradient reaches its 
maximum within such a short time, the actual 
concentration of salt in the surface (at x =  0) 
approaches its limiting value very slowly. Thus 
to reach 0.9 ô will require a time 32b2/D  and to 
reach 0.99c0 takes t =  3200b2/D* With b =  
5 X 10“3 cm., D =  10~5 cm.2/sec. One hundred 
and sixty seconds would be required for c =  0.9c0 
and four and one-half hours for c = 0.99co-

The thick films of tobacco virus observed by 
Seastone and confirmed by our experiments thus 
appear to be essentially salted-out films in which 
the protein is forced to the surface by the con­
centration gradient of the salt until the protein 
concentration becomes so high as to cause a crys­
tallization of the protein into a thin sheet.

Recent work9,10 has shown that highly purified 
tobacco virus solutions, if stronger than 2%, 
separate into two phases on standing. The lower 
layer, usually water clear, is liquid crystalline; 
the upper layer, which is slightly turbid, shows, on 
gentle agitation, anisotropy of flow.

X-Ray examination has shown that in the 
denser phase the rod-shaped molecules lie with 
their axes parallel, but in a plane perpendicular to 
this direction the molecules are arranged in a 
hexagonal close packed lattice with a spacing which 
varies continuously from 150 to 600 A., depending 
upon the concentration of the solution. The 
lower limit of 150 A., obtained when the water 
content is very low apparently corresponds to the 
diameter of the molecular rods.

The forces that hold the molecules apart in the 
hexagonal lattice are recognized as being electro­
static forces associated with the negative charges 
on the molecules. The intervening water must 
therefore carry an excess of ions of the opposite 
polarity. The spindle-shaped crystals of tobacco 
virus observed by Stanley and others have been

(9) F. C. Bawden, N. W. Pine, J. D. Bernal and I. Fankuchen, 
N a tu r e , 138, 1051 (1936).

(10) J. D. Bernal and I. Fankuchen, ibid*, 139, 923 (1937).

shown to have a similar structure and are thus 
tactoids in which the distance between molecules 
depends on the water content.

We believe that in our experiments the con­
centration gradient of ammonium sulfate forces 
the tobacco virus to the surface in such concentra­
tion that this denser phase appears. Probably 
the molecules are arranged with their axes parallel 
to the surface and in transverse directions are 
packed in a hexagonal lattice.

Films Salted-Out onto Plates.—The salted- 
out films of insulin produced on a plate by apply­
ing a few drops of insulin solution and then wash­
ing this off by pouring over it a salt solution were 
very non-uniform in thickness. We attempted in 
several ways to develop a technique of producing 
uniform films.

Using one method, we saturated filter paper, blotting 
paper or silk fabrics with an insulin solution, applied 
this in one or more layers onto a wet, conditioned barium 
stearate multilayer and placed on top of this other layers 
of porous paper or fabric wetted with salt solution. After 
two minutes the layers of paper were lifted off, the film 
was washed with water and dried, and the thickness was 
determined by matching the color of the specularly re­
flected light with that given by a barium stearate stepped 
color gage.11’12 With 0.05 ml. of 0.1% insulin on 3 sq. cm. 
filter paper covered with paper saturated with 90% satu­
rated ammonium sulfate solution, a film 220 A. thick was 
produced.

This represents nearly 20% of the protein applied to the 
paper. With more concentrated insulin solutions (up to 
10%) film thicknesses, in some cases as great as 650 A. 
were obtained, but the fraction recovered was much less. 
The films produced by this method were usually of un­
satisfactory uniformity.

The best method we have found for producing salted-out 
films directly on a plate is as follows. A prepared plate 
covered with barium stearate multilayers is conditioned 
by thorium nitrate so as to render it hydrophilic and it is 
then dipped into a solution of the protein. It is important 
that the plate first should be rendered hydrophilic for 
otherwise when it is dipped into the protein solution a film 
is deposited on the down trip.

The plate is lifted from the protein solution at a rapid 
uniform rate, the adhering liquid is allowed to drain for 
a few seconds and the surplus removed from the lower 
corner of the plate by filter paper. The plate is then 
quickly immersed into a strong salt solution in a beaker 
and allowed to stand for a few minutes. It is then taken 
out of the salt solution and dipped successively for twenty 
seconds into each of several beakers containing 1% tannic 
acid solution. The plate is then washed thoroughly in dis­
tilled water, dried and the thickness of the protein film is 
measured optically.

The tannic acid renders the protein film insoluble so
(11) K. B. Blodgett and I. Langmuir, P h y s . R ev ., 51, 964 (1937),
(12) I .  Langmuir, V. J . Schaefer and H. Sobotka, T h i s  J o u r n a l , 

59, 1751 (1937).
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that it can be washed with water without loss. Salted-out 
films of insulin, however, suffer no loss, even without the 
tannic acid treatment. When tannic acid is used with in­
sulin the film is 12 A. thicker. We assume that with other 
proteins the use of tannic acid gives a similar increment of 
thickness.

The thicknesses of films of insulin, salted-out from a 
0.5% insulin solution by applying sodium chloride solu­
tions, increase from 90 A. with 0.3% salt to a maximum 
of 340 A. with 1 % salt, decreasing to 190 A. at 3% and to 
140 A. with salt solutions between 10 to 35%. Variation 
of the pH of the salt solution between 4 and 7 gave little or 
no change in thickness.

Salted-out films of pepsin (Eli Lilly’s, 8000 units per 
gram), formed by using saturated ammonium sulfate 
solutions at pH  from 2 to 5 gave 100 A. from a 0.1% pro­
tein solution, and up to 600 A. with a 5% protein solution. 
With a 0.5% pepsin solution, thicknesses of only 50 A. 
were obtained with ammonium sulfate up to 25% satu­
rated, and the thickness increased from 150 to 225 A. 
as the concentration of the sulfate solution was raised from 
50 to 100% saturation.

The salted-out films produced in this way were very 
uniform, but scattered a good deal of light (more than 
the films produced by the use of impregnated filter 
paper).

Films Salted-Out on the Surfaces of Salt Solutions.— 
A tray is filled with a strong solution of some salt such as 
ammonium sulfate, or magnesium sulfate and its surface 
is cleaned in the usual way. Barriers are placed across 
the tray to delimit a definite area.

A graduated 1-ml. hypodermic syringe is filled with the 
protein solution and by a micrometer screw the plunger is 
forced down a definite distance so as to deliver a given 
volume of solution. By Gorter’s method the protein 
solution is introduced from the needle just under the sur­
face of the salt solution. Because of the relatively high 
density of the salt solution, it is equally satisfactory to let 
drops of the protein solution fall upon the surface. An­
other method, which we call the “band method,” consists 
in distributing the protein solution along a* line near the 
edge of a thin nickel or platinum band which has a length 
equal to the width of the tray and has been cleaned by heat­
ing in a flame. Before the protein solution has dried, 
the band is lowered slowly edgewise into the tray close to 
one end of the delimited area.

The protein solution applied by either of these methods 
spreads rapidly over the salt solution, and the protein is 
driven to the surface by the concentration gradient. 
If the bottom of the tray has been made black (by black 
Bakelite varnish, baked on, or by a sheet of black glass) 
and the thickness of the protein film on the solution ex­
ceeds about 200 A., it is visible because of the increased 
reflection from the surface. There is usually a part of the 
surface farthest from the point of application that is 
covered by an invisible monolayer, 10-20 A. thick, which 
was formed from the first portion of the applied protein 
solution and which was pushed against the barriers and so 
retarded the further spread of the protein solution. A 
surface pressure of about 15 dynes per cm. can be observed 
against a movable barrier under these conditions.

The salted-out film on the surface should be allowed to

age for two minutes so that it may reach its maximum 
thickness and stability.

Optical Measurement of Thickness.—Sometimes the 
salted-out protein films on the salt solutions are so thick, 
1000-7000 A., that interference colors are seen. There are 
two convenient methods of producing films of known thick­
ness on water which serve as comparison standards. A few 
drops of 10% sulfuric acid applied to the edge of a barium 
stearate multilayer (49 to 120 layers) on glass creeps under 
the film and detaches it so that it may be floated off onto 
water in a tray. Since water has a lower refractive index 
(n =  1.33) than the film (n — 1.50), the interference colors 
are complementary to those observed when the same film 
is on chromium or on glass of refractive index higher than 
1.55.

Table I gives the number of layers and the thickness of 
barium stearate multilayers on water which give various 
colors when examined at an angle of incidence of 45°.

The second method consists in spreading a weighed 
amount of indicator oil (partially oxidized lubricating oil) 
on water and compressing the film between barriers to 
confine it to known areas so that the thickness can be calcu­
lated. The relation between the thickness and the color 
of the oil films was approximately the same as that of the 
stearate films given in Table I.

T able I
Colors of T hin  Oil or Stearate F ilms on W ater

Observed  with U npolarized Light at i  — 45° 
Color No. of layers Thickness, A.

Gray 33 800
Faint yellow, first order 49 1200
Yellow 57 1400
Dark yellow 65 1600
Yellow-red 73 1800
Bluish-red 81 2000
Purple-blue 89 2200
Blue 97 2400
Bluish-green 105 2600
Yellow-green 115 2800
Yellow, second order 122 3000

A salted-out film produced by applying 0.3 ml. of a 1% 
solution of commercial egg albumin in successive drops to 
the central portion of a 100-cm. area of a 90% saturated 
ammonium sulfate solution gave at the point of applica­
tion a disk of about 5-cm. diameter showing a light yellow 
color, while on the solution. The film around this disk 
showed only a gray color. Some of the film from the 
colored disk, transferred to a chromium plate by the “lift 
method” (to be described later), fixed by dipping into 1 % 
tannic acid, then washed and dried, gave a purple-blue, 
about the same as that given by 45 layers of barium 
stearate on chromium observed at i =  50°. A portion of 
the same film transferred to a fused quartz plate, n = 
1.46, showed a yellow color. On a microscope slide (n =  
1.51), the color was light blue, while on lead glass (n = 1.6) 
the film gave an intense blue color. These data show that 
the film had a refractive index between 1.46 and 1.51, 
probably close to 1.48, and that the thickness was about 
1100 A. The refractive index of protein calculated from 
that of solutions is usually found to be approximately
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1.58. It has been shown previously13 that built-up films 
of egg albumin gave a refractive index for Na light of 1.50. 
Thus it is probable that the salted-out films and the built- 
up films contain water or air which lowers the refractive 
index. Experiments show that paper wet with a drop 
of octane held above a thick salted-out protein film on 
water or over the same film deposited on a chromium plate 
produces striking changes of color just like those observed 
by bringing these vapors in contact with skeletonized 
barium stearate films. These facts seem to indicate that 
these thick protein films are skeleton films which contain 
a considerable proportion of water or air.

Similar films of 1200 A. thickness were produced by 
applying 0.5 ml. of a 1% solution of crystalline pepsin 
(Northrop) to 90% saturated ammonium sulfate.

Dr. W. M. Stanley gave us a 1% solution of some cen­
trifuged monodispersed tobacco mosaic virus. When 0.1 
ml. was applied to 100 sq. cm. of 90% saturated ammonium 
sulfate solution, a grayish colored film of considerable 
rigidity was formed covering an area of about 55 sq. cm. 
This was deposited upon a chromium plate and fixed in 1% 
tannic acid. After washing and drying, the film, when ex­
amined with the Rs ray at large angles of incidence, 
showed a second-order yellow corresponding to a thickness 
of 120 barium stearate layers or 2900 A. At an angle of 
incidence i = 45°, this gives a purple color. Thus we 
should expect the film on water before deposition on the 
plate to have shown the complementary color, viz., a 
second-order yellow (see also Table I). During the growth 
of the film, the colors should have changed from first-order 
yellow through purple, blue-green, to second-order yellow. 
Actually, however, the films on water show only a strong 
grayish reflection, which forms a strong contrast with a 
clean water surface.

The probable explanation of the absence of interference 
colors of the tobacco virus films on water is a graded 
lower boundary which does not provide the definite 
reflection needed for interference. When the film is 
deposited on a plate, fixed, washed and dried, the upper 
surface which was previously the lower surface now has a 
definite boundary and gives good interference colors.

With several proteins, egg albumin, pepsin, urease, 
edestin and horse globulin, we have observed that the 
salted-out films formed are of a composite type. Thus, 
if a drop of a 1 % solution of one of these proteins is ap­
plied to the center of the clean surface of a 90% saturated 
ammonium sulfate solution about 100 sq. cm. in area, a 
faintly visible gray film instantly covers the surface fol­
lowed within a few seconds by the formation in the central 
part of a circular area 2 to 5 cm. in diameter which first 
appears black (similar to a clean surface). This area is 
soon filled in with a grayish film, starting at the outer edge 
and gradually filling the interior with a uniform film which 
gradually increases in reflecting power. A second drop ap­
plied to the same place sinks into the salt solution and then 
rises and dissolves this film, producing a black region as 
previously described. This is followed by the appearance 
of a film similar to the previous one in formation but much 
thicker, often showing intense interference colors extending 
even into second- t>r third-order colors, depending largely 
on the purity and concentration of the protein solution used.

(13) K. B. Blodgett, J .  P h y s .  C h em ., 41, 975 (1937); see p. 980.

A large area of the film on the surface, including the 
colored spot, is now deposited on a chromium plate and is 
fixed by gently flooding over the surface a 1 % tannic acid 
dissolved in 90% ammonium sulfate saturated solution. 
After washing and drying, it is usually found that inter­
ference colors are seen not only on the central disk but also 
far out into the surrounding area. Within the disk the 
thickness of the film as determined by the colors observed 
after deposition agrees with that determined from the 
color seen on the salt solution. The portions surrounding 
the disk, however, now give colors which correspond to 
very great thicknesses, often as large as 7000 A.

These phenomena seem to show that these salted-out 
protein films are essentially composite and consist of two 
layers, a diffuse layer which has an indefinite lower bound­
ary and thus produces no interference effects while on the 
solution, and a second or compact layer which overlies 
the diffused layer on the solution and which has a definite 
lower boundary giving good interference colors. The 
compact layer is of uniform thickness within the central 
disk and gradually decreases with increasing radii over the 
surrounding surface. The diffuse film is far thicker than 
the compact film and decreases steadily in thickness as the 
radius increases. Originally, while the film is on the solu­
tion, the diffuse film has a maximum thickness under the 
central disk; but while depositing this on the plate and 
subsequently fixing it with tannic acid, the thickest parts 
of this diffuse film usually break away, within a circular 
area, leaving within this only the compact film on the 
plate. By agitating the salt solution under the film or by 
more vigorous treatment with tannic acid fixing solution, 
the area from which the diffuse film is removed may be in­
creased greatly without altering the thickness of the com­
pact film.

The thickest compact films are obtained by using 
protein solutions of very high purity. For example, we 
find that solutions of pure crystalline egg albumin (given 
by Dr. P. A. Levene) give far thicker compact films and 
form them in far less time than when an impure egg albu­
min is used.

The compact film, which is usually very uniform 
in thickness over the central disk, acts as though it were 
a single crystal sheet; the diffuse film frequently may 
be seen upon stirring the underlying solution as a veil 
which scatters an appreciable amount of light and can be 
moved about under the compact film. It perhaps con­
sists of a suspension of very fine crystals.

With insulin we have not been able to produce these 
composite films. When this protein is applied to a 90% 
ammonium sulfate solution, a white cloudy precipitate is 
formed but no coherent film. On 1 % ammonium sulfate 
the insulin spreads to form a monolayer. When a 1% 
insulin solution is applied to an unlimited area of a 1 % 
sodium chloride solution, an insulin monolayer is formed, 
but with a restricted area the pressure builds up to F = 
18 dynes per cm. and a circular grayish area appears, 
which after deposition on a plate gives a thickness of 115 A. 
It is not necessary to fix this deposited film with tannic acid, 
for it can be washed gently with water without loss. 
However, the salted-out film formed on the salt solution 
gradually decreases in thickness to 50 A. if left for five 
minutes before deposition.
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In many experiments we have made estimates of the 
total amount of protein which can be recovered in the 
salted-out films by transferring them to metallic surfaces, 
or we have determined the protein content per sq. cm. 
by a method which we shall describe later involving the 
production of monolayers on another water surface. In 
general, with pure crystalline egg albumin, tobacco virus 
and pepsin, there is a very high recovery in the film.

With impure proteins such as commercial egg albumin or 
pepsin, the fraction of applied protein which is recovered in 
the salted-out film is much lower. Apparently there is a 
purification of the crystallizable protein involved in the 
formation of the salted-out film, so that the yield serves to 
measure the crystallizable protein content.

Properties of Salted-Out Films.—The thick salted-out 
films of protein, particularly the compact ones, possess 
considerable mechanical strength and are relatively in­
compressible. When subjected to moderate pressure, they 
can be lifted off the solution on a loop of platinum wire.

A film produced from crystalline egg albumin, on an 
ammonium sulfate solution, having a thickness of 1000 A. 
and showing a light yellow interference color, was found 
to be under a pressure of F = 23 dynes per cm. at the 
time it was formed. On raising the pressure to 30 dynes 
per cm. the area decreased only 2%, corresponding to a 
compressibility of 0.0030 for each dyne per cm. On raising 
the compression to F — 50, the area decreased 17%, cor­
responding to a compressibility of 0.0080. At this higher 
pressure groups of parallel wrinkles began to appear, 
especially when slight shearing stresses were applied. At 
F = 54, the whole surface became wrinkled and collapse 
set in. For comparison we note that a monolayer of egg 
albumin on water decreases to half its area when F is 
raised from 1 to 25 and to one-quarter the original area 
at F = 34. In the F range from 23 to 30 the compressi­
bility was 0.07 for the monolayer as compared to 0.003 for 
the salted-out film.

Transference of Salted-Out Films to a Water 
Surface.—If a piece of nickel or platinum foil 
cleaned and made hydrophilic by heating in a 
Bunsen flame, is lowered into a salt solution 
covered by a salted-out protein film under com­
pression of F =  30 dynes per cm. produced by a 
drop of oleic acid, and is then raised out of the 
solution, the film is deposited on the foil as a 
hydrous B-film. If, now, before the water film 
under the protein film has dried, the foil is lowered 
into clean water in another tray, the protein film 
escapes onto the water surface.

Salted-out films of many proteins, such as pep­
sin, insulin and egg albumin, when transferred in 
this way to water, which preferably has its pH 
adjusted to the isoelectric point of the protein, 
spread out apparently without appreciable loss to 
form typical monolayers. By measuring A 2> 
the area of the monolayer at some value of F, 
such as 16 dynes per cm,, and determining the 
thickness T2 of the monolayer at the same com­

pression, we can calculate the weight, W2, of the 
protein transferred to the water by the relation 

W2 -  1.3 X 10~BA 2T2 (1)
where W2 is expressed in mg. and T2 in A.

The thickness T2 can be measured optically 
after depositing the monolayer on a barium stea­
rate multilayer film of critical thickness (45-47-49 
layers), preferably by the “lift method” in which 
the plate is lowered horizontally onto the mono- 
layer (H-layer) and then after the surface has been 
cleaned, raised from the water. By this method a 
single monolayer of A L-type is deposited.

The thickness Ti of the original salted-out film 
can now be calculated from the equation

Ti =  AtTt/Ai (2)

where A L is the area of the “lifted film” taken from 
the salted-out film. Our experience has been that 
this is usually a more accurate method of deter­
mining Ti than a direct optical measurement of 
the salted-out film on the water or on a plate 
upon which it may be deposited. The reason for 
this is that the optical measurements are often 
difficult because of a relatively large amount of 
scattered light from the thick protein films. 
The method, however, is not applicable to tobacco 
virus and other proteins which do not spread to 
form monolayers.

Table II gives a summary of data obtained in 
studies of salted-out films of various proteins on 
90% saturated ammonium sulfate solutions. The 
insulin (L) was a pure crystalline product ob­
tained from Eli Lilly and Company, while the 
pepsin (L) was a commercial grade from the same 
source having an activity (skim milk test) of 8000 
units per gram. A similar test of the activity of 
Northrop’s crystalline pepsin (N) gave 50,000 
units per gram. The egg albumin (L) was also 
an impure commercial product.

The third column gives the concentration of the 
protein solution in percentage by weight. A 
measured volume of this solution (for example,
0.18 ml. in Experiment 1, and 0.033 ml. in Ex­
periment 2) which contained the weight Wi of 
protein as given in mg. in Col. 4 was applied in the 
middle of the delimited area (Col. 5) by Gorter’s 
technique. The sixth column gives the approxi­
mate area of the salted-out film that was produced; 
Col. 7 gives A l , the area of the salted-out film 
that was deposited onto a plate and subsequently 
transferred to the surface of water (at the iso­
electric point of the protein) in another tray where 
it gave the area A 2 (Col. 8) when subject to a
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1 2 3 4 .5 6 7 8 9 10
Delimited At, ,

% by Wi, area, A u Al, sq. cm.Expt. Protein weight mg. sq. cm. sq. cm. sq. cm. F = 16 Ti, A. 0
1 Insulin (L) 0 .1 0.18 300 170 4 18 72 0.88
2 1.0 .33 300 95 4 63 252 .94
3 10 2.50 300 110 4 340 1340 .77
4 Pepsin (L) 0.1 0.148 300 80 4 6 24 .17
5 1.0 .96 300 100 4 15 60 .081
6 10 9.6 300 50 4 127 510 .035
7 Pepsin (L) 10 2.7 300 30 4 42 170 .025
8 10 4.8 30 4 50 200 .016
9 Insulin (L) 1 1 50 40 5 217 700 .37

10 1 1 100 90 5 185 600 .70
1 1 1 1 200 140 5 110 350 .64
12 Pepsin (L) 1 1 50 30 5 53 170 .066
13 1 1 100 50 5 30 96 .062
14 1 1 200 100 5 73 116 .150
15 Egg albumin (L) 1 1 100 90 12.5 180 230 .27

compression of F = 16 dynes per cm. The 
thickness T2 was found in the various experi­
ments to range from 15 to 18 A., so we have taken 
the average value T2 — 16 A. The thickness T\ 
of the salted-out film, as given in Col. 9, was cal­
culated by Eq. (2) from A 2, T2, and A L.

The last column gives ft, the fraction of the 
protein applied to the salt solution which was 
recovered in the salted-out film. This was cal­
culated by the equation

0 = 1.3 X 10-*AiTi/Wi (3)
Examination of the data in the table shows that 

with a large delimited area, Experiments 1 to 3, 
from 77 to 94% of the insulin was found in the 
salted-out film, but with the L-pepsin only from 
8 to 17% was recovered, the highest fraction being 
obtained with the most dilute protein solution. 
The fraction recovered was not greatly dependent 
on the amount of protein solution applied (Ex­
periments 6, 7 and 8). The thickest films were 
obtained with the most concentrated solutions 
(Experiments 3 and 6) and when the largest 
amounts of the protein solution were applied 
(Experiments 6, 7 and 8). In Experiments 9 
to 14 the delimited areas were purposely varied. 
The fraction recovered is somewhat less when the 
available spreading area is restricted, but the 
thickness T\ is made greater in this way (Experi­
ments 9 and 12).

The high percentage of recovery from the 
insulin compared with pepsin suggested that this 
might be due to the difference in purity of the two 
proteins, We therefore made some experiments

with a crystallized egg albumin obtained from P. 
A. Levene and a crystallized pepsin from ‘ J. H. 
Northrop. With these very high percentages of 
recovery were obtained. Films of various thick­
nesses, ranging from 100 up to 7000 A., could be 
obtained by regulating the amount of protein in 
the delimited area.

The Activity of Pepsin in Salted-Out Films.— 
Uniform salted-out films of pepsin were produced 
by applying pepsin solutions to 90% saturated 
ammonium sulfate solutions. The thickness of 
the film was measured optically after depositing 
it on a chromium plate. Another portion of the 
film was deposited on a plate of known area and 
the protein was washed off with 2 ml. of 0.1 M  
acetate buffer, pR  5, into a test-tube containing 
1 g. of powdered skim milk in 4 ml. of the same 
acetate buffer, and the clotting time at 37° 
was noted. The weight of the protein on the 
plate was calculated from the area, and thickness, 
assuming a density 1.3. In this way the activity 
per gram was determined. Similar tests of acti­
vity were made by introducing known weights of 
protein directly into the milk solution.

The results showed that Northrop’s pepsin 
(50,000 units per gram) gave salted-out films 
having at least 90% of the activity of the original 
protein. On the other hand, with a commercial 
grade of pepsin (8000 units per gram) salted-out 
films were obtained which gave (per gram) four 
times the activity of the impure pepsin applied to 
the salt solution, although they were still only 
about 60% as active as the crystalline pepsin.
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The production of salted-out films may thus 
prove to be a rapid and convenient microtechnique 
for purifying small amounts of various proteins. 
By the choice of the proper salt and concentration 
it should be possible to separate proteins from one 
another and to measure the amounts.

Summary
When a glass or metal plate is dipped into a 

protein solution, then into a concentrated solution 
of a salt such as ammonium, sodium or magnesium 
sulfate, or sodium chloride, a compact film of 
protein often 200-1000 A. thick is salted out onto 
the plate. This can be fixed by 1% tannic acid 
and can then be washed with water without loss. 
After it has dried the thickness can be determined 
optically by interference colors. Insulin films, 
formed by using 1% sodium chloride solution, 
need no tannic acid treatment.

Salted-out protein films, in some cases up to 
7000 A. in thickness, are formed on the surface of 
salt solutions by applying a few drops of the pro­

tein solution. These can be deposited as hydrous 
B-films or as lifted A L films onto plates or small 
pieces of metal foil, and they can thus be trans­
ferred to clean water surfaces where the amount 
of the protein can be measured from the area of 
the monolayer produced, or they can be fixed by 
tannic acid, washed and dried and the amount of 
protein per sq. cm. determined optically.

The refractive index of dried salted-out films 
of crystalline egg albumin was found to be 1.48. 
This low value and the power of the film to absorb 
hydrocarbon vapors indicate that the dried film 
has a skeleton-like structure.

The formation of these films at the surface of 
the solution or on a plate is aided by the con­
centration gradient in the salt solution. This 
carrying effect is analogous to the Ludwig-Soret 
phenomenon by which a solute originally uni­
formly distributed through a solution tends to 
concentrate in a portion of the solution which is 
cooled.
Schenectady, N. Y. Received August 12, 1938

NOTES

Esters of Chlorosulfonic Acid1
By W. W. Binkley with Ed. F. Degering

While the lower alkyl esters of chlorosulfonic 
acid have been prepared, they have not been 
purified by redistillation and there is some dis­
agreement in the values of the physical constants 
which have been reported.2 We have therefore 
again prepared these substances and have puri­
fied them by careful rectification using a modified 
Podbielniak column and have redetermined with 
care certain of their physical constants.

The esters were prepared by adding dropwise 
one-fifth mole of the absolute alcohol to one-fifth 
mole of sulfuryl chloride contained in a test-tube 
20 cm. long immersed in an ice-bath, the sulfuryl 
chloride being agitated by a brisk current of dry 
air drawn through it. A rough separation of the

(1) Abstracted from a portion of a thesis submitted by W. W. 
Binkley in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Chemistry, June, 1939.

(2) Bushong, Am. Chem. J., 30, 212 (1903).

alkyl chlorosulfonate from the dialkyl sulfate was 
first accomplished by distillation under diminished 
pressure at the lowest possible temperature. The 
distillate was then rectified under diminished 
pressure in a jacketed electrically heated column 
which has a continuous nichrome wire gage No. 18 
for packing.3 An average yield of 50% based on 
the alcohol was obtained. The characteristic 
physical constants for these esters and other 
analyses are collected in Table I.

The chlorine content was estimated by a modi­
fied Fajans method4 after the ester was allowed to 
decompose in a pressure bottle containing calcium 
carbonate. Sulfur was determined by the method 
of Carius.

All the lower normal esters of this series are 
lachrymators. The tear-producing effect de­
creases as the length of carbon chain is increased.
. (3) Podbielniak, Ind. Eng. Chem., Anal. Ed., 5, 119 (1933).

(4) Mellon, “Methods of Quantitative Chemical Analysis,” 
The Macmillan Co., New York, 1937, p. 297.
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T able I
Methyl Ethyl w-Propyl w-Butyl

Sp. gr. at 25° 1.48 1.35 1.28 1.23
Ref. index 20° 1.414 1.416 1.422 1.427
B. p., °C, 48.1 at 29 mm. 42.3 at 10 mm. 53.2 at 10 mm. 69 at 10 mm.
% S, calcd. 24.53 22.18 20.18 18.65
% S, found 24.8 *  0.2 22.0 ±  0.2 20.4 ±  0.2 18.3 ±  0.2
% Cl, calcd. 27.13 24.54 22.38 20.56
%  Cl, found 27.0 =* 0.1 24.5 0.1 22.2  ±  0 .1 20.5 ±  0.1

They are colorless liquids, insoluble in water, but 
quite soluble in the common organic solvents.
D epartment of Chemistry 
P urdue U niversity
Lafayette, I ndiana  R eceived  July 11, 1938

Nitrogen-Terminated Conjugated Systems and 
Maleic Anhydride
B y  F elix  B ergmann

The ability of 9-vinylphenanthrenes to con­
dense with maleic anhydride1 induced us to in­
vestigate whether conjugated systems consisting 
of a cyclic C -N  double bond and an exocyclic 
ethylenic linkage would add maleic anhydride. 
2-Styrylquinoline gave a well-defined reaction 
product, which, however, besides the components, 
contained one molecule of water, and therefore 
was styrylquinolinium maleate. This became 
obvious in its reaction with diazomethane, 
yielding dimethylpyrazoline-4,5-dicarboxylate.2
Analogous observations have been made recently 
by La Parola3 in the case of antipyrine and pyrami- 
done. For comparison purposes, we studied the 
interaction between maleic anhydride and cin- 
namylidene-aniline, which contains the nitrogen- 
terminated conjugated system entirely in an 
open chain. Here, too, the reaction involves one 
molecule of water (from the air), but the maleate, 
presumably formed as above, is unstable and de­
composes spontaneously into cinnamic aldehyde 
and maleanilic acid, HOOCCH=CHCONNH- 
C6H6.

Experimental
2-Styrylquinoline4 (1.2 g.) and maleic anhydride (0.5 g.) 

were heated on the water-bath or in xylene solution for 
some minutes. The mixture turned yellow at once and 
deposited on cooling yellow crystals, which were recrys­
tallized from xylene or butyl acetate. 2-Styrylquino- 
linium maleate formed long, silky needles, m. p. 165-167°.

(1) E . Bergmann and F . Bergmann, T h is  J o u rn al , 59, 1443 
(1937).

(2) Von Pechmann, Ber., 27, 1888 (1894); v. Pechmann and 
Burkard, ibid., 33, 3590 (1900).

(3) La Parola, Gazz. chim-. ital., 67, 645 (1937).
(4) Skraup and Boehm, Ber., 59, 1013 (1927).

Anal. Calcd. for C2iH170 4N: C, 72.6; H, 4.9. Found: 
C, 72.8; H, 5.3. The salt was kept in contact with an ex­
cess of ethereal diazomethane solution; on evaporation a 
crystalline mass was obtained which was triturated with 
light petroleum (b. p. 80-100°) and recrystallized from the 
same solvent. Dimethyl pyrazoline-4,5-dicarboxylate was 
obtained in the form of leaflets, m. p. 103-105°. Anc$. 
Calcd. for C7H10O4N2: C, 45.2; H, 5.4; N, 15.1. Found: 
C, 44.8; H, 5.5; N, 15.6.

Cinnamylidene-aniline5 (1 g.) and maleic anhydride 
(0.5 g.) were heated together on the water-bath; the mix­
ture turned brown, then red and an intense odor of cin­
namic aldehyde developed. After fifteen minutes, ben­
zene was added, whereupon maleanilic acid crystallized, 
yield 300 mg.; from butyl acetate as rhombohedra, m. p. 
210°.6 Anal. Calcd. for C10HgO3N: C, 62.8; H, 4.7; 
N, 7.3. Found: C, 62.5; H, 4.5; N, 7.7. Diazomethane 
gave as above the expected methyl ester-anilide of pyrazo­
line-4,5-dicarboxylic acid, from xylene or butyl acetate; 
crystals, m. p. 175° (dec.). Anal. Calcd. for C12H13O3N3: 
N, 17.0. Found: N, 17.4.

(5) Doebner and v. Miller, ibid., 16, 1665 (1883).
(6) The highest m. p. recorded before is 198° [Auwers and Schlei­

cher, Ann., 309, 347 (1899)]. A preparation made according to 
Anschütz [Ber., 20, 3214 (1897)] showed m. p. 210°, after recrys­
tallization from butyl acetate or butyl alcohol.
T he Daniel Sieff  R esearch Institute
R ehovoth, Palestine R eceived July 12, 1938

The Calculation of the Dissociation Constant 
of Weak Acids in H20 - D 20  Mixtures

B y F rank  B rescia

From the exchange equilibria
2DC1 +  QH2 =  2HC1 .+ QD2 K i = 14.64 (1)
QH2 4- D20  -  QDa +  H20  K 2 = 0.96 (2)
H20  +  D20  = 2HDO K z = 3.27 (3)

Korman and La Mer1 have calculated the equilib­
rium constant for the process, D + +  H20  =  
H+ +  HDO, to be K\ =  7.1. Their derived 
equation for the calculation of dissociation con­
stants of weak acids in H2O--D2O mixtures

K u  = K d |"l +  7.1 £ s 2 . / l  +  7.1 ( ^ )  (5)
L Lhdo/  V ^ h /  ChdoJ

contains, therefore, the factor 7.1. K M is the
dissociation constant of the acid in the mixtures
of H2O-D2O, K D is the dissociation constant of

(1) Korman and La Mer, T h is  J o ur n a l , 58, 1396 (1936).
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Fig. 1.—Acetic acid: <§>, calculated; ®, ex­
perimental.

the heavy acid, and i£H is the dissociation con­
stant of the light acid. This equation, tested by 
Chittum and La Mer,2 does not give the same K M 
constants as those calculated from the conduct­
ance data. The sag of the experimental curve for 
acetic acid is opposite from that predicted by 
equation (5).

0 20 40 60 80 100
* d.

Fig. 2.—-Benzoic acid: ©, calculated; ex­
perimental.

The value of K a can now be arrived at by an in­
dependent method. K a (column 4, Table I) has 
been calculated from the customary K z =  3.273 
and from the values of CH+ and CD+ (columns 2 
and 3, Table I), obtained through kinetic measure­
ments of a specific hydrogen-ion catalyzed reac-

(2) Chittum and La Mer, T h is  J o u r n a l , 59, 2425 (1937).
(3) Topley and Eyring, J. Chem. Phys., 2, 217 (1934).

(1)
Table 1

(2) (3) (4)
Fn CH+ X 10» Cn+ X 10» Ki

26.40 3.68 0.624 3.99
55.60 1.93 1.16 3.72
78.49 0.827 1.49 3.46
92.514 0.303 1.65 3.86

Fig. 3.—H2Q: ®, calculated; ^experimental.

tion: hydrolysis of ethyl orthoformate in mix­
tures of H20 -D 20 .5 The average value thus ob­
tained, 3.76, is much smaller than the previous 
value, 7.1. Equation (5) is, therefore, corrected to

K u = K »  f l  +  3.76 £ s 2 _ / l  +  3.76 ( § 2 )  ^  1 L LhDO/ V-ft-H/ LhDOJ
(6)

1.80

1.60

1.40

4 1-20

1.00

0.80

0.60
0 20 40 60 80 100

Fjy.
Fig. 4.—Calculated for chloroacetic acid 

from the results of Lewis and Schultz.
(4) The rate constant used to calculate this value of Ch+ and Cd+ 

was taken from the experimental curve in preference to the slightly 
lower determined value since the calculation in this region of Fn is 
very sensitive to small changes in the rateconstant. Fn — AS(I00)/ 
0.1079 = fraction of deuterium in the solvent.

(5) Brescia and La Mer, T h is  J o u r n a l , 60, 1962 (1938).
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Table II
Summary of Calculated Values Using Equation (6) and of Experimental D ata

,---- —Km X 105------ . *----- -Km X 105----- > /------2£m X ion— - .------ K m  x 108------ -
HAc

Exptl.6 Calcd.
HB

Exptl.7 Calcd.
H2Q

Exptl.7 Calcd.
ClHAc

Exptl.8 Calcd.
1.84 (1.84) 6.09 (6.09) 2.66 (2.66) 1.73 (1.73)

1.36 4.60

2.35
1.94

1.81 1.37
1.352
1.088

0.741

.608

.575

3.56
3.55

1.30
0.988 3.41 1.23 1.05

0.889
.756 2.61 0.895 0.827

2.23
.622 2.18 .722 .700

2.03

1.99

( .684)

.657
( .555) (1.95) (1.95) ( .639) ( .639) (0.631) ( .631)

F  D
0.0 
9.61 

25.18 
26,40
28.4
48.4 
51.45 
52.42 
54.69 
55.60 
77.1
77.49
78.49 
87.99
92.51
93.0
96.00
96.51
97.0 
97.87 
98.67

100 ( .555)

The K m values, calculated from the revised 
equation (6 ), are now in very good agreement with 
the experimental results. These are summarized 
in Table II and plotted in Figs. 1, 2, and 3. The 
predicted slope for chloroacetic acid is given in 
Fig. 4; no experimental data for comparison are 
available. The value of K D for salicylic acid is 
extrapolated with equation (6 ) from the average 
value K m =  0.24 X 10~3, a. d. 1 2 %, at FB = 91.7, 
and from the average -KH =  0.98 X 10~3,
2%, determined by Korman and La Mer. 1 

The K d thus calculated is 0.21 X 10~ 3 

which also has not yet been determined 
experimentally.

It is apparent that true values of hydrogen and 
deuterium ion concentrations are obtainable from 
kinetic data when tested by means of acid dissocia­
tion constants.

(6) (Acetic acid) C hittum  and La M er, T h is  J o urn al , 59, 2524  
(1937).

(7) (Benzoic acid and hydroquinone) Rule and La Mer, ibid., 60, 
1974 (1938).

(8) (Chloroacetic acid) Lewis and Schultz, ibid., 56, 1913 (1934). 
D epartment of Chemistry
The City College
The College of the City of N ew Y ork
N ew Y ork, N. Y. Received August 25,1938

The Structure of Lignin
By A. B. Cramer, M. J. H unter and Harold Hibbert 

In a recent note1 the isolation of a new aromatic
(1) Cramer, Hunter and Hibbert, T h i s  J o u r n a l , 60, 2274 (1938).

ketone (C^HisCh) was described. This has now 
been identified (by direct synthesis and mixed 
melting point determination) as a-ethoxypropio- 
veratrone

HsCO—/  V -C O C H (O C 2H6)CH3 

OCHs
The synthesis (after numerous unsuccessful 

attempts, and using a variety of methods) was 
accomplished as follows:

«-Hydroxypropioveratrone — «-Ethoxypropioveratrone

The synthetic compound melted at 81-82°; 
a mixed melting point with natural compound 
gave no depression. The melting point of the 
2,4-dinitrophenylhydrazone of the natural 
compound is 134-136°; synthetic compound, 
134-136°; the mixed melting point also showed 
no depression.
D ivision of Industrial 

and Cellulose Chemistry 
M cGill University
M ontreal, Canada Received October 18, 1938

The Classification of Chelating Groups
By Helmut M. Haendler and Bradford P. Geyer

In the course of preliminary work on organic 
analytical reagents which form inner complex

, a. d.
Veratrole +  propionyl chloride — > Propioveratrone ——>  

a-Brompropioveratrone---->■ Acetate of «-hydroxypropioveratrone
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compounds with metal ions, it was found ad­
visable to devise a system for the classification 
of chelating groups present in various organic 
compounds to serve as a basis of comparison. 
The available classifications, in particular that 
of Diehl,1 are too unwieldy for rapid grouping 
and comparison. In addition to classifying the 
organic compounds now known, any system should 
also present information concerning possible re-

Group designation Representative compound
C-N, SH Mercaptobenzothiazole
C-NH, SH Rubianic acid
C-NOH, OH Benzohydroxamic acid
n - n o n h 4, 0 Cupferron (A)
C,C~N, NOH Phenyl ce-pyridyl ketoxime
C,C-N, OH 8-Quinolinol (B)
C,C-N, SH 8-Quinolinethiol
C,C-NH, SH Thionalide
c ,c- n h 2, OH Glycocoll
C,C-NOH, NOH Dimethylglyoxime (C)
C,C-NOH, 0 a-N itroso-/3-naphthol
C,C-0, OH Oxalic acid
C,C-0, SH Thioglycolic acid
C,C-OH, OH Catechol
C,C-OH, S Thiohydantoic acid
C,N-NH, NOH N itrosoguanidine
c ,n - n h 2, OH Hydrazinecarboxylic acid
C,N-NH2, SH Dithizone (D)
C,C,C-N, NH Chlorophyll type
C,C,C-NOH, OH Salicylaldoxime (E)
C,C,C-0, OH Alizarin
C,C,N-N, NH Phthalocyanine
C,C,N-NH, NH Biguanidine
C,C,N-NH, NH2 Biuret
C,C,N-NH, 0 Dicyandiamidine (F)

Me11

, C6H r-N =N -

Me11

(1) H. Diehl, C h em . R ev ., 21, 39-111 (1937).

agents. The common method of indicating the 
number of members in the completed chelate ring 
is too cumbersome, in view of the recent increases 
in both number and variety of compounds possess­
ing groups capable of chelation.

In this classification the two functioning groups, 
which supply the primary and secondary valences 
involved in the general formation of a chelate 
ring, and the atom or atoms linking these two 
groups form the basis of the system. Com­
pounds with identical chelating groups have the 
same group designation, regardless of the structure 
of the remainder of the molecule. The group 
designation is derived as follows: (a) The
atom or atoms connecting the two functional 
groups are expressed by their conventional 
symbols, arranged alphabetically. (b) The
functioning groups are given by their symbolic 
representations in alphabetical order of the 
atoms by which they are attached to the original 
compound before chelation.

In salicylaldoxime, for example, the functional 
groups are linked by three carbon atoms, and 
these functional groups are the oxime and hy­
droxyl radicals. Consequently, the classification 
is C,C,C-NOH, OH.

The accompanying list gives in order of in­
creasing complexity the designations of the 
more common chelating groups and the names of 
representative compounds containing such group­
ings. For the sake of clarity, structural formulas 
illustrating some of the inner complexes formed 
are also given. It is evident that exact knowledge 
of the structure of the chelate compound formed 
is not essential for this method, insofar as the 
primary and secondary valence connections are 
concerned. No attempt is made to designate 
these linkages as to type, and compounds are 
arranged solely on the basis of general structure.
D epartment of Chemistry 
University of Washington
Seattle, Washington R eceived July 29, 1938

Dynamic Isomerism of Acetaldehyde 2,4-
Dinitrophenylhydrazone

By W. M. D. Bryant

In earlier papers the writer1,2 presented con­
clusive evidence based on optical crystallographic 
measurements that there are at least two distinct 
crystalline modifications of acetaldehyde 2,4-

(1) Bryant, T h is  J o u rn al , 55, 3201 (1933).
(2) I b id . , 58, 3335 (1936),
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dinitrophenylhydrazone, and refuted the conten­
tion of Campbell3 that the second modification is 
merely a product contaminated with the dinitro­
phenylhydrazone of another carbonyl compound. 
On the basis of the evidence then available the 
relationship between these two crystal modifica­
tions was assumed to be one of polymorphism. 
However, a new melting point study using a 
Kofler and Hilbck micro heating stage4 has been 
completed and the results indicate dynamic 
isomerism rather than polymorphism as the true 
relationship. This explanation was proposed by 
Allen and Richmond5 on the basis of some work 
by Bredereck6 with substituted furfural deriva­
tives, and is in accord with the new experimental 
results.

Experimental
The new melting point observations were made using 

a Kofler and Hilbck micro heating stage7 mounted on the 
object stage of a chemical microscope equipped with a 10X 
Reichert heat resisting objective. By this means thermal 
changes in individual crystals could be followed and the 
temperatures read by means of a calibrated thermocouple. 
Melting points by this method were found accurate to 
=±=2° and precise to =*=0.5°. The samples of acetaldehyde
2,4-dinitrophenylhydrazone employed were prepared dur­
ing the two earlier investigations.

Acetaldehyde 2,4-dinitrophenylhydrazone I (previously 
called the “stable form”) recrystallized five times from 
95% ethanol1 was found to melt sharply without transition 
at 168-170° in agreement with 168.5° obtained previously 
by the more precise macro method. Above 115° in the 
initial heating a slight sublimate of orange lozenge-shaped 
crystals appeared and was recognized as the II modifica­
tion (previously designated as “metastable”). These 
crystals melted at 156-157°. A few of these crystals in 
contact with modification I began melting at slightly lower 
temperature. The resulting liquid noticeably eroded 
plates of the I form below their regular melting tempera­
ture. In another experiment the sublimate was the I form 
(plates) and melted at the higher temperature (168-170°). 
On slowly cooling the liquid phase after complete fusion, 
the II form often reappeared first, usually at 130-140°; 
on reheating, this form was in equilibrium with the liquid 
at 148°, a slight change of temperature being sufficient to 
induce either growth or solution. In cases where the I 
form reappears first, the fusion or solution process begins 
at 150-155° and complete solution occurs between 155 
and 160°. The above behavior is typical of a system in 
which the two compounds are, strictly speaking, different 
chemical entities but mutually convertible one into the 
other.

(3) Campbell, A n a ly s t , 61, 391 (1936).
(4) Kofler and Hilbck, M ik ro c h e m ie , 9, 38 (1931).
(5) Allen and Richmond, J .  O rg. C h em ., 2, 222 (1937).
(6) Bredereck, B e r ., 65, 1833 (1932).
(7) This instrument manufactured by the optical firm of C. Reich­

ert, Vienna, was obtained from Pfaltz and Bauer, Inc., Empire State 
Building, New York City.

A sample of derivative recrystallized once from ben­
zene2 had an initial melting point of 148-151°. Crystals 
(mainly the II modification) reappeared at 131° and were 
completely fused (or dissolved) at 149.5°. After several 
repetitions the fusion temperature was lowered to 142°.

The above observations indicate that acet­
aldehyde 2,4-dinitrophenylhydrazone exists in 
two chemically different forms (dynamic isomers), 
the ordinary form (I) melting sharply near 169° 
and a form (II) obtained by sublimation melting 
at 157°. Crystallization of the melt produces a 
mixture (probably an equilibrium mixture) melt­
ing near 148°. The derivative recrystallized 
from benzene although optically identical with the 
I modification melts near 149° as does the “equi­
librium mixture,” hence must contain traces of a 
catalyst (possibly sulfuric acid) capable of induc­
ing a rapid isomerization. This accounts for the 
low melting points sometimes observed.2 In the 
writer’s earlier experiments1 slow isomerization 
was mistaken for a more fundamental thermal 
breakdown and hence not given the attention it 
deserved.
Ammonia Department
E. I. du Pont de N emours & Co., Inc.
Wilmington, Delaware Received October 3, 1938

Structure of Lignin
By M. J. Hunter, A. B. Cramer and Harold Hibbert

In a recent note1 the isolation of an aromatic 
ketone, Ci3Hi80 4 , from spruce wood by organic 
solvent extraction was reported and the additional 
presence of derivatives containing the syringyl 
group from hard woods noted.

Using maple wood and similar organic solvent 
extraction, there is obtained a mixture of two 
ketones, having in the pure state the empirical 
formulas C12H 16O4 and Ci3H i80 5 , respectively, 
which can be readily separated by conversion into 
their p-nitrobenzoates.

One of these corresponds to the ester from the 
ketone previously reported, while the new crys­
talline ^-nitrobenzoate is derived from the second 
ketone, the latter being related to the former by 
possessing an additional methoxyl group. They 
are apparently present in approximately equal 
amounts.

The theoretical conclusion drawn previously 
that hard woods differ from soft in having present 
in the building unit not only the guaiacyl but also 
the syringyl radical has thus been substantiated.

(1) T h is  Jo urn al , 60, 2274 (1938).
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The compound containing the Syringyl radical 
was characterized as follows: melting point, 
141-142.5°. Analysis of the p-nitrobenzoate. 
Calcd. for C20H2iNO8: C, 59.5; H, 5.3; N, 3.47; 
OCH3, 23.1. Found: C, 59.5; H, 5.28; N, 3.5; 
alkoxyl as OCH3, 23.0.

Presence of the carbonyl group was confirmed 
by preparing the 2,4-dinitrophenylhydrazone of 
the ester. Calcd. for C^H^NbOh: N, 12.0. 
Found: N, 11.9.

These two products undoubtedly are to be re­
garded as important constituents of the building 
unit of the lignin molecule.
D ivision of Industrial and Cellulose Chemistry 
M cGill University
Montreal, P. Q., Canada Received October 3, 1938

The Dimerization of 3-Phenylindene
By C. S. Marvel and H. A. PacEvitz

Blum-Bergmann has reported1,2 a dimer of
3-phenylindene (m. p. 207-209°) as a by-product 
in a reaction in which 3-phenylindene was treated 
with lithium. No exact method of producing 
or isolating the dimer was described. We have 
tried to obtain the same compound for compari­
son with an isomeric hydrocarbon melting at 
210-211°.3 Various combinations of conditions 
have been used but none yielded the dimer re­
ported. A different dimer melting at 157° has, 
however, been obtained.

Dimer of 3-Phenylindene.—A mixture of 30 cc. of 
47% hydrogen iodide solution and 2 g. of 3-phenylindene 
was shaken for sixteen hours. A dark brown solid sepa­
rated out. This was separated and dissolved in about 
400 cc. of low-boiling petroleum ether (b. p. 40-60°). 
The ether solution was concentrated to about 100 cc., at 
which point some crystals separated. The product was 
twice recrystallized from petroleum ether. The yield was
1.9 g. of a product melting at 156-157°.

Anal. Calcd. for C3oH24: C, 93.6; H, 6.4; mol. wt., 
384. Found: C, 93.55, 93.48; H, 6.36, 6.45; mol. wt. 
(Rast), 357, 359.

In a similar manner 2 g. of 3-phenylindene and 25 cc. of 
fuming stannic chloride gave 1.7 g. of dimer melting at 
156-157°.

Heating 3-phenylindene with equal parts of sirupy 
phosphoric acid and water, with glacial acetic acid, with 
concentrated sulfuric acid or a mixture of sulfuric acid and 
hydrochloric acid did not cause it to dimerize. 1 2 3

(1) Blunl-Bergmann, A n n ., 484, 26 (193Ö).
(2) Through the kindness of Dr. E. Bergmann we have obtained 

a sample of the dimer of 3-phenylindene melting at 210-211°. 
This product proved to be a different hydrocarbon from the hydro­
carbon of the same composition and melting point reported by Farley 
and Marvel,3 since a mixture of the two melted at 185—190°.

(3) Farley and Marvel, T h is  Jo urn al , 58, 32 (1936).

Treating a benzene solution of 3-phenylindene with 
metallic lithium in an atmosphere of nitrogen for several 
days did not produce a dimer.

Heating the dimer to 350° caused some charring but 
no 3-phenylindene was found in the distillate.
Chemical Laboratory of the 
University of Illinois
Urbana, Illinois R eceived July 15, 1938

The Dimerization of 3-Phenylindene
By E. B ergmann

The preceding Note by Marvel and Pacevitz 
has been made accessible to me through the cour­
tesy of the Editor. The dimeric 3-phenylindene 
had only occasionally been obtained and its struc­
ture therefore had not been elucidated. Al­
though the mechanism by which indene is dimer­
ized1 would lead only to one dimer of 3-phenyl­

indene, there may be other ways, too, of dimeriza­
tion. An experiment has shown that the two 
substances, m. p. 210-211° and 156-157°, respec­
tively, are not allyl isomeric forms, as they are 
not interconvertible by means of sodium ethylate 
solution.

(1) E. Bergmann and Taubadel, B e r ., 65, 463 (1932).
The Daniel Sieff R esearch Institute
Rehovoth, Palestine R eceived August 30, 1938

/3,/3',/3"-Trichlorotriethylamme
By J. Philip M ason and D ale j .  Gasch

In the course of some other work, we had occa­
sion to make trichlorotriethylamine and its hydro­
chloride. By a slight modification of the pro­
cedure used by Ward,1 we were able to increase 
the yield of the hydrochloride from 70 to 92%.

Two moles (238 g.) of thionyl chloride dissolved 
in 150 ml. of benzene was added to 0.5 mole 
(92.7 g.) of triethanolamine hydrochloride in a
1-liter round-bottomed flask equipped with a 
reflux condenser and a gas absorption trap. The 
mixture was heated to 55° a n d  kept at that tem­
perature for three hours. The benzene and excess 
thionyl chloride were distilled under diminished 
pressure at 50°. In order to decompose the last 
portion of thionyl chloride, about 50 ml. of ethyl 
alcohol was added. The mixture was warmed for

(1) Ward, T h is  J o u rn al , 57, 914 (1935).
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ten to fifteen minutes and then the alcohol was 
distilled. This step was found desirable because 
otherwise charring occurred when acetone was 
added to recrystallize the product. The residue 
was recrystallized from boiling acetone; yield,
106.3 g. (88%). By concentrating the acetone 
filtrate, a second crop of crystals (4.5 g.) was ob­
tained, bringing the total yield up to 92%. 
McCombie and Purdie2 made trichlorotriethyl- 
amine hydrochloride directly from triethanolamine 
and thionyl chloride, using chloroform as a sol­
vent, and obtained a yield of 73.8%.

The free trichlorotriethylamine, obtained in the 
usual way from the hydrochloride, had a b. p. 
of 143-144° at 15 mm., which is 6° higher than 
that reported by McCombie and Purdie2 at the 
same pressure.

Anal. Calcd. for C6H i2C13N: Cl, 52.1; mol. 
wt., 204.5. Found: Cl, 51.6, 51.8; mol. wt. 
(benzene), 205.9.

The amine was almost colorless when freshly 
distilled, but turned to a light brown color on 
standing for sixty hours. The color darkened 
on longer standing. Crystals, which were not 
identified, appeared in the liquid after standing 
for a month. Ether solutions of the amine dark­
ened more slowly and no crystals were observed. 
Instead, a small amount of dark brown material 
was deposited from an ether solution which had 
been kept for two months. No attempt was made 
to identify this material.

(2) McCombie and Purdie, J .  C h em . S o c ., 1217 (1935).
Chemistry Laboratory 
B oston University
B oston, M ass. R eceived September 3, 1938

The Catalytic Reaction between Sodium Nitrite 
and Dichlorodiethylenediamine Cobaltic 

Chloride
By J. P. M cReynolds and John C. Bailar, Jr .

In the course of stereochemical studies on the 
complex inorganic compounds, it was observed 
that racemic dichlorodiethylenediamine cobaltic 
chloride reacts almost instantaneously with sodium 
nitrite according to the equation [Coen2Cl2] + +  
2N aN 02— [Coen2(N 02)2] + +  2NaCF but that 
the material which has been resolved into its 
optical antipodes reacts very slowly. This resolu­
tion is carried out through the a-bromocamphor- 
7r-sulfonate, which is reconverted to the chloride 
by means of hydrochloric acid in alcohol and

(1) The symbol “en” represents ethylenediamine.

ether. The active product is then washed with 
alcohol and ether.2 It was found that washing 
the racemic material with alcohol and ether 
caused it to lose its reactivity toward sodium 
nitrite. The washings contained cobaltous ion. 
That cobaltous ion catalyzes the reaction in ques­
tion was demonstrated easily.3

Werner has noted4 briefly that traces of acids 
catalyze this reaction but no other example of 
such catalytic substitution has been reported for 
compounds of this type. A study was therefore 
made to determine the mechanism of the reaction. 
Two compounds which seemed possible interme­
diates are sodium cobaltinitrite, Na3Co(N02)6, and 
sodium cobaltonitrite, Na2Co(N02)4. Sodium 
cobaltinitrite was found to have no catalytic effect 
in this reaction. On the other hand, the cobalto­
nitrite ion could be precipitated (as the potassium 
salt) from mixtures which had been catalyzed 
artificially by addition of cobaltous ion. This 
seems to point to the intermediate formation of 
sodium cobaltonitrite.

The mechanism postulated for this catalysis 
must explain the very rapid replacement of chloro 
by nitro groups and the apparent absence of oxy­
gen to cobalt linkages at any step in the reaction. 
This latter requirement is evidenced by the fact 
that at no time is there any indication of a red 
coloration such as is found in nitrito cobalt com­
pounds. The isolated intermediate and the al­
most instantaneously formed product both have 
the yellow color characteristic of the nitrogen to» 
cobalt bond. Further, nitrite complexes of tri­
valent cobalt have been prepared and character­
ized. They are stable in solution for a consider­
able period, changing to nitro complexes quite 
slowly.

The explanation offered here involves a shift 
of the electrons upon the nitrogen to allow it to 
form a coordinate bond to both trivalent and bi­
valent cobalt. This is a very unstable arrange­
ment and is broken up immediately, leaving the 
nitrogen attached to the trivalent cobalt. This 
latter step seems quite logical since the trivalent 
cobalt complexes are very much more stable than 
those of bivalent cobalt. It must be assumed that

(2) Bailar and Auten, T h is  J o ur n a l , 56, 774 (1934).
(3) The traces of cobaltous ion present in the racemic material' 

evidently are produced during the conversion of the tr a n s  form of the 
complex to the c is  form by evaporation of the solution and subse­
quent heating of the residue in the oven. A dry sample of optically 
active material unreactive to sodium nitrite became reactive after 
several hours of such heating. It lost a large part of its optical 
activity during the heating.

(4) Werner, B e r ., 34, 1734 (1901).
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one chloride group ionizes from the cobaltic com­
plex momentarily or that the coordination num­
ber of the cobaltic ion may exceed six, at least for 
an instant. On the first assumption, the mecha­
nism of the catalytic reaction may be as follows

+ 2  : Ö
Co: N

: Ö

+ 3
Co r : NH2—-CH2~I 

+ Cl L : NH2—CH2J 2

+ 2  : O : +  3 
Co : N : Co 

: Ö : CÏ

:NH2—CH2I   .
: NH2—CH2J 2 *

+2 : 0 : + 3  
Co +  N : Co 

: :0 : &

: NH2—CH2)1 
: NH2—CH2) j 2

It is possible that the familiar coordination 
compounds of metal ions with ethylene compounds 
and with azo compounds are formed in the same 
way—by the shift of a pair of electrons from the 
double bond to an adjacent atom.

The catalyzed reaction, when applied to op­
tically active starting material, lends further evi­
dence in favor of such a mechanism since the 
product always has a much lower activity than 
that formed through the uncatalyzed reaction.

A further investigation was carried out to de­
termine the possibilities of extending this type of 
catalysis to other substitutions. All attempts to 
catalyze the substitution of oxalate or thiocyanate 
groups for chloro groups by the addition of metal­
lic ions failed to show positive results. The ions 
used were nickelous, ferric, aluminum, stannous 
and cobaltous, all of which tend to form unstable 
complex ions. This study showed that cobaltous 
ion is unique among those tried in producing the 
catalytic substitution of the nitro group.
D epartment of Chemistry 
University of Illinois
Urbana, Illinois R eceived July 25, 1938

Ammonium Chloride-Sodium Sulfide Solutions 
for Organic Nitro Reductions and for Inorganic 

Qualitative Analysis
By M. J. M urray and D. E. Waters1

Two disadvantages in the use of ammonium 
sulfide as reducing agent for organic nitro com­
pounds have been: (1 ) the length of time con­
sumed in saturating the ammonium hydroxide 
with hydrogen sulfide, and (2 ) the indefinite 
amounts of materials used. Both of these dis­

ci) Present address. Transylvania College, Lexington, Ky.

advantages are overcome by preparing a solu­
tion containing equivalent amounts of ammo­
nium chloride and crystalline sodium sulfide 
(Na2S*9H20). This solution is added to the 
nitro compound dissolved in ammonium hy­
droxide or alcohol and ammonium hydroxide. 
The mixture can be heated at once until excess 
hydrogen sulfide has escaped, and from this point 
the isolation of the reduction product is the same 
as in standard procedures.

The reagent was tested most thoroughly on the 
reduction of p~nitrobenzoic acid. The yields were 
consistently higher than on parallel runs using 
hydrogen sulfide and ammonium hydroxide. 
The melting point and the neutralization equiva­
lent showed the product to be one of high purity. 
Reduction by sodium polysulfide, sodium sulfide 
alone, and sodium hydrogen sulfide gave yields 
inferior as to both quality and quantity. Other 
compounds reduced by the sodium sulfide-am­
monium chloride reagent were: ^-nitrophenyl- 
acetic acid, 2 3-nitrophthalhydrazide, 3 and m- 
dinitrobenzene. 4 In each case the yield equaled 
or exceeded that reported in the reference given.

A second use of this rapid method for the prepa­
ration of ammonium sulfide is in the making 
up of solutions of ammonium polysulfide for inor­
ganic qualitative analysis. A solution of ap­
proximately known strength can be prepared in 
a few minutes as follows: equivalent amounts of 
ammonium chloride and crystalline sodium sul­
fide (Na2S*9H20 ) are dissolved in a small volume 
of water, powdered sulfur is added, and the mix­
ture warmed to promote solution. Then am­
monium hydroxide is added and the solution di­
luted to the desired strength. Concentrations 
are not given here because textbooks do not 
agree as to the optimum strength .5 Attention 
should also be directed to the fact that few labo­
ratory assistants make up the ammonium poly­
sulfide solutions as strong as called for because of 
the difficulty of completely saturating the am­
monium hydroxide with hydrogen sulfide. For 
this reason solutions prepared by the short 
method just described will be, in general, con­
siderably more concentrated than ordinarily

(2) “Organic Syntheses/' Coll. Vol. I, 1932, p. 44.
(3) Huntress, Stanley and Parker, J .  C h em . E d ., 11, 143 (1934).
(4) Gattermann and Wieland, “Laboratory Methods of Organic 

Chemistry,” 22nd edition, The Macmillan Co., New York, N. Y., 
1932, p. 162.

(5) Curtman and Lehrman, J .  C h em . E d . , 6, 2203 (1929), recom­
mend a definite strength but it is doubtful whether such a high con­
centration is advisable in all procedures.
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made up, and it may be advisable to redetermine 
which strength is best for the particular scheme 
of analysis being used.

Ammonium polysulfide prepared by the rapid 
method has been used successfully in this Labo­
ratory over a period of three years for the separa­
tion of Divisions A and B in Group II.
D epartment of Chemistry 
Lynchburg College
Lynchburg, Va . R eceived August 26, 1938

The Interaction between Methylene Radicals 
and Hydrogen

By Charles R osenblum

The photolysis of ketene in the presence of 
hydrogen points to a reaction between methylene 
radicals and hydrogen, in contrast with the rela­
tive stability1 of methylene toward ketene itself 
and toward ether vapor. The reactants, 100 mm. 
of ketene and 225 mm. of hydrogen, were irradi­
ated in a cylindrical quartz vessel (volume 130 
cc.) by a “hot” mercury arc for about forty-five 
minutes, and the resultant gas mixture analyzed. 
Although a constricted arc was used throughout, 
a hydrogen-mercury vapor filter2 for resonance 
radiation was interposed as an added precaution 
against the lamp as a source of hydrogen atoms. 
A mixture of ethylene and hydrogen did not react 
when exposed to the arc under these conditions.

Irradiation of ketene alone3 results in an in­
crease in volume due to the formation of carbon 
monoxide and ethylene as the sole gaseous prod­
ucts, this increase falling below the theoretical 
value after longer exposures because attendant 
polymerization creates a gaseous hydrocarbon 
deficiency. The reaction which occurs in the 
presence of hydrogen differs markedly from the 
above in that it is characterized by a volume de­
crease. This can be accounted for only if the 
gaseous hydrocarbon is saturated and some satu­
rated liquid (or solid) hydrocarbons of low vapor 
pressure are formed, which implies a disappear­
ance of hydrogen.

Analysis confirmed these expectations fully. 
Of the ketene decomposed in the presence of 
hydrogen at 35°, 1% yielded methane, 74% was

(1) Pearson, Purcell and Saigh, J .  C h em . S o c ., 409 (1938).
(2) Morikawa, Benedict and Taylor, J .  C h em . P h y s ., 5, 212  

(1937).
(3) Norris, Crone and Saltmarsh, J .  C hem . S o c ., 1533 (1933); 

T h is  J o u rn al , 56, 1644 (1934); Ross and Kistiakowsky, ib id ., 56, 
1112 (1934).

recovered as a gas with an average composition4 

C2.56H7.12, and 25% yielded a residue of low vola­
tility. At 200° the methane content corresponded 
to 9 .6 % of the decomposed ketene, the gaseous 
fraction with a mean composition4 C2.6sH7.36 rep­
resented 69%, and the residue accounted for 2 1 % 
of the ketene present originally. In both cases, 
the average composition of the residual polymeric 
product was C4H 10. The mean composition and 
quantity of this polymer were deduced from the 
carbon and hydrogen deficiencies in the balance 
sheet of initial and final gaseous components of 
the reaction system. The amounts of condensed 
product calculated in this manner agreed well with 
the observed volume decreases.

The experiments indicate that the direct associa­
tion of methylene radicals and molecular hydro­
gen to form methane is inappreciable. The pro­
found change in the nature of the products when 
hydrogen is present suggests that the interaction 
in question is

CH2' +  H2 = CH3 +  H

Such a reaction yielding methyl radicals and 
atomic hydrogen would account for the formation 
of saturated and higher molecular weight hydro­
carbons.5 The methylene radical has been rep­
resented as energy rich (CH0 since present ac­
cepted views as to bond energies would suggest 
that the reaction of a normal methylene radical 
with hydrogen would be endothermic. The 
energy of the radical must arise from the photo­
energy absorbed during the dissociation process.

A secondary source of methyl radicals might be 
a reaction between methylene radicals and meth­
ane already formed

CH2 +  CH4 =  2CH3

This would be less endothermic than the reaction 
with hydrogen. The low yields of methane, 
increasing at higher temperatures, do not appear 
to support this view.

The source of methane is probably an inter­
action of methyl radicals with hydrogen6 or hydro­
carbons7 which is known to take place readily at 
or above 150-160°. The recombination of methyl 
radicals to form ethane would account for the

(4) Shown by cracking over a nickel catalyst in an excess of 
hydrogen.

(5) Summarized in Bonhoeffer and Harteck, “Grundlagen der 
Photochemie,” Theodor Steinkopff, Dresden-Blasewitz, Germany, 
1933, p. 264; also Jungers and Taylor, J .  C hem . P h y s ., 6, 325 
(1938).

(6) Cunningham and Taylor, J .  C h em . P h y s ., 6, 359 (1938); 
Taylor and Rosenblum, ib id ., 6, 119 (1938).

(7) Unpublished work of J. O. Smith, Princeton, 1938.
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prominence of this constituent in the gaseous 
product.

Details of the temperature effect, which so far 
indicates a very small temperature coefficient for 
the photo-decomposition of ketene in hydrogen,8 

as well as the influence of varying concentrations 
of reactants and the addition of hydrocarbons, 
are being investigated.

(8) See also Ross and Kistiakowsky3 in the absence of hydrogen.
Frick Chemical Laboratory 
Princeton U niversity
Princeton, N ew Jersey Received August 22, 1938

Potassium Acid Phthalate as a Buffer for Use 
with the Hydrogen Electrode

By John Russell and R. Eliot Stauffer

Several investigators1 have reported in the 
literature that accurate measurements on 0.05 
molar potassium acid phthalate cannot be made 
with the hydrogen electrode. On the other hand, 
Clark2 states that repeated experiments have 
shown measurements on phthalate buffers to be 
reliable. Recently, Maclnnes and co-workers3 

again have intimated that phthalate solution is 
unstable and cannot be measured satisfactorily 
with the hydrogen electrode, especially at 38°.

Our experience in this connection definitely 
supports Clark’s statement, and, since the 0.05 
M  phthalate is so convenient a buffer for use in 
pH standardization, we are submitting the follow­
ing data as evidence for the stability and repro­
ducibility of hydrogen electrode potentials ob­
served in it. We have used the following type of 
cell for pH. measurements in these Laboratories 
(Pt) H2; Solution X: 3.5 N  KC1: 3.5 N  KC1, 
satd. Hg2Cl2; Hg2Cl2; Hg, with 0.05 M  phthalate 
as solution X  in this cell both at 25 and 40°.

An essential feature in the design of the cell, 
which we hope to describe in detail later in con­
nection with other studies, is the possibility of 
creating a very reproducible and constant junc­
tion between the potassium chloride bridge solu­
tion and solution X. Equally important in the 
obtaining of consistent and accurate measure-

(1) I. M. Kolthoff and F. Tekelenburg, R ec. tra v . ch im . P a y s - 
B a s .f 46, 39 (1927); E . T. Oakes and H. M . Salisbury, T h is  J our­
n a l , 44, 948 (1922); C. Z. Draves and H. V. Tartar, ib id ., 47, 1226 
(1925).

(2) W. Mansfield Clark, “The Determination of Hydrogen Ions,” 
3rd ed., The Williams and Wilkins Company, Baltimore, Md., 1928, 
p. 437.

(3) D . A. Maclnnes, D. Belcher and T . Shedlovsky, T h is  J our­
n a l , 60, 1099 (1938).

meats is the elimination of rubber connections in 
contact with the hydrogen supply or solution X, 
and the use of hydrogen prepared electrolytically 
in glass and passed over a hot platinum gauze 
catalyst in a fused silica tube. As a result, the 
cell in question has yielded highly reproducible 
and constant e. m. f . values with phthalate and 
other buffers. A few of these for phthalate at 
40° are given in Table I.

Table I
Electromotive F orce M easurements of Potassium 
Acid Phthalate (0.05 M) with the H ydrogen Elec­

trode at 40 °
Reference Phthalate E. m. f.,
half-cell soln. V . Date

A I X 0.49500 8-28-36
B 2 Y .49504 9-21-36
B 2 Y .49503 9-24-36
B 2 Y .49496 9-28-36
B 3 X .49503 9-25-36
B 3 X .49501 9-28-36
C 4 Z .49494 1-20-37
D 5 X .49502 5- 5-37

Average .49500

These measurements cover a period of about 
nine months during which four different calomel 
half-elements and bridging solutions were pre­
pared, and five different phthalate solutions from 
three commercial sources of potassium acid phthal­
ate were used. Each value in the table repre­
sents an average of values obtained by two or 
more platinum electrodes whose differences were 
rarely more than a few hundredths of a millivolt. 
Table II taken from a typical page of data shows 
that the e. m f. of the cell using phthalate as 
solution X  remains substantially constant for 
periods as long as four hours after creating the 
liquid junction. The junction was formed as 
soon as the solution reached the temperature of 
the thermostat {ca. fifteen minutes).

Table II
Constancy of H ydrogen E lectrode and Junction 

Potentials with 0.05 M  Phthalate Buffer at 40°
Hours after 

formation of E. m. f.,
junction V .

0 0.49495
0.5 .49501
1 .49504
2 .49505
4 .49506

These data indicate that in our experience 0.05 
M  potassium acid phthalate can be used very 
satisfactorily as a buffer with the hydrogen elec­
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trode at temperatures as high as 40° for even the 
most precise work.
Eastman K odak Company
R ochester, N. Y. Received August 24, 1938

The Preparation of m-Bromobenzaldehyde
By Floyd T. Tyson

For work in progress in this Laboratory it was 
necessary to prepare m-bromobenzalamino acetal 
by the interaction of m-bromobenzaldehyde with 
aminoacetal. The ra-bromobenzaldehyde was 
prepared by the reduction of m-nitrobenzaldehyde 
by stannous chloride and hydrochloric acid, fol­
lowed by diazotization and conversion to bromo- 
benzaldehyde by the Sandmeyer method as origi­
nally described by Einhorn and Gernsheim1 and 
modified by Buck and Ide . 2 In these procedures, 
no attempt is made to isolate the intermediate m- 
aminobenzaldehyde from admixture with stannic 
chloride and hydrochloric acid.

Analysis of the m-bromobenzalaminoacetal 
yielded uniformly low results for halogen calcu­
lated as bromine and very high results for carbon 
and hydrogen. These analytical values were in 
accord with the assumption that much of the 
chloro compound was present with the bromo 
compound.

The w-bromobenzaldehyde used for the prepa­
ration of the impure m-bromobenzalaminoacetal 
was analyzed for halogen and the halogen calcu­
lated as bromine. The analytical values obtained 
were in agreement with the theoretical values for 
bromobenzaldehyde. However, analyses of the 
m-bromobenzaldehyde preparations for both chlo­
rine and bromine proved the presence of both 
chlorine and bromine. The amounts of chlorine 
indicated a percentage of chlorobenzaldehyde 
ranging from 2 0  to 72 depending upon details of 
procedure.

Since w-nitrobenzaldehyde should be a con­
venient source for the preparation of pure m- 
bromobenzaldehyde, a procedure has been devised 
which will be published elsewhere, in which the 
presence of chlorides in the reaction mixture was 
avoided.

Experimental
The following table summarizes data obtained 

in the analysis of products resulting from the
(1) Einhorn and Gernsheim, A n n . , 284, 141 (1894).
(2) Buck and Ide, O rg. S y n th e se s , 13, 30 (1933).

attempted preparation of pure m4>romobenzal- 
dehyde from m-nitrobenzaldehyde as described in 
the literature. The preparations analyzed were 
fractionated; b. p. 92-97° ( 6  mm.).

Table I
Analyses, % Calcd. % chloro­

Prepn. Cl Br benzaldehyde present
1 18.17 11.863 72.0

18.31 11.57*
2 5.11 34.50* 20.3
3 6.78 31.583 26.9

Preparation No. 1 was made as described by 
Buck and Ide. 2 Preparation No. 2 was made as 
No. 1 except that the hydrobromic acid was 
added to the cuprous bromide mixture before 
mixing with the diazotized solution. Preparation 
No. 3 was made as described by Einhorn and 
Gernsheim. 1

The analytical results reported in the following 
table were calculated on the erroneous assump­
tion that the mixtures of silver chloride and bro­
mide actually obtained in the analyses of prepa­
rations No. 1, 2 and 3 (Table I) were pure silver 
bromide. The satisfactory agreement with the 
values for m-bromobenzaldehyde may explain the 
fact that the preparations as recorded in the litera­
ture1,2 were reported as essentially pure.

Table II
% Br found % Br calcd. for

Prepn. as assumed jw-bromobenzaldehyde
1 43.12 43.19
2 43.18
3 43.25

(3) Analyses made by the method of displacement of bromine from 
weighed silver chloride and bromide by chlorine as described in 
“Quantitative Analysis of Inorganic Materials,” by N. Hackney, 
J. B. Lippincott, Philadelphia.

(4) Analysis made by the method of Baubigny [C o m p t. r e n d ., 136, 
1197 (1903)] as described by Hackney.4
Department of Chemistry 
Temple University
Philadelphia, Pa . Received July 6, 1938

The Optical Rotation of a Grignard Reagent
By Frank C. Whitmore and Benjamin R. Harriman

Frequent use is made of the Grignard reaction 
in preparing optically active compounds from 
optically active halogen compounds, but not to 
our knowledge has the rotation of an optically 
active Grignard reagent been measured previ­
ously. Porter1 observed a very small rotation in 
an ethereal solution of methyl-^-hexylmagnesium

(1) Porter, T h is  J o u r n a l , 57, 1436 (1935).
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bromide which he had prepared from active 
methyl-n-hexyl bromide. He ascribed this ac­
tivity to unchanged bromide.

Since the position of the functional halogen 
atom relative to the asymmetric carbon atom 
determines the degree to which the product is 
racemic, we sought a halide in which the halogen 
was on the carbon atom next to the asymmetric 
carbon atom. Optically active 1-bromo-2 -methyl- 
butane, “active amyl bromide,” was selected 
because it was prepared easily from the readily 
available optically active 2 -methyl-1 -butanol, 
which J. H. Olewine of this Laboratory has ob­
tained by the fractionation of fusel oil through a 
100-plate column. 2 Since the conversion of this 
bromide to another compound through the inter­
mediate Grignard reagent gives a product which 
is only partly racemic, it was thought that ro­
tation measurements on Grignard reagents made 
from this and similar halides might throw light 
on the mechanism of such racemizations and on 
the structure of the Grignard reagent itself. 
With this in mind a manipulative procedure for 
measuring the rotation of the Grignard reagent 
was evolved.

Obviously it was necessary to be assured of the 
absence of any excess halide. This could be done 
either by using an excess of magnesium or by re­
moving the excess halide after the Grignard rea­
gent was made. Grignard reagents were made by 
the first method under the most careful conditions 
for the exclusion of air and moisture, and a special 
polarimeter tube with optical Pyrex sealed-in

(2) Olewine, T h is  J o u rn al , 60, 2569 (1938).

windows was made to hold the volatile ethereal 
solution. However, what appeared to be finely 
dispersed magnesium rendered the solutions too 
dark for measurement.

The alternative method of using an excess of 
the optically active halide produced clear Grig­
nard reagent solutions. Di-w-butyl ether (b. p. 
141°) was used as the solvent so that the excess 
active amyl bromide (b. p. 1 2 0 °) could be re­
moved by distillation under reduced pressure. 
The Grignard reagent solution freed from excess 
halide was then transferred with a pipet to an or­
dinary polarimeter tube, in which measurement 
of its optical rotation readily was made. Specific 
rotations were calculated from data obtained by 
titrating the Grignard reagent with standard 
hydrochloric acid. Molecular rotations are given 
below as being non-committal as to the structure 
of the Grignard reagent. It is significant that 
the molecular rotation of the Grignard reagent 
was slightly greater than that of the active amyl 
bromide from which it was prepared.

The following is a typical run. Active 1-bromo-
2-methylbutane, [M ]25d +5.06°, was prepared 
with phosphorus tribromide from active 2 -methyl-
1-butanol [M ]25d —4.35°. Using an excess of this 
bromide with di-^-butyl ether as the solvent, th e ' 
corresponding Grignard reagent was then pre­
pared in the ordinary way. After distilling off 
the excess bromide under reduced pressure, a 
clear active Grignard reagent, [M ]25d +5.36°, 
was obtained.
School of Chemistry 
Pennsylvania State College
State College, Penna. R eceived August 29, 1938
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COMMUNICATIONS TO T H E  EDITOR

THE STRUCTURE OF CELLULOSE ETHERS OB­
TAINED BY THE METHYLATION OF CELLULOSE 

MATERIALS DISPERSED IN QUATERNARY 
AMMONIUM BASES

Sir:
The methylation of cellulosic materials dis­

persed in certain quaternary ammonium bases has 
been reported1 to proceed as a homogeneous mo­
lecular cellulose reaction. The structure of the 
apparently homogeneous water-soluble methyl- 
cellulose prepared in this manner was thought to 
be similar to the water-soluble methylcellulose 
obtained by Traube, Piwonka and Funk2 on 
methylating a cellulose-copper hydroxide-sodium 
hydroxide complex. However, since no chemical 
evidence was presented to substantiate this con­
clusion, researches on the structure of these par­
tially methylated cellulosic materials have been 
undertaken in this Laboratory.

The methylation of both wood pulp and ash­
free viscose rayon dispersed in 1 . 8  N  dimethyl- 
dibenzylammonium hydroxide with dimethyl sul­
fate, according to the procedure of Bock, 1 yields 
methylated cellulosic materials containing 1 2  to 
16% methoxyl, corresponding to 0.7 to 0.9 methyl 
group to each CeHioOs unit of cellulose. Acetyla­
tion of this material with acetic anhydride in 
pyridine solution, followed by methyl alcoholysis 
at 125° in the presence of 1 % dry hydrogen chlo­
ride gave a mixture of partially methylated methyl- 
glucosides and a- and j8 -methylglucosides. The 
latter crystalline constituents were isolated from 
the mixture in yields of 30-35%, which after 
purification was found to be largely a-methyl- 
glucoside, m. p. 164-165°;sp. rot. +157.8° (H20). 
The sirupy constituents representing 65-70% of 
the total alcoholysis mixture, after acetylation 
with acetic anhydride in pyridine solution, were 
subjected to distillation under high vacuum. 
The following fractions were obtained:

Fraction B. p., 0.1 mm.
I 130-140°
II 140-150°
III 160-175°

% OCHs % Yield®
29.5 25-30
22.5 20-25
19.5 5-10

° Yield based on original weight of acetylated product.

Evidence that Fraction I contained traces of 
trimethylmonoacetyl methylglucoside (OCH3, 
44.6%) mixed with the predominating dimethyl- 
diacetyl methylglucoside (OCH3, 30.4%) was 
shown by the fact that further fractional distil­
lation yielded a fraction (b. p. 130-140°) with a 
methoxyl content of 31.7%. Fraction II yielded 
a small amount of crystalline 2 -methyltriacetyl 
a-methylglucoside (OCH3, 18.5%) with melting 
point 1 2 0 - 1 2 1 °, remaining constant when mixed 
with an authentic specimen. 3 Fraction III 
yielded crystalline 2 -methyltriacetyl a-methyl- 
glucoside (m. p. 1 2 0 - 1 2 1 °), tetraacetyl /3-methyl- 
glucoside (m. p. 104-105°) and a sirupy product 
presumably dimethyldiacetyl methylglucoside.

Acetolysis of the methylated wood pulp and vis­
cose rayon (OCH3, 13.5%) in a manner similar 
to that described by Lieser4 gave a 5% yield of 
cellobiose octaacetate (m. p. 224-225°; sp. rot., 
+41.5° (CHC13)).

These experiments confirm the assumption of 
Bock1 that the “water-soluble” methylated cel­
lulosic materials obtained by use of the quater­
nary ammonium bases are very similar in struc­
ture to those obtained by Traube, Piwonka and 
Funk. 2 The results indicate, however, that 
methylation proceeds by diffusion of dimethyl 
sulfate into a particle structure, from which it 
follows that the cellulose component of these 
materials is not molecularly dispersed in quater­
nary ammonium bases but rather is dispersed as 
particles. Slit ultramicroscopic observations5 of 
cellulosic materials dispersed in quaternary am­
monium bases and of the methylated product dis­
persed in water verify the above conclusion by 
showing the presence of microscopic particles ap­
proximately 1 fj, in diameter.

This work is being extended to other partially 
methylated cellulosic materials.
Cellulose Department Jack Compton
Chemical Foundation 
Boyce T hompson Institute

for Plant Research 
Y onkers, N ew Y ork

Received October 19, 1938

(3) W. N. Haworth, E. L. Hirst and E. G. Teece, J .  C h em . S o c ., 
2858 (1931).

(4) Th. Lieser, A n n ., 483, 132 (1930).
(5) C f. J . Compton, T h is  Jo urn al ,, 60,. 180.7 (1938).

(1) L. H. Bock, I n d .  E n g . C h em ., 29, 985 (1937).
(2) W, Traube, R, Piwonka and A. Funk, B e r ., 69, 1483 (1936).
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THE RELATIVELY INERT OXYGEN ATOM OF DI­
GOXIGENIN, SARMENTOGENIN AND THE STEROID 

COMPOUNDS OF THE ADRENAL CORTEX
Sir:

We have recently described [Th is J ournal, 60, 
1493, 2566 (1938)] a series of etio-cholanic acids 
and esters with oxygen atoms at C-3 and C-1 2 . 
Steiger and Reichstein [Helv. Chim. Acta, 2 1 , 828 
(1938)3 have prepared from digoxigenin a similar 
series of acids which were thought to have oxygen 
atoms at C-3 and C -ll. Since the 3,#-diketo-4- 
efo’o-cholenic acids derived from digoxigenin and 
from corticosterone proved to be different, they 
considered it doubtful that an oxygen atom oc­
cupied C -ll in the acids derived from digoxigenin. 
Through the courtesy of Professor Reichstein we 
have been able to compare directly the methyl 
diketo-e^itf-cholanates and the methyl diketo-4- 
etóö-cholenates from the two sources. The re­
sults given in the table show that the properties 
of the esters from the two sources are identical. 
We conclude that Reichstein’s acids are identical 
with those derived from desoxycholic acid and 
that the inert oxygen atom of digoxigenin, which 
was assigned to C -ll by Tschesche and Bohle 
[Ber. 69, 793 (1936)], is actually at C-1 2 .

Acid or ester
1 Methyl diketo-

eiio-cholanate
2 Methyl diketo-4-

etio-cholenate
3 Diketo-e/io-cho­

lanic acid
4 Dihydroxy - etio -

cholanic acid
5 Methyl dihydroxy-

t̂o-cholanate

From digoxigenin 
M. p., °C. [a]19D

171-172® 138.3 ± 2

236-238& 185 ± 2

170

280-286

180-183

From desoxycholic 
acid

M. p., °C. [a]ffiD 

169-170® 142 ± 3

236-238& 190 ± 6

178

283-286

145-146
° Mixtures melted at 169-170°. 
6 Mixtures melted at 236-237°.

The other comparisons of the table are less 
satisfactory since the specific rotations of these 
compounds of Reichstein were not known and 
specimens were not available for mixed melting 
point determinations. The melting points of the 
diketo-e^o-cholanic acids are in reasonable agree­
ment, since we have found, as has Reichstein, that 
the acid is very difficult to purify. The methyl 
dihydroxy-etóö-cholanates appear to be different 
since the melting point of our ester was sharp and 
could not be raised by distillation or recrystalliza­
tion. Accepting this difference, epimerism at 
C- 1 2  is indicated since the configuration of both 
esters at C-3  is a (no precipitation with digitonin).

This difference is not certain, however, since the 
corresponding acids melt at the same point.

It has been generally accepted since the work 
of Tschesche and Bohle [Ber. 69,2497 (1936) ] that 
digoxigenin and sarmentogenin differ only in the 
configuration at C-9. Inasmuch as some of the 
adrenal steroids contain an oxygen atom which 
corresponds in almost all respects with the inert 
oxygen atom of sarmentogenin, it has been as­
sumed [Marker, T his J o urnal , 60, 1725 (1938)] 
that they had a configuration at C-9 like that of 
sarmentogenin which was supposed to have a cis 
linkage of rings B and C instead of the normal or 
trans linkage. Marker [This J o urnal , 60, 1061 
(1938)] has made the same assumption for his 
urane compounds. There is now no need to as­
sume such a configuration at C-9 for sarmento­
genin to explain its difference from digoxigenin, 
although such a possibility is by no means ex­
cluded. Consequently, such an assumption for 
the adrenal compounds has no basis. Indeed, 
all the evidence [Reichstein, Helv. Chim. Actay 19, 
402 (1936); 2 0 , 978 (1937); 21,161 (1938)] points 
to a normal steroid skeleton with an oxygen atom 
at C -ll.
Department of B iochemistry H. L. M ason
The M ayo Foundation W. M. H oehn
Rochester, M innesota

R eceived October 22, 1938

ABSENCE OF COMBINED FATTY ACID IN CEREAL 
STARCHES

Sir:
The common cereal starches contain fatty mate­

rial which cannot be extracted by solvents such 
as petroleum ether, ethyl ether or carbon tetra­
chloride. From this behavior, T. C. Taylor and 
his co-workers assumed that the fatty acid must 
be present as an ester of the carbohydrate sub­
stance. His later work indicated that the a- 
amylose fraction of the starch was characterized 
by—and owed its insolubility to—this esterifica­
tion with fatty acid.

Recent investigations in these Laboratories 
show that the fatty acids in corn, wheat and rice 
starches can be removed completely by Soxhlet 
extraction with certain water-miscible fat sol­
vents, particularly methanol, the cellosolves, and 
80% dioxane. The de-fatted starch retains its 
characteristic granule structure and optical bire­
fringence, and gelatinizes in hot water to give a 
paste of normal high viscosity. By treatment
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with alcoholic oleic acid, such de-fatted starch 
can be reimpregnated with fatty acid, and this 
added fat cannot be extracted by hydrocarbon 
type solvents.

Hence, it appears that free fatty acid is dis­
tributed throughout the starch granule as an ex­
traneous impurity. To explain selective extrac­
tion, it is suggested that only those fat solvents 
bearing hydrophilic groups can penetrate into the 
granule, hydrocarbon types merely washing the 
surface. This investigation is being continued, 
and final results will be reported in detail at an 
early date.
Corn Products R efining Company 
Edgewater, N. J. Thomas John Schoch

R eceived September 23, 1938

PANTOTHENIC AND NICOTINIC ACIDS AS 
GROWTH FACTORS FOR LACTIC ACID BACTERIA

Sir:
In a previous publication the preparation of 

highly active concentrates (1  unit in Ö.5 7 ) of an 
essential growth factor for lactic acid bacteria 
has been described [Snell, Strong and Peterson, 
Biochem. J., 31, 1789 (1937)]. Considerable diffi­
culty has been encountered in attempts to further 
purify this factor, and a long series of fractiona­
tion procedures resulted in only about a two-fold 
increase in activity ( 1  unit in 0 . 2 0  7 ).

Recently, information became available [R. J. 
Williams, papers presented before the American 
Chemical Society at Milwaukee, Wisconsin, 
Sept. 5-9, 1938, and private communications] 
which revealed a striking similarity between the 
properties of the above growth factor and panto­
thenic acid [Williams, et al., This Journal, 55, 
2912 (1933)]. Both are water-soluble, nitroge­
nous, organic, hydroxy acids, easily destroyed 
by aqueous acids or alkalies, but relatively resist­
ant to the action of light, nitrous acid, bromine, 
and mild oxidizing agents. Through the kind­
ness of Dr. R. J. Williams it has now been possible 
to subject two samples of pantothenic acid to our 
bacterial test. One preparation, A, contained 
approximately 40%, and the other, B, 83% cal­
cium pantothenate. The following results were 
obtained on Lactobacillus casei as the test organ­
ism :

Cc. 0.1 N  acid produced
y  Added per 10 cc. medium per 10 cc. medium 

Supplement a b c d a  b e  d
SampleA 0.0 0.05 0.1 0 .5  0 .5  1.4 3.5 7.0
Sample B ,0 ,02 .05 .3 .5 1,3 3.3 7.8

These and other tests indicated that sample A 
contained one unit in approximately 0.13 7 , and 
that B possessed about twice this activity.

Sample B was further tested on Bacillus lactis 
acidi, Lactobacillus arabinosus, ’Lactobacillus pen- 
tosus, Lactobacillus delbrückii, Bacillus hrassicae, 
Streptococcus lactis, Leuconostoc mesenteroides, and 
Propionibacterium pentosaceum, and proved to be 
highly active for each organism. All of these 
organisms had previously been shown to require 
the growth factor. It appears certain that the ac­
tive substance in our concentrates is identical with 
pantothenic acid, and that our best preparation 
contained approximately 26% pantothenic acid.

In addition to pantothenic acid some lactic acid 
bacteria seem to require nicotinic acid as well. 
Six species tested were found to grow very poorly 
or not at all in an acid-hydrolyzed casein medium 
containing both riboflavin and pantothenic acid. 
When small amounts of nicotinic acid were added 
to this medium, a marked improvement in growth 
and acid production occurred in some cases.

y  Nicotinic acid added Cc. 0.1 N  acid produced 
per 10 cc. medium per 10 cc. medium

Organism a b e d a b e d
L. casei 0.0 0.1 0.3 0 .5  2.2 4.1 5.4 6.6
L. arabinosus .0 .1 .3 .5 1.7 4 .7  . . .  5.2

From the above data it appears that nicotinic 
acid is also an essential growth factor for at least 
two species of lactic acid bacteria.
D epartment of Biochemistry Esmond E. Snell
College of Agriculture Frank M. Strong
University of Wisconsin William H. Peterson
Madison, Wisconsin

R eceived September 24, 1938

ORIENTATION OF HIGH MOLECULAR WEIGHT 
LINEAR POLYMERS IN UNSTRETCHED FILMS
Sir:

Recent electron diffraction studies by Storks1 

furnish definite evidence that unstretched films 
of polyethylene sebacate consist of relatively 
small crystallites which are oriented with their 
long axes approximately in the plane of the film, 
and with limited rotation around this axis, 
“probably due in part to the presence of carbonyl 
groups along the chain.” Further, Storks points 
out that such films will probably show a pre­
ferred orientation until the film thickness exceeds 
the average chain length; only beyond this point 
do high molecular weight linear polymers exhibit 
truly amorphous Debye-Scherrer ring patterns,

(1) Storks, T h is  J o urn al , 60, 1753 (1938),
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This work is in complete accord with a theory of 
partially oriented film structure proposed by us, 
which was advanced to explain qualitatively the 
results of film continuity studies.2

We have shown previously that the minimum 
coating weight of certain linear polymers on 
several metals varies essentially inversely as the 
average chain length.2 If the chains made a 90° 
angle with the surface, a direct ratio of minimum 
coating weight to chain length would obviously 
be approximated. A system of oriented chains 
parallel to the surface would give a minimum 
coating weight independent of chain length. At 
any angle between zero and 90° which the chains 
make with the surface, a fixed chain length would 
give a coating weight directly related to the sine 
of the angle with the surface. Now, it is obvious 
from the work of Langmuir and others that a 
chain having only a single terminal polar anchor­
ing group would tend to stand on end; with addi­
tional polar groups along the chain, the effective 
polarity gradient along the polymer would vary 
with the type and distribution of such groups. 
Assuming a relatively uniform distribution along 
the chain,3,4 then the chain would incline at an

(2) Young, et a l., I n d . E n g . C h em ., 29, 1277, 1280 (1937); 30, 
685 (1938). See also paper to appear shortly.

(3) Flory, T h is  J o urn al , 59, 466 (1937).
(4) Marvel, et a l., ib id ., 60, 280, 1045 (1938).

angle with the surface which was directly related 
to the polarity gradient. Finally, with uniform 
distribution of polar groups along the chain, the 
longer the chain the smaller would be this polarity 
gradient. Accordingly, the longer the chain the 
smaller would be the angle it makes with the sur­
face and as a result, an increase in chain length 
would reduce the minimum coating weight. This 
was actually found by experiment.2

This line of reasoning had already led us to 
make electron diffraction studies, with inconclu­
sive results. Storks’ results obviously reopen 
this method of attack. They furnish independent 
confirmation of our theory of partial orientation 
in what are usually considered to be wholly amor­
phous films.

Unfortunately, our film continuity studies 
depend upon a specific method, namely, that of 
conductivity through discontinuous films. In the 
near future attempts will be made to get an inde­
pendent check of this work by studying the dif­
fusion of hydrogen through thin films on palladium 
and of helium through thin films on glass.
Contribution from the Stoner-Mudge,

Inc., Industrial Fellowship 
Mellon Institute of Industrial Research 
Pittsburgh, Pa ., and G. H. Y oung
The Pennsylvania State College W. K. Schneider 
vState College, Pa. J. G. Aston

Received August 13, 1938

NEW BOOKS

Catalysis from the Standpoint of Chemical Kinetics. By
Georg-Maria Schwab, University of Munich. Trans­
lated from the First German Edition, with additions 
from the recent literature by the author, by Hugh S. 
Taylor, Princeton University, and R. Spence, Leeds 
University. D. Van Nostrand Company, Inc., 250 
Fourth Ave., New York, N. Y., 1937. xi +  357 
pp. 39 figs. 16 X 23.5 cm. Price, $4.25.
The German edition [reviewed in This Journal, 54, 

3017 (1932)] of Dr. Schwab’s “Katalyse,” which ap­
peared in 1931, ably filled the need for an ordered and con­
densed theoretical treatment of the whole field of cataly­
sis, both homogeneous and heterogeneous. The present 
translation, delayed by “the difficult economic conditions 
in the world,” closely adheres to the original arrangement 
and purpose, but has been brought up to date by the addi­
tion of new material to the extent of some 15%. The re­
sult is a book admirably suited to graduate courses in

catalytic theory, and useful to the prospective investiga­
tor as an orientation into the many unsolved problems in 
this field.

The reader is assumed to be familiar with the prin­
ciples of theoretical chemistry, including the kinetics of 
uncatalyzed reactions, and with elementary mathematics. 
The emphasis is on the significance of theories as applied 
to selected examples rather than on formal mathematical 
statements. The treatment of the various types of cataly­
sis is organized on a systematic rather than historical basis. 
Experimental examples are frankly chosen for their value 
in illuminating general principles, and details are naturally 
minimized. The book is about equally divided between 
homogeneous catalysis (in gases and solutions) and hetero­
geneous catalysis (of gas reactions). Bio-catalysis is 
treated briefly; technical aspects of catalysis are excluded, 
as is also experimental technique.

Some idea of the current activity in catalytic investiga­
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tion may be obtained from the fact that the 457 citations 
to the literature in the original text have grown in six 
years to 735. The increase is especially marked in hetero­
geneous catalysis, where new sections on “activated ad­
sorption,” “quantum mechanics of activated adsorption,” 
etc., appear. All the original citations are retained but in 
the main the effort to incorporate the newer material into 
the old has been reasonably successful. The translation 
is mostly clear in spite of the fact that few liberties have 
been taken with the original text.

A few points are discussed in a way which may seem 
inadequate to the specialist, for example: entropy of ac­
tivation, absolute rates of adsorption and of catalysis, de­
termination of surface areas, adsorption by poisoned 
catalysts, catalysis of gas-solid reactions by solids. But 
on the whole the book should be as stimulating to the 
specialist as it will be indispensable to others interested 
in an authoritative survey of this vigorous branch of 
theoretical chemistry.

Arthur F. Benton

Lehrbuch der Chemie. Teil II. Organische Chemie. 
(Textbook of Chemistry. Part II. Organic Chemis­
try.) By Walter Hückel, Professor at the Univer­
sity and Institute of Technology, Breslau. Akademische 
Verlagsgesellschaft m. b. H., Markgrafenstrasse 6, 
Leipzig C 1, Germany, 1937. xvi +  602 pp. 38 figs.
16.5 X 24 cm. Price, RM. 16; bound, RM. 18.
This text is an introduction to organic chemistry for the 

general student, with special attention given to the needs 
of the pre-medical group. Sections of importance for 
these students are marked.

The special quality of this book lies in its spirit and 
choice of material, rather than in any novel order of 
presentation. The material is chosen with unusual 
discrimination. The classification by homologous series is 
well explained, and thereafter only examples of live current 
interest are used to illustrate types of compounds. The 
work is distinguished by the logical presentation which 
would be expected by all who know Professor Hückers 
writings. There is frequent reference to the experimental 
methods behind the structures and interpretations pre­
sented.

While it may not be practicable to use a German text 
in the instruction of first-year American students, this 
book will be welcome for the way in which it combines an 
interesting story with the teaching of a logical science.

P. D. Bartlett

(1) Collateral Readings in Inorganic Chemistry. (2) 
Readings in Elementary Organic Chemistry. Edited 
by L. A. Goldblatt, University of Pittsburgh. D. 
Appleton-Century Co., 35 West 32d St., New York, 
N. Y., 1937 and 1938. 21.5 X 27.5 cm. (1) viii +  
225 pp. Price, $1.35. (2) viii +  150 pp. Price, $1.25.
A chemistry major student on departing from a small 

college or large university should carry with him a thorough 
grounding in the fundamentals of chemistry and a humble 
realization that there is much more to his chosen science

than has been given in his lectures and textbooks. The 
one is a function of faculty and curriculum; the other re­
quires in addition a judicious consultation of the original 
literature, and its acquisition frequently is rendered dif­
ficult by linguistic and library limitations as well as the 
problem of intelligent selection. In these photo-reproduc­
tions of the original articles ( with notes and translations 
where needed), Professor Goldblatt has gone far toward 
solving the problem, presenting a comprehensive selection 
of recent inorganic and organic papers ranging from the 
“Fathers of the Chemical Revolution” to the Dow Proc­
ess for Bromine from Sea Water, and from Wohler’s “Arti­
ficial Preparation of Urea” to the Use of Isotopes in the 
Study of Intermediary Metabolism, with plentiful dashes 
of general seasoning in the form of Nobel Laureates, Emi­
nent Chemists, Summary Articles and Market Reports. 
The experiment seems worth while and its continuance, by 
revised selection editions, will depend upon the academic 
acceptance accorded these two inexpensive paper-bound 
volumes.

Allen D. Bliss

Traité de Pharmacie Chimique. (Treatise on Pharma­
cological Chemistry.) By P. Lebeau, Professor in the 
Faculty of Pharmacy of Paris, and G. Courtois, Assist­
ant in the Faculty of Pharmacy of Paris. Vol. I. 
Chimie Minérale et Chimie Organique. Vol. II, Parts 
1 and 2. Chimie Organique. Second edition. Masson 
et Cie., Éditeurs, 120 Boulevard Saint-Germain, Paris 
VIe, France, 1938. 17.5 X 25 cm. Vol. I: xxviii +
1206 pp. Price, fr. 280. Vol. II: xxviii +  2128 pp. 
Price, fr. 460.
The rapid development during the last few years of the 

study of chemical medication compelled the authors con­
siderably to increase the bulk of the second edition of their 
textbook on pharmacological chemistry. It is presented 
now in three volumes, a total of 3334 pages.

The first volume is still, as in the previous edition, de­
voted to the study of therapeutical material classified under 
inorganic chemistry and the acyclic part of organic chemis­
try, excluding the nitrogen derivatives.

The second volume consists of two parts. The first one 
deals with pharmaceutical substances of the cyclic group, 
both cyclic and acyclic nitrogen compounds, terpenic 
derivatives, and finally with the chemically well-defined 
substances of the hormone, vitamin and organo-mineral 
group. The second volume describes the therapeutically 
valuable substances of the heterocyclic, the alkaloid, the 
glucoside and the proteic groups.

The authors give special consideration in their work to 
phytopharmacy, to which they lend a very particular im­
portance. The profession of pharmacist, in France, is 
quite distinct from what it is in this country so that it is 
evident that the requirements of a textbook on pharma­
ceutical chemistry will be different also.

The present work is primarily intended as a textbook 
and corresponds to a regular course in pharmaceutical 
chemistry as given at the Faculty of Pharmacy of the 
University of Paris.

Rather complete references to the literature are given so 
as to allow for more thorough study of the properties of the
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different pharmaceutical compounds. This makes the 
Treatise of equal value to both the student and the pharma­
ceutical practitioner.

The first part of the work, dealing with mineral chemis­
try, is different from the usual textbook on general chemis­
try only in that more emphasis is given to the pharma­
ceutical aspect of the different substances described. It 
seems as if it would have been wise to pay even more atten­
tion to the pharmacological side and to reduce considerably 
the description of chemical properties and modes of prepa­
rations, The sequence of descriptions follows closely 
the trend in books of general chemistry. The relation 
between chemical structure and physiological activity has, 
however, been stressed by the authors as often as possible.

The recent advances in the field of vitamin and hormone 
investigation are only briefly described and the achieve­
ments of the last two years are practically entirely omitted. 
It might be stated once more, in this respect, that the aim 
of the authors was not to publish a monograph, but to 
provide the student with a textbook as a help to his course 
on the subject. Sufficient bibliography, including refer­
ence to more specialized textbooks, is given, however, so 
as to provide the student with all facilities for further study 
on a given subject.

The presentation of the subject matter of this book is 
very good indeed.

V. D esreux

A Textbook of Biochemistry. By R oger J. Williams, 
Ph.D., D.Sc., Professor of Chemistry, Oregon State 
College. D. Van Nostrand Company, Inc., 250 Fourth 
Avenue, New York, N. Y., 1938. x +  525 pp. 17 
figs. 14.5 X 22 cm. Price, $6.00.
The book includes five sections: biochemical materials, 

Chapters 2-5; tissue composition, Chapter 7; food com­
position, Chapter 8; bodily mechanisms for promoting 
and regulating chemical change, Chapters 9-14; metabo­
lism, Chapters 15-23. There is a glossary and an index.

The conventional description of fats, proteins, and car­
bohydrates is well balanced with proper attention to chem­
ical properties on the one hand and biochemical significance 
on the other. Other materials of biochemistry usually are 
considered in relation to function rather than structure 
to the bewilderment of the student accustomed to the 
orderly system of organic chemistry. The author has 
wisely arranged these diverse substances in Chapter 5 
according to chemical constitution, postponing until later 
questions of function.

Tables showing the chemical make-up of tissues are as­
sembled in Chapter 6 from 166 sources. There are a few 
errors, some data of doubtful validity and no analyses are 
reported of extra- and intracellular phases of muscle, but it 
is a unique and valuable compilation.

Excellent chapters in the later sections cover the sub­
jects of permeability, chemical mediation of nerve im­
pulses and chemotherapy. It is the opinion of the re­
viewer that the first of these could be improved by includ­
ing, with some elaboration, the discussion of colloid os­
motic pressure given in Chapter 6—Colloidal Properties. 
Concealed in the latter chapter is an incomplete account 
of the physicochemical properties of proteins. Neither

here nor elsewhere is the role of proteins as buffers ex­
plained except for the special case of hemoglobin.

There are remarkably few errors. On p. 179, Steffan- 
son’s experiences are said to indicate that very high pro­
tein diets may be quite satisfactory. Actually, Steffanson 
became sick on a lean meat diet but thrived on a fat meat 
diet despite a moderate ketosis. His protein intake did 
not exceed that of the American soldier in active service. 
On p. 346, the small intestine is said to be 30 feet long. 
This is the length after death; a sound passed naturally 
through the gastro-intestinal tract of a healthy man shows 
a length of 7 or 8 feet from mouth to rectum. On p. 487 
it is said that Cinchona bark has been used to treat malaria 
for two centuries. Presumably it had been used for cen­
turies by the Indians before the first authenticated use in 
treating the wife of the governor of Peru about 1630.

The author is tolerant in his discussion of new theories 
and shows good judgment in evaluating current trends in 
biochemistry. He questions, for example, the validity of 
the assumption that the faster the rate of growth and the 
greater the body size, the better for the race, whether of 
rats or men.

D. B. D ill

Textbook of Organic Chemistry. By George Holmes 
R ichter, Assistant Professor of Organic Chemistry, the 
Rice Institute. John Wiley and Sons, Inc., 440 Fourth 
Avenue, New York, N. Y., 1938. viii +  711 pp. 83 
tables. 15.4 X 23.5 cm. Price, $4.00.
Professor Richter set himself the task of writing a book 

“directed specifically to that large body of ambitious stu­
dents who wish to study beginning organic chemistry and 
gain more than a superficial knowledge of the subjects 
He has accomplished his purpose admirably; his book 
should prove most useful in a full year’s elementary course; 
indeed, it contains far more material than one could hope 
to cover in the usual first course.

The order of the subject matter is the conventional one: 
after a very brief introduction in which types of valence 
and structural formulas are discussed, follow aliphatic 
hydrocarbons, saturated and unsaturated, alcohols, ethers, 
aldehydes and ketones, etc. The various homologous 
series are well illustrated by excellent tables giving perti­
nent physical properties of the more important members, 
with the result that such data are kept at an absolute mini­
mum in the text with a consequent increase in readability.

Adequate consideration is given to compounds of indus­
trial significance and to naturally occurring substances; 
these are to be found as illustrations of the particular 
classes to which they belong. Granting that this method 
of treatment is desirable up to a certain point, we are not 
entirely sure that the very early introduction of formulas 
as complex as those of the carotenes and the sex hormones 
is not objectionable from the pedagogic standpoint.

An unusually large number of substances find mention, 
and the choice of material is, on the whole, good. If Pro: 
fessor Richter has erred at all, he has attempted to give too 
complete a picture of organic chemistry in a book written 
specifically for ambitious beginners. Each chapter closes 
with a list of review questions which cover the subject 
matter very fully.
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In one minor respect the author is not consistent : he 
points out carefully the objections to the formulation of the

nitro group as

o
-N v

and of sulfonic acids, etc., as

—S^-OH, and then proceeds to use the rejected formulas

freely.
The book is clearly and interestingly written, it contains 

very few typographical errors, and is a very complete and 
accurate survey of the chemistry of organic compounds 
with emphasis on their nomenclature, structure synthesis, 
reactions and properties.

N athan L. Drake

thalic anhydride, diphenyl selenide, diphenylselenium di­
chloride and triphenylselenonium chloride, ethyl benzoyl­
acetate, ethyl a-phenylacetoacetate, w-ethyl-m-toluidine, 
^-histidine monohydrochloride, a-hydrindone, malonic 
acid, methyl benzyl ketone, methyliminodiacetic acid, 
1,2-naphthalic anhydride, ^-nitrobenzaldehyde, phenox- 
thin, a-phenylacetoacetonitrile, 2-phenylpyridine, potas­
sium anthraquinone-a'-sulfonate, protocatechualdehyde, 
taurine ^-tolylcarbinol.

A recent number of “Nature” contains a review of this 
volume, and it is a pleasure to endorse the statement, “In 
all respects this latest member of the series maintains the 
high standard of its predecessors.”

M. Gomberg

Introduction to Physiological Chemistry. By Meyer 
B odansky, Ph.D., M.D. Fourth Edition. John Wiley 
and Sons, Inc., 440 Fourth Avenue, New York, N. Y., 
1938. ix +  686 pp. 15.5 X 24 cm. Price, $4.00.
The Fourth Edition brings this very satisfactory “Intro­

duction to Physiological Chemistry” largely up to date. 
In each chapter some of the material has been rewritten, 
and several chapters have been entirely rewritten. As a 
whole, it takes into account work published in 1937, both 
in the text and in the many references. All this has 
been done with the addition of only twenty-five pages, 
but, as the type is smaller, the actual addition is sub­
stantially greater than appears at first sight. There are 
very few typographical errors or errors of commission, and, 
although any reader having intimate knowledge of the 
subjects included would probably write the subject com­
ing within his special competence differently, it is none the 
less a thoroughly sound and satisfactory introduction to 
the wide variety of subjects covered under the general 
title bio-chemistry.

R onald M. Ferry

Organic Syntheses. An Annual Publication of Satisfac­
tory Methods for the Preparation of Organic Chemicals. 
Vol. XVIII. By R. C. Fuson, C. F. H. Allen, W. H. 
Carothers, L. F. Fieser, W. W. Hartman, J. R. 
Johnson, C. R. N oller and A. H. Blatt. John Wiley 
and Sons, Inc., 440 Fourth Avenue, New York, N. Y., 
1938. v +  103 pp. 15.5 X 24 cm. Price, $1.75.
Like the preceding members of this series, the present 

volume contains carefully tested methods for the prepara­
tion of a selected group of organic compounds. As will be 
noticed from the table of contents, the continued increase 
in biochemical interest is represented by several classical 
examples. Here, under “Barbituric Acid” might have 
been mentioned Hakon Lund’s recently (1935) described 
method of condensation by means of magnesium methyl­
ate. As further indication of modern trends, the intro­
duction of fluorine, and of selenium, into organic com­
pounds is exemplified each by one substance.

The list of new preparations is as follows: 2-acetothie- 
none, acetylenedicarboxylic acid, allylamine, barbituric 
acid, betaine hydrazide hydrochloride, /5-bromoethylamine 
hydrobromide, «-chloroanthraquinone, a, /3-dibromosuc- 
cinic acid, 4,4/-difluorobiphenyl, 3,4-dihydro-l,2-naph-

The Origin of Life. By A. I. Oparin. Translated with
Annotations by Sergius Morgulis. The Macmillan
Company, New York, 1938. 270 pp. $2.75.
Probably there is no biologist or philosopher who has not 

at some time considered the basic question of biology, “How 
did life come to be?” In general they must be satisfied 
with the statement that somehow, somewhere on the 
surface of the earth special conditions, and perhaps an 
“accident,” started the stream of life in motion. Few 
have attempted to expand the discussion past the limits of 
a few paragraphs. Oparin, however, has evolved a fasci­
nating hypothesis and has expanded it into an exceedingly 
readable volume, one which challenges and provokes the 
thought of the scientist and which unquestionably will 
stimulate a certain amount of experimental investigation, 
although Oparin does not hold out much hope that experi­
mental investigations based on the hypothesis will lead to 
its confirmation or rather will lead to the creation of life.

Oparin’s viewpoint is radically different from most dis­
cussions of the subject of which the reviewer is aware. 
Most discussions presuppose an atmosphere in which car­
bon dioxide is highly concentrated and from which enor­
mous quantities of carbon dioxide could be drawn by 
plants with the corresponding liberation of oxygen by the 
photosynthetic process. The great rise of the plant king­
dom, culminating in the carboniferous era, is thus ex­
plained, and most hypotheses account for the tropical 
temperatures at that time by assuming a blanketing effect 
of the higher carbon dioxide content of the atmosphere.

Oparin begins his discussion of the origin of life by dis­
cussing the origin of the planetary systems. He points out 
that if the planets arose from the sun because of tides 
raised on the sun by the passage of another star, the gase­
ous masses which eventually became the planets would 
have had to pass through a progressive evolution as the 
masses cooled. He points out that the primary atmos­
phere of the earth must have been devoid of oxygen be­
cause the earth’s crust is still far from being saturated with 
oxygen, and at the higher temperatures this lack of oxygen 
saturation by the lithosphere must have been still more 
pronounced. He, therefore, regards the free oxygen in 
the atmosphere as having arisen in a much later epoch and 
to have been formed secondarily as the result of the ac­
tivity of living organisms. Furthermore, he regards the 
nitrogen of the atmosphere as being principally of second­
ary origin and concludes that the nitrogen must originally
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have been present in the form of nitrides and of ammonia. 
He points out that at high temperatures carbon and 
hydrogen would preferentially unite to form hydrocarbons 
and that carbon would react with mineral elements to form 
carbides. As the temperatures became lower, water vapor 
and superheated water would react with the carbides to 
form hydrocarbons and with the nitrides to form ammonia. 
His primary atmosphere would then consist of a great 
variety of hydrocarbons, of ammonia, and of water vapor. 
As the cooling proceeded, the water would condense into 
the oceanic pools, the ammonia would largely dissolve in 
the water, and this mixture would be saturated with a 
variety of hydrocarbons.

As supporting evidence of this portion of his thesis, he 
cites Russell to the effect that the original oceans on 
Jupiter probably consisted of aqua ammonia, and as the 
temperature fell still lower, the water froze out, so that 
today at a temperature of —100°, ice exists at the bottom 
of Jupiter’s oceans and that this ice is covered with liquid 
ammonia, that the clouds on Jupiter are apparently clouds 
of ammonia snow, and that when we pass to Neptune at 
—200° the ammonia is solidified and the clouds now are 
clouds of methane snow.

Up to this point Oparin has introduced no radically new 
hypothesis. He now points out, however, that the bio­
catalysts or the enzymes characteristic of living organisms 
in general only speed up reactions which take place very 
slowly in the absence of the catalyst. In the evolution of 
the planets there would be the opportunity for hydro­
carbons and their oxidation products, aldehydes, alcohols, 
ketones, and organic acids, to interact with each other in 
an aqueous ammoniacal medium over long eons of time. 
He therefore believes that under the conditions which then 
prevailed most of the types of organic compounds, and 
which we now know to be characteristic of plants and ani­
mals, originated by the processes of this chemical interac­
tion. This evolutionary process lasted for an incalculably 
long period of time. Condensations and polymerizations 
built up complex organic molecules. These probably 
reached colloidal size long before that phenomenon which 
we know as life came into being. Oparin suggests that 
relatively complex proteins may have originated de novo 
in this manner. He even accounts for the origin of opti­
cally active organic compounds and the specialized group­
ings around an asymmetric carbon atom by calling atten­
tion to the fact that sky light is plane polarized and that 
when this passes into an aqueous medium it is transformed 
into circularly polarized light, and then he cites experi­
mental evidence that circularly polarized light prefer­
entially decomposes either the d- or the /-form of a racemic 
mixture of organic compounds having appropriate absorp­
tion bands.

He continues with his thesis, assuming that certain of 
these organic colloids are positively charged and that others 
are negatively charged, and argues from the observation of 
Bungenberg de Jong that coacervate droplets would sepa­
rate as a distinct phase. Here then we have what are es­
sentially single cells but as yet incapable of self-propaga­
tion. He concludes, however, that since enzymes are in 
all probability chemical compounds with particular space 
configurations, there should be no essential reason why 
enzymes should not arise in the same way that the primary

organic compounds arose and that a coacervate system 
containing enzymes possibly represents the primary living 
cell.

From this point on the argument is somewhat more 
hypothetical and is based on the assumption that those 
coacervate systems more nearly adapted to the environ­
ment tended to persist and become stabilized, whereas 
those coacervate systems less adapted to the environment 
were eliminated and disappeared by a process of “natural 
selection.” Those systems which persisted probably grew 
at the expense of the nutrilites in the aqueous environment, 
and those which possessed enzymes characteristic of anaero­
bic respiration found a source of energy in the interaction 
of organic substances with water molecules. In this way 
carbon dioxide and other products of fermentation were 
liberated into the atmosphere. This started a new cycle of 
reactions, since new building stones were available, and 
from these new series of reactions Oparin postulates the 
synthesis of certain special pigments which., when pos­
sessed by the coacervate system, rendered that particular 
system capable of utilizing the energy of sunlight for initi­
ating and controlling chemical reactions. Such systems 
became the primitive life forms.

The above is only a very brief and cursory review of a 
very fascinating hypothesis. Many chemists will want to 
read this volume over and over again. Every physiologist 
and biochemist should call it to the attention of his stu­
dents, for while it is purely a hypothesis, there are many 
proven facts interwoven into the network, and in some 
places where the gaps in knowledge are great, it may be 
possible to supply at least a part of the missing links by 
further investigations.

Ross A iken Gortner

Colorimetric Methods of Analysis Including Some Turbi- 
dimetric and Nephelometric Methods. Vol. II. Or­
ganic and Biological. By F oster D ee Snell and 
Cornelia T. Snell. D. Van Nostrand Company, Inc., 
250 Fourth Avenue, New York, N. Y., 1937. xxiv +  
815 pp. 49 figs. 16.5 X 23.5 cm.
In this second volume the authors have collected meth­

ods of colorimetric and nephelometric analysis applicable 
to organic and biological substances. They have also col­
lected methods for the comparison and evaluation of the 
colors of various products such as oils and sugar solutions. 
The book is complete up to 1936.

As in the first volume, a number of methods are given for 
each substance, five, for example, being given for benzene. 
The general plan of Volume I is also continued. After a 
brief general description of each method, detailed directions 
for the preparation of samples are given. Then the pro­
cedure is described carefully and finally there are directions 
for preparing standards.

Although complete critical treatment of all of the 
methods described is impossible in a volume of this scope, a 
great deal of very valuable criticism and discussion of inter­
ferences has been collected from the literature and in­
cluded in the book. Thus thirteen references are quoted 
on the determination of methanol and methoxy groups as 
formaldehyde by Schiff’s reagent, and no less than sixty- 
four on the determination of cholesterol by acetic anhy­
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dride. Incidentally, this bibliography in the form of foot­
notes is most convenient and accessible. Would that all 
compilers of chemical information would thus make short 
the path from datum to reference! The index is also com­
plete and accurate.

The first chapter on hydrocarbons is followed by one on 
alcohols and then by a chapter on sterols. Next there are 
three chapters on aldehydes and ketones and then thirteen 
chapters on acids and related compounds, ranging from 
formic to abietic acid. Then follow chapters on hemo­
globin, proteins, nitrogen in various forms, phenols, urea 
and related compounds, miscellaneous amines, imines, and 
nitro compounds. Five chapters on carbohydrates, four 
on alkaloids and one each on glucosides, halogen deriva­
tives, and compounds with inorganic radicals, are included. 
Then there are two chapters on enzymes, one on hormones 
and one on vitamins. Finally a chapter on the measure­
ment of bleaching power introduces a section of nine chap­
ters on the measurement of color and turbidity itself in 
oils, sirups, extracts, pigments, etc. In this section vari­
ous special instruments adapted to particular types of 
color measurement are described.

The authors may feel sure that a wide circle of chemists 
will be grateful to them for the labor of preparing‘this very 
useful and comprehensive survey of colorimetric and 
nephelometric methods.

C. H. Greene

An Outline of Organic Chemistry. By Ed . F D egering, 
Purdue University, R. E. N elson, Purdue University, 
and J. R. H arrod, Ohio Northern University, and 
seventy-seven Assistant Editors. Revised edition. 
Barnes and Noble, Inc., 105 Fifth Avenue, New York, 
N. Y., 1937. 317 pp. 14 X 21.5 cm. Price, $2.25.
If at first one is inclined to regard this volume as just a 

soft short-cut for the student to a pass mark in a course in 
organic chemistry, a careful perusal of the book promptly 
corrects such a view. It represents a sincere effort on the 
part of a group of teachers to aid students in understanding 
what is to many a difficult subject, but it is no sugar- 
coated pill. Sixteen standard texts have been drawn upon 
in preparing the outline, and a pagination chart enables 
one to use it with any one of these texts in lieu of note 
taking in class. Throughout an effort has been made to 
indicate conditions and reagents requisite for the perform­
ance of each reaction. In addition to the usual material 
referred to in a one-year course, the book contains excellent 
special chapters contributed by authorities. The chapter 
on nomenclature, edited by Patterson, should aid in the 
gradual, and welcome, unification and simplification of 
naming schemes employed by American chemists. Chemi­
cal Abstracts usage is recommended. Lucas’ excellent 
chapter on electronics makes evident to the beginning 
student in organic chemistry the fact that a knowledge of 
electrons and protons should not be relegated to limbo 
after a good course in Freshman chemistry. Careful at­
tention to the brief, but good, section on pronunciation will 
spare users from censure (readily recalled by the reviewer 
from his student days) for the use of “damned Teuton- 
isms.” An excellent, informative, 17-page index is in­
cluded. The publishers present with the book an “omis­

sion list,” the use of which, without change, would in the 
reviewer’s opinion lead to a pretty thin broth kind of ele­
mentary organic chemistry course. The outline, with no 
omissions, presents somewhat too much “red meat” for 
most students to digest in one year. The material given 
is very well organized, misprints and other errors are re­
markably few, and the book work is very well done.

This little volume is interesting, stimulating, and should 
prove helpful to students and instructors alike.

G. Albert Hill

Qualitative Analyse mit Hilfe von Tüpfelreaktionen. 
Theoretische Grundlagen, praktische Ausführung und 
Anwendung. (Qualitative Analysis with the Aid of 
Spot Tests. Theory, Development*and Application.) 
Third, revised edition. By Dr.-Ing. Fritz Feigl, 
Professor in the University of Vienna. Akademische 
Verlagsgesellschaft m. b. H., Sternwartenstrasse 8, 
Leipzig C 1, Germany, 1938. xii +  554 pp. 27 figs. 
16 X 24 cm. Price, RM. 28; bound, RM. 30.
All chemists who are familiar with the first (1930) 

[This Journal, 53, 1621 (1931)] and second (1935) 
[ibid., 58, 863 (1936)] editions of this valuable work will 
be gratified to note the publication of this third edition. 
Although the total number of pages has increased from 
513 (2nd edition) to 554 (3rd edition), yet substantial 
improvements in the typographical arrangements of the 
numerous tables have permitted the inclusion of much 
more material than would correspond to the page in­
crease alone.

As in the previous editions the book is divided into two 
major divisions designated as theoretical (140 pp.) and 
special (373 pp.). Both are generously documented with 
references to the original literature. The first will be 
particularly welcomed since it was omitted completely 
from the recent English translation of the second edition 
[ibid., 60, 734 (1938)]. Following a brief but adequate 
description of the general technique of “spot testing,” 
the special part devotes itself to the particular methods 
for the detection of metals (127 pp.), the detection of 
acids (66 pp.), systematic investigation of inorganic 
mixtures (21 pp.), application of spot tests to qualitative 
organic analysis (104 pp.), tests for purity, technical test­
ing and mineral examination (50 pp.) and finally to an 
extensive tabular review of the content of the special part.

As a work to which continual reference will gladly be 
made by workers in organic as well as inorganic chemistry, 
the present edition well deserves the attention of all chem­
ists who may hitherto have overlooked this valuable as­
sistant.

E. H. H untress

Second Report on Viscosity and Plasticity. Prepared 
by the Committee for the Study of Viscosity of the 
Academy of Sciences at Amsterdam. Nordemann Pub­
lishing Company, Inc., 215 Fourth Avenue, New York, 
N. Y., 1938. viii +  287 pp. 80 figs. 19 X 27 cm. 
Price, $7.50.
The book consists of a series of six articles surveying 

various topics relating to the viscous and plastic deforma­
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tion of liquids and solids. The contributors are J. M. 
Burgers, F. M. Jaeger, R. Houwink, C. J. van Niewen- 
burg, and R. N. J. Saal.

In the first article, Chapter I, recent investigations 
on the structure of liquids are reviewed by Burgers. The 
results of X-ray scattering studies and the calculation of 
radial distribution functions receive particular attention. 
In the article by Jaeger, viscosity data on pure liquids and 
liquid mixtures are discussed in connection with a number 
of theoretical and semi-empirical formulas. Certain 
problems relating to the theory of lubrication are touched 
upon.

The article by Burgers, Chapter III, on the motion of 
small particles suspended in a viscous liquid is of particular 
interest to chemists because of its bearing on the molecular 
shape of proteins and of polymers of high molecular 
weight. The author develops in a rather simple manner an 
approximate theory of the influence of elongated particles 
on the viscosity of a liquid in which they are suspended. 
By employing a method due to Oseen for the calculation 
of the velocity field in a viscous liquid in laminar flow, 
under the influence of external forces, he is able to avoid 
much of the intricacy of the exact hydrodynamical treat­
ment of Jeffery and others.

In Chapter IV, by Houwink, the various factors in­
fluencing the yield value of crystalline solids, amorphous 
solids, and suspensions are investigated. The last two 
chapters are concerned with the techniques of plasticity 
and viscosity measurements. In the article on plastome- 
ters by van Niewenburg a survey of the types of instru­
ments in use is undertaken, and the significance of plas­
ticity measurements is discussed. The author concludes 
that no plastometers of present design allow an unambigu­
ous determination of the fundamental relation between the 
rate of shear in an element of the sample and a simple 
shearing stress acting through it. In the final chapter by 
Saal, types of technical capillary viscosimeters in current 
use are described.

The report provides a unified and critical survey of 
a large amount of material on viscous and plastic phenom­
ena. It will certainly prove to be a source of useful in­
formation on the subject. It is perhaps to be regretted 
that certain of the latest theoretical developments in the 
theory of viscosity have not been included.

John G. Kirkwood

Tables of Reagents for Inorganic Analysis. In English, 
German and French. First Report of the “Interna­
tional Committee on New Analytical Reactions and 
Reagents” of the “Union Internationale de Chimie”: 
C. J. van N ieuwenburg (Delft) President, W. B ött­
ger (Leipzig), F. Feigl (Vienna), A. S. Komarovsky 
(Odessa), N. Strafford  (Manchester). Akademische 
Verlagsgesellschaft m. b. FI., Sternwartenstrasse 8, 
Leipzig C 1, Germany, 1938. xxiv +  409 pp. 18 X 25 
cm. Price, RM. 34; bound, RM. 36.
It should be clearly understood that this report deals 

only with reagents for use in qualitative inorganic analysis, 
and that the reagents that are covered are those that have 
been introduced in the period 1911-1936, inclusive. Spec­

troscopic methods, flame color reactions and methods of 
separation or concentration are not mentioned. Neither 
are the older standard reagents, unless they have been rein­
vestigated during this period.

The types of reactions described are those involving pre­
cipitation, color, catalysis, and certain miscellaneous 
operations. The procedures cover spot tests on drop 
plates or paper, micro tests under the microscope or in the 
micro test tube, and macro tests in the ordinary test 
tube.

Data are presented by an extensive use of symbols and 
abbreviations under the six general columns (1) cation or 
anion, (2) name and formula of the reagent, (3) type of 
reaction, (4) procedure, (5) sensitivity, and (6) remarks 
on compounds that are known to yield similar reactions 
or to interfere in the test. Extensive references to the lit­
erature are given under each test.

The section on cations deals with tests for some 57 ele­
ments plus the ammonium ion, while that on the anions 
covers some 38 anions. Finally, there is a very complete 
subject index listing the reagents and the tests in which 
they are used.

The book is a very worth while addition to texts on in­
organic analysis, and is a mine of information for those 
who are prospecting or working in the field of qualitative 
analysis.

G. E. F. Lundell

The Elements of Physical Chemistry. By F. W. God­
dard, M.A., F.C.S. and E. J. F. James, M.A., D.Phil. 
Longmans, Green and Co., 114 Fifth Avenue, New 
York, N. Y., 1938. viii +  251 pp. 66 figs. 13.5 X 20 
cm. Price $1.80.
The two British authors state in their preface: “This 

introduction to the study of Physical Chemistry is intended 
for the use of students preparing for Higher Certificate, 
First Medical, and University Entrance Scholarship Ex­
aminations. It is assumed that such students will have 
acquired a knowledge of elementary physics and chemistry 
up to the standard of School Certificate on Matriculation.” 
In American colleges and in teacher training schools it 
could well find a place in a course following general chem­
istry, or as an introduction to the regular course in physi­
cal chemistry. The book is distinctly an elementary 
treatment of the subject. Little, if any, calculus is in­
volved. The pitch is about right for our American type 
of pre-medical courses in physical chemistry, but the 
dearth of illustrative material drawn from the biological 
field probably renders this text unsuited for such a purpose 
It is a bare skeleton outline cut almost to the bone.

The scope of the book is indicated by the chapter head­
ings: I, The Atomic and Molecular Theory ; II, Valency 
and the Structure of Atoms; III, The Gaseous and Liquid 
State; IV, Solution; V, Osmotic Pressure and Allied 
Phenomena; VI, Law of Mass Action; VII, Thermo­
chemistry; VIII, Electrolysis and Electrolytic Dissocia­
tion; IX, Catalysis; X, Colloids.

The exposition is extremely clear, and the whole book is 
well organized. Every chapter is followed by a well- 
chosen list of good questions and problems (two hundred
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and fifty altogether). The answers are supplied at the 
end of the book. There is also a supplementary list of 
miscellaneous questions. An author index, subject in­
dex, and atomic weight, four-place log and anti-log tables, 
are also given.

Edward Mack, Jr .

Laboratory Methods of Physical Chemistry. By Joseph
J. Jasper, Assistant Professor of Chemistry, Wayne
University. Houghton, Mifflin Company, 2 Park
Street, Boston, Massachusetts, 1938. xix 312 pp.
34 figs. 15 X 22.5 cm. Price $2.50.
This textbook is one of the series edited by Professor

H . T. Briscoe. Following the Editor’s Introduction, a Pref­
ace, Table of Contents and List of Figures, there are Pre­
liminary Remarks to the Student, and the Chapters:
I, Errors of Measurement and Corrections; II, Gases; 
III, Liquids; IV, Optico-Chemical Methods; V, Solutions; 
VI, Colloidal Systems; VII, Thermochemistry; VIII, 
Homogeneous Equilibrium; IX, Chemical Kinetics; 
X, Phase Equilibrium in Chemical Systems; XI, Electrical 
Conductance; XII, Transference Numbers; XIII, Elec­
tromotive Force; XIV, Photochemistry; Bibliography 
and Index. Altogether, Professor Jasper gives directions 
for about sixty experiments. The directions are clear 
and adequate and are featured by (1) the excellent figures, 
(2) helpful discussion of the pertinent theory at the be­
ginning of every experiment, and (3) by specific instruc­
tions for treatment of results at the end.

It is perhaps somewhat surprising, or perhaps not sur­
prising, to teachers of physical chemistry to find that 
several of the available laboratory manuals are constructed 
so nearly on the same pattern. Resemblances in the 
skeleton outline of book structure may be inevitable be­
cause of the necessity of acquainting the student with a rep­
resentative set of the highly standardized laboratory 
techniques of the physical chemist. The author of such a 
textbook no doubt feels almost compelled to present the 
usual type of directions for making the classical measure­
ments of molecular weight, surface tension, viscosity, 
electrical conductivity, hydrogen ion concentration, etc., 
etc., through the whole list.

If a dozen, or several dozen, authors and their publishers 
are to give birth to laboratory manuals of physical chem­
istry, it is to be hoped that some distinctive flavor of 
originality may be found in a few of the new-born. Surely 
the vast literature of experimental physical chemistry, 
with its enormous wealth of illustrative material suitable 
for textbook use, has scarcely been sucked quite dry. 
Nor have the resources upon which the alert pedagogue 
may draw for setting forth the meaning and limitations 
and possibilities of the experimental method, and for 
arousing and sustaining the interest of the student, neces­
sarily been exhausted.

The present book is a good one. It should find a wide 
adoption and usefulness, as have some of the other books 
which it resembles.

The author, the editor and the publishers are to be con­
gratulated on its very fine appearance, and on the excellent 
job of book-making that they have done.

Edward M ack, Jr .

The Fine Structure of Matter. Part II. Molecular 
Polarization. Part III. The Quantum Theory and 
Line Spectra. By C. H. D ouglas Clark, D.Sc., 
A.R.C.S., A.I.C., D.I.C., Assistant Lecturer in In­
organic Chemistry in the University of Leeds. John 
Wiley and Sons, Inc., 440 Fourth Avenue, New York, 
N. Y., 1938. 14.5 X 22.5 cm. Part II: Ixxii +  241 pp. 
35 figs. Part III: Ixxii +  185 pp. 29 figs. Price, 
$4.50 each.

The chapter headings in the two volumes under review 
are the following: Part II, Molecular Polarization: Di­
electric Constants, The Debye Theory of Polarization, 
Molecular Refraction, Polar Molecules, Molecular Fields; 
Part III, The Quantum Theory and Line Spectra: The 
Quantum Theory, The General Principles of Line Spectra, 
The Multiple Structure of Lines, Line Spectra and the 
Periodic Classification.

In the opinion of the reviewer, a reader unfamiliar with 
the subjects could not gain an understanding of molecular 
polarization and line spectra by the study of these books, 
although the author in his preface suggests that Part III 
might serve as an introduction to the study of spectra. 
The style in which the books are written is incoherent and 
confusing, and the author has not given a consecutive 
account of the topics treated. Unrelated subjects are 
grouped together as, for example, on page 285, where ref­
erence is inserted in a section on the additivity of molecu­
lar refraction values to a method of calculating the re­
fractive index of nickel arsenide from its reflective power in 
air and in cedarwood oil. The lack of clarity in the dis­
cussions is due in part to the inclusion of references to 
outmoded suggestions as well as to the more satisfactory 
recent theories and to unreliable as well as reliable values 
of experimental quantities.

The theoretical parts of the books are poor; although a 
detailed mathematical discussion (pages 452-455) is given 
of Debye’s old calculation, now unimportant, of the value 
64° for the H-O-H angle in the water molecule (the actual 
value being 105°), no derivation of the Debye fundamental 
equation relating molecular polarization and dipole mo­
ment is given in the chapter headed “The Debye Theory of 
Polarization” or elsewhere in the book. In several pages 
of discussion of the Clausius-Mossotti equation mention is 
made of the electric displacement in cylindrical cavities, 
but the significant step of evaluating the factor 1/ s in the 
equation with use of a spherical cavity is omitted, the 
reader being left unenlightened as to the nature of the 
“certain assumptions, in accordance with the classical 
theory, ’ ’ which are involved.

The volumes are made somewhat unsatisfactory for 
reference purposes by the Author’s selection of 1934 as 
the closing date for literature references, and by the ex­
istence of many errors. Fluorescent scattering and Raman 
scattering are said to require a decrease in frequency of the 
light. A figure showing experimental values of the molecu­
lar refraction of alkali halide crystals is confusingly de­
scribed as based on estimates of ^ c r y s ta l —  R f r e e  gas ion . 

Typographical errors such as CH2OH for CH3OH, SiF6 
for SeF6, Te(N03)2 for Te(N03)4, and Hell for H ell 
occur rather frequently.

The books are not recommended either to readers in­
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terested in learning about the subjects treated or to those 
seeking a convenient guide to the literature.

Linus Pauling
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The Mechanism of Aromatic Bromination1
B y  C h a r les  C. P r ic e  and  C lyde  E . A rn tzen

From previous investigations of the effect of 
iodine on the reaction between bromine and 
phenanthrene2 it was concluded th a t the bromine 
substitution reaction proceeded in the following 
manner, A representing the necessary bromina­
tion catalyst.

Br H

BrA

Since the central ring of phenanthrene obviously 
differs from the usual aromatic type in th a t it 
forms a stable addition product, it remained to 
prove th a t this mechanism could be applied to 
aromatic compounds in general.

I t  was pointed out in a previous paper2 th a t 
Bruner's3 extensive measurements of the iodine- 
catalyzed bromination of benzene with this reac­
tan t as solvent could be reinterpreted very ac­
curately according to the ra te  expression

d[C6H6Br]AB =  £[Br2]3A[I2]5A

Any dependence of the ra te  on the benzene con­
centration could not be detected in his experi­
ments since the benzene was in such excess as to

(1) Presented before the Division of Organic Chemistry at the 
Dallas meeting of the American Chemical Society, April 19, 1938.

(2) Price, T h is  J o u r n a l , 58, 2101 (1936).
(3) Bruner, Z. physik. Chem., 41, 514 (1902).

remain essentially unchanged during the course of 
the reaction.

A study of the iodine-catalyzed bromination 
of phenanthrene has shown it  to obey the same 
kinetics as the similar reaction of benzene inves­
tigated by Bruner. The only difference is that

it was not feasible 
to work with a large 
enough excess of 
phenanthrene for its 
concentration to re­
main unchanged dur­
ing the course of the 
reaction. The rate 
expression therefore 

includes dependence on the hydrocarbon concen­
tration as well as bromine and iodine.

d[CuH9Br]/(B = k [Ci4H10] [Br2]3/2 [I215/ 2

The values for the constant, kf calculated with 
the concentrations expressed in moles per liter, are 
summarized in Table I for various bromine, iodine 
and phenanthrene concentrations. The fact tha t 
for both benzene and phenanthrene the rate of 
bromination is dependent on the bromine con­
centration to thé three-halves power and the io­
dine concentration to the five-halves power 
proves beyond reasonable doubt th a t the mech­
anisms for the two reactions are identical. We 
may therefore write the bromination of benzene 
according to the following scheme, omitting, of 
course, a dibromide such as is formed in the case 
of phenanthrene.

Br H

2835
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/ \ H

+  B r ;
—Br 

H
BrA -Br

+  HBr +  A

T a b l e  I
T h e  R ea ctio n  of P h e n a n t h r e n e  a n d  B rom ine  in  the  

P r e se n c e  of I o d ine

[Lf [Br2]°*=[Ci4Hio] k b X  10-5 K25c AlBrd
0.00204 0.0322 0.67

.00204 .0644 .66 192

.00408 .0322 .64 133 . . ■

.00408 .0644 .68

.00613 .0322 .60 103 15

.00715 .0322 .60

.00817 .0161 .59 94 16.5

.00817 .0322 .59 92 20

.00817 .0644 .65 96 19.5

.01022 .0322 .57 50 30

.01226 .0644 .54 37 24
° Total concentration expressed in moles per liter. h d- 

[Ci4H9Br]/d* = MCi4Hi0][Br2]3/ 2 [ h f/2. c ^25 = [C14H10- 
Br2]/[C i4H iQ] [Br2] (=  230 in absence of iodine). d K ibt = 
[lBr]/[Br2]^ [h ]1/2. A25(Calcd.) -  19.9.

The catalyst may function in the reaction not 
only, as has been indicated, by the removal of 
hydrogen from the active intermediate, bu t also in 
the production of the active bromine which acts as 
the initiator of the reaction by producing this ac­
tive intermediate. Thus the total effect of iodine 
on the rate of reaction may be divided into an 
effect on the equilibrium of the first step, the for­
mation of the intermediate, in addition to cataly­
sis of the second step, the removal of the hydrogen.

0.8 Iso
X

0 .7 ^
a

cu+->
&

Fig. 1.—Phenanthrene and bromine con­
centration 0.0322 M; iodine 0.0102 M; equi­
librium constant for addition O; rate con­
stant for substitution Q.

Since iodine has a decidedly inhibitory effect on 
the addition of bromine to phenanthrene,2 which is 
a photochemical4 chain reaction propagated by 
bromine atoms, it may well be th a t the iodine-

(4) (a) Kharasch, White and Mayo, J. Org. Chem., 2, 574 (1038); 
(b) Price, Arntzen and Weaver, T h is  J o u r n a l , 60, 2837 (1938).

catalysis of the first step in the bromination is the 
production of positive bromine ions ra ther than 
bromine atoms. The intermediate in this case 
would have a positive charge and would be th a t 
proposed by Pfeiffer and Wizinger.5

H
/ \

+  Br+;
—Br BrA-

\ / +
H

t—Br
+
HBr +  A

The fact th a t benzene reacts with bromine 
photochemically to form an addition product 
while the catalytic reaction leads to substitution 
is in agreement with this proposal. The photo­
chemical addition most certainly proceeds by an 
atomic mechanism, leaving an ionic intermediate 
as the most probable for catalytic substitution in 
the absence of light.

The kinetics of the reaction are incapable of 
distinguishing between the atomic and the ionic 
mechanisms, proving only th a t the same mecha­
nism holds for both benzene and phenanthrene.

The experiments were all performed in the dark 
using painted flasks to exclude light. Bromine 
was purified as in previous experiments;6 the 
iodine was resublimed and the phenanthrene pre­
pared from its recrystallized dibromide by trea t­
ment with zinc dust in alcohol,4b m. p. 99-99.5°.

Standard solutions of the three reagents were 
mixed and the samples for individual titrations 
immediately placed in small (5-cc.) glass-stop­
pered flasks and sealed with paraffin to prevent 
loss of hydrogen bromide. After a specified in­
terval the flasks were opened under distilled water 
containing potassium iodide. The liberated io­
dine was titra ted  with sodium thiosulfate to the 
disappearance of its color, then the acid with car­
bonate-free sodium hydroxide using phenolphtha­
lein as indicator. From these data the course of 
both addition and substitution can be determined 
since the decrease in bromine concentration is a 
measure of both reactions while the acid is pro­
duced by substitution alone.

I t  was found in every case th a t the ra te  con­
stan t for the substitution reaction did not become 
truly constant until the equilibrium of the addition 
reaction had been established. In  Fig. 1 are 
plotted the ra te  and equilibrium constants a t 
various times for a typical experiment to illus­
tra te  this point. The ra te constants of Table I  
are, therefore, the average of the individual con-

(5) Pfeiffer and Wizinger, Ann., 461, 132 (1928).
(6) Price, T h i s  J o u r n a l , 58, 1834 (1936).
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slants for each experiment after the attainm ent of 
the equilibrium of the addition reaction.

In  Table I the penultimate column lists the 
values for the equilibrium constants for the addi­
tion of bromine to phenanthrene a t  the various 
iodine concentrations. They show a steady de­
crease with increasing iodine concentration which 
may be accounted for by the reaction of bromine 
and iodine to form a bromoiodide 

Br2 +  I2 < > Brl
which would reduce the actual concentration of 
bromine molecules bu t not the bromine titer. 
Insertion of the titer value for bromine, a larger 
value than  is actually effective, would cause a 
variation in the manner noted for the equilibrium 
constant.

In  fact, since the true value for the equilibrium 
constant, K 25 =  fCi4Hi0B r]/[C i4Hio] [Br2] =
230, is known, and since the concentrations of 
both the phenanthrene and its dibromide may be 
calculated from the experimental data, it is pos­
sible to calculate from this the value for the free 
molecular bromine concentration. W ith this 
value known, as well as the total iodine and total 
bromine concentrations (Br2 +  B rl) it  is possible 
to calculate the equilibrium constant, I£IBr =  
[B rI]/[B r2]1/2[I2]1/2, for the bromine-iodide re­
action in carbon tetrachloride solution, the values 
for which are given in the final column of Table
I. The calculation is for the last determination 
in each experiment, which should be a t equilib­
rium. No calculation could be made for the ex­
periments a t lower iodine concentration since the

equilibrium of the addition reaction had not been 
established a t the last measurement.

Bodenstein and Schmidt7 have determined the 
value for this equilibrium constant a t elevated 
temperatures in the gas phase and derived the 
following expression for its dependence on the 
temperature

Calculation of the equilibrium constant a t 25° 
from this expression gives a value of 19.9, agreeing 
well with the experimentally determined values, 
especially since a fairly large experimental error 
(10-15%) could easily be involved.

Summ ary

The kinetics of the iodine-catalyzed bromina­
tion of phenanthrene have been determined as 
identical with those of benzene. This is offered 
as proof of the identity of mechanism for the 
bromination of aromatic compounds in general 
with th a t previously proposed for phenanthrene.

This mechanism involves addition of a positive 
bromine ion to the unsaturation of the aromatic 
nucleus followed by catalytic elimination of a 
hydrogen ion to yield the substitution product.

I t  has been found th a t the equilibrium for the 
bromine-iodine reaction in carbon tetrachloride 
solution agrees with the determinations of Boden­
stein and Schmidt for the gas phase reaction a t 
considerably higher temperatures.

(7) Bodenstein and Schmidt, Z. physik. Chem., 123, 30 (1926).

U r b a n a , I l lin o is  R ec eiv ed  J u ly  1, 1938

[Co n t r ib u tio n  from  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  of  I l l in o is ]

The Reaction of Bromine with Various Samples of Phenanthrene
B y  C h a r l e s  C. P r ic e , C lyde  E. A r n tzen  and  C lay  W e a v e r

No entirely satisfactory method for the puri­
fication of phenanthrene has as yet been de­
veloped. Selective oxidation with nitric acid1 
and with chromic acid,2 as well as treatm ent with 
maleic anhydride,3 have been recommended for 
the removal of anthracene. Treatm ent with so­
dium has been found effective for the removal of 
fluorene4 or sulfur-containing compounds.5

(1) Cohen and Cormier, T h i s  J o u r n a l , 52, 4363 (1930).
(2) W. E. Bachmann, ibid., 57, 557 (1935).
(3) Clar, Ber., 65, 852 (1932).
(4) Jeanes and Adams, T h is  J o u r n a l , 59, 2615 (1937).
(5) Schroeter, Ber., 57, 2025 (1924).

We have found the following series of reactions 
convenient for preparing samples of phenanthrene 
of a high degree of purity  from relatively impure 
starting material.

Zn dust in
C14H10 Br2 — ^  Ci4HioBr2 --------------C14H10 -f* ZnBr2

alcohol
(60°)

The chief advantage offered is th a t the phenan­
threne dibromide m ay be recrystallized to remove 
impurities which could not be separated from 
phenanthrene itself by crystallization. The prod-
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net so obtained (A) melted a t 99-99.5°, three de­
grees higher than the starting material, which had 
been purified by oxidation2 but not by treatm ent 
with sodium.

Dihydrophenanthrene was a possible impurity 
in this product since some of the dibromide might 
decompose with evolution of hydrogen bromide 
even though the tem perature was kept well below 
its usual thermal decomposition point (90-100°). 
Consequently some of the material (A) was 
treated with selenium for eight hours a t 300-320°, 
distilled and twice recrystallized. This trea t­
ment raised the melting point only half a degree 
but completely altered the behavior of the m ate­
rial toward bromine.

Phenanthrene purified from coal tar as described 
previously6 and the sample (A) prepared by the 
present method react with bromine photochemi- 
cally7 a t nearly the same rapid rate. The sample 
from selenium treatm ent, however, in spite of the 
higher melting point, was found to react only very 
slowly, although it finally attained the same 
equilibrium for the addition reaction as the other 
samples. This is in agreement with experiments 
using synthetic phenanthrene,8 which also had 
been treated with selenium. This material was 
found to melt high (m. p. 100.7-101°), and to re­
act with bromine only very slowly.

T hat the difference in the behavior of these 
various samples of phenanthrene was not due to 
the absence of fluorene or anthracene in the selen­
ium-treated samples (which may have been pres­
ent as an impurity in the material reacting with 
bromine), was demonstrated by addition of these 
hydrocarbons to such samples, the mixtures show­
ing the same characteristics as the original material.

I t  was of interest to note th a t anthracene, which 
catalyzes several reactions of bromine in the dark,9 
did not cause the chain addition of bromine to 
phenanthrene. The course of the reaction of 
bromine with a mixture of phenanthrene and an­
thracene appeared, in this case, to be the addition 
of one molecule of bromine to phenanthrene for 
each molecule reacting with anthracene. The 
results of these experiments are summarized in 
Table I. The fact th a t all the phenanthrene 
samples behave similarly in this instance indi­
cates th a t the material which inhibits the photo-

(6) Price, This Jo ur n a l , 58, 1834 (1936).
(7) All rates mentioned are for the photochemical reaction unless 

specified otherwise.
(8) Fieser and Hershberg, T h is  J o ur n a l , 57, 2192 (1935).
(9) (a) Price and Thorpe, ibid., 60, 2839 (1938); (b) Price and 

Weaver, unpublished work.

chemical addition (bromine atom mechanism) has 
no effect on the dark, anthracene-catalyzed reac­
tion (bromine cation mechanism).

T a b le  I
T h e  D a r k  R ea ction  of P h e n a n t h r e n e  a n d  it s  D i ­
br om ide  w ith  B r o m in e  in  th e  P r e se n c e  of A n t h r a c e n e  

[Phenanthrene] = [Br2] = 0.03 M ; time, 60 minutes.

[Anthracene] A[Br2]
A[Br2] for 

anthracene
A[Br2] for 

phenanthrene
0.0005 0.0005

0.0005* .0025 0.0010 .0015
.000656 .0030 .0013 .0017
.00070° .0033 .0015 ,0018

[Phenanthrene Dibromide] =  0.03 M; [Br2] = 0.003 M;
time, 30 minutes 

-0 .0003 -0 .0003
0.00065 -  .0001 0.0013 -  .0014
* Phenanthrene sample (A). b Phenanthrene sample 

(A) treated with selenium. c Gesellschaft fiir Teerver- 
wertung phenanthrene.

Furthermore, it was found th a t addition of 
selenium-treated phenanthrene to th a t reacting 
with bromine gave a mixture which would not 
react. These various facts are interpreted as 
indicative of the presence of an inhibitor in the 
phenanthrene treated with selenium, in spite of 
its higher melting point. However, since the 
photobromination of this hydrocarbon is a chain 
reaction of considerable length,6 it would require 
but small amounts of a chain-breaking im purity 
to account for the results.

Several qualitative tests have been made for the 
purity of the various samples of phenanthrene. 
These are summarized in Table II.

These color tests indicate th a t the samples pre­
pared by the present method are much purer than 
the starting material and seem quite similar to a 
sample of the highly purified hydrocarbon from 
the Gesellschaft fiir Teerverwertung.

Experimental
Crude phenanthrene (10 g.) with a melting point of 94- 

96° was dissolved by warming in 50 cc. of purified6 carbon 
tetrachloride10 and, after cooling in ice, treated with 4 cc. 
of bromine in portions. The reaction mixture was allowed 
to stand in sunlight at 0° for an hour. The dibromide, 13 
g. (65%), was recrystallized by dissolving in the minimum 
amount of benzene (150 cc.) a t 40-45°,11 adding an equal 
amount of petroleum ether (60-90°), and cooling in an ice- 
salt bath to —15°. The pure dibromide, crystallizing as 
colorless plates with a greenish tinge, was collected by fil­
tration, yield 10 g., m. p. 98-99°, with decomposition. Its

(10) The reaction of bromine with phenanthrene in commercial 
carbon tetrachloride was found to proceed much more slowly and a 
much poorer yield of the dibromide was obtained.

(11) Since anthracene dibromide is very unstable even at room 
temperature, it should be decomposed completely by this treatment.
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Table II
Color Tests on  Various Hydrocarbon Samples

Compound Cold
— H2SO4-------------

Warm
H2SO4
HNOj«

H2SO4 -
40% Formalin*

Phenanthrene 
(1) Crude Yellow Dark yellow Red-black Blue crystals (tan soln.)
(2) Sample (A)
(3) (A) treated with Se |  None Very pale blue Clear red Blue crystals (colorless

(4) Commercial6 
Anthracene® 
Fluorene6

Yellow
None

Black
None Pale yellow

soln.)

Dark brown-black soln. 
Deep purple soln. (5 min.)

* The hydrocarbon was suspended in sulfuric acid and one drop of the second reagent was added. 
6 Gesellschaft fiir Teerverwertung. 
c Martin, This Journal, 58,1438 (1936).

solution in 200 cc. of alcohol was treated with 7.5 g. of zinc 
dust at 50-60° for twelve hours, the reaction mixture fil­
tered while hot, evaporated to 50-60 cc. and set aside to 
crystallize. The yield was 4.6 g. (90%) of colorless plates 
melting at 99-99.5° after one recrystallization.

A portion of this material was heated with selenium to 
300-320° for eight hours, distilled under diminished pres­
sure and twice recrystallized from alcohol to give a sample 
melting at 99.5-100°.

Summary
Phenanthrene of a high degree of purity may be

obtained by conversion to the dibromide followed 
by regeneration of the hydrocarbon on treatm ent 
with zinc dust.

Phenanthrene which has been treated with 
selenium apparently contains an im purity inhibit­
ing the photochemical addition of bromine.

Anthracene has been found to catalyze an 
equimolecular but not a chain addition of bromine 
to phenanthrene in the dark.
Urbana, Illinois Received July 1, 1938

[Contribution from the Chemical Laboratory of the University of Illinois]

A Chemically-Catalyzed cis-trans Isomerization
B y C h a r les  C. P r ic e  and  R a lph  S. T h o r pe

The anthracene-catalyzed bromination of di­
oxane1 can be accounted for only by assuming th a t 
the reaction between bromine and anthracene 
produces active bromine. Since many photo­
chemical reactions of bromine presumably pro­
ceed through active bromine atoms produced by 
the dissociation of a bromine molecule on absorp­
tion of light, and since the same intermediate has 
been proposed for several reactions of hydrogen 
bromide in the presence of peroxides,2 it was pro­
posed to use one of these reactions to test the pos­
sibility th a t the active bromine produced by the 
anthracene-bromine reaction in the dark might 
behave in a similar manner.

The particular reaction studied was the conver­
sion of a maleic ester to the corresponding fumaric 
ester. Wachholtz and Schmidt3 have reported 
previously the photochemical isomerization of the

(1) Price and Weaver, unpublished work.
(2) Kharasch, Mansfield and Mayo, This Journal, 59, 1155 

(1937).
(3) (a) Wachholtz, Z. physik. Chem., 125, 1 (1929); (b) Schmidt, 

bid., BI, 205 (1930).

ethyl and methyl esters, respectively, in the pres­
ence of bromine. Both investigators agree th a t the 
mechanism must be a chain reaction with a length 
of several hundred, initiated by the photochemical 
dissociation of bromine molecules to atoms. They 
represent the course of the reaction as 

Br2 +  hv — 2Br 
M +  Br — ^  (MBr) — ^  F +  Br

More recently Kharasch2 has proposed a bro­
mine atom intermediate for the peroxide-catalyzed 
rearrangement of isostilbene to stilbene in the 
presence of hydrogen bromide, and, on this basis, 
has extended this proposal of a bromine atom 
mechanism to the well-known effect of peroxides in 
reversing the usual mode of addition of hydrogen 
bromide to many olefinic double bonds.

The investigation reported herein is on the con­
version of ethyl maleate to ethyl fumarate by 
bromine and anthracene in carbon tetrachloride 
solution.

Experimental.—The reactions were all carried 
out in purified carbon tetrachloride solution.
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Ethyl maleate was prepared from the anhydride 
according to the directions of Wachholtz.3a 
Bromine and anthracene were added to a solution 
of 1 cc. of the ester in 2.5 cc. of carbon tetrachlo­
ride in a painted flask. The bromine color had 
always faded completely a t the end of the reaction 
so the mixture of the two isomeric esters was ob­
tained by fractional distillation under diminished 
pressure. The effective removal of carbon tetra-

T a b le  I
C o n version  of  E th y l  M aleate  to E thyl  F um arate  by

B rom ine a n d  A n t h r ac en e  in Ca r bo n  T etrachloride
Mole % Mole % Time, % ethyl

Expt. C14H10 Bn hours fumarate
9 .  .  . 48 1
6 .  .  . 2 .6 312 2

18 1.3 27 1
5° 2 .6 288 100

19“ 1.3 26 100
2 5.2 2 .6  ‘ 91 97.5
7 5.2 2 .6 24 100
8 2 .6 1.3 27 91

10 2 .6 1.3 16 81
12 2 .6 1.3 5 93
13 2 .6 1.3 1 75
14 2 .6 1.3 0.5 68
15 2 .6 1.3 .25 77
20 2 .6 1.3 .08 70
16, 175 2 .6 1.3 .5 18,22
a These experiments were exposed to light. 5 In these 

experiments the bromine-anthracene reaction was com­
pleted before the ester was added.

chloride was demonstrated by the index of re­
fraction of the ester mixture. Analysis for the 
percentage conversion was most convenient ac­
cording to the method 
developed by Kistiakow­
sky and Sm ith4 with the 
modification th a t no spe­
cial apparatus was neces­
sary for the determina­
tion. The production of 
cloudiness in the clear 
solution of 0.4 cc. of ester 
mixture in 0.6 cc. of 
liquid petroleum could 
be reproduced readily to 
within 0.5° using only 
the naked eye in ordinary 
daylight. Analysis by 
this method was accur­
ate to within 1% and 
scarcely more difficult than an ordinary melting 
point determination. The results of these vari-

(4) Kistiakowsky and Smith, This Journal, 56, 638 (1934).

ous determinations are summarized in Table I.
Discussion of Results.—Inspection of th is 

table shows th a t ethyl m aleate was converted 
rapidly in good yield to ethyl fum arate by the 
combined action of bromine and anthracene 
in carbon tetrachloride solution with light rig­
orously excluded. T hat the isomerization was 
indeed due to the combined effect of bromine and 
anthracene is demonstrated by Experiments 6 
and 18 in which bromine alone caused no isomeri­
zation in the dark, even after a week, while the re­
action in the presence of anthracene requires a t 
most bu t a few minutes. The photochemical re­
action reported by Wachholtz and Schmidt was 
observed in Experiments 5 and 19 in which bro­
mine alone, exposed to sunlight, caused com­
plete isomerization.

The small proportion of anthracene (1.3%) 
which was capable of isomerizing a large portion 
of the maleate is indicative of a fairly long chain 
mechanism for the conversion in agreement with 
the previous reports for the photochemical reac­
tion.3

Two mechanisms appear plausible for this c is -  
trans isomerization. A bromine atom, as in the 
photochemical reaction, m ay be the active inter­
mediate. If such were the only alternative, an­
thracene m ust react with bromine in the dark to  
produce bromine atoms.

C14H10 -f- Br2----CuHioBr -j- Br
An alternative mechanism, however, involves a 
bromine cation as active intermediate. In  this

regard, it  may be mentioned th a t the bromination 
of dioxane in the presence of anthracene may be 
best accounted for on the basis of the production

C14H10 +  Br2 >  (Ci4H10B r)+ +  B r"

i®1-’
Ci4H9Br +  HBr +  B r+ 

Br

H—C—COOC2H5 

H—C—COOQHe
+  B r+

(fast) H-

H-

-C—COOC2H 5 (fast)

a .
èoOC2H5

(s lo w ^ B r”

Br

H—C—COOC2H 5 

H—C—Br 

COOC2H 5

H—C—COOC2H 5

C2H5OOC—C—H +  Br+
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of an active bromine cation by the reactions be­
tween anthracene and bromine in the dark. On 
this basis, the conversion of cis to trans isomers in 
the dark m ight then be represented by the series 
of reactions shown.

The isomerization would thus be a true chain 
reaction since the bromine cation is constantly re­
generated after each conversion.

These results indicate th a t bromine cations, as 
well as bromine atoms, m ay cause rapid isomer­
ization about an olefinic bond. This latter reac­
tion, therefore, m ust be applied with reservation

2841

as a criterion for the presence of bromine atoms. 

Summary
The reaction of bromine with anthracene in the 

dark has been found to catalyze the isomerization 
of ethyl maleate to ethyl fumarate.

The mechanism of this conversion has been 
formulated with a positively charged bromine ion 
as an intermediate.

The subsequent limitation of cis-trans  isomer­
ization as a criterion for the presence of bromine 
atoms is pointed out.
U r b a n a , I l lin o is  R e c eiv ed  J u l y  1, 1938

A m m onia  and  A m in es  on  4 -M e t h y l n itr o sty r en e

[A C o n t r ib u t io n  from  the  P earson  M emorial L aboratory  of T u ft s  C o l l eg e ]

The A ctionof Ammonia and Aromatic Amines on 4-Methylnitrostyrene and Related
Compounds

B y D avid  E. W orrall

Nitrostyrene has been shown1 to react with 
aniline in a manner characteristic of a,/3-unsatu- 
rated compounds, forming ultimately a saturated 
j8-anilino derivative. T h at the additive capac­
ity  of the unsaturated system toward such sub­
stances is slight became apparent when it was 
discovered th a t comparatively few reacted in this 
way, if a t all. An a ttem p t2 to facilitate the re­
action by working with a substance incapable of 
polymerization, namely, bromonitrostyrene, was 
fruitless as the presence of halogen promoted 
the formation of Schiff bases. Similar results 
were obtained by M usante3 working with nitro- 
styrenes containing methoxy or oxymethylene 
groups. A study has now been made of the effect 
of substituents on the alkylated nitrostyrene, 
CH3C6H4C H = C H N 0 2 (I).

The ability to add organic bases is entirely lost 
on the introduction of a m ethyl group into the 
ring of nitrostyrene, although the tendency for 
polymerization or hydrolysis is not greatly 
changed. I t  is true th a t a condensation product 
of the amine and aldehyde is formed when I re­
acts with an alcoholic solution of phenylenedi- 
amine or benzidine, a reaction th a t may be inter­
preted as resulting from the decomposition of an 
intermediate addition product. Since no reac-

(1) Worrall, T h i s  J o u r n a l , 49, 1598 (1927). This particular sub­
stance was first prepared, in another manner, by Tönnies, Ber., 20, 
2986 (1887), although the true structure was pointed out later by 
Wieland, ibid., 36, 2564 (1903).

(2) Worrall, T h i s  J o u r n a l , 43, 919 (1921).
(3) Musante, Gazz. chim. ital., 67, 579 (1937).

tion takes place with anhydrous benzene as a 
solvent, it seems apparent th a t the product is 
rather the result of hydrolysis and condensation. 
The additive power of I is not increased by the 
introduction of bromine in the side chain, but the 
presence of a nitro group in the ring partially re­
stores the lost reactivity. Addition compounds 
are formed with aniline and />-toluidine, b u t not 
with phenylhydrazine.
(II) N 02(CH3)C6H3CH==CHN02 +  C6H6NH2 — >

N 02(CH3)C6H3CHCH2N02 (III)

NHCeHs
^-Phenylenediamine reacts in a similar manner, 
both functional groups being involved. W ith 
ammonia the reaction is somewhat different inas­
much as the primary addition product reacts 
further with a second molecule of II.
2N02(CH3)C6H3C H =C H N 02 +  NH3 — IV

(N 02( CH3)C6H3CH [CH2N 02 ])2NH

The introduction of bromine into the side chain of 
I I  again cuts down the ability to form addition 
compounds. No reaction takes place in the 
absence of water and with wet reagents only 
unchanged components or products resulting from 
hydrolysis or destructive decomposition are pres­
ent.

The nitrostyrene (V) obtained from * nitro­
ethane and toluic aldehyde contains an alkyl 
group in the side chain next to the nitro group 
as well as in the ring. I t  shows no tendency to
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polymerize or form addition compounds. The 
introduction of bromine into the side chain on 
carbon next to the ring has no effect but nitra­
tion produces a substance again capable of re­
acting, by addition, with p - toluidine. The pres­
ence of the methyl group in the side chain, how­
ever, has a hindering effect as the nitro deriva­
tive does not form an addition compound with 
^-phenylenediamine.

The introduction of a phenyl group into the 
side chain produces a nitrostilbene, a substance 
showing no tendency to react by addition or 
polymerization. I t  is converted by alcoholic 
ammonia into an isoxazolone oxide.4

Experimental
a-Nitro-/?- [4-methylphenyl ]-ethylene I.—While toluic 

aldehyde may be condensed with nitromethane through 
the action of alkali,5 it was found more convenient in 
working with smaller quantities (0.25 to 0.5 g. mole) 
to use a modification of the method of Knoevenagel.6 
The two components were heated under a reflux condenser 
by steam in the presence of 5% of the equivalent amount 
of amylamine for forty minutes. The yield by either 
method after crystallization from two volumes of alcohol 
was slightly better than 60%. A much better yield was 
obtained on heating with alcoholic amylamine but the 
product was contaminated with a small amount of polymer 
difficult to remove. I separated from alcohol in long light 
yellow needles, m. p. 102°.

Anal. Calcd. for CgHgNOs: C, 66.3; H, 5.5. Found: 
C, 66.0; H, 5.5.

A gelatinous precipitate difficult to filter separated 
from a warm alcohol solution of I in the presence of am­
monia or an aliphatic amine. Considerable discoloration 
may take place especially with ammonia. No good sol­
vent was found for the polymer which dried out after 
thorough washing with hot alcohol to a white powder. 
I t  gradually decomposed above 230°.

Anal. Calcd. for (CgHgNOa)*: C, 66.3; H, 5.5.
Found: C, 66.5; H, 5.6.

Ammonia did not react with a dry benzene solution of I. 
Amylamine in the absence of solvents reacted vigorously, 
producing a tar from which 4-methylbenzalamylamine and 
nitromethane were isolated and identified.

I gave no evidence of reacting with aniline. On long 
standing the oily residue was found to consist of a mixture 
of unchanged components. Similar results were obtained 
with phenylhydrazine and toluidine. No reaction took 
place between I and £-phenylenediamine dissolved in dry 
benzene even after the mixture had been heated to boiling 
and then kept at room temperature for a day. Unchanged 
amine separated out. These same substances did react 
in warm alcohol, but as the product was insoluble in al­
coholic potash and was unchanged on heating with this 
same reagent, it was not an addition product but a Schiff

(4) Worrall, T h i s  J o u r n a l , 57, 2299 (1935).
(5) Org. Syntheses, 9, 66 (1929). *
(6) Worrall, T h is  J o u r n a l , 56, 1556 (1934).

base. Recrystallized from glacial acetic acid, it appeared 
as tiny brownish-yellow needles, m. p. 188-189°.

Anal. Calcd. for C22H2oN2: C, 84.6; H, 6.4. Found: 
C, 84.3; H, 6.5.

Similar results were obtained with benzidine.
a-Nitro-/3-(4-methylphenyl)-ethylene Dibromide.—Ten 

grams of I was brominated in chloroform by heating for an 
hour under a reflux condenser. The oily residue after 
removal of solvent hardened on cooling. A small portion 
was crystallized from ligroin, separating in colorless tab­
lets, m. p. 79-80°.

Anal. Calcd. for CgHgC^NB^: Br, 49.5; Found: Br, 
49.3.

a-N itro-a- bromo- /J- [4-methylphenyl ]-ethylene.—The 
crude dibromide reacted spontaneously and smoothly 
with a warm alcohol solution of potassium acetate. After 
standing for a short time the new substance was isolated, 
separating from alcohol as lustrous yellow plates, m. p. 
67-67.5°.

Anal. Calcd. for CgH8BrN 02: Br, 33.*1. Found: Br,
32.8.

It did not polymerize in the presence of alcoholic am­
monia, neither was it observed to react with ^-toluidine or 
^-pheny lenediam ine. The corresponding chlorine de­
rivative obtained in a similar manner as narrow yellow 
plates melting a t 78-78.5° was also non-reactive.

Anal. Calcd. for C9H8C1N02: C, 54.7; H,4.1. Found: 
C, 54.3; H, 4.2.

a -  Nitro - jS - [2-nitro-4-methylphenyl]- ethylene.—The
product obtained by nitrating 25 g. of I using fuming 
acid and maintaining the temperature slightly below 20° 
was recrystallized from alcohol: yield 23 g.; m. p. 121- 
122°, after several crystallizations. I t  was identified as 
the 3-nitro derivative of I by an analysis and an examina­
tion of the oxidation product, obtained by the action of 
potassium permanganate, which did not depress an au­
thentic sample of 3-nitro-^>-toluic acid. The substance 
previously prepared by Hanzlik and Bianchi7 by the 
nitration of ̂ -methylcinnamic acid and recorded as melting 
at 117-118° probably contained some of the 2-nitro isomer. 
The original filtrate yielded 8.5 g. of material melting at 
70-75°. By repeated crystallizations a small quantity 
of tiny pale yellow needles was obtained that had a con­
stant melting point, 96-97°.

Anal. Calcd. for CgHsNgC^: C, 51.9; H, 3.8. Found: 
C, 51.5; H, 3.9.

I t  was unchanged by nitric acid while the melting point 
was depressed by the 3-nitro isomer. I t  seems safe to con­
clude that the substance was the 2-nitro derivative of I, 
although it still may have contained some of the isomer.

a-N itro-0-anilino- (3-[3-nitro-4-methylphenyl ]-ethane 
III was obtained by heating, until solution was complete, 
the two components in the presence of alcohol. Crystals 
gradually formed on standing. I l l  separated from alcohol 
as small yellow prisms, m. p. 98-99°. As with all of these 
addition compounds, some decomposition took place at 
the melting point which accordingly varies depending upon 
the rate of heating. I l l  was soluble in alcoholic potash.

Anal. Calcd. for Ci5H16N30 4: C, 59.8; H, 5.0. Found: 
C, 59.5; H, 5.0.

(7) Hanzlik and Bianchi, Ber., 32, 2287 (1899).



Dec., 1938 Ammonia and Amines on 4-Methylnitrostyrene 2843

o-Nitro-j8-toluidino-/?- [3-nitro-4-methylphenyl ]-eth- 
ane.—Prepared in a similar manner it separated from al­
cohol as bright yellow sparkling plates, m. p. 135-136°, dec.

Anal. Calcd. for C16H1704N3: C,61.0; H, 5.4. Found: 
C, 60.7; H, 5.4.

N , N ' - ( « , [3 - N itro - 4 - me thylphenyl ] -  0, /F-dinitro-di- 
ethyl)-£-phenylenediamine.—Yellow crystals quickly 
formed on heating II  and ^-phenylenediamine in alcohol 
until dissolved. No good solvent was found although the 
substance crystallized from acetone as tiny pale yellow 
plates, melting with decomposition a t 152-153°. I t was 
dissolved readily by alcoholic potash.

Anal. Calcd. for C24H24NeOs: C, 55.0; H, 4.6. Found: 
C, 55.4; H, 4.8.

II readily formed a polymer with alcoholic ammonia, an 
amorphous powder melting with decomposition at 198- 
200°. I t  was not examined further.

« ,« '-( [3-Nitro-4-methylphenyl]-/3,/3'-dinitrodiethyl) - 
amine, IV.—It was obtained by dissolving 2 g. of II in 100 
cc. of dry benzene which was then saturated with dry am­
monia. The mixture after standing for several hours in a 
closed container was allowed to evaporate spontaneously 
to a small bulk. The nodular crystalline aggregates that 
appeared were crystallized from alcohol. This must be 
done cautiously and in small lots as the substance is de­
stroyed easily by hot alcohol solutions. Small colorless 
flat needles melting at 147° with decomposition were ob­
tained. IV was insoluble in alcoholic potash and was not 
observed to form a salt with acids, although it was soluble 
in coned, hydrochloric acid.

Anal. Calcd. for CisHigNèOs: C, 49.9; H, 4.4. Found: 
C, 50.1; H, 4.5.

a-Nitro - (3 - bromo - p - [3 - nitro - 4 - methylphenyl ] - ethyl­
ene.—Ten grams of the bromine derivative of I was ni­
trated, the product crystallizing from a moderately large 
volume of alcohol in clumps of small pale yellow needles, 
m. p. 105°.

Anal. Calcd.forC9H7BrN204: C,37.6; H,2.4. Found: 
C, 38.1; H, 2.7.

Repeated crystallization from alcohol of the residue left 
in the original mother liquor produced eventually a sub­
stance that separated from ligroin as tiny yellow needles, 
m. p. 82-83°. This isomer, the 2-nitro derivative, on 
analysis gave data identical with those reported for the 3- 
nitro compound and in the one experiment tried did not 
form an addition compound. Only negative results were 
obtained in attempts to form addition compounds of the 
new 3-nitro derivative with aromatic amines, or to obtain 
a polymer. The odor of bromonitromethane was evi­
dence that some hydrolysis occurred, but even with phenyl- 
enediamine no Schiff base was isolated from the black tar 
that formed.

«-Nitro-/3-chloro- (3-[3-nitro-4-methylphenyl] -  ethyl - 
ene.—Nitration of the chlorine derivative of I resulted in 
small pale yellow needles (from alcohol), m. p. 107-108°.

Anal. Calcd. for C9H7C1N20 4: C, 44.5; H, 3.3. Found: 
C, 44.9; H, 3.1.

No search was made for the isomer probably present. 
All attempts to form addition compounds with the chloro 
derivative were fruitless.

«-Nitro-a  -methyl- /3-[4-methylphenyl] -ethylene, V.—
This substance obtained from nitroethane and toluic al­
dehyde using amylamine separated from petroleum ether 
as yellow prismatic needles, m. p. 55°; yield approximately 
50%. .

Anal. Calcd. for CioHnN02: C, 67.8; H, 6.2. Found: 
C, 67.4; H, 6.1.

All attempts to form addition compounds using am­
monia, ^-toluidine and ^-phenylenediamine failed, also 
attempts to prepare a polymer. A small amount of V 
was brominated in the customary manner and the oil-like 
product heated under a reflux condenser with potassium 
acetate for four to five hours. The. mixture was worked 
up yielding a pale yellow oil. With this impure sample 
only negative results followed attempts to form an addi­
tion compound with toluidine.

«-Nitro - «-methyl - /3- (3 - nitro - 4 - methylphenyl)-ethyl- 
ene, VI.—Nitration of V gave a substance separating from 
ligroin as narrow yellow plates, m. p. 72-73°.

Anal. Calcd. for C10H10N2O4: C, 54.1; H, 4.5. Found: 
C, 54.0; H, 4.7.

« - Nitro-«-methyl-/3-(£-toluidino)-j3-[3-nitro-4-methyl- 
phenyl ]-ethane.—^-Toluidine formed an addition com­
pound with VI after several hours. I t  separated from al­
cohol in clusters of bright golden platelets, m. p. 109-110°,
dec.

Anal. Calcd. for Ci7H i9N30 4: C, 62.0; H, 5.8. Found: 
C, 62.1; H, 5.8.

On mixing VI with a warm alcohol solution of ^-phenyl- 
enediamine a black tar quickly formed from which, by di­
gestion with warm alcohol, a crystalline product was ob­
tained. I t  crystallized from acetone in tiny hair-like pale 
yellow crystals, m. p. 254-255°. As it was stable toward 
alkali and therefore not an addition compound, the sub­
stance was not examined further.

3,5-Dipheny 1-4-(4-methylphenyl) Isoxazolone Oxide.— 
A suspension of 10 g. of 4-methylnitrostilbene in 50 cc. of 
alcohol was saturated with ammonia. The melting point 
of the product, removed at the end of an hour, indicated a 
mixture. I t  was heated with hydrochloric acid to de­
stroy the condensation product of aldehyde, phenylnitro- 
methane and ammonia otherwise difficult to remove.6 
The residue separated from a large volume of alcohol in 
long slender needles, m. p. 171-172°.8

Anal. Calcd. for C22H190 2N: C, 80.2; H, 5.8. Found: 
C, 80.2; H, 5.9.

Dibenzoyl-4-methylphenylme thane Monoxime.—The
filtrate from VII after steam distillation and crystalliza­
tion from ligroin yielded a small amount of needle-like 
crystals, easily soluble in alcohol, m. p. 160-161°.

Anal. Calcd. for C22Hi9N0 2: C, 80.2; H, 5.8. Found: 
C, 79.8; H, 5.9.

I t is quickly changed by hot hydrochloric acid into the 
corresponding isoxazole.

(8) Meisenheimer and Matarbeiter, Ann., 468, 254 (1929), ob­
tained, as a by-product in the preparation of 4-methylnitrostilbene, a 
small amount of white needle-like crystals melting at 168° and spar­
ingly soluble in methyl alcohol. Based on an analysis the formula 
C21H19NO2 was deduced for the unknown substance, which was prob­
ably VIT.
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3,5-Diphenyl-4-(4-methylphenyl)-isoxazole was obtained 
from VII by the action of hot alcoholic potash as needles, 
m. p. 198°.

Anal. Calcd. for C^H^NO: C, 84.9; H, 5.5. Found: 
C, 84.7; H, 5.5.

5 - (4-Bromophenyl)-4-(4-methylphenyl)-3-phenylisoxa- 
zolone Oxide.9—A suspension of 3 g. of ^-bromoplienyl- 
nitromethane and VII in 50 cc. of alcohol was saturated 
with ammonia. The product after an hour was dissolved 
in alcohol separating as feathery needles, in. p. 182-183°; 
yield 2.5 g.

Anal. Calcd. for C22Hi8N02Br: C, 64.7; H, 4.4.
Found: C, 65.1; H, 4.6.

5 - (4-Bromophenyl)-4-(4-methylphenyl)-3-phenylisoxa- 
zole.—Obtained from the isoxazolone oxide it separated 
from alcohol in hair-like needles, m. p. 175°.

(9) It has been assumed that this substance resulted rather than 
the isomeric 3-(4-bromophenyl)-5-phenyl derivative; see Kohler 
and Richtmyer, This J o u r n a l , 50, 3092 (1928).

Anal. Calcd. for C22Hi6BrNO: C, 67.7; H, 4.1.
Found: C, 67.6; H, 4.3.

Summary
I t  has been shown th a t the presence of an 

alkyl group in the aromatic ring of nitrostyrene 
prevents addition reactions with ammonia and 
aromatic amines, bu t does not stop polymeriza­
tion. An alkyl group in the side chain partially 
blocks the addition reaction and completely stops 
the tendency to polymerize. Halogen has a 
similar effect. Both reactions are suppressed by 
a phenyl group in this position. The presence of 
a nitro group in the ring partially restores the 
addition tendency, bu t has no noticeable influence 
on polymerization.
M ed fo r d , M a s s . R e c eiv ed  S e pt e m b e r  21, 1938

[A C o n t r ib u tio n  from  the  P earson  M emorial L aboratory  of T u f t s  C o l l eg e ]

The Action of p-Toluidine and p-Phenylenediamine on Substituted Nitrostyrenes
B y  D av id  E . W orrall and  F r e d e r ic  B en in g t o n

I t  was shown in a previous communication1 
th a t the tendency of a nitrostyrene to form an 
addition compound with an aromatic amine, 
which is rather limited in the mother substance, 
may be modified by the introduction of certain 
groups into the molecule. In  the hope of finding 
a more active combination, a number of unsatu­
rated nitro compounds have been prepared and a 
study made of their additive power. ^-Toluidine 
and ^-phenylenediamine, most powerful of the 
primary aromatic amines for reactions of this 
type, were selected to test the reactivity.

The results clearly indicate th a t an addition 
reaction between an aromatic amine and a sub­
stituted nitrostyrene is relatively uncommon and 
even more circumscribed than with the parent 
substance. No reaction takes place with the 
unsaturated nitro compounds prepared from alde­
hydes containing hydroxy, methoxy or methyl­
ene oxy groups. The presence of a nitro group 
in the ring on the contrary enhances the additive 
capacity and even may restore the lost activity 
of a substituted nitrostyrene. Halogen also has 
a favorable influence as the most active substance 
in the list contains a chlorine as well as a nitro sub­
stituent. p -Phenylenediamine is more reactive 
than ^-toluidine with these particular substances.

(1) This J o u r n a l , 60, 2841 (1938).

a -  Nitro - p - (2 - methoxyphenyl) - ethylene.—This sub­
stance, prepared by condensing o-methoxybenzaldehyde 
with nitromethane in the presence of triethylamine,2 
separated from alcohol in the form of yellow prismatic 
crystals, m. p. 50°.

Anal. Calcd. for C9H9NOs: C, 60.3; H. 5.0. Found: 
C, 60.1; H, 5.1.

a-Nitro-p - (2 - methoxy - 4 - nitrophenyl) - ethylene.—The 
product obtained by the action of fuming nitric acid crys­
tallized from alcohol as yellow plates, m. p. 175-176°.

Anal. Calcd. for C9H8N20 6: C, 48.2; H, 3.6. Found: 
C, 48.7; H, 3.9.

The isomeric 2-nitro-4-methoxy compound obtained in 
a similar manner formed microscopic canary yellow crys­
tals from alcohol, m. p. 145-146°.

Anal. Calcd. for C gH sN ^: C, 48.2; H, 3.6. Found: 
C, 47.9; H, 3.8.

The following procedure was used in testing the addition 
ability of the nitrostyrenes with ^-phenylenediamine and 
£-toluidine. To a filtered solution containing the correct 
amount of the base in alcohol was added 1 g. of the un­
saturated compound. The mixture was heated until all 
of the solid phase had disappeared, adding more solvent if 
necessary. The addition product usually appeared within 
a few minutes. No good solvent was found for the phen­
ylenediamine derivatives although they are somewhat 
soluble in acetone. The crude products were purified 
by thorough extraction with hot alcohol. The 2-nitro 
and 3-nitro derivatives may have contained traces of 
colored impurities. All melted with decomposition and 
were dissolved readily by alcoholic potash. Shaking

(2) Worrall, ibid., 56, 1556 (1934).
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T a b le  I
p -P h e n y le n e d ia m in e  A dditio n  Com po u n d s3

Analyses, %
Calcd. Found

-Nitrostyrene Appearance M. p., °C. Formula c H C H
2-Nitro Brownish-red plates 147 C22H20N6O8 53.2 4.0 53.5 4.4
3-Nitro Red microscopic cryst. 168 C22H20N 608 53.2 4.0 52.9 4.3
4-Nitro Yellow microsc. cryst. 172 C22H20N6O8 53.2 4.0 53.1 4.2
2-Methoxy-4-nitro Orange plates 157-158 C24H24N6O10 51.8 4.3 52.1 4.2
2-N itro-4-chloro Golden plates 156-157 C22H18Cl2N &Os 46.7 3.2 46.4 3.5

with coned, hydrochloric acid caused disappearance of 
color. The white microscopic crystals of the salt that 
promptly appeared were analyzed in one instance (3-nitro 
derivative) and found to agree with the calculated value.

« - N i t r o t o l u i d i n o ) - / 3 - ( 2 - n i t r o  - 4 - chlorophenyl)- 
ethane.—Obtained in the customary manner it crystallized 
from alcohol in the form of brownish-yellow plates, m. p. 
136-137°, dec. I t  was observed to form a hydrochloric 
acid salt.

Anal. Calcd. for C16HhC1N30 4: C, 53.4; H, 4.2. 
Found: C, 53.1; H, 4.1.

No reaction was observed between toluidine and the 
other nitrostyrenes reacting with ^-phenylenediamine.

(3) In naming these substances they may be regarded as substi­
tuted phenyl derivatives of N,N'-[(a,a-diphenyl)-/3,/3'-dinitrodi- 
ethyl ]-£-phenylenediamine.

Negative results with both ^-toluidine and £-phenylene- 
diamine followed attempts a t addition with the following: 
2-methoxy, 4-methoxy, 2-nitro-4-methoxy, 2,4-dimethoxy,
2,4-dimethoxy-6-nitro, 3-methoxy-4-hydroxy, 3,4-oxy- 
methylene and 4-chloronitrostyrenes. Furfurylidene also 
was without action.

Summary

p -Phenylenediamine forms addition com­
pounds with the three mononitro, 2-methoxy-4- 
nitro and 2-nitro-4-chloronitrostyrenes. ^-Tolui- 
dine acts similarly with 2-nitro-4-chloronitrosty- 
rene. Neither substance reacts with other nitro­
styrenes prepared from the common aldehydes. 
M edford , M a ss . R e c eiv ed  S e ptem ber  21,1938

[C o n t r ib u t io n  from  t h e  P earson  M em orial  L aboratory  of T u ft s  C o l l eg e ]

The Action of Aromatic Amines on 4-Nitro-2-chloronitrostyrene

By David E. Worrall

In  a recent investigation relating to the additive 
capacity of substituted nitrostyrenes,1 it was dis­
closed th a t the 2-nitro-4-chloro derivative repre­
sented an unusually active combination as meas­
ured by ^-toluidine and ^-phenylenediamine. 
The isomeric 2-chloro-4-nitro compound (II) has 
been found to be much more reactive, so the pres­
ent communication is concerned with a study of 
this capacity toward a variety of organic bases 
containing mobile hydrogen.

II  is decidedly more reactive in some respects 
than  nitrostyrene itself. I t  forms, for example, 
addition compounds with o- and m-toluidines as 
well as />-anisidine. On the  other hand, it does 
not react, a t least under similar experimental con­
ditions, with aniline or /3-naphthylhydrazine, both 
of which add to nitrostyrene. I t  is believed th a t 
the failure to obtain similar compounds with II  
is the consequence of an increased tendency for 
destructive oxidation-reduction reactions origi­
nating in the nitro groups. This also explains the 
formation of black tars when II  is heated with

hydrazine or hydroxylamine and the rapid destruc­
tion of the ammonia addition product by alcohol.

Experimental
«-Nitro-/3-(2-chlorophenyl)-ethylene (I).—Obtained by 

the action of triethylamine3 2 it crystallized from alcohol as 
long yellow needles, m. p. 48°.

Anal. Calcd. for C8H6C1N02: C, 52.3; H, 3.3. Found: 
C, 52.1; H, 3.5.

«-Nitro-/3-(2-chloro-4-nitrophenyl)-ethylene (Ü).—The
product from the nitration of 10 g. of I separated from al­
cohol in the form of slender pale yellow needles, m. p. 
149-150°, yield 7.5 g.

Anal. Calcd. for C8H5C1N204: C, 42.0; H, 2.2. Found: 
C, 41.9; H, 2.5.

«-Bromo- «-nitro - p - (2- chloro - 4 - nitrophenyl) - ethylene
(III).—Five grams of II after bromination was treated 
with alcoholic potassium acetate producing after crys­
tallization from alcohol 3.5 g. of yellow prismatic needles, 
m. p. 132-133°.

Anal. Calcd. for CsILBrClNA: C, 31.2; H, 1.3. 
Found: C, 31.1; H 1.6.

In a similar manner I was changed into the monobromo 
derivative, yellow needles melting a t 60-61°.

(2) Worrall, T h i s  J o u r n a l , 56, 1556 (1934). No polymer forma­
tion observed.(1) Worrall and Benington, T h i s  J o u r n a l , 60, 2844 (1938).
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T a ble  I
/3-Derivatives of a-NiTRO-/?-(2-CHLORO-4-NiTROPHENYL)-ETHANE

A n a ly s e s , %
Calcd. Found '

Substance Formula Cryst. form M. p., °C. c H C H
o-Toluidino C15H14CIN3O4 Golden narrow plates 117-118 53 .6 4 .2 53 .7 4 .3
w-Toluidino C15H14CIN3O4 Golden narrow plates 127-128 53 .6 4 .2 54.1 4 .4
£-Toluidino Q 5HHCIN3O4 Golden narrow plates 130-131 53 .6 4 .2 5 4 .0 4 .5
/>-Anisidino CisHhCINjA Yellow plates 88-89 51 .2 4 .0 5 0 .8 4 .1
Phenylhydrazino Ci4HlsClN4C>4 Orange prisms 133-134 4 9 .9 3 .9 4 9 .6 4 .0
p-T  olylhy drazino C16H16C1N404 Golden plates 127-128 51 .3 4 .3 5 1 .3 4 .5

D erivatives of (a ,a f■-Di-(2-chloro-4-nitrophenyl)-/3,/3'-dinitrodiethyl)
Ammonia CxeEbChNfiOs Pale yellow narrow plates 118-119 4 0 .5 2 .8 4 0 .4 3 .1
^-Phenylenediamine C22H18CI2N6O8 Brownish-yellow platelets 201-202 4 6 .7 3 .2 4 6 .9 3 .5
Benzidine C28ÏÏ22CI2N 80 8 Yellow microscopic 137-138 5 2 .4 3 .4 5 2 .7 3 .6

Anal. Calcd. for C8H5BrClN02: C, 36.6; H, 1.9. 
Found: C, 37.0; H, 2.2.

N,N' - (a,a' - Di - (2 - chlorophenyl) - - dinitrodiethyl)-
-̂phenylenediamine.—^-Phenylenediamine, but not p- 

toluidine, formed an addition compound with I, separating 
from an alcohol solution of the components as irregular 
yellow plates melting with decomposition at 147-148°.

Anal. Calcd. for C^HaoChN^O*: C, 55.6; H, 4.2. 
Found: C, 56.1; H, 4.5.

a - Bromo-a-nitro-/3-( 2-chloro - 4 - nitrophenyl)-/3-/>-tolui- 
dino-ethane.—III reacted in alcohol with ^-toluidine pro­
ducing gold yellow platelets, m. p. 138°, dec. A slight 
odor of monobromonitromethane was noticed.

Anal. Calcd. for Ci6Hi8BrClN80 4: C, 44.3; H, 3.1. 
Found: C, 43.5; H, 3.3.

No addition reactions were observed with aniline or m- 
toluidine, but ^-phenylenediamine produced tiny brown­
ish needles. This material which melted indefinitely with 
marked decomposition gave a poor analysis and was not 
examined further.

A uniform procedure was used with II. Five-tenths 
gram of the nitro compound was weighed out carefully, 
together with the equivalent amount of the base and a 
few cc. of alcohol. The mixture was heated until solution 
was completed. The reaction, if it went a t all, usually 
started in a few minutes. The phenylenediamine reac­

tion started in less than one minute, while the o-toluido 
compound did not form for an hour. The products 
were recrystallized from alcohol, except those obtained 
with the diamines which were thoroughly washed with 
hot alcohol. The substance obtained from ammonia, using 
dry benzene as a solvent,3 was decomposed rapidly by al­
cohol; therefore it was crystallized from a benzene- 
ligroin mixture. All of the above-mentioned addition 
products melted with decomposition.

Negative results ensued with aniline, w-anisi- 
dine, /3-naphthylamine, /3-naphthyl- and w-tolyl- 
hydrazines, and m-phenylenediamine. Destruc­
tive decomposition occurred with hydroxylamine, 
hydrazine, and piperidine.

Summary

4-Nitro-2-chloronitrostyrene is unusually reac­
tive with aromatic amines and for the first time 
(with a nitrostyrene) addition compounds have 
been obtained with o- and m-toluidines as well as 
^-anisidine.
M edford, M a ss. R eceived September 21, 1938 3

(3) T h i s  J o u r n a i ., 60, 2S43 (1938).
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The Mechanism of Carbohydrate Oxidation. XXIV.1 The Action of aldehydo-d- 
Glucose and of aldehydo-d-G al& ctose in Alkaline Solutions2
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When d-glucopyranose and rf-galactopyranose 
are treated with aqueous solutions of potassium 
hydroxide, lactic acid is formed in amounts which 
are dependent upon the concentration of the alkali 
used and the tem perature employed. Shaffer 
and Friedem ann3 have found th a t the yields of 
lactic acid obtained from alkaline solutions of di- 
hydroxyacetone are also a function of the con­
centration of the triose.

The reaction mechanism, which has been used 
to account for lactic acid formation in alkaline 
solutions of certain hexoses and other carbohy­
drates, involved a rupture of the oxidic structure 
with the resulting intermediate formation of the 
corresponding aldehydo structure. The next 
stage of the reaction assumed the fragmenta­
tion of the hypothetical hexose enediols4 derived 
from the aldehydo sugar thus formed, an action 
which has been postulated as the third one in 
the series of changes resulting in lactic acid forma­
tion. This la tter step should yield pyruvic alde­
hyde, the precursor of lactic acid, and, in addi­
tion, other products of fewer carbon atoms than 
the original carbohydrate. This has been found 
to be true. Nef4 and Schmidt5 have postulated 
mechanisms for the rupture of the hypothetical 
enediols formed by alkaline solutions of reducing 
sugars.

The discovery of aldehydo-d-glncose and alde- 
hydo-d-galactose pentaacetates by Wolfrom6 has 
made it possible to test the validity of the postu­
late th a t the aldehydo sugars, if formed as inter­
mediates in the alkaline fragmentation of reduc­
ing carbohydrates, should yield lactic acid as one 
of the reaction products. To establish the va­
lidity of this assumption experimentally was the 
principal objective of this study.

(1) Number XXIII of this Series, Harry Gehman, Leonard C. 
Kreider and Wm. Lloyd Evans, This J o u r n a l , 58, 2388 (1936).

(2) Abstracted from a thesis presented by Roy Joseph Plunkett 
to the Graduate School of The Ohio State University in partial 
fulfilment of the requirements for the degree, Doctor of Philosophy.

(3) P .  A .  S h a ffe r a n d  T .  E .  F r ie d e m a n n , J. Biol. Chem., 86, 3 4 5  
( 1 9 3 0 ) .

(4) J. U. Nef, Ann., 335, 191 (1904); 357, 214 (1907); 376, 1 
(1910); 403, 204 (1913).

(5) Otto Schmidt, Chem. R ev., 17, 137 (1935); Ber., 68, 60, 795 
(1935); cf. C. Neuberg, ibid., 505.

(6 )  M. L. Wolfrom, T h i s  J o u r n a l , 51, 2188 (1929); 52, 2464
(1930).

Experimental P art
1. aldehydo-d-Glucose Pentaacetate and aldehydo-d- 

Galactose Pentaacetate.—These compounds were pre­
pared according to the methods of Wolfrom.6

2. Reagents.—All reagents used throughout these 
experiments were examined for their purity by appropriate 
physical and chemical methods.

3. Apparatus, (a) Volatile Acid Distillation.—A 500- 
ml. round-bottomed flask, bearing a small separatory 
funnel and an aspirator, was connected through a Kjeldahl 
bulb and an adapter to the top of an upright coil condenser. 
The delivery end of the condenser dipped into a layer of 
water about 1 cm. in thickness contained in a 750-ml. 
suction flask. Heat was supplied through a water-bath 
and the whole system was evacuated by means of a water 
pump.

(b) Extraction Apparatus.—-Modified Soxhlet7 apparatus 
was used to extract the lactic acid.

(c) Volumetric Apparatus.—All volumetric apparatus 
was carefully calibrated by the usual well-known methods.

4. Analytical Procedures, (a) Determination of Lac­
tic Acid.—The procedure for lactic acid was essentially the 
same as that reported by Nadeau, Newlin and Evans.8 
Only the procedure used for j3-d-glucopyranose pentaace­
tate will be described since the same procedure with slight 
modifications was used throughout this work.

A small glass vial (18 X 50 mm.) was charged with j8-d- 
glucopyranose pentaacetate (2.4385 g. = Vi6o mole) and 
placed upright in a 150-ml. carbon dioxide flask containing
12.5 ml. of potassium hydroxide solution of the desired 
concentration. The flask was closed with a rubber stop­
per bearing two outlet tubes and a copper wire. The 
wire was used to hold the vial and its contents in an up­
right position until the time of mixing. The flask was 
then evacuated and filled with nitrogen gas, which had 
been scrubbed with ferrous sulfate and alkaline pyrogallol 
to remove any oxygen. The evacuation and introduction 
of nitrogen was repeated twice. The flask and its con­
tents were then placed in the thermostatically controlled 
water-bath and then allowed to come to the temperature 
equilibrium. After ten minutes the copper wire was pulled 
out and the contents of the vial spilled into the potassium 
hydroxide solution. The flask and contents were agi­
tated in the thermostat for a period of forty-eight hours 
(except in the case of the time runs) after which the flask 
was removed, a 5-ml. sample of the contents pipetted into 
a tared weighing bottle and the density determined. After 
the density determination the sample was returned to the 
flask, the stopper, pipet and bottle washed with distilled 
water, and the potassium hydroxide neutralized with 12.5 
ml. of phosphoric acid of the appropriate molarity.

(7) W . L .  E v a n s ,  R .  H .  E d g a r  a n d  G .  P .  H o ff, ibid., 48, 2 6 6 5  
(19 2 6 ).

(8) G .  F .  N a d e a u , M . R .  N e w lin  a n d  W , L .  E v a n s ,  ibid,, 5 5 , 4 9 5 7  
( 1 9 3 3 ) .
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The vial was then removed and the neutral solution 
treated with carboraffin, filtered, transferred to a 500-ml. 
round-bottomed flask and evaporated to dryness under 
a water pump vacuum at 50°. Forty ml. of water (in
10-ml. portions) were added to the residue and evaporated 
off to effect the completeness of the removal of acetic and 
formic acids. The residue was dissolved in a small amount 
of water (50-100 ml.) and transferred to the Soxhlet ex­
tractor, after which the aqueous solution was extracted 
for forty-eight hours with ether. The Sy flask contained 
a few grams of zinc carbonate and 50 ml. of water in addi­
tion to the ether. At the end of the forty-eight hour period 
the ether was evaporated off and the aqueous solution 
treated with carboraffin and boiled for a few minutes to 
complete the reaction between the zinc carbonate and 
lactic acid. The carboraffin and excess zinc carbonate 
were filtered off and the filtrate transferred to a 4-inch 
(10-cm.) evaporating dish and evaporated to dryness on a 
water-bath maintained a t a temperature of about 50 °. 
The crystallized zinc lactate trihydrate was treated with a 
minute amount of cold water and about 2 ml. of cold 95% 
ethanol and cooled to 0°. The crystalline salt was trans­
ferred to a tared Gooch crucible and washed with a few 
ml. of anhydrous ether. The salt was dried at 40-45 ° in a 
vacuum oven and examined quantitatively for its water 
of hydration and zinc oxide content. The filtrate and 
washings were evaporated for a second crop of zinc lactate 
trihydrate.
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Fig. 1.—Lactic acid yields from d-glucopyranose ex­

pressed as a function of the original alkali normality and 
the final normality obtained after applying the necessary 
correction due to the expansion of the reaction mixture.

(b) Saccharinic Acids.—The aqueous solutions remain­
ing after the extraction of lactic acid were evaporated to 
dryness and the residue freed from moisture by drying in a 
vacuum oven at 65 °. The dried residue was placed in a 
bottle, covered with about 50 ml. of absolute ethanol, the 
bottle stoppered, and then allowed to stand for several 
days at room temperature. The mixture was next di­
gested on the hot-plate for two to three hours and filtered 
through a Büchner funnel, the phosphate residue being 
washed with absolute ethanol. The filtrate and washings 
were transferred to a 250-ml. beaker, water added, and the 
alcohol evaporated off. An excess of zinc carbonate was 
added and the mixture digested on the hot-plate for several 
hours. This was necessary because it was found by titra­
tion that the saccharinic acids were present in the form of 
their lactones, which hydrolyzed slowly. After the com­
pletion of the reaction between the saccharinic acid and 
zinc carbonate the excess zinc carbonate was filtered off, 
the filtrate concentrated to low volume and transferred to a

tared crucible. The liquid in the crucible was evaporated 
to dryness, the crucible weighed and the zinc saccharinate 
roasted to zinc oxide and the crucible reweighed. The 
ratio of zinc oxide/zinc saccharinate indicated that the 
saccharinic acids were largely CeH^Oe, i. e.t rearranged 
hexoses.

5. Effect of Expansion on Alkali Normality.—In com­
paring the lactic acid yields obtained from the penta- 
acetates of d-glucopyranose and d-galactopyranose with 
those of d-glucopyranose and d-galactopyranose them­
selves, it was desired to plot the amount of lactic 
acid produced as a function of the normality of the alkali. 
To make the data comparable it was necessary to apply a 
correction factor to the alkali concentration used with the 
pentaacetates to account for the potassium hydroxide 
used up in neutralizing the acetic acid formed by the hy­
drolysis of the acetates.

In this manner, using equivalent quantities of the various 
sugars, it was thought that the amount of sugar and the 
alkali concentration in the solutions were comparable. 
However, in some preliminary experiments by Mr. L. C. 
Kreider,9 of this Laboratory, and ourselves, it was noted 
that when /3-glucopyranose pentaacetate was dissolved in 
potassium hydroxide there was an appreciable expansion in 
volume. Thus it became necessary to determine ex­
perimentally the magnitude of this expansion for the 
acetylated sugars and for the sugars themselves and to 
make suitable corrections for the change in alkali normality 
before strict comparisons could be made.

From the density of the solutions and the weight of ma­
terials originally used, the volume and the potassium hy­
droxide concentration of the reacting solution were calcu­
lated easily. This value is only as accurate as our method 
used in determining the density. The density measure­
ments could be reproduced within 1%, which is sufficiently 
accurate for this work. The expansion in all cases for 
the pentaacetyl derivatives was found to be approximately 
18%, while that of d-glucopyranose was approximately 
8%. Our experience shows tha t the volume change was 
inappreciable during the time of the experiment.

In Fig. 1 are shown the effects of the correction for such 
expansion on the character of the lactic acid curve ob­
tained from d-glucopyranose a t 50 °, while in Fig. 2 similar 
data are plotted for /3-d-glucopyranose pentaacetate. 
The curves for d-glucopyranose and /3-d-glucopyranose 
pentaacetates are not greatly changed, except in the points 
being shifted in a direction parallel to the potassium hy­
droxide axis. However, the curve for aldehydo-d-glucose 
pentaacetate is altered quite appreciably (Fig. 3). The 
same relationships are true a t least qualitatively for all of 
the experimental data herein reported.

In connection with the density dèterminations it should 
be pointed out that Powell10 in studying the velocity of 
decomposition of dextrose and fructose by alkalies, meas­
ured the change in volume during the reaction by means of 
a very delicate dilatometer. He noted that for a reaction 
volume of about 15 ml. (sugar concn. = 0 . 4  M) the ex­
pansion was of the order of magnitude 0.15 ml. This ex­
pansion would lie within our experimental error.

(9) Harry Gehman, L. C. Kreider and W. L. Evans, This Jour­
na l , 58, 2388 (1936).

(10) C. W. R. Powell, J. Chem. Soc., 107, 1335 (1915).
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Fig. 2.—Lactic acid yields from j3-J-glucopyranose 

pentaacetate expressed as a function of the original al­
kali normality and the final normality obtained after 
applying the necessary correction due to the expansion 
of the reaction mixture.

The increase in volume of our solutions caused a de­
crease in the sugar concentration. We were interested to 
learn if this decrease would have any effect on the lactic 
acid production. To check this point, varying amounts of 
d-glucopyranose (2.0000-2.5000 g.) were treated with 25 
ml. of 3.221 N  potassium hydroxide. The amount of lac­
tic acid produced is 0.95 mole per mole of J-glucopyranose 
over this range of concentration. Thus the lowering of 
the sugar concentration by the increase in volume had no 
effect on lactic acid production, under our experimental 
conditions. These results are in quantitative agreement 
with those of Shaffer and Friedemann,3 who found that 
the yield of lactic acid from 5 N  sodium hydroxide solu­
tions containing 100-500 mM. equivalents of glucopyran- 
ose is 1.05-1.01 moles. The concentration of sugar in our 
experiments was in no case far removed from 500 mM. 
equivalents.

Normality of KOH.
Fig. 3.—Lactic acid yields from aldehydo-d-ghicose 

pentaacetate expressed as a function of the original al­
kali normality and the final normality obtained after 
applying the necessary correction due to the expansion 
of the reaction mixture.

The Effect of Time on the Lactic Acid Production.—In a
comparative study of this type it is necessary that the re­
actions proceed to completion. At first it was thought 
that the differences in lactic acid production might be due 
to different reaction rates. This point was cleared up by 
running d-glucopyranose, jS-d-glucopyranose pentaacetate 
and aldehydo-d-ghicose pentaacetate in approximately 3 N  
potassium hydroxide for various periods of time from five 
minutes to forty-eight hours. Reference to Fig. 4 shows 
that the yield of lactic acid increases rapidly with time,

reaching a constant value in about four hours. The quan­
titative differences between the three curves are obvious 
in Fig. 4. The data show definitely that the reaction was 
completed in the forty-eight-hour period.
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Fig. 4.—Lactic acid yields obtained from alkaline solu­
tions of J-glucopyranose, /3-d-glucopyranose pentaacetate 
and aldehydo-d-ghicose pentaacetate expressed as a func­
tion of time.

Discussion
Lactic Acid Formation from aldehydo-Hex- 

oses.— The data  obtained in this experimental 
study concerning the behavior of aldehydo-d- 
glucose pentaacetate and aldehydo-d-galactose 
pentaacetate in alkaline solutions show conclu­
sively th a t lactic acid is formed in these reactions 
under the same conditions as were used in ob­
taining this acid from d-glucopyranose and d- 
galactopyranose, respectively. Therefore, it is
clear that the mechanism which postulates the 
intermediate formation of aldehydo structures from  
the respective pyranoid structures in  the production 
of lactic acid from the sugars seems to be well founded.

Marchlewski11 and collaborators found that 
alkaline solutions of glucose, galactose, maltose 
and arabinose give strong absorption bands in 
the ultraviolet, but after neutralization the origi­
nal continuous spectrum is restored. The band 
in the region of about 2700 A. is characteristic for 
alkaline solutions of the above carbohydrates and 
is attributed to the formation of an aldehyde 
group.

Effect of Temperature and Alkali Normality 
on Lactic Acid Formation.—Since it was neces­
sary to use aldehydo-d-ghicose pentaacetate and 
aldehydo-d-galactose pentaacetate in these experi­
ments, it followed th a t one each of the d-glnco- 
pyranose pentaacetates and d-galactopyranose 
pentaacetates should be employed throughout for 
comparative purposes. We chose /3-d-glucopy- 
ranose pentaacetate and the /3-d-galactopyranose

(11) (a) Gabryleski and Marchlewski, Biochem. Z., 261, 393 
(1933); C. A., 27, 4218 (1933); (b) Marchlewski and Urbanczyk, 
Biochem. Z., 262, 248 (1933); C. A., 27, 5004 (1933).
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pentaacetate in each case by reason of their more 
favorable solubilities.

0 2 4 6
Normality of KOH.

Fig. 5.—Lactic acid yields obtained from alka­
line solutions of aldehydo-d-ghicose pentaacetate 
at 25» 37.5, 50 and 62.5°.

(a) The yields of lactic acid obtained from the 
aldehydo-d-ghicose pentaacetate under varying 
alkali normalities a t 25, 37.5, 50 and 62.5° are 
shown in Fig. 5, while the comparative data ob­
tained from /3-d-glucopyranose pentaacetate under 
the same experimental conditions are shown in

0 2 4 6
Normality of KOH.

Fig. 6.—Lactic acid yields obtained from alka­
line solutions of j3-d-glucopyranose pentaacetate at 
25, 37.5, 50 and 62.5°.

From these two figures it is seen th a t in some 
respects J-glucopyranose pentaacetate and alde­
hydo-d-ghicose pentaacetate differ quite markedly 
in their behavior in alkaline solutions of the same 
alkali normality and the same temperature. The 
diminishing yields of lactic acid from the aldehydo 
form of the sugar after the range 2-3.5 N  has been 
passed are in marked contrast to those obtained 
from the pyranoid form. From limited experi­
mental data  available in this Laboratory it has 
become increasingly evident th a t these diminish­
ing yields of lactic acid from aldehydo-d-ghicose 
pentaacetate are compensated for by the increasing 
yields of saccharinic acids, while the increas­
ing yields of lactic acid obtained from d-ghico- 
pyranose pentaacetate are on the contrary ac­

companied by diminishing yields of the sac­
charinic acids.3 This relationship is shown in 
Fig. 7 for which the data have been gathered by 
a method which leaves much to be desired. This 
same general relationship was observed by Geh- 
man, Kreider and Evans9 in a study of the prod­
ucts obtained by the action of mixtures of cello­
biose octaacetate and dihydroxyacetone mono­
acetate in alkaline solutions. In  this connection 
it also should be noted th a t Hoff7 obtained crys­
talline d-galacto-a-saccharinic acid lactone from 
alkaline solutions of d-galactopyranose in yields 
which increased with the tem perature and the 
alkali normality.
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Fig. 7.—Saccharinic acids obtained from al­

kaline solutions of aldehydo-d-ghicose penta­
acetate and /3-i-glucopyranose pentaacetate.

We m ay classify the reactions of reducing sugars 
in alkaline solutions into the following general 
groups: (1) they m ay undergo rearrangement to 
form saccharinic acids; (2) they m ay undergo the 
Lobry du Bruyn and Alberda van Ekenstein re­
arrangement to form other reducing sugars;
(3) they m ay rearrange to form hypothetical 
enediols; (4) they m ay m utarotate; (5) they may 
form polymers; (6) they may fragment. The 
general relationship existing between the yields 
of lactic and saccharinic acids m ay be regarded as 
due to differences or equalities in the rates of the 
two reactions here sho.wn
Fragmentation < — Reducing sugar — > Rearrangement

The fragments m ay undergo rearrangement to 
give acetic, lactic, C4 and C5 saccharinic acids, 
while the sugar itself m ay a t the same time re­
arrange to the C6 saccharinic acids. I t  has been 
pointed out by H ockett12 th a t glycol aldehyde, a

(12) W . L. E van s and R . C. H ockett. T h is Jo urn al , 52, 4065, 
ref. 14 (1930).
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theoretically possible fragmentation product of 
the saccharides, m ust be regarded as one of the 
possible sources of acetic acid when this simplest 
of all carbohydrates is reacted upon by alkalies,
i.  e., acetic acid m ust be considered the sac­
charinic acid of glycol aldehyde in quite the same 
way as lactic acid m ay be regarded as the sac­
charinic acid of glyceric aldehyde and dihydroxy- 
acetone.

}i I i I i;
^  (TGI u copy ran ose

“V—------ ! —A-

2 4
Normality of KOH.

Fig. 8.—Comparison of lactic acid yields ob­
tained from alkaline solutions of d-glucopyranose, 
j3-d-glucopyranose pentaacetate and aldehydo-d- 
glucose pentaacetate a t 25°.

From the above discussion it is evident that 
the relationship between the yields of Ce sac­
charinic acids and those containing less carbon 
atoms m ust depend on m any experimental factors 
among which are temperature, alkali normality 
and concentration of sugar studied. From Figs. 
5 and 7 it is clear th a t approximately 73% of the 
aldehydo-d-ghicose pentaacetate carbon has been 
recovered a t 50° between 2-3 N  potassium hy­
droxide as lactic and saccharinic acids. This is our 
maximum value in this series of studies. These 
reactions are accompanied by ta r formation. 
Work is now in progress in this Laboratory to ex­
tend our knowledge of these complicated systems, 
(b) From the data in Figs. 5 and 6 it is seen th a t 
the lactic acid yields from aldehydo-d-ghicose 
pentaacetate and d-glucopyranose pentaacetate 
are not necessarily a t a maximum at the highest 
temperatures. At 37.5° and in the region of lower 
alkali normalities, the two compounds seem to be 
more sensitive than  a t the other temperatures 
studied and tend to give as high yields of lactic 
acid as under more drastic conditions of alka­
linity.3 This is more especially true with the 
pyranoid structure, while with the aldehydo form 
the yields a t 37.5 and 50° from 0.6 N  to approxi­
mately 4 N  are almost the  same. I t  is to be noted 
th a t the yields of lactic acid are lower from both 
compounds a t 62.5°, a fact in harmony with

previous studies13 on d-glucopyranose, d-manno- 
pyranose and d-fructopyranose a t 75°. The lac­
tic acid data obtained by a comparative study of 
aldehydo-d-ghicose pentaacetate, d-glucopyranose, 
and /3-d-glucopyranose pentaacetate a t 25° are 
shown in Fig. 8.

Although no extensive experimental studies 
have been made of the effect of tem perature and 
different alkali normalities on the formation of 
saccharinic acids containing six carbon atoms from 
the hexoses except th a t of Hoff,7 it m ay be con­
cluded safely th a t the data obtained by such an 
inquiry will be found in general to be in accord 
with the views expressed above with reference to 
lactic and saccharinic acid formation a t 50° with 
various alkali normalities, (c) The yields of lactic 
acid obtained from aldehydo-d-galactose penta­
acetate, d-galactopyranose pentaacetate and d- 
galactopyranose a t 25 and 50° are shown in Figs. 
9 and 10, respectively. I t  is seen th a t the alde­
hydo structure seems to be more reactive than 
either of the two pyranoid structures which were 
used for comparative purposes. The aldehydo 
structure reaches a maximum production of 
lactic acid at a lower alkalinity at 50° than it 
does at 25°.
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Fig. 9.—Comparison of lactic acid yields from alka­
line solutions of d-galactopyranose, d-galactopyranose 
pentaacetate and aldehydo-d-galactose pentaacetate 
at 25°.
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Fig. 10.—Comparison of lactic acid yields from alka­

line solutions of d-galactopyranose, d-galactopyranose 
pentaacetate and dldehydo-d-galactose pentaacetate 
at 50°.

(13) (a) W. L. Evans and J. E. Hutchman, This Journal, 50, 
1496 (1928); (b) W. L. Evans and D. C. O’Donnell, ibid., 50, 2543 
(1928).
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(d) Although the galactose series does not yield 
as much lactic acid as the glucose series under our 
experimental conditions the data obtained by 
Hoff7 show th a t the formation of d-galacto-a- 
metasaccharinic acid a t 50° increases rapidly 
with increasing alkali normalities, a fact in har­
mony with the views expressed above. Whether 
there is a higher concentration of the aldehydo 
form of galactose under these conditions has not 
been established.

Effect of Potassium  Acetate on Lactic Acid 
Formation.— Since potassium acetate is formed 
in all of these reaction mixtures, it became neces­
sary to determine the extent of its influence on the 
formation of lactic acid. This was done by study­
ing the yields of this acid obtained from d-gluco- 
pyranose, aldehydo-d-ghicose pentaacetate, fi-d- 
glucopyranose pentaacetate, and a mixture of d- 
glucopyranose and potassium acetate equal to 
th a t produced by the hydrolysis of the penta­
acetates, a t 50° and a t various alkali normalities. 
The data obtained in these experiments are shown 
in Fig. 11. An examination will show th a t in

0 s 2 4 6 8 10
Normality of KOH.

Fig. 11.—Comparison of the yields of lactic acid ob­
tained from alkaline solutions of d-glucopyranose, /3-d- 
glucopyranose pentaacetate, aldehydo-d-ghicose pentaace­
tate, and mixtures of potassium acetate and d-glucopyra- 
nose.

general there is a close correspondence in the re­
sults obtained in the pyranoid structures, especi­
ally in the case of the two pentaacetates. At the 
higher alkalinities the yields of lactic acid from 
the pyranoid structures tend to become more 
nearly identical, i.  e., the data are within the limits 
of the experimental error.

Acknowledgment.—The authors wish to ex­
press their indebtedness to Drs. Leonard C. Krei­
der and H arry Gehman for valuable assistance 
rendered during the progress of this work.

Conclusions
1. (a) A comparative study has been made of 

the yields of lactic acid obtained from d-gluco- 
pyranose pentaacetate and aldehydo-d-ghicose 
pentaacetate a t 25,37.5, 50 and 62.5° in potassium 
hydroxide solutions ranging from 0.5-6 N .  (b) A 
similar study was made with d-galactopyranose 
pentaacetate and aldehydo-d-galactose pentaace­
tate  at 25 and 50°.

2. Lactic acid was obtained as a reaction 
product from the aldehydo structures as well as 
from the pyranoid structures, a fact which sup­
ports the postulate th a t pyranose sugars are con­
verted into aldehydo ones as intermediate com­
pounds in the mechanism involved in the forma­
tion of lactic acid in alkaline solutions.

3. The most striking difference in the yields 
of lactic acid obtained from the pyranoid and 
aldehydo structures of both glucose and galactose 
lies in the maximum point reached by the alde­
hydo structures after which there is a marked de­
crease in the yield of this acid.

4. (a) In  the glucose series the difference in 
lactic acid yields between the aldehydo and py­
ranoid structures has been attributed to a con­
current production of the isomeric saccharinic 
acids a t such rates as to produce this effect, 
(b) A t 50°, it  was found th a t the yields of lactic 
acid obtained from cLglucopyranose pentaacetate 
and aldehydo-d-ghicose pentaacetate bear an 
inverse relation to their respective yields of the 
saccharinic acids.

5. At 50°, the aldehydo-d-ghicose pentaacetate 
yielded the maximum amount of its carbon as 
lactic and saccharinic acids, namely, approxi­
mately 73% between 2-3 N  potassium hydroxide.

6. At 37.5° and the lower alkali normalities, 
d-glucopyranose pentaacetate seems to be more 
sensitive toward alkalies than  a t either 25, 50 or 
62.5°.
C olum bus, Oh io  R e c eiv ed  A u g u st  29, 1938
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The Composition of the Seeds of Asimina triloba

B y  J .  L . R ie b so m e r , J ohn  B ish o p  and  C h a r les  R ec to r

The m ature fru it of A s im in a  triloba (common 
name papaw) required for this investigation was 
collected from woodlands in Putnam  County, 
Indiana, about October 1, 1937, and the seeds 
were extricated from the pulp almost at once and 
allowed to air dry a t room temperature. Each 
fruit contains from two to twelve flat, oblong, 
dark brown seeds, the average weight of which 
is 0.7 g. The air-dried seeds were ground care­
fully and dried a t 100-110° for an hour in a car­
bon dioxide atmosphere. The loss in weight 
indicated a moisture content of 5.1%. The 
dried material was then extracted quantita­
tively with petroleum ether (b. p. 30-60°) and 
found to contain about 38% of a reddish-brown 
fa tty  oil. The unextracted residue was a slightly 
gray powder.

Experimental
Analysis of the Fatty Oil of Papaw Seed.—The usual 

physical and chemical characteristics of this oil were de­
termined by standard methods1 and are as follows: sp. 
gr. (25725°), 0.9296; ref. ind. (Abbe 25°), 1.4728; iodine 
no. (Hanus), 113.5; sap. value, 194,0; mean mol. wt. 
satd. acids, 307.9; mean mol. wt. unsatd. acids, 308.2; 
iodine no. unsatd. acids, 117.8; iodine no. satd. acids,
14.0 ; unsatd. acids (basis of oil) (by the lead-salt method) 
(corrected %), 85.5; satd. acids (basis of oil) (corrected 
%), 5.6; unsap. matter, %, 0.80; Reichert-Meissl no., 
1.05; acid value, 6.4; acetyl value, 18.11.

Composition of the Unsaturated Acids.—The unsat­
urated acids (270 g.) were converted into the methyl 
esters and distilled a t 4 mm.: yield 228 g.; b. p. 175- 
182°. The narrow boiling point range indicated that the 
mixture contained acids with the same number of carbon 
atoms.

Two and one-half grams of the unsaturated methyl 
esters was reduced catalytically with hydrogen. The 
product was saponified and the acid thus produced, re­
crystallized once from 95% alcohol, melted at 68-70°, 
The unsaturated acids were thus shown to consist of only 
eighteen-carbon-atom acids.

Linolenic and more highly unsaturated acids were found 
to be absent by adding bromine to a cold ether solution of 
the unsaturated acids. Another sample was dissolved in 
petroleum ether, cooled to —5° and bromine added 
slowly with stirring. A precipitate formed, was filtered 
off and recrystallized once from glacial acetic acid. The 
melting point of the product was 112.5-113.5°. This in­
dicated qualitatively the presence of linoleic acid.

The ozonolysis method of Riebsomer and Johnson2 was
(1) Jamieson, "Vegetable Fats and Oils,” Monograph Series No. 

58, The Chemical Catalog Co., Inc., New York, 1932.
(2) Riebsomer and Johnson, T h is  J o u r n a l , 55, 3352 (1933).

applied to 175 g. of the unsaturated methyl esters, and the 
methyl esters from this process fractionally distilled from 
a modified Claisen flask with the following results: at 
a pressure of 14 mm., the fractions had boiling points and 
weights of (1) 53-57°, 7.4 g.; (2) 57-88°, 4.7 g.; (3) 88- 
99°, 15.8 g. At a pressure of 4-5 mm., the fractions had 
boiling points and weights of (4) 60-121.5°, 21.8 g.; 
(5) 121.5-127.5°, 54.8 g.; (6) 127.5-155°, 30.0 g.; (7) 
155-167°, 11.9 g.; (8) 167-177°, 9.4 g.; undistillable, 15.4 
g.

Fractions 3 and 4 were put together and redistilled into 
three fractions which are designated as fractions 3a, 3b, 
and 3c. At a pressure of 14.5 mm., these fractions had 
boiling points and weights of (3a) 85-91°, 5.4 g.; (3b) 91.5°,
21.1 g.; (3c) residue, 11 g.

For the examination of the various fractions densities 
were determined at 20°, converted to densities a t 4°; 
refractive indices were determined a t 20° using the Abbe 
refractometer. The refractive index and density of frac­
tion 1 were 1.407, 0.8858. The ester was saponified and 
the acid distilled, b. p. 106-107° a t 18 mm.; found for the 
refractive index and density of the acid, 1.4150, 0.9211; 
reported for caproic acid, 1.4138, 0.927. The anilide pre­
pared from this acid melted at 94.5-95°. Mixed m. p. of 
known caproic anilide (m. p. 96°) was 94.5-95.5°. These 
data established the identity of fraction 1 as methyl 
caproate.

Fractions 2 and 3a were small and each boiled over a 
wide range. Their refractive .index, density and saponi­
fication equivalents all indicated them to be a mixture of 
methyl caproate and methyl pelargonate found in frac­
tion 3b.

For fraction 3b the refractive index and density were 
1.4210 and 0.8792. The ester was saponified and the 
acid distilled, b. p. 142-144° at 18 mm.; neut. equiv. acid, 
found 157.0; calculated for pelargonic acid, 158.1; re­
fractive index and density: 1.4309, 0.905; reported for 
pelargonic acid; 1.433, 0.907. The anilide prepared 
from this acid melted a t 55-55.5°. Reported for the 
anilide of pelargonic acid 56°. These data indicated this 
fraction to be methyl pelargonate.

Fraction 3c.—The b. p. of fraction 3c and its saponifica­
tion equivalent (137.6) indicated it to be a mixture of the 
methyl esters of pelargonic and .azelaic acids.

The refractive index and density for fraction 5 were 
1.4361, 0.9974; reported for dimethyl azelate, 1.436,
1.005. The ester was saponified and the acid recrystallized 
from water. I t  melted at 106.5°; mixed m. p. with known 
azelaic acid (m. p. 106.5°) showed no depression; neut. 
equiv. of the acid 95.1; calculated for azelaic acid 94.1. 
Fraction 5 was thus shown to be dimethyl azelate.

In a similar manner, fraction 6 was demonstrated to be 
essentially dimethyl azelate.

Fractions 7 and 8 were relatively small and boiled over 
large ranges. Saponification equivalents, refractive in­
dices. and density determinations indicated them to con-
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sist largely of dimethyl azelate admixed with the methyl 
esters of some 18 carbon monobasic acids which had not 
been cleaved by ozonolysis.

The three significant fractions for establishing the com­
position of the original unsaturated acids are 1, 3c, and 
5, which were shown to contain, respectively, caproic, 
pelargonic, and azelaic acids.

Using the same reasoning as employed by Riebsomer and 
Nesty3 these products were taken to mean that the only 
acids present in the unsaturated acids were oleic and 
linoleic. This is another case in which the double bonds 
in the natural occurring linoleic acid are found in the 9, 
10, and 12, 13, positions, which is in accord with previous 
findings.3

The iodine number of the unsaturated acids was 117.8, 
which makes it possible to calculate the percentage of 
oleic and linoleic acids.

In unsatd. 
fraction

In oil 
% acid

In oil
%  glyceride

Oleic acid 69.5 59.4 62.1
Linoleic acid 30.5 26.1 27.1

The Saturated Acids
The neutral equivalent of the saturated acids (307.9) 

indicated that the mixture contained some acids with more 
than 18 carbon atoms. Twenty grams of the saturated 
acids was converted into the methyl esters and were frac­
tionally distilled at 4 mm. using a modified Claisen flask. 
The fractions had boiling points, weights, and saponifica­
tion equivalents of (1) 160-175°, 12.5 g., 208.0; (2) 175- 
190°, 5.5 g.,.317.7; residue 1.5 g.

The saponification equivalent of fraction 1 suggested 
a mixture of methyl palmitate and methyl stearate. This 
material was redistilled into three fractions. The first
l .  2 g. of distillate (fraction la) was collected, the next
6.5 g. (fraction lb) was collected, and the last 2.0 g. to dis­
til was collected separately (fraction lc). Fraction la  
was saponified and the acid recrystallized three times from 
ethyl alcohol. The m. p. of the acid was 60-61°. Mixed
m. p. with palmitic acid was 61-62°; the m. p. of the 
anilide 88-88.5°. Mixed m. p. with known anilide of 
palmitic acid showed no depression. Fraction lc  was 
saponified and recrystallized from alcohol. The m. p. 
of the acid was 67-69°. Mixed m. p. with stearic acid 
68-70°. These data were interpreted to mean that frac­
tion 1 consisted of palmitic and stearic acids.

Fraction 2 (b. p. 175-190°) was saponified and, after 
three crystallizations of the acid from ethyl alcohol, a 
small amount of acid was left with a m. p. of 68-70°. A 
mixed m. p. with stearic acid showed no depression. The 
saponification equivalent (317.7) of this fraction indicated

that another acid with a molecular weight greater than that 
of stearic acid was present, but it was not isolated from this 
fraction.

The residue (1.5 g.) was saponified, the acid dissolved 
in ethyl alcohol, decolorized with charcoal, and allowed 
to crystallize. On the second crystallization 0.3 g. of an 
acid was isolated; m. p. 76-77°. A mixed m. p. with 
an authentic specimen of arachidic acid (m. p. 76-77°) 
showed no depression, from which it was concluded that 
arachidic acid was present.

These data do not permit a very accurate calculation of 
the percentages of the saturated acids, but if we assume 
fraction 1 to be a mixture of palmitic and stearic acids, 
fraction 2 to be a mixture of stearic and arachidic acids, 
and the residue to be largely arachidic acid it is then pos­
sible to obtain the percentages shown in the accompanying 
table. These assumptions are admittedly not entirely 
valid, especially since no account has been taken of the 
small amount of unsaturated acids present.

Palmitic acid 
Stearic acid 
Arachidic acid

In satd. fraction
41.5 
31.8
26.6

% acid % glyceride
2.3 ’ 2.4
1.8 1.9
1.5 1.54

Glycerol was shown to be present by conversion into the 
tribenzoate.

Estimation of Nitrogen, Crude Fiber, and Ash Content 
of the Seeds.—A Kjeldahl nitrogen determination on the 
ground dried seeds showed 0.1805% of nitrogen present. 
This would correspond to 1.128% of protein.

Crude fiber was determined on the dried meal after 
extraction of the oil. The percentage of crude fiber 
calculated on the basis of the dried seeds was 20.0%.

The ash content calculated on the basis of the dried 
seeds was 1.3%.

The authors wish to express their appreciation 
to Dean William M. Blanchard of this depart­
ment who was instrum ental in securing funds for 
this work from the National Research Council 
and from M r. J. K. Lilly of Indianapolis, Indiana.

Summ ary
1. The seeds from A s im in a  triloba have been 

analyzed.
2. These seeds contain about 38% of a fa tty  

oil which consists of the glycerides of oleic, lino­
leic, palmitic, stearic, and arachidic acids.

3. The protein, crude fiber, and ash content 
of the seeds have been determined.

(3) Riebsomer and Nesty, T h is  J o u r n a l , 56, 1784 (1934). G r e en c a st l e , I n d ia n a  R e c eiv ed  M arch  31, 1938
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Further Studies on the Electrical Properties of Stearate Films Deposited on Metal
B y  E l io t  F . P o rter  and  J e f f r ie s  W ym an , J r .

I. Introduction
In  two previous communications1,2 we have dis­

cussed a variety of phenomena associated with 
the contact potentials of multilayer stearate films 
built on metal slides by dipping the slides through 
stearate monolayers spread on liquid surfaces. 
Langmuir3 recently has pointed out the advan­
tages of interpreting these phenomena on the 
hypothesis th a t the potentials are due to the pro­
duction of surface charges. He also has outlined 
a mathematical analysis of the electrostatic forces 
brought into play in consequence of the potentials 
while the films are being dipped. This analysis 
suggests th a t by introducing an arbitrary voltage 
between the submerged m etal slides and the liquid 
it  should be possible to modify the behavior of the 
films and to control the potentials which they de­
velop, and Langmuir refers to observations point­
ing to this. Thus, speaking in terms of the sur­
face charge hypothesis, he states th a t “By apply­
ing potentials of a few volts between the plate 
and the metallic tray  during the deposition of 
stearate monolayers it has been found possible to 
alter the surface charge cr on X  or Y  films and to 
obtain either positive or negative values of cf 

over wide ranges of p H ”
In  the present paper we describe a variety of 

experiments which reveal new phenomena asso­
ciated with the films, and which have a bearing 
on the problem of the source and nature of the po­
tentials, particularly in relation to the surface 
charge hypothesis.

II. Effects of Liquids on Potentials Associated 
with the Films

In  this section we discuss studies on the effect of 
dipping films into various liquids, as well as elec­
tromotive force measurements involving films 
covered with liquids. In  these electromotive 
force measurements, owing to  the very high re­
sistance of the circuits due to the  films themselves 
and in some cases to the liquids as well, it was im­
possible to  make direct measurements with a po­
tentiometer. For this reason we employed a

(1) Porter and Wyman, T h i s  J o u r n a l , 59, 2746 (1937).
(2) Porter and Wyman, ibid., 60, 1083 (1938).
(3) Langmuir, ibid., 60, 1190 (1938)

bridge circuit of the type described by Du Bridge,4 
involving an F. P. 54 Pliotron.

We already have pointed ou t2 th a t dipping an 
X  film of high contact potential into water or the 
aqueous substrates from which films are obtained 
does not greatly alter its subsequent contact po­
tential in air. Nevertheless while the film is under 
the liquid its electrical behavior is like th a t of a 
film of zero potential. The same is true of Y 
films and X  films of lower potential. Thus the 
e. m. f. of the arrangement

X or Y film/liquid/X or Y film 
is always very close to zero, irrespective of the 
contact potentials of the films. This is illustrated 
by the case of two X  films of potentials 1.79 and
0.175 v. separated by a few drops of a solution 
used for forming X  films. The voltage of the 
combination was close to zero, i .  e., 0.055-0.075. 
If we think of the potential as due to internal 
charges, or to the orientation of dipoles within the 
film, the effect may be interpreted as due to the 
accumulation of a layer of compensating free 
charge, or of oriented dipoles, a t the outer face of 
the film while it is in contact with the liquid. 
On the other hand, if we regard the potential as 
due to  the presence of a layer of free charge on the 
surface, we may think of this effect as due to 
the surface being discharged by contact with the 
liquid. I t  is then, of course, necessary to assume 
th a t the surface of the film is recharged by the act 
of separating it from the liquid, since contact po­
tentials persist after the slides are dipped into 
aqueous solutions. This result a t once raises 
the question whether a similar neutralization takes 
place when other liquids are substituted for water 
or aqueous solutions. We have made a number 
of observations to answer this question.

When films are immersed in benzene there is 
no evidence of neutralization of the potentials. 
This is illustrated by the case of an X  film origi­
nally of potential 5.6 v. separated from a Y film of 
potential 0.19 v. by a layer of benzene. The 
voltage from left to right5 of the combination 

X film (5.6 v.)/C6H6/Y  film (0.19 v.)
(4) Du Bridge, Rev. Sci. Instruments, 4, 532 (1933).
(5) I. e., the voltage of the metal plate coated with film on the 

right minus that of the plate on the left. This convention is used 
throughout in expressing the voltage of such combinations
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varied from + 5 .4  to + 4 .0  over a period of three 
hours, showing some tendency to fall, but rising 
each time the benzene was renewed close to the 
initial value. The sign of the voltage agrees with 
the orientation of the films. After the observa­
tion was over the potentials of the two films were 
measured in air and found to be 4.9 and 0.29. 
In  this and all following cases we adopt the con­
vention th a t the number in brackets following the 
word “film” refers to the original contact poten­
tials of the film in air. Measurements of other 
pairs of films all gave the same results, e. g.

X film (3.10 v.)/C6H6/X  film (0.18 v.)

Voltage varied between + 2 .7  and +1 .3  over a 
period of about fifty-two minutes, showing some 
tendency to drop bu t returning close to the origi­
nal value when the benzene was renewed. After 
the measurements the potential of the left-hand 
X  film in air was about 2.70.

When chloroform is substituted for benzene, 
neutralization is complete as in the case of water 
and aqueous solutions. For example the voltage 
from left to right of the combination

X film (4.9 v.)/CHC13/Y  film (0.29 v.)

was —0.14. The potentials of the films in air 
after the measurements were 1.8 and 0.29, The 
same type of neutralization is produced by mix­
tures of chloroform and benzene containing about 
60% or more by weight of chloroform but not by 
those containing less, as may be seen by the follow­
ing three examples:
(1) X film (2.8)/C6H6 +  CHCla (25%)/X  film (0.34) 

Voltage +2.3 — +2.2 over a period of twenty-five
minutes

Potentials of films after measurements 2.5 and 0.35
(2) X film (2.6)/C6H6 +  CHOU (50%)/X film (0.35) 

Voltage +2.1 — +1.0 over a period of forty-five
minutes

Potentials of films after measurements 1.7 and 0.16
(3) X film (1.9)/C6H6 +  CHCla (59%)/Y film (0.22) 

Voltage fell quickly from 0.73 and reached a value of
0.01 in twenty-five minutes 

Potentials of films after measurements 1.0 and 0.20

Other observations were made by placing small 
drops of mercury on films and making contact 
with them by means of a fine platinum wire. The 
voltages of the combination

Film /H g/Pt

are always small and independent of the potentials 
of the films, as may be seen by the following ex­
amples, in which the different values of the volt­
age belong to different parts of the film

X film (2.6)/H g/Pt, voltage +0.25, +0.15, +0.13, +0.19
Y film ( — 0.20)/H g/Pt voltage 0, +0.20, 0

Contact with mercury has little or no effect on 
the subsequent potential of the films. This point 
was tested by dipping films into a beaker of m er­
cury the surface of which had been scraped clean. 
After an X  film having an initial potential of 3.0-
3.2 v. was dipped repeatedly its potential was 
found to be 3.4-3.7 v. A color comparison 
showed th a t none of the film had been removed. 
In  another case several layers were found to  have 
been removed by continued dipping bu t there was 
no significant change in the potential. The same 
result is obtained when Y films are dipped in m er­
cury. On the  other hand, it m ay be seen from 
the data  given above th a t prolonged contact 
with chloroform reduced the potentials of X  films 
considerably. Contact with benzene, however, 
reduces the potentials only slightly.

If warm moist air is blown over the films so as 
to produce water condensation on the  surface 
while the contact potentials are being measured 
there is no appreciable change, although, as we 
have pointed out, immersion in water leads to 
neutralization of the potential.

We have referred to the fact th a t when X  and
Y films are m ade electrodes in a glow discharge, 
they develop very large contact potentials. These 
are positive or negative according to the direction 
of the discharge. In  the case of Y films these 
“discharge potentials” are abolished by dipping 
the films into water and aqueous substrates; in 
the case of X  films a residual potential, amounting 
to several volts or more, always remains after 
dipping and seems to have the same degree of 
permanence as the native potentials of X  films. 
Like the spontaneous potentials, these potentials 
are neutralized while the films are under water. 
Dipping into benzene wholly fails to reduce such 
“discharge potentials” in the case of both X  and
Y films. The same is true of dipping into mer­
cury, although when several of the outermost 
layers are removed there is some reduction in the 
“discharge potentials,” e. g.f in one case when 4 
layers were removed from an X  film a reduction 
from + 1 3  to + 7 .4  v.; in another when several 
layers were removed from a Y film a reduction 
from about + 1 5  to + 4  or 5 v. The same re­
sults are obtained when the potentials are nega­
tive. Such removal of layers generally occurs the 
first time a slide is dipped; if subsequently a new 
“discharge potential” is impressed on the film and
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it  is dipped in mercury no film is removed and 
there is no reduction of potential. When Y 
films are dipped in chloroform the “discharge po­
tentials’' are a t once reduced to zero, although no 
film is removed. On the other hand “discharge 
potentials” of X  films are completely unaffected 
by dipping in chloroform. Nevertheless, meas­
urements of the voltages of combinations like 
those discussed above show th a t while X  and Y 
films are in contact with mercury and chloro­
form the “discharge potentials” are always neu­
tralized.

III. Effect of Applied Voltages
In  this section we shall present a detailed in­

vestigation of the effects of applying a voltage 
between the plate and the liquid subphase while 
films are being built. Under the conditions of our 
experiments such voltages give rise to currents of 
the order of several milliamperes which may be 
read easily by placing a milliameter in series with 
the voltage source. In  accordance with Lang­
m uir’s hypothesis such currents might be ex­
pected to have a marked effect on potentials by 
modifying the density of the  surface charge. 
Langmuir has referred to observations suggesting 
this.6 In  any case, quite apart from the concept 
of surface charge and its relation to the current 
flowing, simply on the basis of Langmuir’s general 
analysis of the electrostatic forces acting during 
the formation of films, it would be expected th a t 
applied voltages would alter the contact angles 
and the upper limiting potentials of the films, and 
perhaps also the slope of the potential-thickness 
curves throughout the whole process.

Since it is well known th a t metallic ions even 
a t very low concentrations have marked effects 
on the properties of built-up stearate films,7 an 
attem pt was made to eliminate as far as was con­
veniently possible all sources of contamination of 
the solutions by traces of metallic ions. For this 
reason glass trays and glass barriers were sub­
stitu ted  for the usual m etal trays and barriers. 
W ater for making up solutions was redistilled 
through a Pyrex glass still. In  the earlier experi­
ments the films were built on stainless steel slides, 
b u t in the greater part of the work a platinum 
slide was substituted to avoid complications due 
to possible electrolytic effects under the influence 
of applied voltages. Contact with the solution 
was made with a platinum wire. The source of

(6) S ee  q u o t a t io n , p . 2 8 5 5 .
(7) L a n g m u ir  a n d  S c h a e fe r, T h is  J o u r n a l , 59, 2400 (1937).

voltage applied between the slide and solution was 
either a storage battery  or dry cells.

To prevent large changes in p H , especially when 
working in the alkaline range, the solutions were 
buffered with borates.8 The following solutions 
were used:
(1) 1.33 X H L3 M  H3B 03; 1.33 X 10~3 M  NaOH;

0.12 X 10- 3 M  Ca (Ac)2-2H20 ; pH = 10.9; for
X layers

(2) 1.87 X 10“3 M  H3BO3; 0.93 X 10“3 M  NaOH;
0.4 X 10~3 HCl; 0.12 X 10"3 M  Ca(Ac)2-2H20 ;
pH — 8.6; for X  layers

(3) Same as (2) but with the addition of 2.0 X 10 M
CuClr2H20, for Y layers

(4) 1.33 X 10~3 M  H 3B O 3 ; 0.67 X 10~3 M  NaOH;
0.67 X lO"3 iffHCl; 0.12 X 10"3 M  Ca(Ac)-2H20 ;
and with or without 2.0 X 10 “8 M  CuCl2-2H20 ;
pH  =  7.4-7.7; for Y layers

(5) 1.33 X 10~3 M  H 3B O 3 ; 0.67 X 10~4 M  NaOH;
0.67 X IQ”3 M  HCl; 0.36 X 10“4 M  BaCl2-2H20 ;
2.0 X 1Q~6 CuCl2-2H20 ; pH  =  7.4; for Y layers

During the deposition of X  layers, unless other­
wise indicated, the slides were kept submerged in 
the solution for ten seconds on each dip. This 
procedure usually favors the deposition of more 
uniform X  layers than  can be obtained by more 
rapid dipping. Castor oil was used to keep the 
monolayer under constant compression. The 
experiments were conducted a t room temperature, 
which varied between 19-24°.

A. Effects on X and Y Films Deposited on 
Stainless Steel.— If stainless steel slides are 
used for deposition of the film with an applied 
voltage, reproducible results can be obtained only 
for a certain length of time which seems to depend 
to some extent on the magnitude as well as on the 
polarity of the voltage. Invariably, however, in 
time the slide begins to show signs of electrolytic 
action such as small pits and there may even be an 
evolution of gas while the slide is submerged with 
an applied voltage in the course of depositing 
films. This occurs most rapidly when the voltage 
is high—22 v. was the highest voltage used in the 
work—and when the slide is attached to the posi­
tive pole of the battery. A slide affected in this 
manner is useless for further work without repol­
ishing. The potentials of X  films deposited on 
such slides fail to rise in the usual way with in­
crease in number of layers, perhaps due to me­
tallic ions escaping from the steel and becoming 
incorporated in the stearate films. I t  was pos­

es) Sorensen’s borate buffers given by W. Mansfield Clark in 
“The Determination of Hydrogen Ions,” Williams and Wilkins Co., 
Baltimore, Md., 3d edition, 1928.
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sible, however, by using new steel slides for only 
one or two films and working a t relatively low 
voltages to obtain very consistent results.

Fig. l.

Figure 1 shows the change of contact potential 
with increase in number of layers for X  films 
formed from solution (2), p H  8.6, on stainless steel 
a t four different applied voltages, + 3 , + 6 , —3, 
— 6 v. I t  should be noted th a t in all cases dis­
cussed in this paper we call the applied voltage 
positive when the positive pole of the battery is 
attached to the slide. The most striking charac­
teristic of these curves is th a t from layer 5 to layer 
90 they are parallel, i.  e., have equal slopes. Be­
tween 0 and 5 layers, however, the curves ob­
tained with positive and negative applied volt­
ages behave quite differently. The potentials of 
films made with positive voltages drop sharply, 
e. g., to —0.6 v. for a voltage of + 3 , and to —0.7 v. 
for a voltage of + 6 . On the other hand, the po­
tentials of films made with negative voltages rise, 
e. g., to + 0 .5  for a voltage of + 3  v. and to +0 .5  
for a voltage of + 6 . This initial behavior gives 
rise to the separation of the two parallel sets of 
curves.

The potential curve for a film formed without 
an applied voltage is not shown in this figure, but 
a typical curve lies between the positive and nega­
tive curves, although not necessarily parallel to 
them, usually more nearly coinciding a t the start 
with the negative voltage curves and as the num ­
ber of layers increases crossing over to the posi­
tive voltage curves. The curve for =f  6 v. in the 
figure was obtained by changing the direction of

the applied voltage a t 30, 60 and 80 layers. From
0-30 layers, with — 6 v. applied, the curve is co­
incident with the —6 v. curve. On reversing 
the polarity the potential drops rapidly to the 
+ 6  v. level and becomes approximately coinci­
dent with the + 6  v. curve. On changing back to 
— 6 v. the potential rises steeply and this tim e co­
incides with the —3 v. curve. On reversing the 
polarity once more a t 80 layers the curve drops 
below the + 6  v. curve bu t becomes parallel with 
it a t a lower potential level. Similar results have 
been obtained on substrates containing carbon­
ates instead of borates.

In  Fig. 2 are plotted the  potential changes due 
to the X  layers alone of the first four curves of 
Fig. 1, the contribution to the potential of the 
first five Y layers being in each case eliminated by 
subtracting from the actual potential the poten­
tial observed after the deposition of the last Y 
layer. 'T h e  resulting curves are all the same 
within the experimental variation.

_ / «N
\*

.sC.

r
V O -6  VOlTS

pH,8.6 °  ~ 3
C +3 >'
«  +6

0 40 80 120
X layers.

Fig. 2.

The effect of an applied voltage on Y films 
formed from solution (5), p H  7.4, is shown in Fig. 3.

Fig. 3.
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W ith —6 v. the  potential rises to a maximum of 
+ 0 .6  v. a t three layers and declines from then 
on slightly as the thickness of the film increases to 
61 layers. A t this point the voltage is reversed 
and the potential drops rapidly to - l . l v .  a t 81 
layers. Return to  the original voltage causes a 
sudden rise in potential to an approximately 
constant value of + 1 .0  v. from 87-123 layers. 
If we sta rt with + 6  v. the sequence is reversed 
as m ay be seen from the figure.

The separation of the two curves in Fig. 3 be­
fore reversing the polarity of the applied voltage 
amounts to 1.5 v., which is approximately the 
magnitude of the separation of the + 6  and — 6 v. 
curves for X  films in Fig. 1. In  both the curves 
of Fig. 3 there is an over-compensation when the 
polarity of the applied voltage is changed from 
+ 6  to — 6 v. This m ay be a phenomenon similar 
to the over-compensation observed in Fig. 1 after 
the last change in polarity from —6 to + 6  v. in 
the =f  6  volt curve.

B. X and Y Films Deposited on Platinum .—
Essentially the same results are obtained with a 
platinum slide. However, in this case it is pos­
sible to work with higher applied voltages. In 
Fig. 4 potential curves are given for two X  films 
deposited on platinum from solution (2), p H  8.6.

0 40 80 120130
X layers.

Fig. 4.

The first four layers after the initial layer are Y 
layers. The curves for + 6  and —6 v. are very 
nearly linear and parallel between 5 and 40 lay­
ers. A t thicknesses greater than  40 layers the 
curves cease to be linear bu t have the same gen­
eral configuration. The two arrows in the figure 
indicate points after which a fresh monomolecular 
layer was spread on the substrate in the tray used

for building the films. The increase of slope fol­
lowing renewal of the monomolecular layer in the 
tray is like what is always observed when there are 
traces of contaminating ions in the subphase. 
Apparently such ions slowly diffuse into the sur­
face layer and impair its ability to form X  films of 
high potential.

Figure 5 shows potential-layer curves for four 
films deposited on platinum from solution (1) a t 
p H  10.9 with applied voltages of + 6 , —6, + 22  
and —22 v. The curves are in every way very 
similar to those in Fig. 4 a t p H  8.6.

Time, seconds.

X layers. 
Fig. 5.

In  Fig. 6 the six lower curves show the poten­
tial change due to the first 55 X  layers of the 
films represented in Figs. 4 and 5. The point 
for the last Y layer in each case is taken as the 
origin. The six curves all fall together and the 
slopes are all the same, within the random varia­
tion among the films. This is like the situation 
shown in Fig. 2 for films on steel slides. In  both 
cases the average slope is 58 mv. per X  layer. 
Thus the increase of potential due to the addition 
of each successive X  layer, a t least up to a to tal of 
55 layers, is independent of the metal on which 
the films are deposited, the p H  of the substrate, 
and the sign and magnitude of the applied voltage.

As we have already pointed out, reversal of the 
applied voltage during the deposition of X  or Y 
layers causes a sudden shift of contact potential 
from a value on the characteristic potential layer 
curve for the original voltage to a value on the 
curve for the reversed voltage. This shift, how­
ever, does not depend on the deposition of layers, 
but can be brought about equally well by revers­
ing the applied voltage and dipping the slide into
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the substrate through a clean surface free of the 
monolayer. A few seconds in the liquid with re­
versed voltage is sufficient to establish the new

>

<

20 40
X layers. 

Fig. 6.

60

value. The potential can be changed back and 
forth from one curve to the other many times in 
this manner, just as when layers are being de­
posited. If the applied voltage is not reversed 
there is practically no change in con­
tact potential when the slide is sub­
merged in the substrate, as the first 
two points indicate. At the right- 
hand sides of Figs. 4 and 5 are given 
what we will call potential-tim e 
curves illustrating this phenomenon.
In these curves “tim e” refers to the ^  
total length of time th a t the slides 
were submerged with the applied 
voltage.

Potential-layer curves for Y films 
on platinum with applied voltages of 
+ 6  and — 6 v. are shown in Fig. 7.
Two different solutions were used: solution (3), 
p H  8.6, with copper; solution (4), p H  7.7, without 
copper. The small initial differences between the 
two pairs of curves from solutions (3) and (4) are 
due probably to the difference in p H  rather than 
the copper content of the solution* for curves simi­
lar to the pair without copper a t p H  7.7 are ob­

tained a t the same p H  with copper. Comparison 
of these results with those for steel slides given in 
Fig. 3 shows th a t the nature of the underlying 
metal has only a slight effect on the shapes of po­
tential curves of Y films, the curves for steel be­
coming horizontal, those for platinum continuing 
to rise or fall slightly. I t  is significant th a t the 
separation of the two Y film curves a t 5 layers for 
applied voltages of + 6  and —6 is about 0.6-0.7 
v., which is also the separation of the parallel 
portions of the  curves for X  films on platinum 
obtained with the same applied voltages, shown in 
Figs. 4 and 5.

Potential-tim e curves for Y films submerged 
with an applied voltage are given a t the right- 
hand side of Fig. 7. These are in general similar 
to those in Figs. 4 and 5 for X  layers, which we 
have already described. The bracketed points 
are identical, the  origin of the time curve having 
been displaced to the right merely for conven­
ience in plotting.

I t  may be recalled th a t during the first dip of a 
chemically clean slide into a substrate covered 
with a monolayer, only a single layer is deposited 
on the slide under all conditions. This layer is 
formed when the slide is withdrawn from the 
liquid and seems to be different from either an X  
or a Y layer. Germer and Storks9 have shown 
tha t the polar groups of this layer are attached to 
the metal surface of the slide. The effect of an 
applied voltage on the potential associated with

Time, seconds. 
50 100

TTTT

80 120 170
Y layers.

Fig. 7.

such layers is somewhat different from th a t ob­
served in the case of X  and Y films. If the ap­
plied voltage is between + 6  and — 6 v., the ini­
tial layer always causes an increase in the contact 
potential b u t by a somewhat smaller am ount for 
positive th an  for negative voltages. We have

(9) Germer and Storks, Proc. Natl. Acad. Sci., 23, 390 (1937).
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not investigated applied voltages between + 6  
and + 2 2  v. bu t a t + 2 2  v. the initial layer pro­
duced a decrease in contact potential. These 
effects are apparent in certain of the figures al­
ready presented. Presumably there is some criti­
cal positive voltage, for any given set of conditions 
of substrate and temperature, a t which the initial 
layer produces no change in contact potential.

C. Composite Films Deposited on Platinum. 
—I t  will be recalled th a t the addition of X  
layers to a Y film causes a steep rise of potential 
to values characteristic of a pure X  film of the 
same to tal thickness, th a t the addition of Y layers 
to an X  film causes a sudden drop of potential 
to the Y film level and th a t by alternating 
blocks of X  and Y layers it is possible to shift the 
potential back and forth between the curves for 
pure X  and Y films. The question arises as to the 
effect of an applied voltage on these phenomena.

Fig. 8.---------- Y layers; ------- — X  layers.

Two sets of results bearing on this question are 
given in Figs. 8 and 9. The X  layers were ob­
tained from solution (2); the Y layers from solu­
tion (4), with copper. Two curves are shown in 
each figure, one for + 6  v. and one for — 6 v. In 
each case Y layers were deposited first and the 
potential curves obtained were in every way simi­
lar to those already described. In  the experi­
m ent shown in Fig. 8 after 21 Y layers had been 
laid down X  layers were deposited. During this 
process the potentials rose steeply, the curves 
for + 6  and — 6 v. being very nearly parallel. 
After a to tal of 51 layers, Y layers were again de­

posited and the potentials dropped sharply to 
approximately the values for pure Y films of the 
same total thickness formed with the correspond­
ing applied voltages. A t a to tal of 81 to 82 layers 
X  layers were added once more. This time the 
potential rose considerably more steeply and to a 
higher value than  before, after 21 Y layers. 
Finally, after a to tal of 120 layers, one more block 
of Y layers was deposited with much the same re­
sults as before. In  the experiment shown in Fig. 
9, 51 Y layers were deposited before the addition of 
X  layers. The X  layers then produced a steeper 
rise of potential than  the first block of X  layers a t 
+ 6  or — 6 v. in Fig. 8.

From these results it appears th a t with an ap­
plied voltage the alternation of blocks of X  and Y 
layers is accompanied by a shift of potential back 
and forth between the curves for pure X  and Y 
films obtained with th a t voltage. The situation 
is like th a t observed in the  absence of such a volt-

0 40 80
Layers.

Fig. 9.---------- Y  layers; ---------- X  layers.

age. The ra te  of increase of potential when X  
layers are deposited on underlying Y layers is 
greater the greater the to tal thickness of the film 
but it does not depend on the applied voltage. 
This point is shown by the upper group of curves 
in Fig. 6. These curves are obtained by plotting 
the potential against the number of layers for 
each block of X  layers in the experiments shown 
in Figs. 8 and 9. In  each case the origin is the 
point corresponding to the last preceding Y layer. 
The curves for a block of X  layers added to a Y 
film of 21 layers are the same for applied voltages 
of + 6  and — 6 v., and have an initial slope of 240 
mv. per layer. Those for a block of X  layers
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added to a Y film of 51 layers a t + 6  and — 6 v. 
have a slope of 360 mv. per layer; those for a 
block of X  layers added to a film of 81 or 82 total 
layers a t + 6  and — 6 v., a slope of about 430 mv. 
per layer or greater.

<1

TIM E IN SECONDS

>

<J

Time in seconds.
Fig. 10.

The treatm ent of the films represented in Fig. 8 
between the numbered, bracketed points involved 
submerging them in the substrates with an ap­
plied voltage without the deposition of 
layers. During this treatm ent the be­
havior of these composite films is much 
like pure X  or Y films. A complex film 
always resembles a film made up entirely 
of the kind of layer last deposited, as 
shown by Fig. 10.

The composition of the substrates used 
had no detectable influence in these phe­
nomena.

the potentials of Y films on steel quickly a t­
tained a constant value under the influence of an 
applied voltage, whereas the potentials of Y films 
on platinum continued to rise or fall, depending 
on the direction of the voltage, as the films in­

creased in thickness. Since it is 
known th a t the properties of films are 
greatly affected by certain ions, even 
a t very small concentrations, it seemed 
possible th a t these differences were 
due to the influence of ferric ions aris­
ing from the steel slides. In order to 
test this possibility, X  films were de­
posited on platinum from solution (2) 
which had been made 1.4 X 10~5 
molar in ferric chloride. The poten­
tial-layer curves of these films, which 
are given in Fig. 11, are quite similar 
to those of X  films deposited on plati­
num from solution (2) w ithout iron, 
except for a somewhat greater slope, 
the initial slope of these calcium-f erric 
stearate films being about 80 mv. per 
layer. Also the potential-tim e curves 
when these films are submerged in the 
subphase with an applied voltage are 
like those of films without iron. I t  

appears then th a t no considerable effects are pro­
duced by the presence of ferric ions in the concen­
tration we have used, and there m ust therefore be
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IV. X and Y Films Deposited from 
Substrates Containing Iron and Lead
In the last section we described phe­

nomena observed with films deposited on 
stainless steel and on platinum. Although 
the major effects were the same for both 
kinds of film, nevertheless there were cer­
tain minor differences: the potentials of 
simple X  films on steel rose more nearly 
linearly and attained higher values than the poten­
tials of X  films on platinum (cf. Figs. 2 and 6);

■ X  layers.Fig. 11.---------- Y  layers; —

some other basis for the differences in behavior be­
tween films deposited on steel and on platinum.
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On the other hand, the properties of films are 
greatly altered by small concentrations of lead. 
Langmuir3 has reported th a t in the presence of 
lead acetate X  films m ay be formed at p H  6, and 
th a t the potentials of such films are like those of Y 
films. On this basis he has suggested th a t the p H  
of the subphase is the prim ary factor which deter­
mines film potentials. Other observations of our 
own show certain curious effects of lead at other 
values of p H  and with an applied voltage.

I t  will be recalled th a t films deposited from 
solution (2), p H  8.6, are always X  films regardless 
of the applied voltage. However, when this solu­
tion was made 2 X 10~6 molar in lead acetate the 
films deposited on platinum  were Y films with 
applied voltages of 0 and — 6 v. and X  films with a 
voltage of + 6  v. The potential-layer curves of 
these films are given in Fig. 11. The initial slope 
of the X  film curve (after the deposition óf the 
last underlying Y layer) is about 80 mv. per layer, 
but the curve flattens out before reaching the 
higher values characteristic of X  films without 
lead. The two Y film curves are much like those 
of other Y films formed with the same applied 
voltages without lead. The potential-tim e curves 
of these films, giving the effect of an applied volt­
age on films submerged without deposition of 
layers, are those characteristic of the respective 
types of film, X  or Y.

In the insert in Fig. 11 are given the potential- 
layer curves for two films formed on platinum 
from a pure sodium acetate buffer of p H  6.0 con­
taining lead acetate, 2 X 10~5 molar, with ap­
plied voltages of + 6  and —6 v. Just as at p H
8.6, the film obtained with the positive voltage 
was an X  film, the other a Y film. As in the case 
of the X  film reported for p H  6 by Langmuir, the 
potential of this X  film failed to rise above the 
characteristic Y level. I t  was noted while this 
film was being deposited th a t the contact angle 
as the slide was withdrawn from the liquid was 
considerably less than 90°, somewhat approach­
ing the angle for a Y film. This accords with the 
observation based on m any cases th a t large con­
tac t angles are associated with high contact po­
tentials; for example, if under conditions other­
wise favorable for the production of high poten­
tials in X  films, the slide is dipped too rapidly, the 
contact angle is small and the film fails to de­
velop a high potential.

Curiously enough, when films are formed on 
stainless steel under these same conditions, i.  e..

with a sodium acetate buffer of p H  5.9-6.0 and a 
concentration of lead acetate 2 X 10 ~5 molar, X  
layers are deposited a t both + 6  and — 6 v. The 
potential of the film formed with the positive 
voltage becomes constant, after a few layers, a t 
—0.5 v.; th a t of the film formed with the nega­
tive voltage, constant a t + 0 .4  v. These poten­
tials are the same as those of Y films obtained 
with the same applied voltages in the absence of 
lead.

The question arises whether these X  films of low 
potential are in other respects like X  or Y films. 
In one respect they show a striking difference 
from any other films, X  or Y which we have 
studied. All other films when made electrodes in 
a glow discharge or subjected to X -ray treatm ent 
develop very large contact potentials, generally 
exceeding any values developed spontaneously 
by X  films in the course of their formation. 
These low potential X  films containing lead en­
tirely fail to develop high potentials under such 
treatment. Two such X  films of 35 layers, one 
formed with a positive voltage and having an ini­
tial potential of about —0.5 v., the other formed 
with a negative voltage and having an initial po­
tential of about + 0 .4  v., gave, respectively, po­
tentials of only —0.35 and —0.04 v. after the usual 
treatm ent with X-rays. When similar films were 
subjected to a rectified glow discharge the poten­
tials failed to change by more than a small frac­
tion of a volt, regardless of the direction of the 
discharge. There appears to be some curious 
feature in the structure of these lead containing 
X films which prevents the development of high 
potentials. Whether or not this may be related 
to the resistance of the films we will consider later.

V. Potentials Observed during the Early Stages 
of the Formation of X Films

I t  already has been observed,2 when measure­
ments are made after each dip during the early 
stages of building an X  film without an applied 
voltage, th a t the potential increases in a stepwise 
manner, and th a t the contact angle alternates 
between 90° and values less than 90°. This 
effect we have attributed to the condition a t the 
outer surface of the films where a t the end of every 
other dip there must be an unpaired layer, presum­
ably with its polar surface inward. As a result of 
the succeeding dip each suchunpaired layerreceives 
a partner, and we have suggested th a t during 
this dip it turns over so th a t its polar surface
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comes to face th a t of the partner, which is inward, 
an interpretation which accords with the X-ray 
spacing of the metallic ions, and the hydrophobic 
character of X  films.

This stepwise increase of potential, which ap­
pears so significant in relation to events at the 
surface of the film, becomes blurred and lost as the 
thickness of the films increases beyond about 15 
layers in the case of films formed without an ap­
plied voltage, perhaps in consequence of different 
areas of the same film falling out of step. When, 
however, the phenomenon is investigated in the 
case of X  films formed with applied voltages, it 
shows up much more clearly and persists much 
longer. Certainly it remains undiminished up 
to thicknesses of 26 layers, which is as far as we 
have carried the measurements. The applied 
voltages seem to have a steadying effect on the 
films.

Two films were studied in this connection, both 
deposited on platinum from solution (2), p H  8.6, 
one with an applied voltage of + 6 , the other with 
— 6 v. The results are shown in Fig. 12. X

Fig. 12.

layers were formed after the fifth layer. As a 
result of the behavior a t the addition of the 
seventh layer the two curves fall out of step. 
Corresponding to the stepwise increase of poten­
tial there was observed initially an alternation of 
contact angle. The rise of potential occurred 
with an angle of 90°. During the addition of

alternate layers, when the potential failed to rise, 
or dropped, the angle was always less than  90°. 
After about 20 layers, this alternation of contact 
angle disappeared and the angle was always close 
to 90°, although the stepwise increase of potential 
continued undiminished.

The parallel course of the two curves, after X  
layers begin to be formed, is very striking. I t  is 
also striking th a t the applied voltage has very 
little effect on the potential of the initial layer, and 
the separation of the curves for + 6  and —6 v. is 
realized during the deposition of the two pairs of 
succeeding Y layers.

VI. Im pedance of Films and R elated P he­
nomena

We have referred in passing to the possibility 
of the resistance being different for different types 
of films. For example, this would be a possible 
reason for the fact th a t the large potentials pro­
duced by the X -ray treatm ent or a glow discharge, 
provided they are due to internal charges in the 
film, are abolished by dipping the films into aque­
ous solutions in the case of Y films b u t not in the 
case of X  films. Again the fact th a t the lead 
films deposited a t p H  6 never develop high poten­
tials m ight be laid to a relatively low resistance. 
On the other hand, from attem pts to measure 
voltages of circuits involving films in contact with 
conducting liquids (section II) it is evident th a t 
the d. c. resistance of all types of films m ust be 
very high. These considerations point to the 
importance of direct evidence on the resistance of 
the films, and in this section we discuss measure­
ments bearing on this question.

An initial a ttem pt was made to measure the 
impedance of the films by placing a small drop of 
mercury on the film, with which contact was 
made with a platinum wire. The binding post 
of the slide and the platinum wire were con­
nected to the terminals for the unknown on an 
a. c. bridge and measurements attem pted a t 800 
cycles. The results were not very satisfactory, 
but it was a t once apparent th a t with high signal 
voltages the resistance of the films was very low, 
less than  1 ohm, whereas with signals of 1 or 2 v. 
the resistance was of the order of megohms. 
Evidently, the higher signals exceeded the break­
down voltages of the films.

M uch more satisfactory measurements were 
obtained a t radio frequencies with a General 
Radio Co. radio frequency bridge, by using as be­
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fore the device of placing a small drop of mercury 
on the surface of the film. Two sets of measure­
ments were made, one a t a frequency of 1 mega­
cycle (X =  300 m.), the other a t a frequency of
0.244 megacycle (X == 1230 m.). The strength 
of the signal did not exceed a fraction of a volt. 
At the higher frequency the bridge was balanced 
by a condenser and power factor dial; a t the 
lower frequency by a condenser and a series re­
sistance. The capacity settings were very sharp; 
the power factor or resistance settings less so, 
particularly with the thicker films. A number of 
different mercury drops were used, but all the 
results given below were obtained with 3 different 
drops, all of very nearly the same size, 1.5-1.8 
mm. in diameter. The same drop could be rolled 
from one place to another on a given film or from 
one film to another. There was considerable 
variation in the results obtained on the same 
film with different drops, or with the same drop in 
different places, due apparently to differences in 
the size of the drops and in the exact area of con­
tact of a given drop with a film in different places. 
This variability was much greater for the power 
factor and resistance settings than for the con­
denser settings. Results on X  and Y films de­
posited on stainless steel slides are given in Tables 
I and II. These are expressed in terms of paral­
lel capacity, C Pi and resistance, rP. Bracketed 
results were obtained with the same drop. The 
Y films were copper-barium stearate films formed 
a t p H  7.4; the X  films, of which the first four

T a b l e  I

Frequency 0.244 X 106 (X =  1320 m.)
n =  No. of

layers Cp, up F rp X  10~3 nCp rp/n
Y Films (Cu-Ba Stearate, pH  7.4)

7 1,680 47 11,800 6,700
No. 1 « 17 775 200 13,200 11,900

l 31 515 400 16,000 13,000

No. 3 <f 35 468 470 16,400 13,300
l 71 220 1,360 15,600 19100

No. 2 141 97 22,200 13,700 158,000(?) *

Av. 14,500

X Films (Ca Stearate, pH  9)
9 1,530 83 -13,800 9,200

13 1,000 213 13,000 16,000
21 650 504 13,700 24,000

No. 2 < 37 362 1,300 13,400 35,000
37 423 951 15,700 26,000
69 218 2,240 15,000 32,000

133 112 4,550 14,900 34,000

T a b l e  I I

Frequency IQ6 (X = 300 va)
n -■ No. of 

layers Cp> mi F rp X XO"3 nCp rpIn
Y Films (Cu-Ba Stearate pH  7.4)

f 35 323 117 11,200 3,300
No. 2 \ 71 167 415 12,100 5,800

( 141 96 2760 13,500 19,000
35 570 39 20,000 1,100

No. 31 71 260 153 18,500 2,160
( 141 133 660 18,800 4,700

Av. 15,800

X Films (Ca Stearate, pH  9)
( 37 395 101 14,600 2,700

No. 2 ]  69 224 338 15,500 4,900
[ 133 114 2080 15,200 11,400

Av. 15,100

layers after the initial layer were Y layers, were
calcium stearate films formed a t p H  9.

I t  is evident from the data in these two tables
th a t there is no significant difference between X  
and Y films in respect to either capacity or re­
sistance. Other measurements on X  films of low 
potential deposited from a sodium acetate buffer 
of p H  6, 2 X 10 ~5 molar in lead, gave substan­
tially the same results. In  both types of film the 
capacity decreases with thickness, as would be ex­
pected, bu t the capacity multiplied by the num­
ber of layers is the same, within the experimental 
variation, for all the films and a t both frequencies, 
as shown by the fourth column. Since

Cp =  A e/^irnt (1)

in which e denotes dielectric constant, n  number 
of layers, t the thickness of a layer and A  the 
area of the drop in contact with the film, and since 
t is the same for X  and Y films, this result implies 
th a t the dielectric constant is also approximately 
the same and approximately independent of fre­
quency. The known size of the drops agrees 
with a value of the dielectric constant of approxi­
mately 2.5, or a value close to th a t obtained for 
stearate in the bulk phase. Thus on the basis 
of / =  24 A. and e =  2.5 the average value of n 
C p =  14,500 gives for the radius of the area of 
contact of the drop with the film a value of 0.72 
mm. The over-all diameter of the drops, which 
should be somewhat more than twice this value, 
was 1.5-1.8 mm., as well as could be estimated. 
This estimate of the dielectric constant is of some 
interest in relation to the question of possible 
water of hydration in the films.

The fifth columns of both tables give averageAv. 14,200
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values of the resistance per layer. Although 
these values probably do not differ significantly 
between X  and Y films, they show a definite in­
crease with the thickness of the films. Moreover, 
the values obtained a t 1 megacycle are definitely 
less than those a t the lower frequency. I t  may 
be noted th a t a value of 20,000 ohms per layer 
corresponds to a specific resistance of about 2 X 
109 ohms, having regard to the size of the drops 
and the thickness of the layers. The resistance 
of the films measured a t both frequencies is far 
less than  would be judged from the experience of 
measuring the electromotive force of circuits in­
volving films covered with mercury (section II). 
Evidently there is a phenomenon of power ab­
sorption in the films, increasing with frequency 
over the range studied.

In view of this, and also to explore the question 
of the breakdown of the films under high voltages, 
various d. c. measurements were undertaken. 
X  and Y films of different numbers of layers were 
covered with a drop of mercury and subjected to a 
variable measured voltage in series with a gal­
vanometer, which, with the shunt turned on full, 
gave a deflection of 1 mm. for a current of 4.37 X 
10~9 ampere. The readings of the galvanometer 
were followed as the voltage was increased. 
With films of about 30 layers and thicker there was 
no observable deflection of the galvanometer until 
a certain critical breakdown voltage was reached. 
To determine values of this voltage it was un­
necessary to make use of the galvanometer. As 
soon as it was reached the relatively low resistance 
voltmeter placed in parallel with the film was 
automatically shorted and the needle immediately 
fell to zero. W ith thinner films there were ap­
preciable currents almost from the start. Values 
of the breakdown voltage for various X  and Y 
films are given in Table III.

T a b le  III
X  Films® (Ca Stearate, pH  9)

Layers 11 15 23 39 71 135
Voltage 0.5 0.5 2.0 9,10 27,34 60,90
Voltage per

layer 0.05 0.03 0.09 0.2 0.4 - 0 .5
Y Films (Cu-Ba Stearate, pH 7.4)

Layers 7 17 35 71
Voltage 0.1 0.6 11 29
Voltage per

layer 0.01 0.03 0.3 0.4
® The first six layers after the initial layer were Y layers.

Apparently the breakdown voltage per layer

rises sharply a t a thickness of about 20 layers. 
I t  m ay be pointed out th a t a value of 1 v. per 
layer corresponds to a field of about five million 
volts per centimeter. Below the breakdown volt­
age the resistance of the films is very high. In  
the thicker films where there is no observable 
galvanometer deflection up to the breakdown 
voltage (0.4 v. per layer) the resistance between 
the drop and the plate m ust be a t least 108 ohms 
per layer, corresponding to a specific resistance of 
the order of 1013 ohms. In  thinner films, where 
there is a deflection of a fraction of a mm. with 
fields as low as 10 ~2 v. per layer, the resistance 
cannot be more than  about 107 ohms per layer. 
This is suggestive of the bridge measurements, 
in which the resistances per layer, though all of a 
different order of magnitude, are found to be less 
for the thinner films.

In view of these values of the breakdown volt­
age and the very high d. c. resistances observed 
below these voltages, it  would appear hard to ex­
plain the m agnitude of the current (of the order 
of a milliampere or two) observed when films are 
submerged in aqueous liquids with an applied 
voltage. The answer to this paradox is found in 
observations like those we have just described 
but with a drop of tap  water substituted for the 
mercury drop. In  this case, much as in the case 
of the mercury drop, there is no deflection of the 
galvanometer until a certain “breakdown” volt­
age is reached; a t this point a current begins to 
flow which soon shoots up and rises almost ver­
tically as the voltage is further increased. There 
is, however, the striking difference between these 
and the results obtained with mercury, th a t 
the critical voltage a t which the current sud­
denly rises is very nearly independent of the 
thickness of the films: for the thin films it is 
higher, for thick films lower, than with mercury. 
The behavior of X  and Y films10 is shown in Fig. 
13; they are not very different. For both, how­
ever, there is a difference in the voltage-current 
curves depending on the direction of the voltage. 
When the positive pole of the battery  is connected 
with the slide the curve shoots up more steeply than 
in the opposite case, in which, though the curve 
begins to rise a t about the same voltage, it does so 
more slowly until i t  passes over a  kind of shoulder. 
I t  seems likely th a t this difference is due to an 
electrical asym m etry in the film, probably asso-

(10) Y films containing lead were not significantly different from 
Cu-Ba stearate Y films.
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ciated with the initial layer (see for example Fig. 
9). Below these breakdown voltages, the d. c. 
resistance of the films covered with water is, so 
far as we can say, as great as that of films covered 
with mercury. There is another contrast be­
tween the results obtained with water and mer­
cury. With mercury drops the film seems to be 
ruptured permanently when the breakdown volt­
age is exceeded, and the resistance remains low. 
With water drops this is not the case, and subse­
quent curves obtained with the same drop in the 
same place on the film are about the same as the 
initial curve.

This very striking difference between the results 
obtained with films covered with water and with 
mercury may be due to a difference in the affini­
ties of the two liquids for the surface, although 
neither water nor mercury wets the surface. It 
is suggestive to recall in this connection that Y 
films which have acquired large contact potentials 
as a result of a glow discharge completely lose 
these potentials as a result of being dipped in 
water, whereas the potentials remain unaffected 
or are only partially abolished when the films are 
dipped in mercury, even though several layers 
may be removed by the process. It is as if the 
water were able to penetrate the films.

VII. Discussion
In view of the spacing of the metallic ions re­

vealed by the X-ray studies of Holley and Bern­
stein,11 it is clear that the basic structure of X and 
Y films is the same: the layers, apart from the 
first layer, occur in pairs, with the polar surfaces 
together. On the other hand, there must be some 
structural differences to account for the very dif­
ferent properties and behavior of the two kinds of 
film. As a result of the great effects often pro­
duced by very small changes in the character of 
the substrate it seems likely that these differ­
ences are closely connected with the ionic com­
position of the films. If we accept the surface 
electrification hypothesis it would be such differ­
ences which determine whether or not the films 
acquire a charge when withdrawn from the sub­
strate rather than the fact that the layers are de­
posited singly or in pairs. This accords with the 
fact that lead X films formed at pH 6 do not de­
velop high potentials although the layers are de­
posited only one at each dip. Evidently, how­
ever, it is not the character of the whole film, but

(11) Holley and Bernstein, Phys. Rev., 52, 525 (1937).

only that of the outermost layer or two which is 
the determining factor, since when one or two X 
layers are deposited on a Y film it develops the 
potential characteristic of an X film of the same 
total thickness and conversely when one or two
Y layers are deposited on an X film. Moreover, 
when layers are successively removed from com­
posite films the films appear to retrace their past 
history in respect to potential. We have seen 
that the characteristic potentials of all films dis­
appear while the films are in contact with various 
polar liquids, but redevelop when the films are 
withdrawn from the liquids. Evidently the origi­
nal surface charge is restored by the work of separa­
tion from the liquid, and the sign and magnitude 
of the charge depend on the character of the sur­
face of the film rather than on the nature of the 
liquid, e. g., whether chloroform, water or mercury.

On the other hand, certain other phenomena 
clearly depend not on the nature of the surface 
layer but upon that of the whole film, for example, 
the optical thickness of the films, the tempera­
tures at which they soften and the change of op­
tical thickness which accompanies softening. In 
all these respects X and Y films differ, and the 
experiments show that X augmented Y films and
Y depressed X films behave like simple Y and X 
films, respectively.

It seems probable that, unlike the ''natural” 
potentials of the films, potentials produced by the 
X-ray treatment or a glow discharge are due to the 
development of an internal charge in the body of 
the films as a result of the penetration of ions into 
the films. Otherwise it is hard to understand how 
these potentials, whether positive or negative, can 
persist as they do after X or Y films are dipped 
into mercury and several layers are removed. 
Even on the basis of this view, however, certain 
points remain obscure. Why are these poten­
tials, whether positive or negative, abolished in 
the case of Y, but not of X, films as a result of 
dipping the films into water and chloroform? By 
what mechanism are they neutralized while the 
films are in contact with polar liquids, supposing 
that the internal charge is not removed? These 
phenomena, together with the curious behavior 
of the lead films, which fail to develop large po­
tentials under any conditions, remain a difficult 
problem.

Consider now the experiments on the effect of a 
voltage applied between the slide and the liquid 
subphase while films are being deposited. The
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data show clearly that for all types of film an ap­
plied voltage does not affect the shape of the po­
tential-layer curves (except for the first three 
layers of simple X and Y films, as in Fig. 12), but 
simply serves to displace the curves by a constant 
amount up or down depending on its direction. 
The absolute magnitude of the shift is nearly if not 
quite independent of the magnitude of the ap­
plied voltage, as well as of the type of film. From 
this it appears, in terms of the surface charge hy-
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Fig. 13.—Voltage-current curves of X  and Y films in contact with water.

pothesis, that when the films, of whatever type, 
are withdrawn from the liquid they acquire the 
same charge as in the absence of the applied volt­
age, but that in addition to this there is super­
posed an effect due to the voltage. This effect 
might be interpreted as due either to a polariza­
tion, possibly involving a reorientation of an 
underlying layer, or to the accumulation of a sub­
sidiary charge on the surface of the film. In 
accordance with the latter interpretation we may 
think of the film as a condenser of capacity given 
by equation (1). Then, under the influence of 
the applied voltage Ff effective across the film, 
the film will accumulate a charge per unit area 
given by

cr* == e V/4:Trnt

This charge, over and above the charge a ac­
quired by the film independently of the applied 
voltage at the time it is withdrawn from the 
liquid, would account for the displacement of the 
potential-layer curve by an amount F, without

its being otherwise altered. But on either inter­
pretation it is the charge cr which determines the 
character of the potential-layer curves, and it 
follows, somewhat unexpectedly, that <r is wholly 
unaffected by the applied voltage.

It now remains to consider why the up or down 
displacement of the curves is independent of the 
magnitude of the applied voltage. An explana­
tion of this is to be found in the results repre­
sented in Fig. 13. Evidently when a voltage F 

is applied between a point in the liquid 
and the submerged metal slide a volt­
age Ff at once begins to build up across 
the film. However, it may be seen from 
Fig. 13 that before Ff attains the value 
F  (if F  be sufficiently high) the critical 
point will be reached when the resist­
ance of the film suddenly drops, and a 
current begins to flow. Equilibrium 
is then established when the current 
reaches such a value that the resulting 
voltage drop in the liquid is equal to 
F  — Ff. Since after the attainment 
of the critical voltage, the current 
through the film rises sharply (see Fig.
13) it is evident that Ff should be very 
nearly independent of F, as it is found 
to be. This explanation has nothing 
to do with the nature of the reversible 
“breakdown” associated with the sud­
den rise of current in the film in contact 

with the liquid when the applied voltage reaches 
a certain value, but depends simply on the fact 
that such a process occurs.

Summary
Voltage measurements of circuits involving X 

and Y films in contact with polar liquids indicate 
that the potentials of the films are neutralized by 
contact with the liquids, although they reappear 
after the films are separated from the liquids. 
Similar measurements of films in contact with ben­
zene show that in this case the potentials are not 
neutralized.

Contact potentials induced in X and Y films by 
exposure to a glow discharge are not abolished as a 
result of dipping the films in mercury even when 
several layers of the film are removed, but are 
abolished in the case of Y films by contact with 
water and chloroform.

The effect of applying an arbitrary voltage be­
tween the slide and the liquid while films are being
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built is to displace the potential-layer curves up 
or down without altering their shape subsequent 
to the first three layers. The absolute magnitude 
of the displacement is independent of the type of 
film and of the magnitude of the applied voltage 
but the direction of displacement, up or down, de­
pends upon the direction of the voltage. Similar 
shifts of potential are produced when films are 
immersed in the liquids under the influence of an 
applied voltage without the deposition of layers.

X or Y films containing lead fail to develop 
large contact potentials under all conditions and 
show certain unusual properties.

Impedance measurements at frequencies of 1

and 0.244 megacycles show no significant differ­
ence between X and Y films. They indicate a 
dielectric constant of about 2.5 and give evidence 
of power absorption. Breakdown voltages of X 
and Y films are the same. Breakdown voltages 
of films in contact with mercury increase with the 
thickness of the films, and correspond to fields of 
the order of 105 6 v./ctn. Apparent breakdown 
voltages of films in contact with water are nearly 
independent of thickness and depend on the di­
rection in which the voltage is applied. The 
specific d. c. resistance of both X and Y films is of 
the order of 10 13 ohms.
C a m b r id g e , M a s s . R e c e iv e d  J u n e  4, 1938

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

The Volumetric Oxidation of Iodide and Bromide by Periodic Acid1

B y  H o b a r t  H. W il l a r d  a n d  L u c i e n  H. G r e a t h o u s e

Periodic acid and periodates of the alkalies are 
powerful oxidizing agents in dilute aqueous solu­
tion and usually stable enough for use in volu­
metric analysis.

Reactions of periodates as oxidizing agents have 
been investigated from an early date.2 The 
reaction between periodate and iodide with excess 
of the former

KI +  3KI04 =  4K I03

is of particular interest.3
The excess of periodate may be determined 

accurately in the presence of iodate by titrating 
with standard arsenite the iodine liberated from 
iodide in neutral solution, thus 
K I04 +  2KI +  4H3BO3 = KIO3 +  I2 +  K2B40 7 +  6H20

This principle was first stated by Péchard4a but 
the method was developed by Müller and his asso-

(1) From a dissertation presented in partial fulfilment of the re­
quirements for the degree of doctor of philosophy at the University 
of M ichigan by Lucien H. Greathouse in 1917.

(2) (a) Ammermiiller and Magnus, A n n . , 11, 18-24 (1834); (b) 
Bengieser, ib id ., 17, 254-260 (1836); (c) Langlois, ib id ., 83, 153-175 
(1852); (d) Selmons, C h em . C en tr ., [3] 18, 502-504 (1887); (e) 
Griitzner, A rch . P h a r m ., 234, 634-640 (1896); (f) Péchard, C o m p t. 
r e n d ., 128, 1101 (1899); (g) Brunner and M ellet, J .  p ra k t. C h em .,
[2] 77, 33-42 (1908); (h) Willard and Greathouse, T h is  J o urn al , 
39, 2366 (1917).

(3) (a) Phillip, B u ll. soc. ch im ., [2] 12, 350 (1869); (b) Péchard, 
C o m p t. r en d ., 130, 1705 (1900); (c) Garzarolli-Thurnlackh, M o n a tsh ., 
22, 955-975 (1901); (d) Müller, Z. E le k tro ch em ., 9, 584-594, 707- 
716 (1903); (e) Bray, Z . p h y s ik . C h em ., 54, 463-497 (1906); (f) 
Auger, B u ll. soc. c h im ., [4] 11, 731 (1912).

(4) (a) Péchard, C o m p t. re n d ., 128, 1453 (1899); (b) Müller and 
Friedberger, B e r ., 35, 2652 (1902); and Jacob, Z. an org . C h em ., 82, 
308-314 (1913); and Weglin, Z. a n a l. C h em ., 52, 755 (1913).

ciates.4b For this purpose the solution is buffered 
preferably with boric acid-borax mixture.

Titrations based on these reactions have been 
used recently to identify polyhydric alcohols.5

Periodates Suitable as Reagents
Potassium Periodates.—The metaperiodate, K I04, 

commercially available, contained 79.51% of I2O7 com­
pared with the theoretical value of 79.52% and was 
free from iodate by test with silver nitrate.20’6 It may be 
used as a primary standard for iodimetry.

The solubility of potassium metaperiodate in water was 
found to be as follows, in grams per 100 ml. of the saturated 
solutions

0° 25° 35° 45° 55° 65°
0.1546 0.5112 0.785 1.190 1.75 2.51

The specific gravity at 25° of the solution saturated at 
25° was 1.00125. If the solubility at 25° as determined by 
Hill7 is recalculated to grams per 100 ml. a value of 0.5106 
is obtained.

The metaperiodate decomposes in solution with a strong 
odor of ozone. Dipotassium paraperiodate, K2H3IO6, 
is much more soluble than the meta salt and more stable 
in solution and hence better suited for standard solutions.

Sodium Periodates.—The paraperiodates precipitated 
by the reaction of chlorine on iodate in alkaline solution 
vary in composition between Na3H2I06 and Na2H3I06.7

(5) (a) Malaprade, C o m p t. r e n d ., 186, 382 (1938); B u ll. soc. c h im .,  
[4] 43, 683-696 (1928); ib id . , [5] 1, 833-852 (1934); (b) Fleury and 
Lange, J .  p h a rm . ch im ., [8] 17, 107-113, 196-208, 313-326, 409-427  
(1933); (c) Fleury, ib id . , [8] 18, 476-481 (1933); (d) Rappaport, 
Reifer and Weinmann, M ik r o c h im . A c ta , 1, 290-299 (1937); Rappa­
port and Reifer, ib id ., 2, 273 (1937).

(6) Willard and Thompson, T his J o u r n a l , 56, 1827 (1934).
(7) Hill, ib id ., 50, 2678 (1928).
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The precipitate is very insoluble in excess of sodium hy­
droxide. The metaperiodate, NalCh, is readily soluble in 
water and is therefore more useful as a reagent. Analysis 
of a sample prepared in this work gave 85.61% of I2O7 as 
compared with the theoretical value of 85.59%. It is 
prepared by dissolving the paraperiodate in dilute nitric 
acid and recrystallizing.

Standard Solutions.—Standard arsenite was prepared 
in the usual way from very pure arsenious oxide and 
brought to a pH  of approximately 7 by buffering with so­
dium bicarbonate saturated with carbon dioxide.

Standard tenth normal potassium paraperiodate was 
prepared by dissolving the meta salt in hot water and add­
ing a 10% excess of potassium hydroxide.

The rates of decomposition of metaperiodate and para­
periodate in 0.05 M  solution at about 30° are shown in Fig. 
1. The sodium salt was used to obtain a metaperiodate 
solution of this strength. Although the paraperiodate 
solution gave a faint odor of ozone its loss in strength 
shown in Fig. 1 was probably due also to a slow precipita­
tion by impurities extracted from the glass container by 
the alkaline solution.

Days.
Fig. 1.—Decomposition of 0.05 M  peri­

odate solutions at 30°: A, sodium meta- 
periodate; B, dipotassium paraperiodate.

Standard solutions of periodic acid or of sodium meta­
periodate acidified with one equivalent of sulfuric acid 
were found exceptionally stable. One such solution 
changed less than 0.1 % after standing four months in the 
light and then two years in the dark. These acid solutions 
were not used because the reagents required were not com­
mercially available at the time.

Determination of Iodide
If a neutral solution of iodide is oxidized to iodate by 

the addition of an excess of periodate, the latter can then 
be determined by titration with arsenite as already de­
scribed. Since iodine is first liberated and subsequently 
oxidized the reaction must be carried out in a closed vessel.

Standard potassium iodide solution was prepared from 
a pure salt which had been recrystallized until free from 
chloride, bromide, and iodate. It was kept in an atmos­
phere of hydrogen and was standardized gravimetrically 
by precipitation with silver nitrate, with the following 
results:

Grams of iodine in vacuo, per gram of solution in air,
0.0125961 0.0125965 0.0125966 A v.0.0125964

Influence of Temperature on the Reaction.—Experi­
ments were made at 25, 35, 45 and 55°, following the re­
action of 0.0025 mole of potassium iodide with 0.0075 mole

of potassium paraperiodate in a volume of 250 ml. The 
standard periodate and iodide solutions were brought sepa­
rately to the selected temperature, then mixed and diluted 
to volume quickly in a volumetric flask immersed in a 
thermostat at the same temperature. At suitable inter­
vals 25-ml. samples were withdrawn, treated with borax 
and boric acid, then with an excess of potassium iodide 
solution, and titrated with 0.1 N  arsenious acid. This 
titration gave residual periodate plus the oxidizing equiva­
lent of such iodine as had been liberated but not yet oxi­
dized to iodate. A second experiment was made at 25° 
but diluted to 500 ml. and 50-ml. samples withdrawn.

The results plotted in Fig. 2 indicated that at higher 
temperatures and with an excess of periodate the reaction 
would be rapid.

Fig. 2.—Effect of temperature on the reaction 
3K2H3I0 6 -f  KI = 4KI03 +  3KOH +  3H20: 
€, duplicate experiment; A, dilution experiment 
at 25°.

Determination of Iodide Alone.—One general procedure 
was used. Fifty milliliters of 0.1 N  paraperiodate was 
introduced into a glass-stoppered 250-ml. Erlenmeyer flask. 
A flat-ended glass vial, containing 3 to 8 ml. of iodide solu­
tion, was lowered into the flask and placed upright on the 
bottom. Thus the two solutions were kept separate until 
the whole system  was heated to the selected temperature. 
No other water was added except where noted. The flask 
was then stoppered and tilted to upset the vial and mix 
the solutions. After periods as noted in the tables, the 
reaction mixtures were cooled and excess periodate titrated.

In determinations 1 to 7 of Table I the oxidation was 
conducted at 70 to 80° and was complete in thirty-five 
to forty minutes when a small excess of periodate was 
used. In determinations 8 to 22 the reaction was con­
ducted at 96 to 98° which reduced this period to about 
twenty minutes. After the iodine liberated at first had 
disappeared, the solution was neutralized with an excess 
of boric acid, the flask being opened and closed quickly.

In the determinations shown in Table I the factors of 
time, temperature and excess of periodate were varied to 
determine the limits within which the reaction would be
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T a b l e  I

D e t e r m in a t io n  o f  I o d id e

Volume

No.

Iodine as 
KI taken, 

g.

Excess 0.1 N
k 2h *i o 6,

ml.

during Time 
oxidation, heated, 

ml. min.

Error, 
mg. of 
iodine

1 0.0727 14.30 60 10 - 0 .2
2 .0767 12.41 60 7 .0
3 .0789 11.33 60 5 +  .2
4 .1004 1.16 60 30 -  .1
5 .1007 1.06 60 40 -  .2
6 .0964 3,12 60 35 -  .2
7 .0977 2.48 60 30 .0
8 .1009 0.95 60 40 -  .1
9 .1008 .96 60 40 +  .1

10 .1002 .31 60 70 .0
11 .0998 1.51 60 22 .0
12 .0996 1.64 60 21 .0
13 .0988 3.22 100 15 +  .2
14 .0985 3.38 150 15 +  .2
15. .0985 3.38 200 15* .0
16 .0987 3.28 250 15 .0
17 .0785 12.78 250 8 -  .1
18 .0850 9.71 250 8 .0
19 .0923 6.33 250 8 - 1 .1
20 .0704 16.65 250 5 0 . 0
21 .0760 14.00 250 5 -  .6
22 .0831 10.63 250 5 - 1 .7

complete. In determinations 13 to 22 the volume was 
increased and the time allowed for reaction-progressively 
decreased as the excess periodate varied, until in deter­
minations 19, 21 and 22 the reaction was incomplete.

Determination of Iodide in Presence of Bromide.— 
When bromide was also present, slight liberation of bro­
mine occurred which did not affect the accuracy of the 
iodine determination if no bromine was lost.

The presence of bromide accelerated the reaction so that 
the addition of boric acid could be omitted. This avoided 
the procedure of opening the flask during the reaction, 
which would have permitted loss of bromine. In Table 
II, in determinations 1 and 2, 50 ml. of 0.1 N  K2H3106 
was used but in the others, 25 ml. of 0.1 N  K2H3I06 and 
75 ml. of water were added.

T a b l e  I I

D e t e r m in a t io n  o f  I o d id e  i n  P r e s e n c e  o f  B r o m id e

No.

Iodine
taken,

g.
KBr,

g-

Excess
K 2H8IO«,

ml.

Time
heated,
minutes

Error,
nig.

1 0.0982 0 . 6 1.88 15 0 . 0
2 .0965 . 6 3.13 10 -  .1
3 .0380 5.0 6.25 3 .0
4 .0382 5.0 6.15 3 +  .1
5 .0386 5.0 5.95 3 .0
6 .0415 5.0 4.69 3 -  .1

The determination of small percentages of iodide in mix­
tures with bromides is rapid and accurate.

Recommended procedure: Measure into an Erlenmeyer 
flask with a ground-glass stopper standard 0.1 N  para­
periodate in 10 to 25% excess over that required to oxidize 
the iodide in the sample to iodate. Dissolve the sample 
in 5-10 ml. of water in a small vial with a flat end, and set 
this upright within the flask. Place the flask in a steam-

bath, heat to 97-98°, stopper it and upset the vial to mix 
the solutions.

After the disappearance of iodine, which should occur 
in less than five minutes, continue heating for ten minutes, 
then loosen the stopper, cool, and add an excess of pow­
dered boric acid. If the iodine color reappears, replace 
the stopper, and return to the steam-bath for ten minutes. 
Any iodine color persisting either before or after the boric 
acid addition indicates insufficient periodate, in which case 
the determination will not be accurate.

When bromide is present, the reaction is faster. The 
addition of boric acid during the reaction is not required, 
and should be delayed until the solution, after reacting 
for fifteen minutes, has been cooled. With higher bromide 
concentrations, a faint bromine color may appear slowly, 
differing, however, from the iodine color which appears 
at once when oxidation is incomplete. After completion 
of oxidation, cool, add an excess of boric acid, then an ex­
cess of 5% potassium iodide solution, about 1 ml. for each 
milliliter of unreacted 0.1 N  periodate being sufficient to 
prevent volatilization of iodine. Titrate the iodine liber­
ated with standard arsenite. Each milliliter of 0.1 N  
periodate is equivalent to 0.0021153 g. of iodine.

Determination of Bromide
Periodic acid oxidizes bromide in acid solution to bro­

mine. The reaction is complete if the bromine is removed 
by bubbling air through the solution. The excess perio­
date may then be titrated to determine bromide.

A standard solution by weight was prepared from potas­
sium bromide purified for atomic weight work. It was 
standardized by precipitation as silver bromide with the 
following results:
Grams of bromine in vacuo, per gram of solution in air 
0.0157740 0.0157731 0.0157770 0.0157730 Av. 0.0157743

Either the standard paraperiodate solution, as in the 
iodine determination, or the acidified sodium periodate 
solution described earlier, may be used. There are also 
required a 5 N  sulfuric acid solution, which must be free 
of reducing reagents, a starch iodide indicator, and Schiff 
fuchsine indicator for bromine as described by Guareschi.8

The reaction was conducted in an Erlenmeyer flask 
with a ground-glass stopper, through which passed 
one tube connected to an aspirator and another down 
into the flask so that air could be drawn through the 
reaction mixture from several fine openings. A U-tube 
containing the indicator solution was connected in the 
suction line. The fuchsine indicator must be used 
instead of starch iodide if chlorine is present.

Recommended Procedure.—If iodide or other 
constituents oxidizable by periodate in neutral 
solution are present, first determine the amount 
of the standard reagent required for this on a 
separate aliquot of the solution to be analyzed. 
To another aliquot, placed in the reaction flask, 
add this amount of standard periodate, plus a 
volume of 10 to 35% in excess of that required for 
oxidation of the bromide. If much iodide is 
present, keep the two solutions separate until

(8) Guareschi, Z. anal. Chem., 52, 451 (1913).
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heated, then mix and oxidize as described before, 
which usually requires ten to fifteen minutes. 
Dilute to 100 ml. and acidify with 20 ml. of 5 N  
sulfuric acid in excess of that equivalent to the 
combined base in the bromide plus that in the 
standard periodate used. Heat and draw air 
through the solution until the bromine color dis­
appears, then place the indicator solution in the 
U tube and repeat until no test for bromine is 
obtained. Cool, neutralize with 20 ml. of 5 N  
sodium carbonate, buffer the solution and titrate 
the excess of periodate.

T a b l e  III
D e t e r m in a t io n  o f  B r o m id e

Excess

No.

Bromine
taken,

g.

0.2 M  
KC1, 
ml.

0.1 N  
K2H3IO6, 

ml.

5 N  
H2SO4, 

ml.

Time of 
heating, 

min.
Error

bromine,
mg.

1 0.3599 4 .5 6 25 45 - 0 . 1
2 .3600 4 .5 4 20 55 .0
3 .3607 4 .4 5 20 65 +  .1
4 .3401 7 .4 8 10 90 -  .6
5 .3038 11.86 10 95 +  .2
6 .2560 17.84 10 80 ■+ .3
7 .2001 2 4 .84 10 55 +  .3
8 a .2211 2 2 .25 18 .5 150 .0
9 .3633 5 4 .4 2 10 100 -  .5

10 .3632 5 4 .3 5 10 105 -  .1
11 .3638 5 4 .3 0 10 120 .0
12 .3621 10 4 .3 3 10 120 + 1 .2
13 .3617 25 4 .1 5 10 120 + 3 .1
a Reaction volume was 100 ml. except 300 ml. in No. 8.

Each milliliter of 0.1 N  periodate is equivalent 
to 0.00792 g. of bromine.

Any considerable amount of chloride interferes 
but, as shown in the results of Table III, by using 
low acidity and a prolonged bubbling, separation 
from a millimole or less of chloride may be ef­
fected.

Summary

1. Potassium metaperiodate, KIO4, can be 
purified readily so as to have the theoretical com­
position and may be used as a primary standard 
in iodimetry.

2. Dipotassium paraperiodate in a slightly 
alkaline solution, and sodium metaperiodate acidi­
fied with sulfuric acid are both stable volumetric 
solutions, the latter showing remarkable per­
manency. Metaperiodates in neutral solution 
decompose with noticeable rapidity.

3. Iodide may be determined in the presence 
of bromide, chloride, and other substances not 
oxidized by neutral periodate solution by oxida­
tion to iodate with standard periodate, and titra­
tion of the excess of the latter with arsenious 
acid. Conditions required for a rapid reaction are 
shown.

4. Bromide may be determined in presence 
of small amounts of chloride by oxidation to 
bromine with standard periodate in slightly acid 
solution, expulsion of the bromine, and titration 
of the excess periodate.
A n n  A r b o r , M ic h ig a n  R e c e iv e d  S e p t e m b e r  6, 1938

[C o n t r ib u t io n  fr o m  F r ic k  C h e m ic a l  L a b o r a to r y , P r in c e t o n  U n iv e r s it y ]

The Electron Diffraction Investigation of the Molecular Structures of Hydrogen D i- . 
sulfide, Dimethyl Disulfide and Sulfur Dichloride

By D. P. Stevenson and J. Y. Beach1

We have investigated the structure of the gas 
molecules of hydrogen disulfide, dimethyl disul­
fide and sulfur dichloride by the electron diffrac­
tion method. The apparatus has been described 
elsewhere.2 The electron wave length was 0.0590 
A., determined from transmission pictures of 
gold foil (a — 4.070 A.). The distance from 
the gas nozzle to the photographic plate was 
12.19 cm. The photographs were interpreted by 
the visual method.3 The radial distribution

(1) National Research Council Fellow in Chemistry.
(2) Beach and Stevenson, J .  C h em . P h y s . ,  6, 75 (1938).
(3) Pauling and Brockway, ib id ., 2, 867 (1934).

method4 and a modification5 of the radial distribu­
tion method also were used.

Hydrogen Disulfide.—The hydrogen disulfide 
was prepared according to Vanino.6 The com­
pound was clear and colorless. The photographs 
were taken within an hour after the compound was 
made. After standing for several days at room 
temperature the hydrogen disulfide turned yellow. 
A few semiquantitative measurements of the vapor

(4) Pauling and Brockway, T h i s  J o u r n a l , 57, 2684 (1935).
(5) Schomaker, to be published.
(6) Vanino, “ Handbuch der praparative Chemie,” Vol. I, 1925,

p. 80.
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pressure agreed with the values reported by Butler 
and Maass.7 This eliminated H2S as a possible im­
purity. The only other possible impurity, hy­
drogen trisulfide, melts at —52°. As the melting 
point of our preparations was less than —80° (the 
melting point of hydrogen disulfide is —89°),6 not 
much hydrogen trisülfide could have been present. 
The photographs were taken with the sample at 
about 33°. Even if some hydrogen trisulfide had 
been présent iil our sample, because of its low 
vapor pressure the amount of it in the vapor phase 
would have been small as compared with the 
amount of hydrogen disulfide.

The photographs of hydrogen disulfide show six 
evenly spaced maxima and minima. The in­
tensities of the maxima drop off uniformly from the 
first to the sixth. The observed values of s 
tabsd. — (47t sin 0/2)/X] for the maxima and 
minima aiid thé visually estimated intensities of 
the maxima are tabulated in Table I.

Table I
Hydrogen D isulfide

Max. Min. Ï Sobsd. Scaled. Scaled./Sobsd.
1 io 3.963 3.68 0.929

2 5.730 5.17 .902
2 9 6.869 6.72 .978

3 8.807 8.31 .944
3 8 9.932 9.81 .988

4 11.822 11.39 .963
4 6 12.922 12.80 .991

5 14.742 14.28 .969
5 4 15.898 15.76 .991

6 17.631 17.37 .985
6 2 18.927 18.90 .999

Average (1st max., 2nd min. omitted) 0.979
Results: S-S = 2 .0 4  A.

H-S = 1.33 A. (assumed)
H-S-S ~  95° (assumed)

The radial distribution function obtained by treat­
ing these data by the ordinary distribution 
method4 is shown in Fig. 1, curve A. The modi­
fied radial distribution function5 is shown in Fig. 
1, curve B. The ordinary radial distribution 
function shows a peak at 2.04 A. representing the 
sulfur-sulfur distance. The modified radial dis­
tribution function shows a sulfur-sulfur peak at
2.06 A. and a small peak at 1.36 A., at about the 
expected hydrogen-sulfur distance. Knowing the 
sulfur-sulfur distance to be about 2.05 A., we 
assume 1.33/2.08 for the ratio of the hydrogen- 
sulfur distance to the sulfur-sulfur distance in 
calculating the theoretical curve. 2.08 A. is the

(7) Butler and Maass, T his J o u r n a l , 52, 2184 (1930).

radius table8 value for the sulfur-sulfur single 
bond distance. The H-S-S angle was assumed 
to be 95°. The theoretical curve is shown in 
Fig. 2, curve A. The effect of the hydrogen- 
stilfur terms on the theoretical intensity curve is 
negligible. Accordingly no attempt was made to 
locate the hydrogen atoms. Quantitative com­
parison of the photographs with the theoretical

tions: Curve A, ordinary for H2S2; 
Curve B, modified for H2S2; Curve
C, Ordinary for (CH3)2S2; Curve D, 
modified for (CH3)2S2; Curve E, 
ordinary for SC12: Curve F, modified 
for SC12.

intensity curve is made in Table I. The sulfur- 
sulfur distance is 2.04 A. Averaging the three 
sulfur distances, 2.04, 2.06 and 2.04 A., obtained 
from the radial distribution functions and the 
visual method gives a final Value of 2.05 *  0.02 A. 
for the sulfur-sulfur distance in hydrogen disul­
fide.

(8) Pauling and Brockway, ibid., 59, 1223 (1937).
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Fig. 2.—Theoretical intensity curves for H2S2 and 
(CH3)2S2: Curve A, H2S2; Curve B, [(CEW2S1], P =  
2.08/1.81, a =  95°; Curve C, p = 2.08/1.81, a = 105°; 
Curve D, p =  2.08/1.81, a = 110°; Curve E ,p  — 
2.08/1.81, a =  120°; Curve F, p -  2.00/1.81, a = 105°.

Dimethyl Disulfide.—The method of Price 
and Twiss9 for preparing disulfides was modified 
slightly according to the suggestions of West- 
lake.10 In order to obtain the dimethyl disulfide 
one mole of methyl iodide and one mole of sodium 
thiosulfate were refluxed for an hour in an equal 
volume mixture of methyl alcohol and water. 
After cooling, potassium triiodide solution was 
added slowly with shaking until a faint iodine color 
remained for three minutes after addition. (Heat 
was applied near the end of the reaction in order 
to increase the rate.X Sodium sulfite was added 
to remove the excess iodine and the dimethyl 
disulfide was distilled out of the mixture along 
with water, methyl alcohol and some methyl sul­
fide. The dimethyl disulfide was salted out of the 
distillate, and distilled twice at atmospheric pres-

(9) Price and Twiss, / .  Chem. Soc., 95, 1489 (1909).
(10) Westlake, private communication.

sure. The boiling point (uncorr.) was 109°. 
Although the freshly distilled product was color­
less, it developed a yellow color upon standing for 
a few hours, apparently losing dimethyl sul­
fide. The photographs were taken with the 
sample at 70° immediately after pumping off at 
room temperature any dimethyl sulfide which had 
formed after the distillation.

The photographs show five measurable maxima. 
The first two maxima are of roughly equal in­
tensity. The third appears as a shelf on the 
second maximum. The fourth and fifth maxima 
are well defined but less intense than the first two 
maxima. The fourth is stronger than the fifth. 
The observed values of s are given in Table II, 
along with the intensities. The ordinary and 
modified radial distribution functions are shown 
in Fig. 1, curves C and D, respectively. Both 
radial distribution curves have maxima at 1.94 
=*= 0.01 A. This is intermediate between a car­
bon-sulfur distance of 1.81 A. and a sulfur-sulfur 
distance of about 2.06 A. The two distances are 
not resolved. The peak at 3.08 A. is due to the 
long carbon-sulfur distance. The sulfur-sulfur 
distance is more important in the scattering for­
mula than the two equal carbon-sulfur distances 
so the peak at 1.94 A. should be somewhat nearer 
the sulfur-sulfur distance than the carbon-sulfur

Table II
D imethyl D isulfide

Max. Min. 1 •Sobsd. Scaled. Scalcd./Sobad.
1 18 4.185 4.14 0.989

2 5.926 5.46 .921
2 16 6.795 6.75 .993
3 (shelf) 6 8.532 8.45 .990

4 9.797 9.49 .969
4 10 10.770 10.65 .989

5 12.197 11.62 .953
5 5 13.240 12.71 .960

Average (1st max. and 2nd min. omitted) 0.976
Results: S-S = 2.03 A.

C-S — 1.77 A.
H-C = 1.09 A. (assumed)

distance. The carbon-sulfur single bond distance 
from the radius table8 is 1.81 A. The sulfur- 
sulfur distance then is about 2.05 A. Later in 
the paper, in discussing hydrogen disulfide, we 
show that a sulfur-sulfur distance of about 2.05 A. 
in a disulfide precludes the possibility that the 
molecule is pyramidal. We shall now proceed 
to determine more accurately the bond distances 
and angles of the chain molecule. The theo­
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retical intensity curve for the trans configuration 
of the molecule is indistinguishable from the 
theoretical intensity curve for the same molecule 
with free internal rotation. No attempt was 
made, therefore, to determine the freedom of 
rotation by electron diffraction, and all theoretical 
intensity curves were calculated for trans mole­
cules. Assuming a ratio p = 2.08/1.81 for the 
ratio of the sulfur-sulfur to the carbon-sulfur 
distance we have calculated intensity curves for 
values of the C-S-S angle, ay equal to 95, 100, 
105, 110 and 120°. These curves are shown in 
Fig. 2. When a is less than 105° the calculated 
curves are unsatisfactory in that the third maxi­
mum is not high enough on the second maximum. 
When p is greater than 105° the third maximum 
is too high. When p is decreased to 2.00/1.81 the 
third maximum drops in intensity. The curve 
for p = 2.00/1.81, a = 105 is shown in Fig. 2. 
Quantitative comparison of photographs with the 
curve calculated for p = 2.08/1.81, a = 105° is 
given in Table II. Because there are two pa­
rameters p and a as well as the internal rotation and 
absolute size of the molecule a slightly greater 
probable error than usual is placed on the results. 
The final results obtained from the visual method 
and the radial distribution method are: S-S = 
2.04 ±  0.03 A., C-S = 1.78 ±  0.03 A., C-S-S = 
107 ± 3 ° .

Sulfur Dichloride.—The sulfur dichloride was 
prepared by passing excess chlorine into sulfur 
monochloride in the presence of a small quantity 
of iodine. The resulting mixture was fractionally 
distilled through a 30-inch (76-cm.) column. The 
fraction boiling between 59 and 60° was collected 
and again distilled immediately before the pictures 
were taken. Pictures were taken of a sample 
which boiled between 59 and 59.5° (uncorr.). 
The pictures were taken with the sample at about 
15° within half an hour after the final distillation. 
Any chlorine which might have been formed after 
distillation by the slow reaction 

2SC1 -  Cl2 +  S2C12
was pumped off a few seconds before the exposures 
were made.

The photographs show six fairly evenly spaced 
maxima, the intensities of which decrease uni­
formly from the first to the sixth. The fourth 
maximum is rather broad. The a values of the 
maxima and minima and the visually estimated 
intensities of the maxima are tabulated in Table
III. The ordinary radial distribution function

has maxima at 1.98 and 3.13 A. The modified 
radial distribution function has maxima at 2.01 
and 3.12 A. The first peak at 2.00 A. represents 
the sulfur-chlorine distance. The second peak is 
the chlorine-chlorine distance. These distances

T a b l e  III 
S u l f u r  D ic h l o r id e

Max. Min. I Sobsd. ■Scaled. Scaled. /Sobsd. Scaled. Sc/ S0
1 10 4.368 4.06 0.929 4.04 0.925

2 5.704 5.42 .950 5.36 .940
2 8 6.725 6.73 1 .0 0 1 6.67 .992

3 9.099 8.71 0.957 8.73 .959
3 6 10.295 10.18 .989 10.14 .985

4 11.774 11.50 .977 11.48 .975
4 4 12.917 12.83 .993 13.05 1.010

5 15.243 14.98 .983 14.86 0.975
5 2 16.382 16.29 .994 16.14 .985

6 18.202 17.59 .966 17.57 .965
6 1 19,533 19.38 .992 19.54 1.000

Average (1st max. and 2nd
min. omitted) 0.984 0.983

Results: S-Cl = 2.00 A. Cl-S-Cl -  102 o CO o

Cl-S-Cl = 105°.

lead to a Cl-S-Cl angle of 103°. The theoretical 
intensity curves are shown in Fig. 3. There is 
only one shape parameter, the Cl-S-Cl angle. 
When the angle is equal to 100° or less the fourth 
maximum is too sharp on the theoretically cal­
culated curves. When the angle is 110° the 
third maximum on the calculated curve is too 
high. The 120° curve is unsatisfactory because 
the fourth maximum is too sharp. Quantitative 
comparison of the photographs with the 102° 30' 
and the 105° calculated curves is made in Table
III. The final results are: S-Cl = 2.00 =*= 0.02 
A. and Cl-S-Cl = 103 =*= 2°.

Discussion.—The electron diffraction data on 
hydrogen disulfide do not show directly whether 
the two hydrogen atoms are on the same or dif­
ferent sulfur atoms. However, from the sulfur- 
sulfur distance it is possible to give the answer 
to this question. If the hydrogen atoms are on 
adjacent sulfur atoms the sulfur-sulfur bond is a 
single bond and would be expected to have the 
single-bond interatomic distance. The sulfur- 
sulfur single-bond distance has been observed in 
rhombic sulfur11 to be 2.12 A. Pauling and Hug­
gins12 from a study of interatomic distances de­
cide that the most probable sulfur-sulfur single 
bond distance is 2.08 A. If the two hydrogen 
atoms are on the same sulfur atom the sulfur-

(11) Warren and Burwell, J . Chem. Phys., 3, 6 (1935).
(12) Pauling and Huggins, Z. Krist., 87A, 205 (1934).
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Fig. 3.—Theoretical intensity curves for SC12: 
Curve A, a = 95°; Curve B, a =  100°; Curve C, a =  
102° 30'; Curve D, « =  105°; Curve E, a = 110°; 
Curve F, a = 120°.

sulfur bond will be a semipolar or dative bond. 
The interatomic distance for this type of bond has 
been observed in the case of several phosphates13 
and sulfates14 to be about the double bond value. 
Electron diffraction work on PSC13,2 P0C13,15 
etc., has shown the interatomic distance for semi­
polar double bonds to be about the double bond 
value. The cause for this has been discussed.2 
The double bond sulfur-sulfur distance is 1.90 A.8

(13) Wést, Z. Krist., 74, 306 (1930).
(14) Zachariasenand Ziegler, ibid., 81, 92 (1932).
(15) Brockway and Beach, T h is  J o urn al , 60, 1838 (1938).

The observed distance in hydrogen disulfide is
2.05 =*= 0.02 A. This is practically identical with 
the single bond distance, 2.08 A. We conclude, 
therefore, that the hydrogen disulfide molecule is 
a chain molecule, the two nydrogéns being on ad­
jacent sulfur atoms. Butler and Maass7 from a 
study of the refractivity and parachor of hydrogen 
sulfide and hydrogen disulfide have reached the 
same conclusion.

In treating the electron diffraction data for 
dimethyl disulfide we did not calculate theoretical 
intensity curves for pyramidal models (both 
methyl groups on the same sulfur atom) because 
of the radial distribution function. If the mole­
cule were pyramidal the first peak on the radial 
distribution function would have been at about 
1.86 A. instead of at 1.94 A., because of the 
shorter sulfur-sulfur distance for the pyramidal 
model. Accordingly theoretical intensity curves 
were only calculatëd for chain models. The sulfur 
bond angle of 107° in dimethyl disulfide is about 
the same as the angle observed for sulfur11 (105°). 
The carbön-sulfur distance (1.78 =*= 0.03 A.) is 
equal to the radius table value (1.81) for the 
carbon-sulfur single bond within the experimental 
error. Brockway and Jenkins16 have found 1.82 
=±= 0.03 A. for the carbon-sulfur distance in di­
methyl sulfide. The sulfur-chlorine distance in 
sulfur dichloride (2.00 + 0.02 A.) seems slightly 
less than the radius table value (2.03 A.). This 
effect for similar compounds has been discussed.16

Summary
The molecular structures of hydrogen disulfide, 

dimethyl disulfide and sulfur dichloride have been 
investigated by the method of electron diffrac­
tion. Hydrogen disulfide and dimethyl disulfide 
are chain molecules. In hydrogen disulfide the
S-S distance is 2.05 =*= 0.02 A. In dimethyl disul­
fide the S-S distance is 2.04 =*= 0.03 A., the C-S 
distance is 1.78 =*= 0.03 A. and the C-S-S angle is 
107 =*= 3°. Sulfur dichloride is a bent molecule. 
The S-Cl distance is 2.00 ± 0.02 A., the Cl-S-Cl 
angle is 103 =*= 3°.
Princeton, N . J. Received September 13, 1938

(16) Brockway and Jenkins, ibid., 58, 2036 (1936).
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The recent contributions of Kraus, Fuoss and 
co-workers2 on “The Properties of Electrolytic 
Solutions” have furnished the first satisfactory 
explanation of the unusual conductance phe­
nomena exhibited by solutions of electrolytes in 
solvents with low dielectric constants. Since con­
siderable interest has been shown in recent years 
in the properties of solutions in anhydrous acetic 
acid, which has a low dielectric constant,3 e = 
6.25, it was thought that additional studies4 
of conductivities in this solvent might prove of 
value especially in view of the above contributions.

In the present investigation conductance data 
have been obtained for solutions of certain quater­
nary ammonium salts, the chlorides and nitrates 
of the alkali metals and sodium acetate.

Experimental
The bridge assembly, thermostat and cells, as 

well as the method of purification of the solvent, 
were described previously.40 The specific con­
ductivity of the acid used in the preparation of the 
solutions varied from 0.37 to 0.70 X 10~8 mho 
at 25°. Recently acid with a specific conduc­
tivity as low as 0.18 X 10~8 mho was obtained 
in quantity in this way.

Lithium chloride was prepared by the method of 
Richards and Willard.5

The chlorides of sodium, potassium and am­
monium and the nitrates of lithium, sodium, 
potassium and cesium were purified by three 
recrystallizations of c. p . reagents from conduc­
tivity water and dried in an oven at 120° for 
three days.

Sodium acetate was prepared by the method of 
Davidson and McAllister.6

The quaternary ammonium compounds7 were 
prepared by passing the corresponding halide into 
an alcoholic solution of trimethylamine. The sec-

(*) Original manuscript received July 24, 1936.
(1) Present address: University of Alaska, College, Alaska.
(2) Series of publications in This Journal and in Trans. Faraday 

Soc. Number X IX  of this series, the latest to  date, may be found 
in Trans. Faraday Soc., 32, 594 (1936). A review of the major 
portion of this work appears in Chem. Rev., 17, 29 (1935).

(3) Seward and Hamblet, T h is  Journal, 54, 554 (1932).
(4) (a) Kolthoff and Willman, ibid., 56, 1007 (1934); (b) Weid­

ner, Hutchison and Chandlee, ibid., 56, 1285 (1934).
(5) Richards and Willard, ibid., 82, 4 (1910).
(6) Davidson and McAllister, ibid., 52, 519 (1930).
(7) All the quaternary ammonium compounds were very kindly 

prepared by Mr. J. H. Jones of this Laboratory.

ond crop of crystals obtained from these solutions 
was then twice recrystallized from pure methyl 
alcohol and heated to constant weight at 120°.

The stronger solutions were made by adding 
weighed amounts of the dry salt to a known weight 
of pure acetic acid. The solutions of low con­
centration were obtained by dilution.

Discussion of Results
The experimental results are given in Tables I 

to XII. The concentrations are expressed in 
moles per liter. In calculating the equivalent con­
ductances no solvent correction was applied.8 The 
specific conductivity of the solvent is that meas­
ured at the completion of each dilution run. 
The starred values are for ^-solvent varying be­
tween 0.40 and 0.70 X 10“8 mho. In each case 
at least two different samples of the solution were 
measured. In addition, duplicate dilution runs 
were made for several of the electrolytes. These 
results were in very good agreement with the data 
listed here but were omitted in order to conserve 
space.

A comparison with the results of Kolthoff and 
Willman48, is possible in the case of the sodium 
acetate and lithium chloride solutions. The 
data for sodium acetate are in satisfactory agree­
ment but those obtained for lithium chloride in 
the present work are definitely higher. These 
differences might be due to a difference in the 
method of the preparation of the salt. Two 
separate preparations of lithium chloride were 
studied in the present work and the data ob­
tained were in excellent agreement.

An examination of curves in which values of A 
were plotted against -\/c indicated them to be of 
the type previously described8 for solutions in 
solvents of low dielectric constants. In the dilute 
range the slope of such curves is chiefly deter­
mined by the ion pair equilibrium.9 In the more 
concentrated solutions the effect of triple ion 
formation10 is evident. The data for tetramethyl-

(8) Application of a solvent conductance correction showed a 
curvature in the log A vs. log c plots which seemed anomalous and 
also gave somewhat less satisfactory agreement with what might be 
expected from Walden’s rule. Furthermore, some uncertainty exists 
regarding the nature of the solvent conductance. In view of these 
considerations it seemed best not to make a correction.

(9) Fuoss and Kraus, T h is  J o urn al , 55, 476 (1933).
(10) Fuoss and Kraus, ibid., 55, 2387 (1933).



T able I
L ithium  Chloride

^-solvent = 0.41 X 10~8
C A

0.02434 0.1852*
.01539 .1951*
.01084 .2243
.007224 .2512
.004100 .3089
.033703 .8449
.032853 .9470
.049322 1.538
.045439 1.928
.043136 2.436
.042044 2.916
.041206 3.627
.O58OI 4.30
.05497 5.29
.05354 6 .1 1
.05252 7.16

T able II
Sodium Chloride

^-solvent = 0.45 X 10 “8
C A

0.003764 0.1651*
.002550 .1910
.001711 .2279
.035547 .3822
.033383 .4805
.032045 .6092
.031251 .7706
.047686 .9787
.044769 1.231
.042836 1.592
.O4I666 2.071
.O4IOOI 2.66
.05716 3.14
.05584 3.46

T able III
P otassium Chloride

^-solvent = 0.47 X 10-*
C A

0.01060 0.1364*
.006675 .1620*
.004407 .1888*
.002507 .2574*
.001915 .2630*
.039772 .3602
.035901 .4543
.033434 .5853
.031512 .8636
.048452 1.159
.044876 1.533
.043040 1.907
.041833 2.442
.O4II88 3.01
.O5688 3.95
.05448 4.95
.05300 6 .12

T able IV
Ammonium Chloride

^-solvent = 0.50 X 10"*
C A

0.002575 0.2241
.001704 .2680
.039797 .3401
.035815 .4357
.032907 .5993
.031642 .7751
.049789 .9841
.045552 1.287
.043171 1.646
.041879 2.100

T able V 
Lithium  N itrate

^-solvent = 0.39 X 10
C A

0.02736 0.2355
.009935 .2389
.002933 .3129
.035423 .4837
.033279 .5510
.O3I5OI .687
.049154 .829
.045568 .102
.043653 1.24
.042619 1.49

T able VI
Sodium N itrate

^-solvent — 0.43 X 10
C A

0.007934 0.2060*
.004541 .2423*
.003266 .2573
.001689 .3190
.039262 .3906
.035066 .4767
.032279 .6231
.031426 .739
.048747 .882
.045053 1 . 1 1 2
.043165 1.365
.041875 1.772
.041120 2.270
.05819 2.69
.05522 3.34



T able VII 
P otassium N itrate

&-solvent = 0.47 X 10 ~8
C A

0.01246 0.2407*
.009466 .2435*
.006219 .2675*
.004190 .3047*
.001824 .4087
.001219 .4736
.035783 .6278
.032121 .929
.031134 1.199
.046720 1.477
.043910 1.860
.042362 2.32
.041452 2.88
.05906 3.53
.05635 4.13
.05433 4.91
.05315 5.82

T able VIII
Cesium  N itrate

^-solvent = 0.50 X 10~8
C A

0.002329 0.3938*
.001310 .5033*
.037033 .6514*
.035932 .7003
.032913 .9454
.031572 1.228
.049061 1.549
.044917 2.010
.042789 2.59
.041630 3.22
.O5957 3.97
.05567 4.90
.05432 5.59

T able IX
T etramethylammonium

Chloride

^-solvent = 0.56 X 10 "8
C A

0.1153 1.551*
.05136 0.8053*
.01970 .5264*
.01227 .5064*
.008150 .5242*
.005610 .5630*
.002749 .6995
.001771 .820
.035373 1.365
.O3IO62 2.806
.041974 6 .12
.041151 7.36
.05647 9.23
.05372 10.97
.05250 12.29

T able X
T etramethylammonium

B romide

^-solvent = 0.45 X 10"8
C A

0.002287 0.6813
.001247 .8505
.039725 .9477
.036095 1.155
.033223 1.528
.O3I822 1.976
.031044 2.549
.04679 3.106
.04474 3.64

T able XI
T rimethyl-w-butyl-
AMMONIUM: B romide

^-solvent = 0.57 X 10~5
C A

0.008222 0.5121
.004988 .5601
.003063 .6401
.001990 .7327
.001169 .9107
.034954 1.303
.032710 1.692
.031635 2.12
.049668 2.68
.045736 3.42

T able XII
Sodium A cetate

^-solvent = 0.48 X 10-
C A

0.02966 0.05347*
.02000 .07820*
.01676 .07901*
.009629 .09637
.005797 .1195
.001482 .2167
.038832 .2773
.034635 .3798
.032498 .5149
.031296 .7160
,046980 .9748
.043920 1.312
.042465 1.664
.042149 1.973
.041140 2.682
.05549 3.96
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Fig. 1.—The ordinates have unit value. In plotting, the second and third groups of curves and the upper 
simple curve have been displaced by 1, 2 and 3 units, respectively. The straight line has a slope of — y 2. 
In the first group: O , tetramethylammonium chloride; <8>, tetramethylammonium bromide; and • ,  tri- 
methyl-w-butylammonium bromide. The second group are for the chlorides: O , lithium; O , potassium; 
<S>, sodium; and • ,  ammonium. The third group are nitrates: O, cesium; potassium; •.lithium; and 
O, sodium. The top curve is for sodium acetate.

ammonium chloride solutions show a distinct 
minimum due to this effect while in the case of 
the other substances investigated it is apparent 
that, though not reached, a minimum is being 
approached. More concentrated solutions were 
not investigated because of solubility limitations 
in the case of several of the materials used. Plots 
of log A against log C, Fig. 1, gave nearly straight 
lines indicative of small values for the ion pair 
dissociation constant.9,11

The limiting equivalent conductances and the 
ion pair dissociation constants for several of the 
salts were evaluated by the methods of Kraus 
and Fuoss.2 Unfortunately these calculations 
must be based on the data obtained in the more 
dilute solutions where considerable uncertainty

(11) Kraus and Fuoss, T h is  Jo u r n a l , 55, 21 (1933).

exists regarding the influence of the solvent con­
ductances in the case of acetic acid. Because of 
this difficulty the numerical values obtained are 
of doubtful significance. The results, however, 
were in reasonable accord with the general pre­
dictions of the theory.

We wish to acknowledge the kindness of Profes­
sor C. A. Kraus in discussing with us certain points 
in regard to the interpretation of these data.

Summary
The specific conductances of a number of 

uni-univalent electrolytes have been determined 
in dilute solutions in acetic acid with a specific 
conductivity varying from 0.37 to 0.70 X 10~8 
mho at 25°.
State College, P e n n a . R eceived August 23, 1938
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5,5-Crotyl Alkyl Barbituric Acids1

By W i l b u r  J. D o r a n  a n d  H. A. S h o n l e
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A recent report from this Laboratory described 
a series of barbituric acids containing the un­
saturated 2-methylallyl.2 Since some of these 
derivatives produced an anesthesia of brief 
duration, we believed that the isomeric 5,5-crotyl 
alkyl and 5,5- (1 -methylallyl) alkyl barbituric 
acids might also be of short duration.

Crotyl substituted barbituric acids described in 
the literature are 5,5-dicrotyl,3 5,5-crotyl allyl4 
and, since the preparation of the barbituric acids 
herein described was completed, 5,5-crotyl iso­
propyl5 and 5,5-crotyl isobutyl barbituric acids.5

A representative group of 5,5-crotyl alkyl bar­
bituric acids, prepared by treating the sodium 
salts of 5-monoalkyl barbituric acids with crotyl 
bromide, is described in this paper. The treat­
ment of 5-monoethyl barbituric acid with crotyl 
bromide gave two 5,5-crotyl ethyl barbituric 
acids, which we believe to be the cis and trans 
isomers. Our crotyl isopropyl and crotyl iso­
butyl barbituric acids differ in melting points 
from those described in the I. G. Farbenindustrie 
patent.5 These may also be cases of cis and 
trans isomers.

A barbituric acid containing the isomeric 1- 
methylallyl group in the 5-position, and a 2-crotyl 
thiobarbituric acid were included in this study.

Pharmacological results, in Table I, give the 
minimum anesthetic dose (M. A. D.), the mini­
mum lethal dose (M. L. D.) and the average dura­
tion of anesthesia determined by the intraperi- 
toneal administration of dilute solutions of the 
sodium salts of the barbituric acids in white rats. 
With few exceptions the 5,5-crotyl alkyl barbi­
turic acids produce an anesthesia of shorter dura­
tion than the isomeric 2-methylallyl barbituric 
acids. 5,5-(1-Methylallyl) ethyl barbituric acid 
has a duration of anesthesia twice as long as that 
of the isomeric cis- and trans-oxotyl ethyl barbi­
turic acids, while 5-n-butyl 2-crotyl thiobarbi­
turic acid produced only convulsant effect.

(1) Presented before the Division of Medicinal Chemistry at 
the 96th meeting of the American Chemical Society, Milwaukee, 
Wisconsin, September 5 to 9, 1938.

(2) Doran and Shonle, This J o urnal , 59, 1625 (1937).
(3) Braun and Schirmacher, Ber., §6, 538 (1923).
(4) Taub, Schütz and Meisenberg, U. S. Patent 1,511,919, Oct. 14, 

1924.
(5) I. G. Farbenindustrie A.-G., British Patent 475,948, Nov. 29, 

1937.

Experimental
The crotyl alkyl barbituric acids were prepared either 

by condensing the crotyl alkyl ethyl malonate with urea, 
or by condensing crotyl bromide with the alkyl barbituric 
acid, using the usual procedure for the introduction of the 
allyl group.

Since the action of phosphorus tribromide on crotyl al­
cohol produces an equilibrium mixture of crotyl and 1- 
methylallyl bromide (consisting of 87% of the primary iso­
mer), it is necessary to separate these isomers by distilla­
tion procedures just prior to use.6 Instead of using vac­
uum, we used atmospheric pressure for the fractionation 
of the crotyl bromide from this isomeric mixture. Frac­
tionating 222 g. through a 30-cm. Widmer column during 
a period of two hours, we obtained as a final fraction 31.5 
g. boiling at 106-108° (uncorr.) and possessing n25d  
1.47936. It was therefore almost pure crotyl bromide.

Fractionation of 222 G. of an Isomeric M ixture of 
Crotyl Bromide

Fraction
B. p., °C. 
(uncorr.) W t., g. W25 D

% crotyl 
bromide

1 98-100 8.8 1.46228 11.0
2 100-101 25.3 1.47003 51.0
3 101-103 30.0 1.47218 61.5
4 103-105 33.8 1.47479 75.0
5 105-103 41.6 1.47677 86.5
6 105-106 36.3 1.47872 96.0
7 106-108 31.5 1.47936 99.5
8 Residue 10.0

217.3

1-Methylallyl bromide was obtained from the equilib­
rium mixture of crotyl and 1-methylallyl bromides by 
slow fractionation through a long column at atmospheric 
pressure 6 The fraction boiling at 88-90 ° which was used 
contained less than 10% of the primary bromide.

To dilute alcoholic solutions of the sodium salts of the 
various pure monosubstituted barbituric acids, were added 
molecular proportions of the freshly distilled crotyl bro­
mide. In some instances a small amount of a copper 
salt was added. The reaction was completed usually 
after several hours of warming. The crude 5,5-crotyl alkyl 
barbituric acids which separated at the end of the reaction, 
after the alcohol solvent was removed under vacuum, 
were dissolved in chloroform and were freed from unreacted
5-mono alkyl barbituric acids by extracting with dilute 
sodium bicarbonate solution. The disubstituted barbi­
turic acids were freed from chloroform and then recrys­
tallized from dilute alcohol until a constant melting point 
was obtained.

In the case of 5,5-crotyl ethyl barbituric acid two frac­
tions were obtained on recrystallizing from dilute alcohol, 
each of which had a constant melting point. The final 
purification of the lower melting isomer was effected by

(6) Winstein and Young, T h is  Jo u r n a l , 58, 104 (1936).
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5,5-Crotyl alkyl 
barbituric acid M . p., °C.« Calcd.

% Nitrogen
Found

M . A. D. 
m g./kg.

M. L. D., 
m g./kg.

Average duration 
of M. A. D ., min.

Ethyl 108-110 13.34 13.43 13.34 100 280 372
Ethyl 120-121 13.34 13.36 13.38 100 240 300
«-Propyl 160-161 12.50 12,58 12.60 130 340 120
1-Methylethyl 144-1456 12.50 12.46 12,76 70 180 200
«-Butyl 142-143 11.76 11.79 11.82 110 320 40
1-Methylpropyl 130-131 11.76 11.93 11.94 80 220 120
2-Methylpropyl 126-1276 11.76 11.92 11.77 100 300 45
1-Methylbutyl 110-113® 1 1 .1 1 11.15 11.19 90 200 66
3-Methylbutyl 147-148 1 1 .1 1 11.22 11.29 120 180 40

Ethyl 1-methylallyl barbituric acid had a M. A. D. of 125 mg./kg. and a M. L. D. of 175 mg./kg. The average 
duration of M. A. D. was seven hundred and twenty minutes.

° Anschutz thermometer used. h British Patent 475,948 gives a melting point of 137-138° for 1-methylethyl crotyl 
barbituric acid and 115 ° for 2-methylpropyl crotyl barbituric acid. c Also obtained in a hydrated form melting at 88-90°, 
calcd. for Ci3H2oN20 3-H20: N, 10.37%; found: N, 10.58 and 10.65%.

recrystallization from hot water. That these are isomeric 
crotyl ethyl barbituric acids and not a mixture of crotyl 
ethyl and 1-methylallyl ethyl barbituric acids was proved 
by the catalytic hydrogenation of each isomer. Using 
Adams platinum catalyst, each isomer, after reduction, 
gave butyl ethyl barbituric acids which had identical melt­
ing points, and which showed no depression in melting 
point when mixed with each other or when mixed with a 
known sample of «-butyl ethyl barbituric acid. From this 
it is evident that they were isomeric crotyl ethyl barbituric 
acids, presumably of the c is -tra n s  type. Some evidences 
of similar isomers were obtained with some of the other 
barbituric acids, but the amounts were so small that prod­
ucts of constant melting point were not obtained.

1-Methylallyl bromide, obtained as described above, was 
added immediately to a solution of a molecular amount of 
sodium ethylate and ethyl ethylmalonate in absolute 
alcohol. The solution was kept cold during the addition. 
It was then stoppered and allowed to come to room tem­
perature and to stand at room temperature for two 
days. It was desired to avoid the use of heat during this 
reaction, because of the rapid isomerization rate of 1- 
methylallyl bromide. The crude 1-methylallyl ethyl ethyl 
malonate was freed from alcohol and sodium bromide, 
dried, and fractionated under vacuum. Two fractions 
were obtained, the first being 1-methylallyl ethyl ethyl 
malonate, boiling at about 104-108° (uncorr.) at 6 mm. and 
possessing n 25d  1.4333, and the second, crotyl ethyl ethyl 
malonate, boiling at 114-118° (uncorr.) at 6 mm. and pos­
sessing ri25n 1.4390. The identification of these malonic 
esters was established from the structures of the barbituric 
acids obtained by condensing the esters in the usual man­
ner with urea in the presence of sodium ethylate.

The lower boiling ester gave a barbituric acid which 
melted at 146.5-148.0°. The anal, calcd. for CioHu03N2: 
N, 13.34; found: N, 13.36 and 13.16. When it was 
reduced catalytically using Adams catalyst, a reduced 
barbituric acid was obtained which after crystallization 
melted at 165.5-166.0°. Since there was no depression of 
the melting point when mixed with a known sample of 5,5- 
secondary butyl ethyl barbituric acid, it was evident that 
we originally had 5,5-(1-methylallyl) ethyl barbituric acid. 
Crystals of the two forms of crotyl ethyl barbituric acid 
melting at 107° and 118-119° were obtained when the 
higher boiling ester fraction was condensed with urea.

5.5- Crotyl «-propyl, 5,5-crotyl 1-methylethyl, 5,5- 
crotyl «-butyl, 5,5-crotyl 1-methylpropyl, 5,5-crotyl 2- 
methylpropyl, 5,5-crotyl 1-methylbutyl, and 5,5-crotyl
3-methylbutyl barbituric acids were prepared by treating 
freshly fractionated crotyl bromide with the sodium salt of 
the appropriate monosubstituted barbituric acid.

5.5- Crotyl 1-methylbutyl barbituric acid was also pre­
pared from urea and crotyl 1-methylbutyl ethyl malonate, 
which was prepared by condensing crotyl bromide with 
1-methylbutyJ ethylmalonate in the presence of sodium 
ethylate. Crotyl 1-methylbutyl ethyl malonate boiled at 
140-145° (uncorr.) at 10 mm. and possessed « 25d  1.4450.

A solution of the sodium salt of 5-«-butyl thiobarbituric 
acid was treated with crotyl bromide with the expectation 
of obtaining 5,5-«-butyl crotyl thiobarbituric acid. After 
several hours of refluxing, part of the alcohol was taken 
off under vacuum and the reaction product filtered off and 
washed with sodium bicarbonate solution. The resulting 
disubstituted thiobarbituric acid was purified by several 
recrystallizations from dilute alcohol and had a melting 
point of 238-239°. The anal, calcd. for Ci2Hi8N20 2S: 
N, 11.02; found: N, 11.09 and 11.14.

Since the injection of a sodium salt of this thiobarbituric 
acid produced only convulsions, the possibility of substitu­
tion on an atom other than the methylene carbon had to 
be considered.

A portion of the «-butyl crotyl thiobarbituric acid was 
refluxed for about twenty hours in dilute alcoholic hydro­
chloric acid solution. The alcohol was evaporated off 
and the residue filtered off and recrystallized from dilute 
alcohol. A product melting at 203-205° (uncorr.) was ob­
tained. When it was mixed with 5-«-butyl barbituric acid 
(m. p. 204-207°, uncorr.) there was no depression of the 
melting point. From these facts, it was evident that the 
crotyl group was attached to the sulfur and that the di­
substituted thiobarbituric acid melting at 238-239° was
5-«-butyl 2-crotyl thiobarbituric acid.

The reaction of crotyl bromide with 5-«-butyl thio-: 
barbituric acid is therefore different from its reaction with
5-«-butyl barbituric acid.

A similar reaction had been reported previously for alkyl, 
allyl and benzyl halides and 5-methyl thiobarbituric acid.7

Table I covers some of the physical properties of the
(7) Nishikawa, J. Ch$m. Soc. Jap., 56, 1487 (1935); ibid., 58, 97 

(1937).
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crotyl alkyl barbituric acids described and includes a 
brief summary of their pharmacological response.

Summary

Crotyl ethyl, crotyl 1-methylbutyl and. 1- 
methylallyl ethyl ethyl malonates have been pre­
pared and characterized. A series of eight crotyl 
alkyl barbituric acids has been prepared, and

some of their physical and pharmacological prop­
erties are described. Also 5,5-(1-methylallyl) 
ethyl barbituric acid and 5-w-butyl-2-crotyl 
thiobarbituric acids have been prepared and phar­
macologically studied.

The presence of cis-trans isomers has been ob­
served in 5,5-crotyl alkyl barbituric acids. 
Indianapolis, Indiana  R eceived October 5, 1938

[Contribution from the D epartment of Chemistry, U niversity  of N otre D am e]

The Preparation of Acetylenic Carbinols1

B y  K e nneth  N. Cam pbell, B arbara K . Cam pbell a n d  Law rence  T . E by

Acetylenic alcohols have been prepared, in 
general, through the Grignard reaction2 or by 
condensing an acetylene with an aldehyde or 
ketone in an anhydrous solvent such as ether. 
In some cases the latter reaction has been car­
ried out using the sodium derivative of the acety­
lene,3 in others the sodium enolate of the car­
bonyl compounds has been used,4 while in still 
other cases use has been made of condensing 
agents such as sodamide,5a potassium /-butylate5b 
and potassium hydroxide.50 None of these 
methods is entirely satisfactory.

Since large amounts of acetylenic alcohols were 
needed for other work, we investigated the 
preparation of these alcohols from sodium acety- 
lide and a carbonyl compound, using liquid am­
monia as a solvent. Such a method would have 
considerable advantages over the older methods 
in simplicity and ease of manipulation. At the 
time this work was started, there was but one 
reference in the literature to the use of liquid am­
monia as a solvent for the reaction.6 Later, 
McGrew and Adams7 reported the preparation of 
ethynylethylcarbinol by a method similar to 
ours, and a recent series of patents8 describes the 
preparation of some acetylenic carbinols in liquid 
ammonia solution.

(1) Paper X X IX  on the chemistry of substituted acetylenes; 
previous paper, T h is J o urn al , 60, 1717 (1938).

(2) Iotisch, B u ll. soc. ch im ., [3] 34, 181 (1905).
(3) Nef, A n n ., 308, 264 (1899); Moureu and Desmots, B u ll. soc. 

ch im ., 27, 360 (1902).
(4) Locquin and Sung, ib id ., [4] 35, 597 (1924).
(5) (a) Ruzicka, H elv. C h im . A c ta , 2, 182 (1919); (b) Gould and 

Thompson, T h is  J o urnal , 57, 340 (1935); (c) Favorsky, B u ll. soc. 
ch im ., 26, 284 (1901).

(6) Bayer and Co., German Patent, 285,770; F ried ld n d e r , 12, 
57-58 (1914-16).

(7) McGrew and Adams, T h is  J o urn al , 59, 1499 (1937).
(8) Kreimeier, U. S. Patents 2,106,180—2,106,182 (1936); C. A . ,  

32, 2547 (1938).

We have shown that sodium acetylide in liquid 
ammonia will condense with many aldehydes and 
ketones to give the corresponding carbinols in 
good yields (see Table I) and the method is a 
general one. Comparatively small amounts of 
the glycols, formed by the condensation of two 
molecules of the carbonyl compound with one of 
acetylene, were obtained. The yield of the 
acetylenic carbinols can be increased, and that 
of the glycol decreased, by passing acetylene gas 
into the mixture during the entire course of the 
reaction. The reaction has been extended suc­
cessfully to include the sodium derivatives of 
monoalkyl acetylenes. Several of the carbinols 
prepared in this work have not been described 
before. These include: l-phenyl-3-propyn-l-ol, 
3-methyl-4-nonyn-3-ol, 4-methyl-5-decyn-4-ol, 4- 
nonyn-3-ol and 4-methyl-5-undecyn-4-ol.

In the case of methylethylethynylcarbinol, this 
method of preparation was compared with others. 
The liquid ammonia method was found to be the 
most satisfactory, as it gave better yields and was 
carried out more easily. Although a direct com­
parison of methods was not carried out in other 
cases, the short time required, and the ease of 
manipulation, in the liquid ammonia method 
would seem to make it preferable even if, in cer­
tain cases, other methods gave better yields.

The condensation of sodium acetylide with a 
carbonyl compound does not seem to involve an 
enol form of the latter, since benzophenone and 
benzaldehyde will undergo the reaction. The fol­
lowing mechanism is suggested to explain the glycol 
formation, and the effect of excess acetylene gas.
HC==CNa +  R—C—R' — ►

IIO
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R R
I HC=CH |

HC^eeC—C—ONa -------->  HGssCNa +  HC=C—C—OH

R' R'

R O R R

NaC-sC—C—OH R—C—R' NaOC—C-=C—i —OH 
| --------- ► I I

R' R' R'

The preparation of the chloride from methyl- 
ethylethynylcarbinol was investigated in some 
detail. Gaseous hydrogen chloride at 0° reacted 
only slightly with the alcohol, and little or no 
chloride was formed. Phosphorus trichloride in 
pyridine gave the chloride in fair yields, but the 
purification was difficult. Concentrated aqueous 
hydrochloric acid reacted with the carbinol at 
room temperature to give the chloride in about 
40% yields, and purification was fairly simple. 
A more detailed study of the preparation and re­
actions of such acetylenic halides is in progress.

Experimental
Preparation of Alkylethynylcarbinols.—One mole of 

sodium acetylide was prepared9 by adding 23 g. of sodium 
to about 1 liter of liquid ammonia, contained in a 2-liter,
3-necked round-bottomed flask fitted with a mechanical 
stirrer, while a rapid stream of dry acetylene was passing 
through the solvent. The acetylene was then shut off, 
and one mole of the aldehyde or ketone was added drop- 
wise, with stirring, over a period of one hour. Stirring 
was continued for about three hours longer, with addition 
of liquid ammonia from time to time to keep the liquid 
level at about 1 liter. If acetylene gas is passed through 
the reaction mixture for the entire time, the yield of car­
binol is in some cases, at least, higher and less glycol is 
formed. The reaction mixture may be hydrolyzed im­
mediately, but generally the liquid ammonia was allowed 
to evaporate (overnight) and the resulting solid was hy­
drolyzed with ice and water. The hydrolysis mixture 
was made slightly acid, with cooling, with 50% sulfuric 
acid, the organic layer dissolved in ether, if viscous, washed 
with brine and dried over magnesium sulfate. The original 
aqueous layer and the wash water were extracted with ether 
in the case of the lower, water-soluble carbinols, and the 
extract added to the main product. The residue remain­
ing after evaporation of the ether was distilled under re­
duced pressure through a small Vigreux column. In 
nearly all cases some high-boiling glycol was obtained after 
the carbinol had distilled over.

Preparation of Alkylalkynylcarbinols.—A liquid am­
monia solution of sodamide was prepared10 from 23 g. of 
sodium, 0.5 g. of ferric nitrate and 1.5 liters of liquid am­
monia. To this was added 1.1 moles of alkylacetylene, 
dropwise, with stirring, in the course of fifteen minutes, 
and the mixture was stirred for an additional thirty min­

(9) Vaughn, Hennion, Vogt and Nieuwland, J . Org. Chem., 2, 1 
(1937).

(10) Vaughn, Vogt and Nieuwland, T h is  J o urn al , 56, 2120
(1934).

utes. Then 1 mole of aldehyde or ketone was added 
dropwise over a period of one hour. Stirring was con­
tinued for three hours and the mixture was allowed to stand 
overnight to evaporate the ammonia. The residue was 
hydrolyzed with ice and water and made slightly acid 
with 50% sulfuric acid. The organic layer was washed 
with' water, dried over magnesium sulfate and distilled 
under reduced pressure through a small Vigreux column.

Preparation of Methylethylethynylcarbinol by Other 
Methods. Grignard Method.—An acetylenic Grignard 
reagent was prepared by treating ethylmagnesium bro­
mide (made from 34 g. of magnesium and 166 g. of ethyl 
bromide) with a current of dry acetylene gas for several 
hours. The Grignard reagent was then cooled in an ice- 
bath, and a solution of 72 g. of methyl ethyl ketone in an 
equal volume of dry ether added over a period of three 
hours. The mixture was hydrolyzed and worked up in the 
usual way. There was obtained a 6% yield of carbinol, 
and a 65% yield of glycol.

Potassium /-Butylate Method.—The procedure of 
Gould and Thompson50 was followed. Considerable diffi­
culty was found in purifying the product, as the /-butyl 
alcohol and the carbinol tended to distill together. A 40% 
yield of pure carbinol was obtained.

Sodium /-Butylate as Condensing Agent.—Sodium /- 
butylate was prepared by adding 23 g. of sodium to a liquid 
ammonia solution of 150 g. of /-butyl alcohol. The liquid 
ammonia was removed by allowing the mixture to stand 
overnight, and then heating it for two to three hours on a 
water-bath to drive off excess /-butyl alcohol and residual 
ammonia. The rest of the procedure was similar to that 
used with potassium /-butylate. A 53% yield of carbinol 
was obtained.

Conversion of Methylethylethynylcarbinol to the Chlo­
ride.—When 50 g. of the carbinol (b/p. 78° under 150 mm., 
n™D 1.4310) was saturated at 0° with dry hydrogen chlo­
ride, the product shaken with anhydrous potassium carbon­
ate and distilled from fresh carbonate, no halogen-contain­
ing compound was obtained, and 26 g. of the carbinol, b. p. 
74-78° under 150 mm., n20o 1.4330, was recovered.

The general procedure of Juvala11 was tried. A mixture 
of 60 g. of carbinol and 11 g. of pyridine was added drop- 
wise, with stirring, at 0 °, to 33 g. of phosphorus trichloride. 
The liquid layer was decanted, the solid residue washed 
with a little dry ether and the liquid and ether combined 
and stored over anhydrous potassium carbonate. The 
material was distilled under reduced pressure through a 
small helix-packed column from fresh carbonate to give 
20 g. of an impure chloride, b. p. 50-57° (135 mm.), 
n™d 1.4330-1.4386, d204 0.9175.

Forty grams of the carbinol was shaken for a few minutes 
with 200 cc. of concentrated hydrochloric acid. The layers 
were separated, and the organic layer was stored in a re­
frigerator over anhydrous potassium carbonate. The 
light yellow liquid was distilled through a small helix- 
packed column from fresh carbonate to give 30 g. of ma­
terial of b. p. 51-60° (137 mm.), nwD 1.4328-1.4390. 
Refractionation of this material yielded 20 g. of chloride 
of b. p. 51-52° (135 mm.), n2Qd 1.4328-1.4331, d204 0.9140, 
M R d  obsd. 33.13, M R d  calcd. 32.71.

Anal. Calcd. for C6H9C1: Cl, 30.41. Found: Cl, 30.36
(11) Juvala, B e r ., 63, 1989 (1930).
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Table I
Y ields and P hysical Constants of Carbinols

Yield,
B°CP-’

Press., MR M R
Acetylene Carbonyl cpd. % nun. w2°d d 2°4 obsd. calcd.

Acetylene Acetone 23 60 120 1.4207 0.8618 24.74 24.81
Acetylene Acetone 55*
Acetylene Me Et ketone 60 78 150 1.4310 .8688 29,24 29.43
Acetylene Me Et ketone 72a
Acetylene Me n -Pr ketone 50 58 26 1.4338 .8620 33.88 34.05
Acetylene Me w-Am ketone 40 88 26 1.4396 .8547 43.20 43.28
Acetylene Cyclohexanone 55 74 14 1.4820 .9873 36.35 36.47
Acetylene Acetophenone 75 101 14 1.5370 1.0314 44.26 44.30
Acetylene Benzophenone 50 M. p. 49°
Acetylene Benzaldehyde 45 114 12 1.5508 1.0655 89.56 39.68
1-Hexyne Me Et ketone 55 96 18 1.4487 0.8555 48.33 47.90
1-Hexyne Acetaldehyde 21 88 40 1.4347 .8577 38.37 38.66
1-Hexyne Me n -Pr ketone 65 106 20 1.4490 .8539 52.92 52.52
1-Heptyne Me w-Pr ketone 65 120 19 1.4508 .8561 57.32 57.14

* Acetylene gas was passed through the mixture during the entire reaction. Mr. Froning has obtained 60% yields of 
dimethylethynylcarbinol and 15% yields of the glycol by this method, on 5-mole runs. See J. F. Froning, Master’s 
Dissertation, University of Notre Dame, 1938. 6 Other workers have obtained poor yields from acetophenone. See 
Carothers and Coffman, This Journal, 54, 4071 (1932).

Summary
1. A general method has been described for the 

preparation of acetylenic carbinols from the sodium 
salt of acetylene or a monoalkylacetylene, and an 
aldehyde or ketone, in liquid ammonia solution.

2. Several new acetylenic carbinols have been 
prepared and characterized.

3. The preparation of the chloride from 
methylethylethynylcarbinol has been described.
N otre D ame, Indiana  R eceived August 3, 1938

[Contribution from the D epartment of B iochemistry and P harmacology, S chool of M edicine  and  D entistry ,
The University of R ochester]

Relation of Refractive Index to Density in Dental Hard T issues1
B y R ichard S. M a n l y2

In certain biological mixtures and in many 
mineral series, the refractive index has become 
valuable because it is linearly related to the den­
sity. Since in previous work3 a number of den­
sity fractions of pure enamel and dentine had been 
prepared, the mean refractive indices were de­
termined to discover any similar relations in these 
tissues.

The reported values for the refractive indices of 
enamel are in good agreement. Von Ebner4 and 
Hoppe5 report a figure of 1.627 for the ordinary 
ray and the former, 1.6234 for the extraordinary 
ray. Taylor and Sheard6 and Eisenberg7 noted

(1) This work was supported in part by the Rockefeller Founda­
tion and in part by the Carnegie Corporation of New York.

(2) From a thesis submitted to the Division of Graduates Studies 
of the University of Rochester in partial fulfilment of the degree of 
Doctor of Philosophy, June, 1938.

(3) Manly, Hodge and Ange, J.  Dent. Research, in press.
(4) Von Ebner, Deut. Monatsh. Zahnhlk., 41, 65 (1903).
(5) Hoppe, Virchow's Arch, path. A nat., 24, 13 (1892).
(6) Taylor and Sheard, Proc. Soc. E xptl. Biol. Med., 26, 257 (1928); 

J. Biol. Chem., 81, 479 (1929).
(7) Eisenberg, A m . Dental Surg., 50, 225 (1930).

that the refractive index of enamel prisms ranges 
between 1.612 and 1.625. Wishart in 1933 (per­
sonal communication) examined a few specimens 
of enamel and found the refractive index to be 
less than 1.625, usually near 1.618, but appearing 
to vary somewhat from that number. For two 
samples of normal dentine Taylor and Sheard6 
found a refractive index of 1.577 =±= 0.003. No 
values for the refractive index of cementum have 
been reported.

Experimental
A “mean refractive index” was estimated by the follow­

ing interpolation procedure. A few milligrams of the 
60-mesh enamel or dentine powder was stirred into a drop 
of liquid of known refractive index and placed on a con­
stant temperature stage under a microscope. A “sodium” 
filter (Eastman Kodak Co. filters nos. 64 and 73) was used 
over the light source. Determination of the mean re­
fractive index, i .  e., the refractive index at which half the 
particles were higher and half lower than the liquid, was 
made by interpolation from the counts obtained with 3 or 4 
different liquids.
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The counting method employed was the Becke line 
test.8’9 One hundred particles were counted for each 
sample in various liquids. For refractive index standards, 
mixtures of «-chloronaphthalene (n25D 1.63) and liquid 
petrolatum (n25d 1.475) were prepared whose indices 
ranged from 1.530 to 1.630 in steps of 0.005. Calibration 
was made at 25 ± 0 .1 °  with au Abbe refractometer.

Discussion
In enamel a proportionality exists between the 

mean density and refractive index as shown in 
Fig. 1. The equation is d = 7.69 n — 9.494 =*=
0.001. The probable error of n is =*=0.001, which 
is within the variations due to birefringence.10 
Inasmuch as mineral apatites usually have refrac­
tive indices of about 1.634, the upper limit of 
enamel is of interest: only 0.09% of the original 
enamel exhibited a refractive index greater than 
1.6293.

1.610 1.615 1.620 1.625
Average refractive index.

Fig. 1.—Enamel refractive index is proportional to 
the density.

In dentine the relation between refractive index 
and density is shown by the straight line in Fig. 2. 
The slope, 8.6, is somewhat steeper than that of 
enamel and the line lies 0.45 g. per cc. below the 
enamel curve when the latter is extrapolated to a 
density of 2.7. This fact suggested that the den­
tinal tubules were filled with air during the den­
sity and refractive index determinations. From 
the usual equation relating refractive index and 
density of a mixture11 the volume per cent, of air, 
apatite, and protein in onel dentine fraction (n, 
1.5495; d, 2.135) was calculated. Values for 
density and refractive index of air, apatite and 
protein were taken from the literature. The

(8) Becke, T sc h e rm a k ’s  m in era lo g . petro g . M i t t ., 13, 385 (1892).
(9) Larsen, U. S. Geol. Survey, Bull., Cir., Professional Papers, 

Water Supply Papers, No. 679, 1921.
(10) Keil, Z. Z ellfo rsch ., 25, 204 (1936).
(11) F. H. Getman, “Outlines of̂ Theoretical Chemistry,” 4th 

ed., John Wiley and Sons, Inc., New York, N. Y., 1928, p. 131.

calculated air space of 9 volume per cent, com­
pares favorably with Feiler’s estimation12 of 12 to 
24% tubule space. The calculated inorganic 
percentage was 75,0, in fair agreement with the 
value 78.4%, found by analysis.

1.555 1.560 1.565 1.570 1.5751.580
Average refractive index.

Fig. 2.—Refractive index-density rela­
tions for dentine. The two points on the 
dotted line are cementum.

Pulverized secondary cementum was found to 
have a refractive index range of 1.560 to 1.570. 
The two points on the dotted line of Fig. 2 are 
cementum, since they fall within this range and 
have the correct density3 for cementum.

On vacuum drying for seven hours at 110°, an 
average decrease of 0.0018 was found in refractive 
index on six fractions of enamel. With dentine 
the decrease was much greater, 0.02-0.03, and the 
linear relationship with the original, oven-dry 
density was abolished. Cementum, on the other 
hand, behaved like enamel since the refractive 
index of the oven-dry material was decreased by 
only 0.001 on vacuum drying while the refractive 
index of air-dry cementum actually increased with 
the same treatment. As a tentative explanation 
for these differences in behavior, it may be as­
sumed that neither capillary formation nor 
shrinkage is possible in the highly consolidated 
enamel, the former occurs chiefly in dentine and 
the latter in cementum.

A difference has been observed in the refrac­
tive index behavior of the inorganic salts of enamel 
and dentine. When ashed by glycol procedure13 
the refractive index of the inorganic material of 
dentine was 1.591-1.605, of enamel, 1.614. 
Heating the dentine ash or the unashed dentine for 
five hours at 900° raised the refractive index to 
1.641-1.644, showing an essential change in struc­
ture. Enamel became opaque after five hours at

(12) Feiler, D eu t. M o n a tsh . Z a h n h lk ., 41, 65 (1923).
(13) LeFevre and Manly, J .  A m . D en ta l A sso c ., 25, 233 (1938).
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900°, making refractive index determinations im­
possible.

Acknowledgment.—The author is glad to 
acknowledge the enthusiastic counsel of Dr. 
Harold C. Hodge throughout the course of the 
work.

Summary
1. The mean refractive indices of powdered 

enamel and dentine samples, with differing and 
known density limits, were determined by the 
Becke line procedure.

2. The refractive indices of dried enamel lie

between 1.612 and 1.630 and are proportional to 
the density,

3. The refractive indices of dried dentine lie 
between 1.555 and 1.580 and are roughly propor­
tional to the density when the fractions are dried 
under the same conditions for both determinations. 
Vacuum drying brought about a marked lowering 
of refractive index.

4. Secondary cementum exhibited a refractive 
index of 1.560-1.570 which was little affected by 
vacuum drying.

Received September 9, 1938

[Contribution from the Gates and Crellin Laboratories of Chemistry, California Institute of Technology,
N o. 668]

The Crystal Structure of Ammonium Cadmium Chloride, NH4CdCl3
B y  H e n r i  B r a s s e u r 1 a n d  L i n u s  P a u l i n g

In crystalline cadmium chloride, CdCl2, there 
are octahedral groups CdCL condensed into layers, 
each chlorine atom being adjacent to three cad­
mium atoms.2 Tetrahedral coordination is shown 
by cadmium3 with cyanide groups in K2Cd(CN)4, 
and with sulfur, selenium and tellurium atoms in 
the sphalerite and wurtzite type crystals CdS, 
CdSe and CdTe, and might well occur with chlo­
rine also. There are accordingly two types of 
reasonable structures for complexes with the com­
position (CdCl3)*, the first involving octahedra 
with shared comers, as for example in the cubic 
crystal KMgF3, and the second involving rings or 
chains of tetrahedra, as in the metasilicates. We 
have determined completely the structure of the 
orthorhombic crystal NH4CdCl3, and have found 
it to be based on octahedral coordination about 
the cadmium atoms, the CdCL octahedra being 
polymerized into infinite double rutile strings 
which extend parallel to the c-axis of the crystal.

Experimental Methods and Results
The crystals of NH4CdCl3 used in this investi­

gation were obtained by evaporation of an aque­
ous solution containing equimolar amounts of 
NH4C1 and CdCl2. The transparent white needles 
used for the x-ray photographs were about 0.1 
sq. mm. in cross section and 3 to 10 mm. in length. 
In addition to single crystals many twins were ob-

(1) Fellow of the Belgian-American Educational Foundation.
(2) L. Pauling, Proc. Natl. Acad. Sci., 15, 709 (1929); L. Pauling 

and J. L. Hoard, Z. Krist., 74, 546 (1930).
(3) R. G. Dickinson, T h is  J o urn al , 44, 774 (1922).

tained; the nature of the twinning was not 
studied.

Crystallographic study4 has shown the crystals 
to be orthorhombic, with axial ratios 0.6059:1: 
0.7992 and density 2.93. X-ray photographs 
prepared with 15° oscillation about the directions 
[100], [010], and [001], with use of CuKa radia­
tion filtered through nickel, gave the following 
dimensions for the unit cell

a0 = 8.96 =*= 0.02 A. 
bG =  14.87 ±  0.03 A.
Co = 3.97 d= 0.01 A.

These lead to the axial ratios 0.603:1:0.267, in 
good agreement with the crystallographic values, 
after dividing the crystallographic c-axis by three. 
All indices used in this paper refer to the X-ray 
axes a0, &o, Co given above.

The observed reflections show the lattice to be 
simple. The absence of prism reflections {h0l\ 
with h odd and j Okl 1 with k +  l odd provides 
strong evidence that the space group is D \l~  
P n a m  or its subgroup C\v—P na. In the absence 
of any observed deviation from holohedral habit 
of the crystals, we have assumed the space group 
to be DU; this assumption is given later justifica­
tion by the derivation of.a satisfactory atomic 
arrangement based on the holohedral space group.

The Atomic Arrangement
The sets of equivalent positions provided by 

D \l—Pnam, are
(4) H. Traube, Z. Krist., 29, 602 (1898); A. Johnsen, N. Jahrb. 

Mineral., 2, 115 (1903).



Dec., 1938 Crystal Structure of Ammonium Cadmium Chloride 2887

4a: 000, 0J0, |0 | ,  | | |
4b: 00J, OJJ, J00, i |0
4c: x y  1/4, \  +  x f  — y  1/4, è — x |  +  :y 3/4, x y  3 /4
8d: x;y2, |  +  x § — ;y s, § — x i  +  y i + s ,  +

2, x ^ , § — x  % +  y z ,  i '  +  x,  i  — y  i  — z, x y  J -  z

The unit cell contains 4 NH4CdCl3, the number of 
molecules calculated from the cell dimensions and 
density being 3.99. The possibility that 8 Cl 
occupy the positions 8d is ruled out by the small 
value 3.97 A. of c0, since the distance cQ/ 2 = 1.99 
A. between non-bonded chlorine atoms is very 
much less than that found in any crystal. It was 
noted, moreover, that the intensities of the X-ray 
reflections indicate strongly that all of the atoms 
are in planes c0/2 apart. An arrangement of this 
type leads to the same structure factor for all the 
reflections (M0), (M2), (AM), etc., and also for 
all the reflections (Ml), (M3), etc.; and it was 
observed that on oscillation photographs the in­
tensities of the reflections with 1 = 2 and l = 4 
reproduce those with 1 = 0, but somewhat di­
minished because of the larger scattering angles, 
and that similarly the intensities of the reflections 
with l = 3 reproduce those with 1= 1.

This observation requires that all of the atoms 
occupy the positions 4c, forming layers at z = 
y 4 and z = 3/ 4. (Layers at z = 0 ands = V2 are 
ruled out by the fact that positions 4a and 4b could 
accommodate only two of the five atoms in the 
molecule.)

There are ten parameters to be evaluated in the 
determination of the atomic arrangement: xNm, 
yNm> xCd> ycd> xi> y\> xn> yu> and yin (the sub­
scripts I, II and III referring to the three non­
equivalent sets of chlorine atoms). As the first 
step in this process sections of the three-dimen­
sional Patterson-Fourier diagram5 were made for 
the levels z = 0 and z = 1/ 2, as recommended by 
Harker,6 with use of the general equation

P ( x , y , z )  =  2 h 2& Si | F j m  j2 cos 2i r (hx  +  k y  +  Iz) (1) 
The calculations could be based on the observed 
values of intensities of planes (MO) and (Ml) 
alone, because of the intensity regularities, men­
tioned above, which result from the special values 
y 4 and 3/ 4 for the z coordinates of all the atoms. 
The function f 2/Z 2 (ƒ being the atomic scattering 
power and Z the atomic number) in its dependence 
on sin 0/X has nearly the same values for the 
atoms Cd, Cl, and N. An averaged function for 
these atoms was plotted, and summed over l for 
series of reflections Qikl), with l  either even or

(5) A. L. Patterson, Z. K rist., 90, 517 (1935).
(6) D. Harker, J . Chem. Phys., 4, 381 (1936).

odd, in order to obtain the factors with which the 
intensities for reflections {hk0) and (Ml) were 
multiplied to give the sums over l in Equation 1. 
The remaining double summations for z = 0 and 
z = y 2 were then carried out with the aid of the 
Beevers-Lipson strips,7 all of the data of Table I 
being used. The values of | F | given in the table 
were obtained from visually estimated intensity 
values by correction for the Lorentz and polariza­
tion factors, the temperature factor being ignored. 
Contour diagrams representing the results of the 
calculations are shown as Figs. 1 and 2.
Origin b0/2

Fig. 1.—Patterson-Harker diagram for the section 
2 = 0. The peaks represent the following principal 
interatomic distances: A, Cd-Cd; B, Cd-Cli, Cd- 
Clin; C, Cd-Clii (occurring twice); D, Cd-Cln, 
Cd-Cli; E, Cd-Cli; F, Cd-Clm.

Origin b0/2

Fig. 2.—Patterson-Harker diagram for the section 
% = V2. The peaks represent the following principal 
interatomic distances: A, Cd-Cd; B, Cd-Cd; C,
Cd-Cli; Cd-Cln; E, Cd-Clm; F, Cd-Cli; G, C d-Cln; 
Cd-Clm.

Peaks in the Patterson-Fourier diagrams repre­
sent interatomic distance vectors between pairs of 
atoms extending from the origin, weighted by the

(7) C. A. Beevers and H. Lipson, Phil. Mag., 17, 855 (1934); 
Proc. Phys. Soc. (London;, 48, 772 (1936).
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Reflections hk0, h-\-k even. Structure factor: 4 2 i f i  cos hx% cos ky%
-d‘ *6 -d -d
o O _ £ "o

hk 0  ̂ Scaled. hk 0 4 F calcd.
fcj,

r-lhtf hk 0 4. F calcd. r-tl-tf hk 0 ^ Ecaled.
i ï i

t—MtH hk 0 ^ F calcd. r-UrH
020 3 6 .9 2 4 . 4 190 - 1 1 . Ö 13.1 370 - 2 4 . 3 3 0 . 4 570 -  8 . 4 5 .1 7 - 1 1 - 0 — 14.5 . 7 . 4
040 1 8 .8 15 .1 1 1 - 1 - 0 - 1 0 . 8 7 . 4 390 4 6 .9 4 6 .1 590 - 1 8 . 7 1 8 .6 7 - 1 3 - 0 -  6 . 9
060 - 1 1 . 6 1 4 .8 1 1 - 3 - 0 - 1 0 . 5 3 -1 1 - 0 3 2 .4 3 9 . 6 5 - 1 1 - 0 -  2 . 9 2 . 6 820 - 1 0 . 1 4 . 0
080 - 2 1 . 8 2 2 .1 1 1 - 5 - 0 -  6 . 3 3 - 1 3 - 0 1 3 .0 2 1 . 8 5 - 1 3 - 0  . - 1 2 . 1 840 -  8 . 1 7 . 7

0 - 1 0 - 0 -  4 . 2 1 1 - 7 - 0 -  8 . 7 3 - 1 5 - 0 -  8 . 5 7 . 4 5 - 1 5 - 0 -  4 . 1 6 . 5 860 -  2 . 0
0 - 1 2 - 0 - 1 1 . 8 8 . 0 1 1 - 9 - 0 1 5 .0 9 .1 3 - 1 7 - 0 —16 .3 2 1 . 8 620 3 5 .6 3 3 . 3 880 7 . 7 7 . 7
0 - 1 4 - 0 9 . 6 8 . 2 220 - 1 0 . 2 8 . 8 420 - 2 1 . 6 1 9 .5 640 9 . 2 5 . 0 8 - 1 0 - 0 7 . 6 1 0 .5
0 - 1 6 - 0 1 1 .6 1 4 .8 240 - 2 7 . 2 1 6 .8 440 - 1 0 . 5 1 2 .2 660 -  9 . 2 1 5 .6 8 - 1 2 - 0 2 . 9
0 - 1 8 - 0 3 8 . 2 4 6 . 5 260 0 . 2 460 -  5 . 4 680 - 1 1 . 1 1 4 .2 910 - 1 5 . 1 1 8 .2

200 - 2 3 . 4 1 4 .0 280 1 1 .8 9 . 4 480 1 1 .7 1 4 .5 6 - 1 0 - 0 - 1 2 . 6 1 6 .5 930 - 0 . 7
400 -  9 . 8 5 .1 2 - 1 0 - 0 1 3 .2 9 . 4 4 - 1 0 - 0 18 .6 1 3 .8 6 - 1 2 - 0 -  3 . 9 950 4 . 0
600 3 7 . 4 3 1 . 8 2 - 1 2 - 0 1 1 .6 13.1 4 - 1 2 - 0 -  0 . 2 6 - 1 4 - 0 4 . 0 970 2 9 . 9 2 5 . 8
800 - 1 5 . 3 1 2 .2 2 - 1 4 - 0 - 1 9 . 7 2 1 .1 4 - 1 4 - 0 -  4 . 3 710 1 5 .3 1 2 .2 990 2 3 . 6 3 0 . 9

1 0 -0 -0 - 1 3 . 4 1 0 .5 2 - 1 6 - 0 -  8 . 7 10 .5 4 - 1 6 - 0 - 2 0 . 0 2 1 . 8 730 -  5 . 4 9 - 1 1 - 0 3 1 . 6 4 1 . 7
110 2 3 .1 1 0 .0 310 - 1 2 . 4 1 2 .5 510 1 4 .0 1 1 .1 750 -  0 . 5 1 0 - 2 - 0 - 1 6 . 9 1 7 .9
130 7 . 1 3 . 5 330 - 1 9 . 2 1 0 .4 530 -  6 . 9 770 - 2 3 . 2 2 5 . 6 1 0 - 4 - 0 -  3 . 7
150 - 2 7 . 7 17 .3 350 1 3 .5 1 4 .8 550 - 1 7 . 6 2 6 . 4 790 -  5 . 4 7 . 9 1 0 - 6 - 0 1 . 9
170 - 1 7 . 7 1 8 .4

Reflections hk0, h-\-k odd. Structure factor : 4 2 i f i  sin. hxi sin kyi
120 2 4 . 8 1 2 .9 2 - 1 1 - 0 - 1 5 . 7 16 .8 450 - 2 6 . 8 3 2 .5 610 -  9 . 8 7 . 1 7 - 1 4 - 0 - 2 4 . 5 3 1 . 5
140 2 3 . 6 1 6 .0 2 - 1 3 - 0 - 1 6 . 5 2 0 . 0 470 - 1 0 . 3 6 . 8 630 -  1 .5 810 9 . 8 5 . 4
160 3 6 . 4 3 3 . 4 2 - 1 5 - 0 - 2 0 . 0 1 7 .6 490 -  5 . 2 650 5 . 0 830 5 . 8 2 . 8
180 1 .5 2 - 1 7 - 0 1 . 6 4 - 1 1 - 0 1 0 .8 1 5 .7 670 6 . 5 8 . 0 850 2 7 . 1 3 5 . 6

1 -1 0 -0 -  3 . 8 6 . 8 320 8 . 1 17 .7 4 - 1 3 - 0 8 . 8 1 1 .9 690 5 . 8 8 . 0 870 2 2 . 1 2 3 . 8
1 -1 2 -0 - 2 4 . 9 2 4 . 8 340 8 . 2 7 . 4 4 - 1 5 - 0 1 9 .7 1 8 .2 6 - 1 1 - 0 9 . 3 8 . 0 890 4 . 6
1 -1 4 -0 - 2 2 . 9 3 3 . 8 360 -  5 . 8 2 . 0 520 2 3 .6 2 5 . 7 6 - 1 3 - 0 2 . 9 1 0 .5 8 - 1 1 - 0 -  9 . 2 6 . 3
1 - 1 6 - 0 - 1 3 . 8 3 . 7 380 1 0 .2 6 .3 540 2 9 .6 3 2 . 5 6 - 1 5 - 0 -  4 . 9 8 - 1 3 - 0 - 3 2 . 5 4 0 . 2
1 -1 8 -0 - 1 0 . 5 2 . 8 3 - 1 0 - 0 - 1 1 . 4 560 - 1 3 . 2 1 2 .2 720 6 . 5 7 . 8 920 -  6 . 0

210 9 . 8 6 . 5 3 - 1 2 - 0 -  2 . 1 580 -  7 . 3 740 1 6 .0 2 0 . 2 940 -  2 . 7
230 2 9 . 9 1 9 .7 3 - 1 4 - 0 -  2 . 8 5 - 1 0 - 0 9 . 0 1 0 .7 760 2 2 . 8 1 9 .7 960 4 . 6 8 . 3
250 2 8 . 5 1 7 .9 3 - 1 6 - 0 1 .1 5 -1 2 - 0 1 0 .7 780 1 5 .7 1 8 .9 980 1 0 .0 6 . 6
270 2 8 . 8 1 8 .5 410 11 .1 3 . 2 5 -1 4 - 0 2 0 .5 1 6 .6 7 - 1 0 - 0 -  8 . 6 7 . 7 9 - 1 0 - 0 -  1 . 4 5 . 4
290 5 . 0 430 - 3 7 . 9 4 5 .5 5 - 1 6 - 0 2 3 . 4 2 9 . 3 7 - 1 2  »0 - 2 3 . 2 2 3 . 7

Reflections hk 1, h-\-k even. Structure factor: 4 2 i f i  sin hxi cos kyi
hk 1 hk 1 hk 1 hk 1 hk 1
111 2 7 .1 1 6 .2 2 - 1 0 - 1 - 1 5 . 0 1 3 .3 441 - 1 1 . 1 1 1 .9 5 - 1 5 - 1 -  7 . 3 1 1 .6 7 - 1 1 - 1 - 1 2 . 6
131 -  3 . 9 5 . 4 2 - 1 2 - 1 -  3 . 9 461 -  5 . 0 601 -  3 . 4 801 4 5 . 4 4 6 . 9
151 -  3 . 2 2 - 1 4 - 1 3 . 8 6 .1 481 1 7 .7 1 6 .9 621 8 . 3 6 . 0 821 1 7 .9 2 3 . 5
171 - 3 8 . 9 3 7 .7 2 - 1 6 - 1 1 9 .2 2 0 .0 4 -1 0 -1 2 1 . 4 1 6 .8 641 - 1 0 . 5 3 . 4 841 -  1 .2 1 .7
191 - 2 3 . 2 2 4 . 6 311 4 . 9 1 .4 4 -1 2 -1 6 . 2 661 -  3 . 1 861 - 1 0 . 4 3 . 7

1 -1 1 -1 - 2 8 . 3 2 1 .1 331 0 . 1 4 -1 4 -1 -  7 . 4 681 5 . 5 7 . 4 881 - 1 2 . 5 1 2 .3
1 -1 3 -1 - 1 0 . 9 13 .1 351 -  8 . 9 7 . 4 4 -1 6 -1 - 2 9 . 7 2 4 . 6 6 - 1 0 - 1 3 . 2 8 - 1 0 - 1 -  4 . 1
1 -1 5 -1 0 . 6 8 . 2 371 5 . 6 511 -  8 . 8 6 . 5 6 - 1 2 - 1 7 . 2 8 - 1 2 - 1 - 1 0 . 0 4 . 8
1 -1 7 -1 9 . 1 4 . 0 391 -  4 . 9 531 - 1 2 . 5 1 5 .4 6 - 1 4 - 1 - 1 1 . 2 7 . 4 911 6 . 6

201 3 8 . 3 2 2 . 5 3 - 1 1 - 1 9 . 0 1 2 .2 551 1 2 .2 1 4 .5 711 1 6 .8 2 0 . 7 931 1 . 4 7 . 1
221 4 4 . 9 2 3 .3 3 - 1 3 - 1 -  4 . 6 571 1 7 .6 2 2 . 9 731 6 . 8 951 - 1 0 . 6 9 . 1
241 1 2 .0 4 . 3 3 - 1 5 - 1 -  4 . 2 591 3 6 .3 3 7 . 6 751 - 2 4 . 4 2 1 . 9 971 0 . 6
261 -  9 . 8 1 0 .0 401 - 2 7 . 9 2 1 .0 5 -1 1 -1 2 7 .1 3 6 . 8 771 - 2 3 . 0 2 6 . 0 991 3 . 7
281 - 1 1 . 8 1 0 .5 421 - 3 2 . 5 2 9 .3 5 -1 3 -1 1 3 .8 791 - 2 7 . 6 2 2 . 0

Reflections hk 1, h-\-k odd. Structure factor: 4 2 i f i  cos hxi sin kyi
011 1 3 .4 5 . 4 1 - 1 4 - 1 - 1 7 . 6 16 .9 3 -1 0 -1 1 4 .1 1 6 .8 581 1 5 .3 1 1 .6 781 -  1 . 2
031 1 3 .3 7 . 9 1 - 1 6 - 1 -  7 . 2 3 -1 2 -1 1 1 .4 7 . 4 5 - 1 0 - 1 -  9 . 7 7 - 1 0 - 1 3 . 8
051 4 5 . 6 4 4 .9 211 - 2 7 . 4 2 3 .9 3 -1 4 -1 2 3 .2 2 1 . 8 5 - 1 2 - 1 1 3 .4 2 1 . 3 7 - 1 2 - 1 - 1 9 . 5 1 9 .4
071 2 8 . 0 2 9 . 6 231 - 1 6 . 8 1 7 .5 3 - 1 6 - 1 2 7 . 5 3 1 . 2 5 - 1 4 - 1 - 1 4 . 8 6 . 5 811 -  6 . 6
091 7 . 6 251 - 1 8 . 9 1 1 .8 411 -  2 . 8 611 5 . 9 7 . 1 831 - 1 1 . 4 15 .1

0 - 1 1 - 1 -  7 . 1 8 . 2 271 -  4 . 8 5 . 7 431 - 2 7 . 9 2 7 . 9 631 2 0 . 2 2 6 . 4 851 - 1 2 . 5 8 . 3
0 - 1 3 - 1 - 3 6 . 9 4 1 . 0 291 8 . 5 8 . 3 451 1 3 .9 1 4 .5 651 2 3 . 7 3 2 . 4 871 -  3 . 9 11.1
0 - 1 5 - 1 7 . 0 1 5 .7 2 - 1 1 - 1 -  4 . 4 471 -  3 . 2 671 2 4 . 4 2 6 . 0 891 -  1 . 2
0 -1 7 -1 6 . 3 2 - 1 3 - 1 9 . 1 5 . 1 491 -  1 .4 691 4 . 8 8 - 1 1 - 1 2 . 7 1 1 .6

121 2 . 8 4 . 0 2 - 1 5 - 1 4 . 6 6 . 8 4 - 1 1 - 1 5 . 6 1 0 .2 6 - 1 1 - 1 - 1 7 . 1 2 4 . 0 921 - 1 8 . 9 1 7 .8
141 8 . 5 5 . 4 2 - 1 7 - 1 1 5 .5 1 1 .7 4 - 1 3 - 1 0 . 5 6 - 1 3 - 1 - 2 0 . 7 2 4 . 8 941 - 1 6 . 2 1 0 .5
161 2 0 . 8 1 5 .2 321 3 1 . 2 2 9 .3 4 -1 5 -1 1 4 .9 1 2 .5 721 7 . 2 7 . 1 961 - 2 5 . 7 3 1 .6
181 1 6 .9 1 8 .6 341 - 3 7 . 4 3 1 .8 521 -  2 . 8 4 . 0 741 7 . 1 7 . 4 981 -  0 . 9

1-1 0 -1 9 . 2 1 6 .8 361 * 1 7 .3 1 6 .9 541 1 6 .8 1 4 .2 761 2 0 . 2 1 9 .4 9 - 1 0 - 1 2 . 8
1-1 2 -1 - 1 7 . 1 2 3 .1 381 -  9 . 3 2 . 0 561 6 . 3 3 . 4

products of the scattering powers of the atoms, and Cd-Cl. At z = 0 the Cd-Cd peak should 
The principal peaks expected are those for Cd-Cd occur for the two atoms at £Cd, yea XA and 1/ 2 +
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xCd V2 “  ycd XA; that is, at the point */* V2 ™ 
2yCd. The most pronounced peak in Fig. 1 is in 
fact at V2, 0.385, corresponding to y c d = 0.0575. 
The most pronounced peak of Fig. 2, at 0.1667, 
y 2, similarly corresponds toA/2 — 2xCd V2, and 
leads to the value xCd = 0.1667. Another Cd-Cd 
peak, at 2xQd2yCdl also appears on this diagram 
in the position required by these parameter 
values.

These values of Xcd and yea can be combined 
with the coordinates of the remaining peaks to 
obtain values for the coordinates for chlorine 
atoms. Thus for the level z = 0 Cd-Cl or Cd-N 
peaks are expected at xCd ~  xyyCd — y \  V2 +  xCd 
— xf y 2 — yea — y \  etc. The parameter values 
obtained in this way are

%i — 0.305 yi =  0.219 
xn — .164 yu = .505 
#m — .025 ym  = .893

In addition the ammonium ions can be assigned 
the parameter values xNH4 = 0.43, yNH4 = 0.82, 
inasmuch as these positions are the only ones 
compatible with a minimum NH4-CI distance of 
about 3.1 A. These parameter values lead to a 
structure which is stereochemically satisfactory, 
as described below.

In order to obtain more accurate values of the 
parameters a section at z — y 4 of a three-dimen­
sional Bragg-Fourier calculation was carried out, 
with use as the signs of the F’s of those given by 
the approximate parameter values. The summa­
tion over l for the series

D(x,y,z) = Sa S& 2* Fm  cos 2ic(hx -f  ky +  Iz) (2)

was made in a way similar to that for the Patter­
son diagrams, namely, by summing the quantity 
jf/Z  for series of reflections (hkl) with l even or odd 
to obtain factors for Fhk0 and Fhkl.

The Bragg-Fourier diagram at z = 1/ 4, shown as 
Fig. 3, has a very high peak for the cadmium 
atom, three peaks for the three chlorine atoms, 
and a small peak for the ammonium ion, in posi­
tions corresponding to the following parameter 
values, which differ by only small amounts from 
the initial values:

#ca = 0.165 ycd = 0.054
xi = .284 yi = .215
#ii = .167 yn .496
#in = .026 yin = .898
#nh4 — *43 yNH4 .82

The agreement between observed and calculated 
amplitudes of reflection is seen from Table I to be 
satisfactory. Screening-constant atomic scatter­

ing factors8 were used in the calculation of the F 
values.
Origin &o

clo/2
Fig. 3.—Bragg-Fourier diagram for the section 2 =  

V4. The four peaks in the upper part of the diagram 
represent, from left to right, the atoms Cd, Cli, Clii* 
and Clin, and the two peaks below represent Clin (in 
part) and NH4.

Description of the Structure
The structure found for NH4CdCl3 is shown in 

Fig. 4. Each cadmium atom is surrounded by 
six chlorine atoms, which form a nearly regular 
octahedron. The Cd-Cl distances have the 
values 2.60 (2), 2.62, 2.64, and 2.72 (2) A., the 
average of these, 2.65 A., being almost identical 
with the Cd-Cl distance in CdCl2, 2.66 A. The 
variation about the average is probably not real, 
but the result of small errors in the parameter 
values. The Cl-Cl distances along octahedral 
edges have the values 3.53 (2), 3.68 (2), 3.69 (2), 
3.73 (2), 3.80 (2), and 3.97 (2) A. Each octa- 
hedron shares two opposed edges with other octa­
hedra to form octahedral strings parallel to the 
c-axis, as in the rutile structure. These rutile

T a b l e  I I
I n t e r a t o m ic  D is t a n c e s  i n  NH4CdCl3

Atom Neighbors Distance A. Atom Neighbors D istance A.
Cd 2 Gin 2.60 Clu 2 Cd 2.60

1 Cli 2.62 2 NH4 3.40
1 Clin 2.64 1 NH4 3.47
2 Clm 2.72 1 Clm 3.53

2 Clu 3.62
n h 4 4 Cli 3.27 2 Cli 3.76

1 Clm 3.34 2 Clm 3.80
2 On 3.40 2 Clu 3.97
1 Clu 3.47 1 Cli 4.30
1 Clm 3.82 1 Cli 4.64

Cli 1 Cd 2.62 Clm 1 Cd 2.64
4 NH4 3.27 2 Cd 2.72
2 CIii 3.73 1 n h 4 3.34
2 Clm 3.76 1 n h 4 3.82
2 Clm 3.80 lC ln 3.53
2 Cli 3.97 2 Clm 3.68
1 Clu 4.30 2 Clu 3.69
2 Cli 4.59 2 Cli 3.76
1 Clu 4.64 2 Cli 3.80

2 Clm 3.97
(8) L. Pauling and J. Sherman , Z. K ris t., 81, 1 (1932)
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strings are further condensed in pairs, each octa­
hedron sharing two edges with octahedra of the 
adjacent string. The four shared edges are, as 
usual for partially ionic crystals, somewhat 
shorter than the unshared edges.

Each ammonium ion is in contact with nine 
chlorine atoms, at about 3.27 (2), 3.27 (2), 3.34, 
3.40 (2), 3.47, and 3.82 A. The average of these 
distances, excluding the largest, is 3.31 A., which 
is nearly the same as in NH4C1 (NH4~C1 = 3.27 
A. for the high temperature form, with the so­
dium chloride structure, and 3.34 A. for the low 
temperature form, with the cesium chloride 
structure). The nine chlorine atoms are ar­
ranged in the most compact configuration possi­
ble for coordination number nine—a triangle 
of three in the equator, and smaller triangles 
above and below rotated through 60°. The 
Cl-Cl distances along the edges of this poly­
hedron have the values 3.62 (2), 3.69 (2), 3.73
(2), 3.76 (4), 3.80 (2), 4.30 (2), 4.59 (2), and 
4.64 (2) A.

Cleavage along planes of the zone [001] might 
be expected for the crystal; no cleavage has been 
reported, however, nor did we observe any in ex­
periments with our small crystals.

The chlorine atoms form bonds to the following 
numbers:

Cli: 1 with Cd, 4 with NH4
Clu: 2 with Cd, 3 with NH4 
Clm: 3 with Cd, 2 with NH4

These have the total strengths 7/9, 
1, and 11/9, respectively; there is, 
accordingly, some discrepancy with 
the electrostatic valence rule.9 I t 
is interesting that the substance 
crystallizes with this structure 
rather than a structure such as that 
of KMgF3, in which the halogen 
atoms are equivalent, each being 
common to two octahedra.

The arrangement of the chlorine 
atoms is compact; as shown in 
Table II, each chlorine atom has 
eleven or twelve chlorine atoms as 
neighbors, at distances between 
3.53 and 4.64 A.

The authors are indebted to the 
Belgian-American Foundation for 
the grant of a Fellowship to one 
of them, permitting this investiga­
tion to be carried out.

Summary
A complete structure determination has been 

made of the orthorhombic crystal NH4CdCl3. 
The unit of structure has the dimensions a0 = 
8.96 *  0.02 A., h  = 14.87 *  0.03 A., c0 = 3.97 ± 
0.01 A., and contains 4 NH4CdCl3. The atomic 
positions are xy 1/4, |  +  x ^ — y 1/4, \  — x \  
+  y 3/4, xy 3/4 of the space group D\l — P nam , 
with the following parameter values #, y: Cd, 
0.165, 0.054; Cli, 0.284, 0.215; Cl„, 0.167, 0.496; 
Clm , 0.026, 0.898; NH4, 0.43, 0.82.

The CdCl3 complexes occur in the crystal as in­
finite polymers, in the form of double rutile 
strings of CdCl6 octahedra parallel to the c- 
axis. These complexes are held together by 
ammonium ions, each of which has nine chlorine 
atoms coordinated about it. Interatomic dis­
tances in the crystal (Table II) are closely related 
to those in CdCl2 and NH4C1.
Pasadena, Calif. Received September 6, 1938

(9) L. Pauling, This J o urn al , 51, 1010 (1929),

Fig. 4.—The structure of NH4CdClg, projected on the plane (001). 
Light circles represent atoms at s = y 4 and heavy circles those at z — 3/ 4. 
Cadmium and chlorine atoms are shown as small and large circles, and am­
monium ions as circles of intermediate size.
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[Contribution from the Department of Chemistry and Chemical Engineering of the University of
Pennsylvania]

The Inversion of Sucrose

B y  P a u l  M . L e i n i n g e r 1 a n d  M a r t in  K il p a t r ic k

In a paper on electrolyte effects in reactions be­
tween a non-electrolyte and the hydrogen ion2 
two typical examples were given, representative 
of electrolyte effects in (1) reactions showing 
specific catalysis by the hydrogen ion, and (2) 
reactions showing acid catalysis in the general 
sense. This classification has been clarified by 
experiments in solutions of heavy water,3 and by 
Pedersen's analysis of prototropic reactions.4

From an examination of the electrolyte effects 
it appeared that the inversion of sucrose and the 
hydrolysis of the acetals should be considered 
purely as catalysis by the hydrogen ion. Evi­
dence of catalytic effects of acid molecules has 
been advanced by Hammett and Paul,5 and by 
Gross, Steiner and Suess.6 Experiments on the 
inversion of sucrose in acetate-acetic acid buffer 
solutions have shown, however, there is no de­
tectable catalytic effect of the molecules of such 
a weak acid as acetic.7

If we are dealing with a case of specific hydro­
gen-ion catalysis, we can for aqueous solutions 
postulate the equilibrium

S +  HsO+ z* ± : j  S-HjO > — ^  Products (1)

where fe ^  k~% and the equilibrium concentration 
is maintained at all times. The velocity constant 
is given by

k  = T T -k i = K h  (2)
« - 1

Now K  will vary with the electrolyte concentra­
tion, and the resulting change in the concentration 
of the collision complex will cause a change in the 
measured velocity constant k. These changes 
have been observed for the hydrolysis of the ace­
tals and for the inversion of sucrose, but even in 
dilute solution they seem larger than one would 
expect, by analogy, from an examination of the 
change, with electrolyte concentration, of the dis­

ci) E. 1. du Pont de Nemours and Company Fellow, 1938.
(2) Riesch and Kilpatrick, J. P h y s .  C h em ., 39, 561 (1935).
(3) For references and discussion see Bonhoeffer, T r a n s . F a ra d a y  

S o c ., 34, 252 (1938).
(4) Pedersen, ib id . , 34, 237 (1938).
(5) H am m ett and Paul, T h is  J o u r n a l , 56, 830 (1934).
(6) Gross, Steiner and Suess, T r a n s . F a r a d a y  S o c ., 32, 883 (1936).
(7) These experiments were carried ou t in this Laboratory in 1929 

by M. L. Kilpatrick.

sociation constant of anilinium or o-chloroanilin- 
ium ion.8,9

Pedersen determined these two equilibrium 
constants over a convenient range of tempera­
ture, and found no great change in the heat of dis­
sociation (AH) with temperature, in contrast to 
the marked variation of the heat of dissociation 
with temperature for uncharged acids. By an­
alogy it might be expected that for reactions be­
tween a non-electrolyte and an ion, as represented 
by equation (1), there would be little change with 
temperature in EA, the heat of activation com­
puted from the integrated form of the Arrhenius 
equation

Ea = 2.303 R T x T t , k n
— tF------^ --- lOg T -

i  1 — i  2 KTX
(3)

where kTl and kTi are the velocity constants at 
temperatures I \  and T2, respectively. This seems 
to be the case for the hydrolysis of diethyl acetal.2

An examination of the extensive literature on 
sucrose inversion (on which some excellent experi­
mental work has been done) yields a number of 
surprises. For example, in a recent number of 
T h i s  J o u r n a l  we have “The activation energy 
of 25.7 =*= 0.05 kcal. found in the present work on 
sucrose is in good agreement with 25.83 and 25.8 
kcal. obtained by others."10 The statement =*= 0.05 
kcal. seems hardly justified, since calculation of 
Ea by equation (3) over the three temperature 
intervals shows a variation of approximately 
=±=1000 cal. In the same number a communica­
tion on the present study11 calls attention to the 
fact that the energy of activation varies both 
with temperature and with concentration of hy­
drochloric acid. The effect of temperature was 
reported by Moelwyn-Hughes,12 who showed that 
some of the earlier work also revealed a decrease 
in the activation energy with rise in temperature. 
The effect of electrolyte concentration on EA 
calculated by a method similar to equation (3) 
has been independently reported by Duboux,13

(8) Pedersen, K g l. D anske V idenskab, selskab, M ath .-fys. M edd., 
14, No. 9 (1937).

(9) Pedersen, ib id ., 15, No. 3 (1937).
(10) Heidt and Purves, This Jo u r n a l , 60, 1206 (1938).
(11) Leininger and Kilpatrick, ib id ., 60, 1268 (1938).
(12) Moelwyn-Hughes, Z . ph ysik . Chem., B26, 281 (1934).
(13) Duboux, Helv. Chim. A cta , 21, 236 (1938).
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but Duboux seems unaware of the decrease in 
energy of activation with increasing temperature 
reported by Moelwyn-Hughes. Quite recently 
Pearce and Thomas14 determined the velocity 
constants for the inversion of sucrose in 1 molal 
hydrochloric acid solution in the presence of vari­
ous salts, and concluded that the heat of activa­
tion was practically constant and independent of 
the nature of the salt. Finally, an examination 
of the data in the literature indicates that the ve­
locity constant and the energy of activation are 
also dependent on the initial sucrose concentration.

The present paper includes a report of the work 
with 0.0584 molar sucrose solutions over the tem­
perature range 0-40°, and with concentrations of 
hydrochloric acid up to four molar. The results 
obtained indicate that the literature on the su­
crose inversion presents a more understandable 
picture when one considers the variables, elec­
trolyte and sugar concentration, as well as tem­
perature and concentration of catalyst.

Experimental Part
Sucrose.—Merck best reagent sucrose was used. 

Several duplicate runs were made with Pfanstiehl special 
sucrose, but no difference in velocity was observed.

Hydrochloric Acid.—Baker c. p. analyzed hydrochloric 
acid was used. Here again the same results were obtained 
with solutions prepared from constant-boiling hydro­
chloric acid.

Sodium Chloride.—Kahlbaum “zur Analyse mit Gar- 
antieschein” grade of sodium chloride was used.

Dilatometers.—At 0 ° the dilatometer used was that de­
scribed by Kilpatrick,15 except for runs lasting over two 
days, where sealed dilatometers were used. At all other 
temperatures the dilatometers used were similar to those 
described by Brönsted, Kilpatrick and Kilpatrick.16

Thermostats.—Water-baths regulated to =±= 0.005 ° were 
electrically heated and controlled by relay circuits of radio 
tube type similar to the one described by Beaver and 
Beaver.17 For the experiments at 0°, ice-packed Dewar 
flasks, kept in a refrigerator room, served as thermostats.

Determination of Temperature.—Temperatures were 
determined by means of a platinum resistance thermome­
ter, calibrated by the Bureau of Standards, and used in 
conjunction with a Mueller bridge. Temperature regula­
tion was better than =±=0.005° at all temperatures with the 
possible exception of —0.01° for the long time runs. Al­
though the individual temperatures are given only to one 
hundredth of a degree, the temperature interval was 
measured to one thousandth of a degree. The maximum 
possible error in the temperature interval was 0.01°.

Determination of Concentrations.—The sucrose concen­
tration was known to 0.05%. The hydrochloric acid con­

(14) Pearee and Thomas, J . Phys. Chem., 42, 455 (1938).
(15) Kilpatrick, T h i s  J o urn al , 50, 2891 (1928).
(16) Brönsted, Kilpatrick and Kilpatrick, ibid., 51, 428 (1929).
(17) Beaver and Beaver, Ind . Eng. Chem., 15, 359 (1923).

centration was obtained by titration of the reacted mix­
ture. The molarity of the hydrochloric acid was thus de­
termined directly for each solution at the temperature at 
which the experiment had been carried out. The concen­
tration of hydrochloric acid was known to 0.1%. The 
validity of the method was established by making a du­
plicate run with a hydrochloric acid solution made up by 
weight from constant-boiling acid.

Determination of Rate.—Solutions of sucrose and hydro­
chloric acid were brought to the temperature of the thermo­
stat. A volume of the sucrose solution sufficient to make 
the resulting mixture 0.0584 molar with respect to sucrose 
was then added to the hydrochloric acid which had already 
been placed in the mixing vessel of the dilatometer. After 
thoroughly mixing, the solution was sealed off and the 
rate of contraction noted. At the higher temperatures it 
was necessary to evacuate the solutions before mixing in 
order to prevent formation of air bubbles during the course 
of the run. The reader is referred to an earlier paper15 
for the technique employed at 0°. In the case of the acid- 
salt mixtures, the sucrose was added to a hydrochloric 
acid solution in which a definite amount of sodium chloride 
had been dissolved. The velocity constants were evalu­
ated by Guggenheim’s method.18

Results
The reaction was of the first order over the en­

tire range of temperature and concentration in­
vestigated. Scatchard,19 and Reed and Theri­
ault,20 analyzing the data of Pennycuick,21 ar­
rived at similar conclusions.

In Table I are given the values of the observed 
velocity constant k (the number of moles of su­
crose reacting per mole of sucrose per minute) ob­
tained at —0.01°. In this table are also given the 
values of kmo+ = k/Cnz0+ experimentally deter­
mined (column 3), and computed as will be de­
scribed later (column 4).

T able I
E lectrolyte E ffect at —0.01°

HCl im , 104&b ô+ 4 104feH3O+»
(m oles/liter) m in .-1 obsd. calcd.

0.5900 0.1024 1.736 1.766
1.049 .2450 2.335 2.275
2.207 .9745 4.416 4.306
2.687 1.504 5.595 5.611
3.172 2.295 7.235 7.331
3.714 3.624 9.758 9.885
4.228 5.307 12.55 13.12
4.695 8.110 17.27 16.98
5.239 11.90 22.71 22.91
5.773 18.30 31.71 30.76

In Table II are listed the values of &h3o+ ob­
tained at temperatures other than zero. The 
effect of sodium chloride upon &h3o+ is shown by

(18) Guggenheim, Phil. Mag., 2, 538-543 (1926).
(19) Scatchard, T h is  Jo ur n a l , 48, 2259 (1926).
(20) Reed and Theriault, J . Phys. Chem., 34, 950 (1931).
(21) Pennycuick, T h is  J o urn al , 48, 6 (1926);
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the experiments marked with an “a” in the table; 
in all cases the addition of the salt caused an in­
crease in feH3o+> but in no case was the increase as 
large as that corresponding to the addition of an 
equal amount of acid.

T a b l e  I I

Temp.,
°C.

Summary of
No. of 
expts.

&h 3o + Values
HCl

(moles/liter) 103&h8O+
10.00 1 1.124 1.305
10.00 2 2 .141 2 .178
10.00 2 2 .9 9 7 3 .365
10.00 2 3 .905 5.350
10.00 2 4 .5 9 2 7.767
10.00 1 1.122 2.019®
15.00 1 1.124 2.864
15.00 1 1.493 3.445
15.00 2 2 .142 4 .698
15.00 1 1.120 4.297"
20.00 2 0 .9528 5.651
2 0 .00 1 1.123 6.143
20 .00 2 1.493 7.271
20 .00 2 2 .140 9.811
20 .00 2 2 .999 14.78
20 .00 1 1.120 9.127®
25.00 1 0.4767 9.420
25 .00 4 .9599 11.77
25 .00 1 1.123 12.62
25 .00 1 1.493 15.05
25 .00 3 2 .121 20 .00
25 .00 2 1.116 18.77“
30 .00 1 0.2506 17.41
30 .00 1 .4746 19.30
30 .00 3 .6517 20.91
30 .00 3 .9457 23 .85
30 .00 1 1.120 25 .65
30 .00 1 1.488 30.05
35 .00 1 0.4767 37 .90

' 35 .00 4 .9519 46 .68
35.00 1 .9500 4 4 .00&
40.00 2 .2508 67.69
40 .00 2 .4741 74.35
40 .00 4 .6530 80 .16

Solution 1.003 molar with respect to added sodium
chloride.

6 Sucrose concentration reduced to 0.0146 molar.

Where more than one experiment was carried 
out at a given temperature and acid concentra­
tion, the average deviation of &h3o+ from the mean 
was computed; the average of the average devia­
tions for these experiments is 0.3%.

In Fig. 1, log klh0+for a given concentration of 
hydrochloric acid is plotted against the reciprocal 
of the absolute temperature; the curves reading 
from top to bottom represent acid concentration 
of 4.592, 2.999, 2.140, 0.9528 and 0.4767 molar. 
In addition to our own results, we have plotted

results obtained by other workers, as stated in the 
legend below the figure.

Hitchcock and Dougan22 also used the dilato- 
metric method to study the rate of inversion of 
sucrose; for solutions containing two grams of 
sucrose in 100 cc. of solution, their value of &H3o+ 
at 25° differs by only 0.4% from ours at an acid 
concentration of one molar, but at half molar the 
difference is 1.9%.

3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7
looo/r.

Fig, 1.—Variation of log &h 3o  + with 1000/T .  Our 
data sucrose 2 g. per 100 cc. and: I, HCl 4.592 molar;
II, HCl 2.999 molar; III, HCl 2.140 molar; IV, HCl 
0.9528 molar; V, HCl 0.4767 molar. □, Moelwyn- 
Hughes,12 5% sucrose, HCl 0.19 molar. ©, Heidt and 
Purves,10 0.01 molar sucrose, HCl 0.00965 molar.

Duboux,13 sucrose 11.42 g. per 100 cc., HCl 0.4767 
molar. V, Sturtevant,23 sucrose 0.1082 molar, HCl 
0.5310 molar; sucrose 0.1152 molar, HCl 0.9059 
molar. A, Hitchcock and Dougan,22 sucrose 2 g. per 
100 cc., HCl 0.486 molar; sucrose 10 g. per 100 cc., 
HCl 0.486 molar. -O-, Pennycuick,21 sucrose 0 .5 molar, 
HCl 0.507 molar and sucrose 0.5 molar, HCl 0.905 
molar (at 35°); sucrose 0.5 molar, HCl 0.02 molar 
(at 40°).

Tables I and II and Fig. 1 show that at any 
temperature kmo+ is a function of the concentra­
tion of hydrochloric acid, increasing with increase 
in the concentration of acid. At a given tem­
perature, over the range of concentration investi-

(22) Hitchcock and Dougan, / .  Phys. Chem.% 39, 1177 (1935).
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gated, the effect may be expressed by the equa­
tion

log &h 8o+ = log &°h 3o+ +  jSC (4)
where &H3o+ represents the velocity constant for 
molar hydrogen ion in a solution C molar in hy­
drochloric acid. Figure 2 shows the applicability 
of equation (4) to our data at —0.01°.

0 1 2 3 4 5 6 7
HCl, moles per liter.

Fig. 2.—Electrolyte effect at —0.01°.

By the method of least squares we obtained the 
equation

log &H3O+ = 4.1057 +  0.2394 C (at -0.01°) (4a)

valid at —0.01°. The values of kmo+ (calcd.) 
given in the fourth column of Table I were com­
puted by equation (4a); the average deviation 
from the observed value is 2.0%.

Using the polarimetric method, Duboux13 re­
cently has measured the rate of inversion of su­
crose at 0° over a wide range of concentration of 
hydrochloric acid. His solutions contained 11.42 
g. of sucrose in 100 cc. of solution, as compared 
to our 2.00 g. Upon recomputing his values on 
the basis of molarity, and applying to the recom­
puted values the method of least squares, we ob­
tained

log &H3O+ = 4.1898 +  0.2392 C (Duboux, 0°) (4a')

The agreement between the two values of fi is 
excellent. The difference in the value of the in­

tercept can be attributed to the difference in the 
sucrose concentration. That increase in concen­
tration of sucrose causes an increase in kmo+ may 
also be seen in Table II. For a solution 0.95 M  
in hydrochloric acid, and containing 2 g. of sucrose 
per 100 cc., kmo + (observed) is 46.68 X 10~3 at 
35°, while for a solution containing 0.5 g. per 100 
cc., &h3o+ (observed) is 44.00 X 10~3.

The following equations, analogous to (4a), ex­
press the effect of acid concentration upon kmo + 
at the other temperatures investigated.

log &H3o+ = 4.8660 + 0.2230 C (at 10.00°) (4b)
log &H30+ = 3.2198 + .2116 C (at 15.00°) (4c)
log &h3o+ = 3.5587 + .2045 C (at 20.00°) (4d)
log &H30+ = 3.8793 + .1992 C (at 25.00°) (4e)
log &H30+ = 2.1932 + .1922 C (at 30.00°) (4f)
log &h3o+ = 2.4902 + .1846 C (at 35.00°) (4g)
log &h3o+ = 2.7857 -b .1806 C (at 40.00°) (4h)

These equations were derived from the data given 
in Table II; they represent the lines obtained by 
plotting log kmo+ against the acid concentration, 
at the temperature in question.

It was hoped that a quantitative expression for 
the effect of sucrose concentration upon kmo+ 
might also be formulated from the existing data. 
While this has not proved possible, there is con­
siderable experimental evidence of the existence 
of the effect. In addition to the evidence already 
cited, we mention the following. Hitchcock and 
Dougan,22 using the dilatometric method at 25°, 
noted that at constant acid concentration an in­
crease in the concentration of sucrose caused an 
increase in &h3o+- The same thing is shown by a 
comparison of &H3o + obtained by Sturtevant23 at 
25°, using the calorimetric method, with &ff3o+ 
computed from our equation (4e); by a compari­
son of the values of &h3o+ obtained by Heidt and 
Purves10 at 30 and 40°, using the copper reduc­
tion method, with values computed from our 
equations (4f) and (4h); by a comparison of the 
values of kmo+ of Pennycuick21 at 35 and 40°, ob­
tained by the polarimetric method, with values 
computed from our equations (4g) and (4h); 
and by a comparison of the values of &h3o+ °f 
Moelwyn-Hughes,12 obtained polarimetrically at
15.45 and 19.40°, with our values, after making a 
correction for the difference in temperature. 
From all the work examined, with the sole excep­
tion of that of Pearce and Thomas,14 the same con­
clusion was drawn.

In Table III is given the Arrhenius energy of 
activation, EAf computed by means of equation

(23; Sturtevant, T h is  J o u rn al , 59, 1528 (1937).



Dec.., 193S The Inversion of Sucrose 2895

T able III
E lectrolyte Effect on E nergy of A ctivation

Temp, range, °C.
HCl

(moles/liter) k f i /k T l Ea , cal.

-0 .0 1  to 10.00 1.124 5.506 26,180
-  .01 to 10.00 2.141 5.246 25,440
-  .01 to 10.00 2.997 5.055 24,870
-  .01 to 10.00 3.905 4.872 24,310
-  .01 to 10.00 4.592 4.842 24,210*
-  .01 to 20.00 0.9528 26.20 25,960
-  .01 to 20.00 1.123 25.93 25,880
-  .01 to 20.00 1.493 25.03 25,600
-  .01 to 20.00 2.140 23.64 25,150
-  .01 to 20.00 2.999 22.18 24,640
10.00 to 20.00 1.124 4.707 25,550
10.00 to 20.00 2.141 4.505 24,820
10.00 to 20.00 2.998 4.392 24,400
10.00 to 20.00 1.121 4.521 24,880°
15.00 to 25.00 1.124 4.406 25,310
15.00 to 25.00 1.493 4.369 25,170
15.00 to 25.00 2.132 4.257 24,730
15.00 to 25.00 1.118 4.368 25,160°
20.00 to 30.00 0.9493 4.220 25,420
20.00 to 30.00 1.122 4.175 25,230
20.00 to 30.00 1.491 4.133 25,060
25.00 to 35.00 0.4767 4.023 25,410
25.00 to 35.00 .9559 3.966 25,150
30.00 to 40.00 .2507 3.888 25,610
30.00 to 40.00 .4744 3.852 25,440
30.00 to 40.00 .6524 3.834 25,350

° Solution 1.003 molar with respect to sodium chloride.
6 In ref. 11, 4.842 given for hydrochloric acid molarity 

should be 4.592.

(3) from the values of kHs0+ listed in Table II, 
and from values calculated by equation (4a). 
At this point it is desirable to discuss the probable 
accuracy of the determination of EA. For the 
temperature interval 20 to 30°, errors of 0.3% in 
the values of &h3o+> m opposite directions, would 
result in an error of 104 cal. in EA at 25°. Errors 
of 0.1% in the values of the acid concentration, 
taken in opposite directions, would affect EA to 
the extent of 33 cal. Since the effects of possible 
errors in temperature, time and concentration of 
sucrose are negligible, the maximum error in EA 
determined from velocity constants at tempera­
tures other than —0.01° may be taken as =±=150 
cal. In similar fashion, a possible error of 2.0% 
in kmo+ at —0.01° yields =*=400 cal. for EA at 5°, 
and =±=250 cal. at 10°.

The two values marked with an “a” in the last 
column of Table III show a diminution of EA in 
the presence of sodium chloride; the effect is, 
however, less than that of an equal amount of 
acid. Duboux13 has made similar observations. 
On the other hand, Pearce and Thomas14 report 
no appreciable effect of salt upon EA. An exami­

nation of the results of these authors, however, re­
veals a distinct trend in the values of EA in the 
solutions of barium chloride, which leads us to the 
conclusion that EA does decrease with increasing 
electrolyte concentration.

In view of the change in EA with electrolyte 
concentration and temperature reported in Table 
III, it seems advisable to consider the possibility 
of reactions other than hydrolysis affecting the 
measured rate and to reconsider the validity of 
the dilatometric method.

The following scheme represents the probable 
reactions involved.

Sucrose

«-d-Glucopyranose

| Hydrolysis |

~ T ~
+  /3 -d-Fructof uranose

| Mutarotation[ | Rearrangement!

XS «-d-Fructofuranose * - T
[Mutarotationj j ^-Fructofuranose

(Equil. Mixt.)

[ Rearrangement |

l /3-d-Fructopyranose

Mutarotation

j a-d-Glucopyranose ) j a-^-Fructopyranose )
|  ^-ö!-Glucopyranose f ( /5-J-Fructopyranose )

(Equil. Mixt.)

r - d-]
'~d~]
(Equil. Mixt.)

The mutarotation of a-d-glucopyranose is ap­
proximately fifty times faster than the observed 
rate under our experimental conditions.24"26 
The mutarotation of /3-d-fructopyranose is faster 
than that of a-^-glucopyranose.25,27,28 No rate
data are available for hydrochloric acid solutions 
on the other processes indicated. For enzymes, 
however, the rate of change of /Td-fructofuranose 
to equilibrium fructose has been shown to be 
three times faster than the mutarotation of $-d- 
fructopyranose.29 The possibility of acid decom­
position of the equilibrium mixtures of glucose 
and fructose is ruled out. For the conditions in­
vestigated the acid decomposition of the fructose 
equilibrium mixture is four powers of ten slower

(24) Hudson, T h is  Jo urn al , 29, 1571 (1907).
(25) Nelson and Beegle, ibid., 41, 559 (1919).
(26) Brönsted and Guggenheim, ibid ., 49, 2554 (1927).
(27) Riiber and Esp, Ber., 58, 737 (1925).
(28) Hudson, T h is Jo urn al , 30, 1564 (1908); ibid., 31, 66 and 

655 (1909).
(29) Bailey and Hopkins, Biochem, 27, 1957 (1933).
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than the observed rate.30 The glucose portion of 
invert sugar is less readily attacked by acids than 
the fructose.31 Although complete rate data are 
not available for all processes, the fact that the 
reaction was of the first order in all experiments 
indicates that the measured reaction is simple and 
free from complications.

HCl, moles per liter.
Fig. 3.—Electrolyte effect on energy of activation:

I, -0 .01 to 10.00°; II, -0 .01  to 20.00°; III, 10.00
to 20.00°; IV, 15.00 to 25.00°; V, 20.00 to 30.00°; VI.
25.00 to 35.00°; VII, 30.00 to 40.00°.

In regard to the dilatometric method the vol­
ume change for the mutarotation of a-d-ghico- 
pyranose is approximately 3% of the measured 
change and in the opposite direction.26,32 For 
/3-d-fructopyranose the volume change is also an 
expansion amounting to 23% of the measured 
volume change.27 Since these processes are rapid 
the volume change may still be proportional to 
the percentage of sucrose reacted. The validity 
of the dilatometric method rests upon the com­
parison of this method with the polarimetric 
method22 and the fact that the dilatometric, po­
larimetric, calorimetric23 and copper reduction 
methods10 all yield first order constants which

(30) Mathews and Jackson, Bur. Standards J . Research, 11, 619 
(1933).

(31) Rischbieth, Ber., 20, 1773 (1887).
(32) Riiber, ibid., 57, 1599 (1924).

are in good agreement when electrolyte and su­
crose effects are taken into consideration. Finally, 
a comparison of the electrolyte effect of hydro­
chloric acid at 0° (see Table I and equation 4a) 
obtained by the dilatometric method is in excel­
lent agreement with results obtained by the po­
larimetric method (see equation 4a').13

In Fig. 3 the value of EA at the mid-point of the 
temperature interval is plotted against the con­
centration of hydrochloric acid. Reading from 
the top down, the curves represent the effect of 
acid concentration upon EA at temperatures of 
5, 10, 15, 20, 25, 35 and 30°, respectively. I t is 
evident that EA decreases with rise in temperature 
up to 30°, and that EA decreases with increase in 
acid concentration. For concentrations not greater 
than four molar, EA appears to be a linear func­
tion of the acid concentration; at the higher tem­
peratures, however, EA could not be determined 
over a wide range of concentration.

0 5 10 15 20 25 30 35
Mid-point of temperature range, °C.

Fig. 4.—Effect of temperature on energy of acti­
vation: I, 0 molar HCl; II, 1 molar HCl; III, 2 
molar HCl; IV, 3 molar HCl.

Figure 4 and Table IV illustrate the variation 
of Ea with temperature. The four curves repre­
sent Ea at acid concentrations of 0, 1, 2 and 3 
molar, respectively, as read off from the lines in 
Fig. 3.

The graphically determined values of EA at 
zero acid concentration were confirmed by com­
putation, by means of equation 3, from the inter­
cepts of equations (4a), (4b), etc. The figure
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Table IV
Temperature Effect on the Energy of Activation

E x , cal.‘
Temp, range, 0 molar 1 molar 2 molar 3 molar

°C. HCl HCl HCl HCl
-0 .0 1  to 10.00 26,980 26,280 25,570 24,870
-  .01 to 20.00 26,650 25,940 25,230 24,510
10.00 to 20.00 26,280 25,620 24,950 24,290
15.00 to 25.00 26,080 25,450 24,820
20.00 to 30.00 25,960 25,350 24,740
25.00 to 35.00 25,670 25,130
30.00 to 40.00 25,720 25,160

shows EA to decrease with increase in tempera­
ture, the rate of change, AEa/  AT, being approxi­
mately — 70 cal. per degree at 10° and smaller at 
higher temperatures.

I t already has been mentioned that a decrease 
in Ea with increase in temperature was observed 
previously by Moelwyn-Hughes.12 His values of 
Ea are consistently lower than ours for the same 
temperature and concentration of hydrochloric 
acid, as may be seen in Fig. 1. Using 5% sucrose 
solutions, Moelwyn-Hughes found AEa/  AT to 
be —94 cal. per degree at 33.6°, which is much 
larger than the rate of change observed by us at 
this temperature. The early work of Urech,33 
cited by Moelwyn-Hughes in support of his state­
ment of change of EA with temperature, does not 
appear to be sufficiently accurate for the purpose 
in hand. In his analysis of Urech's data, Moel­
wyn-Hughes averaged values of EA obtained at 
different acid concentrations, which is unjustifi­
able in view of the effect of acid concentration 
upon Ea. The data of Spohr,34 also cited by 
Moelwyn-Hughes, are not convincing proof of the 
effect of temperature on EA. Spohr’s value of 
Ea at 32.5° for 0.250 N  hydrobromic acid is in 
good agreement with our value for hydrochloric 
acid. Computation of EA from the data of Heidt 
and Purves10 for the temperature intervals 30—10, 
40-50, and 50-59.7° fails to show a consistent 
effect of temperature.

In addition to the effects upon EA of tempera­
ture, and of concentration of electrolyte, there is 
probably a slight effect of the sucrose concentra­
tion. At a given acid concentration our value of 
Ea at the mid-point of the 0-25° interval is con­
sistently higher than that of Duboux.13 The 
difference between the two values varies from 200 
to 900 cal. Duboux's solutions contained 11.42 
g. of sucrose per 100 cc., ours, 2 g.

In order to facilitate comparison with data in
(33) Urech, B e r ., 16, 762 (1883); 17, 2165 (1884).
(34) Spohr, Z . p h y s ik . C h em ., 2, 194 (1888).

the literature, we have in Table V given B as com­
puted from the equation

loge fea30+ = B — (5)

where &H3o+ is expressed in sec.-1, the values of 
kmo+ employed were obtained from equations 
(4a), (4b), etc., and EA was taken from Figure 4.

T able V
Variation of B  with Temperature and Acid Concen­

tration
Midpoint of 
temp, range, 

°C.
0 molar 

HCl
1 molar 

HCl
- B -------------

2 molar 
HCl

3 molar 
HCl

10.00 36.00 35.25 34.56 33.80
15.00 35.45 34.79 34.08 33.40
20.00 35.07 34.44 33.85 . . .

25.00 34.72 34.20 33.69
30.00 34.47 34.02
35.00 34.33 33.91 . . .

From Table V it appears that B decreases both 
with increase in temperature and with increase in 
acid concentration. The effect of temperature 
decreases markedly at the higher temperatures, as 
does the effect of temperature upon EA.

Discussion
Inspection of Tables IV and V indicates that 

the activation energy is the quantity of first im­
portance in the problem, and that the change in 
activation energy with concentration is the more 
important effect. From the point of view of the 
transition state theory,35-37 the activation energy 
can be set equal to the increase in heat content, 
AH, for the reaction

S +  HsO+ — > Critical complex (6)

The change in AH with change in concentration 
can then be found by considering the heats of 
transfer in the following cycle
Concentration AH"
HCl [3 4- HsO +— ^  X
c2

AHi a h 2
>f >f AH' v

Concentration £ 
HCl

3 +  H30 + —

a
where AH" — AH' — AHi +  Ai?2 -  AH*

The heat of transfer (AHi) of a mole of sucrose 
from a solution of concentration C in sucrose and 
C2 in hydrochloric acid, to a solution C in sucrose 
and Ci in hydrochloric acid may be considered 
small in comparison to AiJ2 and is neglected in

(35) Eyring, T r a n s . F a r a d a y  S o c ., 34, 41 (1938).
(36) Wigner, ib id ., 34, 29 (1938).
(37) Evans and Polanyi, ib id . ,a34, 11 (̂1938).
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this calculation. The heat of dilution of H30 + 
from C2 to Ci can be computed from the heat of 
dilution of hydrochloric acid and potassium chlo­
ride on the assumption that the heat of dilution 
of the chloride ion in hydrochloric acid solutions 
may be taken as one-half the heat of dilution of 
potassium chloride for the same change in con­
centration.

Table VI gives the approximate changes in AH2 
per mole at 18°, calculated from the data given by 
Bichowsky and Rossini.38

T a b l e  V I

C o m p a r i s o n  o p  A H 2 a n d  A E a

C i C i Calories per mole
Moles per liter A H i AEa, 20° AEa, 51

4 3 300 610* 550*
3 2 300 620* 700
2 1 300 630 710
1 0 500 630 700

a Read from Fig. 4.

The value for the heat of transfer (AHz) of a 
mole of the activated complex between solutions 
of different hydrochloric acid concentration is de­
pendent on the structure assigned to the activated 
complex. If we assume that the hydrogen ion 
makes contact at the oxygen atom joining the two 
lactone rings of the sucrose molecule,14 we would 
have an ion which might be expected to have a 
heat of dilution intermediate between those of 
sucrose and hydrogen ion. This would mean that 
the maximum value of AH" — AH' would be 
equal to AH2. The change in EA for the various 
intervals compared in Table VI should not exceed 
the values given for AH2. EA shows the expected 
decrease with increasing concentration, but the 
observed values of AEa are consistently larger 
than AIE. The heat of dilution of the hydrogen 
ion is greater at lower temperatures and the 
values of AEA at 5° show an increase over AEA 
at 20° except at four molar.

In regard to the effect of sucrose concentration 
on Ea, calculation of AHi for solutions of su­
crose39’40 up to 0.5 molar indicates that Ea should 
decrease by approximately 100 cal. in going from 
0.05 to 0.5 molar. Here again the observed effect 
seems larger than the calculated, though in the 
right direction.

From these calculations it seems that the change 
in the energy of activation with electrolyte con-

(38) B ichow sk y and R ossin i “ T h e Therm ochem istry of Chem ical 
Substances,” R einhold  P u blish in g C orporation, N ew  York, N . Y ., 
1936.

(39) “ In ternation al C ritical T ab les,”  V ol. V, p. 161.
(40) P ratt, J .  F r a n k lin  I n s t i tu te , 186, 663 (1918).

centration is understandable on the basis of the 
transition state theory. The fact that the mag­
nitude of the effect as calculated from the theory 
is not in agreement with the experimentally de­
termined values may be due to our neglect of the 
heat of transfer of sucrose (AHi) from one con­
centration of hydrochloric acid to another. In 
addition our values for AH2 are based on heats of 
dilution for aqueous solutions which did not con­
tain sucrose.

A similar picture will result if we do not consider 
the critical complex at the top of the energy bar­
rier, but consider a preequilibrium between a 
collision complex and the reactants, the assump­
tion being made that equilibrium is maintained 
between the collision complex and the reactants 
at all times. From equation 2 we have

In k =  In K  +  In fe (8)
II II

AS I AS*
-R f = ~TF
I I

AH  ja
R T  R T

where K  is the equilibrium constant, AH  the 
difference in heat content between the collision 
complex and reactants, AS is the entropy differ­
ence, b is a constant, and €A the activation energy 
for the unimolecular decomposition of the colli­
sion complex. The constant b will include the 
entropy of activation of the transition state theory.

From the above we have

In k = In C + AS +  AS* AH  +  6a
R R T (9)

C being a constant.
At a concentration of acid C\ we have

ki  = CeiASi + ASi*)/R  e - ( A H ’ +  eA') / R T  (10)

and at C2
h  =  Ce(AS2 +  As 2*)/R  e - ( A H "  +  6A")/RT  ( 1 1 )

The change in the measured energy of activation 
with change in acid concentration will be 

(Aif" +  6A") -  (AH'  +  eA')

and our approximate calculations are valid if we 
assume eA" = eA . eA need not be considered as 
the true energy of activation, but can be related 
to it by the equation €1 = eA +  SRT  where S  is 
the number of degrees of freedom.

Any attempt at an explanation of the change in 
B  which is associated with the changes in AS +  
AS* seems unprofitable until we are able to know 
something of the order of magnitude of the 
equilibrium constant K.
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Experimental studies on various acetals41 indi­
cate that EA does not show any great change with 
temperature or with concentration of electrolytes, 
but the reactions are too sensitive to hydrogen 
ion to allow investigation over any wide range of 
concentration of acid. We plan to extend this 
study to a reaction of a less complicated sub­
strate than sucrose, which can be studied over a 
similar range of hydrochloric acid concentration 
and temperature.

Summary
1. The velocity constant &H3o+ for the inver­

sion of sucrose has been measured from 0 to 40° 
over a wide range of hydrochloric acid concentra­
tion.

2. Equations for the effect of the electrolyte, 
hydrochloric acid, on &h3o+ arc given at 5° inter-

(41) U npublished results, R iesch  and K ilp atrick .

vals between 10 and 40° and at —0.01°. The 
effect of electrolyte decreases with increasing 
temperature.

3. It has been shown that &H30+ increases with 
increasing sucrose concentration.

4. The energy of activation calculated from 
the Arrhenius equation shows that EA and B de­
crease with increasing concentration of hydro­
chloric acid. This appears to be a general elec­
trolyte effect.

5. The energy of activation also decreases 
with increasing sucrose concentration.

6. The decrease in EA and B with increasing 
temperature has been confirmed.

7. An explanation of these results has been 
attempted on the basis of the transition state 
theory and the consideration of a preequilibrium 
between reactants and the collision complex. 
P h i l a d e l p h i a , P e n n a . R e c e i v e d  A u g u s t  11, 1938

[C o n t r i b u t i o n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  t h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

The Action of f-Butylmagnesium Chloride with Acetyl Chloride

By F r a n k  C. W h it m o r e  a n d  W. R. W h e e l e r

Researches in this Laboratory have shown that 
ketones of the type RCOCR3 may be obtained by 
the action of tertiary alkylmagnesium halides and 
an acid halide.1 In the present study /-butyl­
magnesium chloride was added to an excess of 
acetyl chloride in ether solution to determine the 
by-products.

Pinacolone, the normal product, was obtained 
in but 17% yield. (CH3)3CMgCl +  CH3COCl 
(CH3)3CCOCH3 +  MgCh. Other products were 
pinacolyl acetate, ethyl acetate, mesityl oxide, 
isobutylene, isobutane, carbon monoxide and 
hexamethylethane.

Pinacolyl alcohol, the product from the reduc­
ing action of the Grignard reagent on the ketone, 
appeared as its acetate in 8% yield.

Ethyl acetate, present to the extent of 9%, 
based on the acid chloride, was probably formed 
by interaction of acetyl chloride with the solvent 
ether rather than by direct reduction of the acid 
chloride to the primary alcohol.2 This is con­
firmed by the formation of only 6.6% of isobutyl­
ene. Also, results from this Laboratory3 have

(1) W hitm ore and Badertscher, T h is  J o u r n a l , 55, 1559 (1933).
(2) C f. G reenw ood, W hitm ore and Crooks, ib id . ,  60, 2028 (1938).
(3) W hitm ore, W hitaker, M attil and P op kin , ib id .,  60, 2790 

(1938).

shown that ethyl esters are formed in the reaction 
of w-propyl, 72-butyl and 72-amyl Grignard re­
agents with /-butylacetyl chloride, in which cases 
formation of ethyl alcohol by reduction is ex­
cluded. Since acid halides are known to cleave 
ethers in the presence of anhydrous zinc chloride,4 
an experiment was undertaken which demon­
strated that the anhydrous magnesium chloride, 
formed during the course of the reaction, may act 
in the same way as zinc chloride.

Several modes of formation are possible for the 
mesityl oxide, which occurred in 6.6% yield. 
Karasev5 observed that /-butylmagnesium chlo­
ride reacts with ethyl acetate to produce acetone 
and its condensation products, mesityl oxide and 
phorone. Kondakow6 prepared mesityl oxide 
from isobutylene and acetyl chloride in the pres­
ence of anhydrous zinc chloride. Recalling the 
similarity of zinc and magnesium chlorides in 
promoting the cleavage of ethers, the latter 
formation is also possible. In that case the 
small yield of isobutylene would be explained. 
Further studies on the mechanism of the forma-

(4) Norris and R igby, ib id .,  54, 2088 (1932); G ustus and Stevens, 
ib id ., 54, 3461 (1932); 55, 378 (1933).

(5) K arasev, J .  G en . C h em ., 7, 179 (1937); C. A .,  31, 4268 (1937).
(6) K ondakow , J .  R u ss , P h y s .-C h e m . S o c ., 26, 12 (1894).
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tion of ethyl acetate and of mesityl oxide are in 
progress.

The trace of hexamethylethane found is the 
coupling product ordinarily formed in the prep­
aration of the Grignard reagent. A small 
amount of carbon monoxide was also produced; 
its formation has been noticed previously in 
analogous reactions.7

The evolution of so large an amount of iso­
butane as 23.6% was unexpected, and would seem 
to indicate that both pinacolone and mesityl 
oxide, totalling 24%, had reacted with the Grig­
nard reagent to form isobutane and the —OMgCl 
compounds of their enol forms.

Experimental
Preparation of M aterials.-—The /-butylmagnesium chlo­

ride was prepared in the usual manner1 from pure /-butyl 
chloride. The reagent evolved no gas when refluxed in a 
dry, nitrogen-filled fractionating column.

The acetyl chloride was obtained from Eastman prac­
tical grade by careful distillation from dimethylaniline in 
a 1.5 X 65 cm. fractionating column packed with 3.5 mm. 
glass helices (Column I) .

Reaction of /-Butylmagnesium Chloride with Acetyl 
Chloride.— In a three-liter three-necked flask fitted with a 
dropping funnel, stirrer and condenser were placed 253 g. 
(3.2 moles) of acetyl chloride and 640 cc. of dry ether. 
To this was added, over a twelve-hour period, 2,46 moles of 
the clear, filtered Grignard reagent in 1010 cc. of solution. 
A yellow precipitate form ed; gas was evolved and collected 
in carboys filled w ith salt solution and protected by cal­
cium chloride tubes to  prevent the diffusion of water 
vapor back into the reaction flask. When the addition 
was complete, the flask was immersed in a salt-ice bath 
and about one liter of water added with stirring, causing 
the mixture to become warm and evolve a small amount of 
gas. The ether layer was separated and the water ex­
tracted with three 300-cc. portions of ether. The com­
bined extracts were dried over anhydrous magnesium sul­
fate and distilled in column I. Some gas was evolved on 
warming, which was combined w ith the other gases. 
Distillation a t 742-746 mm. gave the following fractions: 
nos. 1-7, ether; 8-10, 10.1 g., b . p. 36-61.5°, w20d  1.3752- 
1.3868; 11-12, 18.6, 61 .5-75.5°, 1.3815-1.3770; 13-14, 
7.7, 75.5-85°, 1.3780-1.3827; 15-17, 15.2, 85-104.5°, 

r 1.3920-1.3976; 18-21, 31.3, 104.5-109°, 1.3965-1.3943; 
22-23, 15.9, 109-114°, 1.3952-1.3821; 24-26, 34.6, 114- 
122.5°, 1.3764-1.3852. The remainder of the distillation 
was carried out at 51 mm. pressure: 27-29, 15.9, 55-60°, 
1.4210-1.4157; 30-33, 29.1, 60-64°, 1.4085-1.4040;
residue, 46.3 g.

Identification of Products.— No. 9.— Identification of 
this material was not entirely satisfactory. I t  contained 
halogen, and its b. p. 45-50° and w20d 1.3831 indicate 
that it  was probably impure /-butyl chloride, b. p. 50°, 
n20D 1.3850.

(7) Schmidlin, B er., 43, 1139 (1910). Also unpublished work in 
this Laboratory by H. M. Crooks, Jr.

1 3 .—The b. p. and w20d corresponded to ethyl acetate. 
Hydrolysis gave acetic acid, identified by Duclaux num­
bers, and ethyl alcohol, 3,5-dinitrobenzoate, m. p. 91°.

14-16.—Repeated refraction of these cuts through a 
0.55 X 43 cm. helix-packed column (column E) resulted 
only in the separation of ethyl acetate and pinacolone, and 
a small amount of hexamethylethane, boiling ca. 100°, 
m. p. 90-94° (sealed tube), insoluble in 93% sulfuric acid.

1 9 .—Identified as pinacolone, 2,4-dinitrophenylhydra­
zone, m. p. 124.5°.

2 1 - 2 3 . —These cuts, washed free of acetic acid using 
sodium bicarbonate, yielded only pinacolone on redis­
tillation in column E.

2 5 .—The b. p., w20d and neutral equivalent corresponded 
to acetic acid.

27-29.—Redistillation through column E gave a frac­
tion of b. p. 128° and n20D 1,4377 which was identified 
as mesityl oxide, 2,4-dinitrophenylhydrazone, m. p. 199- 
200°. Semicarbazide reacted with it to form a solid, m. 
p. 130.5°, described as one of the possible products.8

3 2 - 3 3 . —The b. p. and n20D correspond to pinacolyl 
acetate. Hydrolysis gave an acid identified as acetic by its 
Duclaux numbers, and an alcohol boiling at 128°, phenyl­
urethan m. p. 76°, corresponding to pinacolyl alcohol.

Residue.—The material could not be distilled without 
decomposition even at 5 mm. pressure. Decolorization 
in acetone solution yielded a reddish oil which could not 
be crystallized from the usual solvents. It was not in­
vestigated further.

Analysis of Gaseous Products.—Analysis was accom­
plished with the aid of a 0.55 X 36 cm. low temperature 
column, packed with a single nichrome spiral and the con­
ventional Orsat apparatus. The following products were 
indicated: isobutane, 33.8 g.; isobutylene, 9.2 g.; car­
bon monoxide, 0.2 g.

Reaction of Acetyl Chloride with Ether.—One mole of 
redistilled acetyl chloride, 200 cc. of ether and 120 g. (1.26 
moles) of anhydrous magnesium chloride, prepared by the 
method of Vanino9 were stirred and refluxed for one hun­
dred hours. The mixture became pasty but no gas was 
evolved. Water was added to remove the magnesium 
chloride, the ether layer washed again with a small amount 
of water and dried over magnesium sulfate. Distillation 
in a 0.9 X 45 cm. helix-packed column gave about 60 g. of 
material boiling at 22-31°, indicating that some ethyl 
chloride was present in ether solution, and four fractions, 
totaling 8.9 g., boiling 65-83°, n20D 1.3712-1.3735, which 
proved to be mainly ethyl acetate; yield 8-10%.

Summary
1. Products formed in the reaction of /-butyl­

magnesium chloride with excess acetyl chloride are 
isobutane, isobutylene, carbon monoxide, ethyl 
acetate, pinacolone, pinacolyl acetate and mesityl 
oxide.

2. Acetyl chloride has been shown to react 
with diethyl ether in the presence of anhydrous 
magnesium chloride to form ethyl acetate.
State College, Penna. Received August 29, 1938

(8) H arries and K aiser, B er., 32, 1339 (1899).
(9) V anino, “ Praparative C hem ie,”  3rd ed ., S tu ttgart, 1925, p . 439.
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The Introduction of Substituted Vinyl Groups. II. (l-Methylpropenyl)-alkylmalonic
Esters

B y Arthur C. Cope and Evelyn M. H ancock
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The preceding paper of this series described a 
practical indirect method for preparing isopro 
penylalkylmalonic esters.1 This communication 
presents a similar method by means of which 1- 
methylpropenyl (or symmetrical dimethylvinyl) 
alkylmalonic esters can be prepared.

The starting point in the syntheses is ethyl (1- 
methyl-propylidene) -malonate, I, which was ob­
tained by condensing methyl ethyl ketone with 
malonic ester. On treatment with sodamide, the 
alkylidene ester gives a sodium derivative, which 
could be either II or III, since the hydrogen which 
is lost as ammonia in the reaction might come 
from either the methylene or the methyl group of I.
CH3CH2C=C(COOEt)2 +  NaNH2— >■

c h 3
I

NH3 +  CH3CH=C— C(COOEt)2-Na +

CH3

II
or CHaCHjC—C(COOEt)*-Na+

II
CH2

III

The sodium enolate was alkylated with several 
alkyl halides and dialkyl sulfates. The alkylated 
esters, which were obtained in good yields, must 
be either symmetrical dimethylvinyl derivatives, 
(IV, derived from II), 1-ethylvinyl derivatives (V, 
derived from III) or mixtures of the two struc­
tural types. Formula IV, in addition, permits 
the existence of two geometric isomers.
CH3CH=C----- C( COOEt)2

I I 
c h 3 r

IV

CH3CH2—C-----C(COOEt)2
II I

c h 2 r
v

The structures of the alkylated esters described 
in Table I, with the exception of the allyl deriva­
tive, were determined by ozonization. Decom­
position of the ozonides gave acetaldehyde in 
quantity and only traces of formaldehyde. The 
products are, therefore, 1-methylpropenyl esters 
(formula IV), containing small amounts of the

(1) Cope an d  H ancock, T h is  J o ur n a l , 60, 2644 (1938).

isomeric 1-ethylvinyl substituted esters (formula 
V).

Two of the esters boiled over three and five de­
gree ranges, respectively, even after careful re­
fractionation. Since the esters were analytically 
pure, and the structural isomers (V) appear to be 
present in quite small quantities, the boiling 
points suggest the presence of both of the possible 
geometric isomers.

Experimental Part
Ethyl (l-Methylpropylidene)-malonate

Methyl ethyl ketone condenses with malonic ester more 
slowly and less completely than does acetone under similar 
conditions.1 The yield of condensation product does not 
exceed 20%, although a large proportion of the unreacted 
malonic ester is recovered.

A mixture of 1 kg. (6.25 moles) of ethyl malonate, 670 g. 
(9.3 moles) of methyl ethyl ketone, 800 g. of acetic an­
hydride and 120 g. of zinc chloride was heated under re­
flux in an oil-bath at 110° for sixty hours. The mixture 
was cooled, diluted with 800 cc. of benzene and washed 
with five 500-cc. portions of water. The water washings 
were extracted with benzene and the product distilled in 
the same manner as ethyl isopropylidene-malonate.1 
The recovery of ethyl malonate, b. p. 98-100° (22 mm.), 
plus a small intermediate fraction, was 700 g. (70%), while 
the yield of condensation product, b. p. 134-136° (22 mm.) 
was 255 g. (19%). A similar preparation was heated for 
five days at 100°, after which another 120-g. portion of 
zinc chloride was added and the mixture heated for seven 
more days at 100°. The recovery of ethyl malonate plus 
the intermediate fraction was 612 g. (61%), and the yield 
of ethyl (1-methylpropylidene)-malonate, b. p. 119-120° 
(9 mm.), was 260 g. (19%); w25d 1.4479, d2525 1.0108; 
Md calcd. 55.85, observed 56.86, exaltation +1.01. 
Anal. Calcd. for ChHi80 4: C, 61.64; H, 8.47. Found: 
C, 61.91; H, 8.49. Duplicate quantitative reductions of
3-g. samples with palladinized charcoal catalyst in ethyl 
alcohol solution at room temperature and atmospheric 
pressure were complete in one hour and required 100.2 
and 99.5% of the theoretical quantity of hydrogen, re­
spectively. The reduction product was identified as 
ethyl s-butylmalonate by saponification to ^-butylmalonic 
acid, m. p. 78-79°,2 and by conversion to 5-butyl malon- 
amide with coned, aqueous ammonia;3 m. p, and mixed 
m. p. with a known sample 232-233° (uncorr.).

Alkylation of Ethyl (1 -Methylpropylidene)-malonate. 
A. Sodamide Procedure.—The ester was alkylated by a 
procedure similar to the one used with ethyl isopropylidene- 
malonate,1 except that equivalent quantities of ester and

(2) Van Romburgh, Rec. trav. chim., 6, 152 (1887), gives m. p .  76°*
(3) Dox, T his J o u r n a l , 44, 1564 (1922).
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E t h y l  (1 -M e t h y l p r o p e n y l ) -a l k y l m a l o n a t e s

Alkyl
group

Alkylating
agent H

ou
rs

re
flu

xe
d

Yield, Boiling point 
% °C. Mm. w 25d d2525

Molecular 
refraction 

Calcd. Found Formula

Carbon,® Hydrogen,®
„  % „  %  
Calcd. Found Calcd. Found

Methyl Dimethyl sulfate 0 .25 76 126-127 15 1.4440 1.0076 60.47 60.33 C12H20O4 63.11 62.84 8 .84 9 .05
Ethyl Diethylsulfate .5 70 124-124.5 9 1.4470 0.9989 65.09 64.97 C13H22O4 64.42 64.47 9 .16 9 .15
Propyl Propyl bromide 11 65 128-131 9 1.4470 .9863 69.71 69 .60 C14H 24O4 65.58 65.71 9 .42 9 .44
Allyl Allyl bromide 4 .5 60 124-129 9 1.4549 1.0016 69.24 69 .04 C14H22O4 66.10 65.97 8 .73 8 .71
Butyl Butyl bromide 19 67 159-160 22 1.4457 0.9738 74.33 74.17 C15H26O4 66.62 66.67 9 .70 9 .7 8

® We are indebted to Miss Corris Hofmann for semi-micro combustions.

sodamide were used, rather than an excess of the latter. 
The properties of five alkyl (l-methylpropenyl)-malonic 
esters, purified by shaking with coned, ammonia and re­
distilling through a Widmer column, together with data 
concerning the preparations, are recorded in Table I.

B. Sodium Ethoxide Procedure.—The ethyl (1-methyl- 
propylidene)-malonate may be alkylated in alcoholic 
solution, but the yields are poor due to alcoholysis. For 
example, the following results were obtained in the 
preparation of ethyl (l-methylpropenyl)-butylmalonate. 
A solution of 5.75 g. (0.25 mole) of sodium in 200 cc. 
of absolute alcohol was prepared in a 500-cc. three-necked 
flask and cooled to —5°. Ethyl (1-methylpropylidene)- 
malonate, 54 g. (0.25 mole), was added dropwise and the 
solution stirred for twenty minutes at —5°. Butyl iodide, 
56 g. (0.3 mole), was added and the solution quickly heated 
to boiling. After one and three-quarters hours of refluxing 
the practically neutral solution was cooled and diluted 
with water. The ester was extracted with benzene and 
distilled in vacuum. The yield of crude ester was 61 g., 
but after shaking with coned, ammonia for two days and 
redistilling, the yield of pure ester was only 21 g. (31%).

Structures of the Alkylated Esters.—The methyl and 
ethyl substituted esters (Table I) were reduced quantita­
tively with palladinized charcoal catalyst, as described 
above. They required 101 and 99% of the theoretical 
quantity of hydrogen, respectively, or within experimental 
error of one mole. The ozonizations were carried out as 
follows. Solutions of the esters (0.01 mole) in 12 cc. of 
pentane at —10 to —15° were treated with a rapid 
stream of ozonized oxygen for one and one-half hours. 
The solvent was removed in vacuum and the ozonide 
decomposed with zinc dust and water in the presence of 
hydroquinone and silver.4 The mixture was steam dis­
tilled rapidly until about 75 cc. had collected. This dis­
tillate was transferred to a Claisen flask, and the most 
volatile portion removed by distilling a volume of 2 cc. 
into an ice-cooled receiver. Both the original distillate

(4) Cf. Whitmore and Church, ibid., 54, 3710 (1932).

and the residue after redistillation gave positive red and 
blue ring tests for formaldehyde with resorcinol and gallic 
acid.5 The somewhat less sensitive test with resorcinol 
and sodium hydroxide6 was negative in each case. The 
amounts of formaldehyde formed were therefore very 
small. Further evidence of this fact was obtained by 
treating the residue from the final distillation with 2,4-di- 
nitrophenylhydrazine reagent. Only traces of an aldehyde 
were present. The 2 cc. of distillate, however, on treat­
ment with 2,4-dinitrophenylhydrazine and hydrochloric 
acid in absolute alcohol, gave the 2,4-dinitrophenylhydra­
zone of acetaldehyde in quantity, m. p. and mixed m. p. 
166-168° (corr.).7 The corresponding derivative of
formaldehyde melts at 166° (corr.) but mixtures of the 
formaldehyde and acetaldehyde derivatives melt 20 to 30° 
lower.

Similar distillates from the decomposition of the ozonide 
of a known ester which yields formaldehyde, ethyl iso- 
propenylethylmalonate, gave strong tests for formalde­
hyde by all of the above methods.

Summary
A method is described by means of which 1- 

methylpropenyl (or symmetrical dimethylvinyl)- 
alkylmalonic esters may be prepared from ethyl 
(l-methylpropylidene)-malonate. The latter es­
ter gives a sodium derivative with sodamide, los­
ing hydrogen from the methylene of the ethyl 
group rather than from the methyl group. Sub­
sequent alkylation produces the substituted vinyl 
alkyl malonic esters, CH3CH—C(CH3)C(R)- 
(COOEt)2.
B r y n  M a w r , P e n n a . R e c e iv e d  S e p t e m b e r  26, 1938

(5) Mulliken, “ Identification of Pure Organic Compounds,” 
John Wiley and Sons, Inc., N ew  York, N . Y ., 1914, Vol. I, p. 24.

(6) Allen, “ Commercial Organic Analysis,’* Blakiston, Philadel­
phia, 4th ed., Vol. I, 1912, p. 259.

(7) Campbell, A na lyst, 61, 392 (1936).
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The Introduction of Substituted Vinyl Groups. III. (Dialkylvinyl)-alkylcyanoacetic
Esters

By Arthur C. Cope and Evelyn M. H ancock

Indirect methods similar to those previously 
described for introducing isopropenyl and 1- 
methylpropenyl groups into malonic ester1 are not 
equally practical for synthesizing higher (1-alkyl- 
vinyl) -alkylmalonic esters. Such syntheses would 
require as intermediates higher 1-alkylalkylidene- 
malonic esters, RCH2C(R,)=C(COOEt)ï. Es­
ters of the latter type are difficult to prepare be­
cause ketones higher in molecular weight than 
methyl ethyl ketone do not condense easily with 
malonic ester. Higher ketones do condense read­
ily with cyanoacetic ester to give excellent yields 
of alkylidene cyanoacetic esters.2 This paper 
reports an investigation of the alkylation of these 
cyanoacetic ester derivatives.

Aralkylidene cyanoacetic esters, which are ac­
tivated by an aryl group in addition to the nitrile 
and ester groups, have been alkylated previously.3 
However, an attempt to alkylate an alkylidene de­
rivative not similarly activated by an aryl group, 
ethyl isopropylidenecyanoacetate, was reported to 
be unsuccessful.4 We have found that alkylidene- 
cyanoacetic esters can be alkylated, and that (di- 
alkylvinyl)-alkylcyanoacetic esters are produced 
in good yields if the conditions of synthesis mini­
mize destruction of the products by alcoholysis.

Sodium derivatives can be prepared from the 
alkylidenecyanoacetic esters by reaction with 
sodamide, metallic sodium, or sodium alkoxides. 
Sodamide is the reagent of choice in the malonic 
ester series,1 but it produces both cleavage and 
polymerization of the cyanoacetic esters. The 
use of powdered sodium in inert solvents causes 
partial reduction of the unsaturated esters, and 
partially reduced products are formed when the 
enolates are alkylated. Sodium alkoxides react 
with the alkylidene esters to give good yields of the 
sodium derivatives, which can be alkylated satisfac­
torily in alcohol solution under proper conditions.

The (dialkylvinyl) -alkylcyanoacetic esters 
which are produced in the alkylations undergo 
alcoholysis even more readily than do the corre­
sponding malonic esters, so that the success of

(1) (a) Cope and Hancock, T h i s  J o u r n a l , 60, 2644 (1938); (b) 
ib id . , 60, 2901 (1938).

(2) C f. Cope, ib id ., 59, 2327 (1937).
(3) Hugh and Kon, J .  C h em . S o c ., 780 (1930).
(4) Birch and Kon, ib id ., 123, 2443 (1923).

their synthesis in alcohol solution is rather sur­
prising. The alkylations of the cyanoacetic es­
ters proceed very rapidly, however, so that the 
products are in contact with the alcohol and so­
dium alkoxide for only a short time, and there is 
little opportunity for alcoholysis.

Yields in the alkylation reactions are poorest 
in methyl alcohol solution, better in ethyl alcohol, 
and highest in isopropyl alcohol. This is the 
order of decreasing effectiveness of the three al­
cohols in producing alcoholysis in ester-alcohol 
interchange reactions.5

As would be expected, the rapid alkylations ob­
tained with the most active alkylating agents give 
highest yields. The syntheses of 1-ethylpro- 
penyl and 1-propyl-l-butenyl substituted esters, 
containing the groups CH3CH=C(C2H5)- and 
CH3CH2CH=C(C3H7)-, gave excellent yields. 
The yields of 1-methyl-1-alkenyl substituted es­
ters, containing RCH=C(CH3)- groups, were 
lower regardless of the size of the group R. This 
is attributed to the hindrance to alcoholysis af­
forded by the presence of a group larger than 
methyl in the 1-position of the alkenyl residue in 
the former esters.

Alkylidenecyanoacetic esters prepared from 
unsymmetrical ketones can lead to two structural 
types, as the following equations with the methyl 
propyl ketone condensation product illustrate.
CH3CH2CH2-

I
-C=C( CN)( COOEt) +  NaOR- 

CH3

ROH +

either CH3CH2CH—C—C( CN)( COOEt) “Na + or 

CH3

II
CH3CH2CH2C—C( CN)( COOEt) ~Na+ 

liHj

III
II +  RX — >- NaX +  CH3CH2CH=C---- C(CN)COOEt

CHs R IV
III +  RX — >■ NaX +  CH8CH2CH2C----- C(CN)COOEt

________ __  <Ih , r  V
(5) Fehlandt and Adkins, T h is  J o u r n a l , 57, 193 (1935); Hatch 

and Adkins, ib id . , 59, 1694 (1937).
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Ozonization of the alkylation products gave 
propionaldehyde but only traces of formaldehyde, 
so that formula IV is correct rather than V. The 
alkylation products of alkylidenecyanoacetic es­
ters derived from four other methyl ketones were 
ozonized, and the higher aldehydes to be expected 
on cleavage of molecules having the structures in­
dicated in Table I were formed, while only traces 
of formaldehyde were produced. Consequently, 
in this series as well as in the malonic ester se­
ries,113 the formation of a sodium derivative in­
volves the loss of hydrogen from the methylene of 
an alkyl group higher than methyl, rather than 
from the methyl group.

When the various alkylated esters were puri­
fied by distillation alone, they were found to con­
tain the corresponding alkylidene esters as im­
purities, Alkylidenecyanoacetic esters form so­
dium bisulfite addition compounds,6 so that it 
was possible to remove any unalkylated ester 
present by shaking the crude product with 20% 
sodium bisulfite solution. Addition of an excess 
of sodium carbonate solution to the sodium bi­
sulfite extract liberates the alkylidenecyanoacetic 
esters, which can be recovered in this manner.

Experimental Part
Both methyl and ethyl alkylidenecyanoacetates were 

alkylated in methyl, ethyl and isopropyl alcohols. Ana­
lytically pure esters result only when the alkyl of the ester 
is the same as that of the alcohol used as a solvent, for 
otherwise ester interchange results during the alkylation, 
and mixed esters are produced. Although the mixed 
esters do not have constant boiling points, they are per­
fectly satisfactory for use as intermediates in syntheses in 
which the alkyl of the ester group is removed. The yields 
of methyl esters obtained in methyl alcohol were poor, 
and they were prepared in this manner only to obtain pure 
samples for analyses and physical constants. Methyl 
esters alkylated in ethyl alcohol usually gave as good yields 
as did the ethyl esters, however, and both classes gave 
highest yields when alkylated in isopropyl alcohol.

An additional advantage of using isopropyl alcohol as a 
solvent is the fact that it permits the use of dialkyl sulfates, 
particularly diethyl sulfate, as alkylating agents. The 
dialkyl sulfates are poorly adapted to alkylating esters in 
ethyl alcohol solution, because of the rapid side reaction 
which occurs with the alcohol. The hydrogen of the hy­
droxyl group in isopropyl alcohol is less reactive, so that 
the competing reaction of the alcohol with the dialkyl sul­
fate is diminished, and the ester alkylation becomes the 
principal reaction.

Alkylations in Alcohol Solution.—The ethylation of 
ethyl (l-methylbutylidene)-cyanoacetate (I) in isopropyl 
alcohol will be described as a typical example. A solution 
of 13.8 g. (0.6 mole) of sodium in 600 cc. of dry isopropyl

alcohol was prepared in a one-liter three-necked flask. 
The solution was cooled to 60°, at which temperature 
sodium isopropoxide started to crystallize out. Ethyl 
(l-methylbutylidene)-cyanoacetate, 108.6 g. (0.6 mole), 
was added during four minutes, with stirring. The mix­
ture was cooled in ice during the addition, and the solution 
was at 25° when the addition was completed. Diethyl 
sulfate, 94 g. (0.61 mole), was added in one portion and the 
solution quickly heated to the boiling point. The reac­
tion was vigorous, and after one-half to one hour of re­
fluxing, the solution was neutral to litmus. The mixture 
was cooled in ice, diluted with 1400 cc. of water, and the 
ester layer separated. The water layer was extracted 
four times with benzene, and the combined ester and ben­
zene extracts washed twice with water. Distillation from 
a modified Claisen flask gave 118 g. of crude ester, b. p. 
125-140° (16 mm.). After shaking the crude product for 
twelve hours with 200 cc. of 20% sodium bisulfite solution 
and redistilling through a Widmer column, the yield of a 
mixture of the ethyl and isopropyl esters of ethyl (1- 
methyl-l-butenyl)-cyanoacetic acid, b. p. 129-133° 
(14 mm.) was 100 g. (80%, calculated as the ethyl ester). 
Other alkylations in isopropyl alcohol were performed in a 
similar manner. When the less active alkyl halides are 
used in these alkylations, it is not essential to cool the 
solutions before adding the halides. With the dialkyl 
sulfates, the reactions are too vigorous unless this precau­
tion is taken. Alkylations in methyl and ethyl alcohols 
were performed using 700 cc. of the anhydrous alcohols 
per mole of sodium, and cooling the sodium alkoxide 
solutions to —5° during the addition of the alkylidene es­
ters. After the esters were added, the solutions were 
stirred for twenty minutes at —5 to —10° before adding 
the alkylating agent. The mixtures were then heated 
rapidly to the boiling point, and the reactions were 
usually vigorous. Small aliquot portions of those reac­
tion mixtures which did not become neutral were titrated 
from time to time with standard acid, and refluxed until 
the alkalinity became constant. The properties of various 
(dialkylvinyl)-alkylcyanoacetic esters and data concerning 
the preparations are recorded in Table I.

Sodamide in Inert Solvents.—A sodium derivative was 
prepared from methyl (l-methylhexylidene)-cyanoacetate 
by adding 0.5 mole of the ester to an equivalent quantity of 
sodamide in liquid ammonia solution. On replacing the 
ammonia with toluene containing a small amount of 
ether, according to the procedure used in other alkyla­
tions with sodamide,1 a very insoluble sodium derivative 
was precipitated. Diethyl sulfate was added and the 
mixture refluxed until it became neutral (two hours), 
after which thé ester was washed and distilled. The low 
boiling portion of the distillate contained methyl amyl ke­
tone, a cleavage product of the alkylidene ester. The 
crude ester fraction weighed 21 g., and a large tarry residue 
remained. The impure product was shaken with sodium 
bisulfite solution and redistilled. The yield of pure methyl 
(l-methyl-l-hexenyl)-cyanoacetate, identical with the 
product described in Table I, was only 14 g. (13%).

Sodium in Inert Solvents.—Powdered sodium was used 
in several cases for preparing sodium derivatives of the 
alkylidenecyanoacetic esters. For example, 0.25 mole of 
methyl (l-propylbutylidene)-cyanoacetate was treated(6) Lapworth and McRae, J . Chem. Soc., 121, 2745 (1922).
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T a b l e  I
S u b s t it u t e d  V in y l a l k y l c y a n o a c e t ic  E s t e r s

S u b s t it u t e d  v in y l  
g ro u p

1 -M e t h y lp r o p e n y l,
C H 3C H = C —

c h 3

1 - M e t h y l  1 -b u t e n y l ,  
C H 3C H 2C H = C —

C H j

1 -E t h y lp r o p e n y l ,
C H 3C H = C —

c 2h 5

1  - M  e t h y l - 1  -p e n t e n y l,
C H 3C H 2C H 2 ~ C H = = C —

CiHs
1 , 3 - D im e t h y l - l - b u t e n y l ,  

C H s C H — C H = C —

C^Hs C H 3

1 - M e t h y l - 1 - h e x e n y l ,
C H 3C H 2C H 2C H 2C H = C -

Y ie l d  of 
m ix e d

A l k y l  g ro u p E s t e r A lk y la t in g  a g e n t
H o u r s

re flu x e d
Y ie l d ,

%
B .  p . (u n c o rr.)  

° C .  M m . w25d d*hs

lv io ie c u ia r  
re f ra c t io n  

C a lc d .  F o u n d F o r m u la
N it r o g e n , %  

C a lc d .  F o u n d ®

e th y l  
iso p ro p :  

ester, *
E t h y l* E t h y l E t h y l  io d id e 1 .0 5 5 1 1 7 - 1 1 7 . 5 1 2 1 . 4 4 7 0 0 .9 6 6 5 5 3 . 9 5 5 4 . 1 1 C n H n 0 2N 7 . 1 1 7 . 1 6
P r o p y l E t h y l P r o p y l  io d id e 0 . 3 4 2 1 2 0 - 1 2 2 . 5 9 1 . 4 4 8 1 .9 5 6 0 5 8 . 5 7 5 8 .6 8 C12H i90 2N 6 . 7 0 6 . 7 8 5 8
B u t y l E t h y l B u t y l  io d id e 2 . 3 40 1 3 4 - 1 3 4 . 5 9 1 . 4 5 0 0 .9 4 7 8 6 3 . 1 9 6 3 . 4 7 C i3H2i0 2N 6 . 2 8 6 . 3 9

M e th y l* E t h y l M e t h y l  io d id e 0 . 5 68 1 2 4 - 1 2 6 1 6 1 . 4 4 4 5 .9 5 8 9 5 3 . 9 5 5 4 . 2 6 C 11H 17O 2N 7 . 1 8 7 . 0 2 8 2 b
E t h y l* E t h y l E t h y l  io d id e 3 . 0 6 3 c 1 3 5 - 1 3 6 1 7 1 .4 4 6 0 .9 5 3 0 5 8 . 5 7 5 8 . 7 0 C i 2H i9 0 2N 6 . 7 0 6 . 7 1 80 d
P r o p y l E t h y l P r o p y l io d id e 1 .0 4 3 1 2 8 - 1 2 9 9 1 .4 4 8 0 .9 4 3 6 6 3 . 1 9 6 3 . 5 0 C i3H2i0 2N 6 . 2 8 6 . 3 4 70e
Is o p r o p y l E t h y l Is o p r o p y l io d id e 3 . 0 4 2 1 3 3 - 1 3 4 1 3 1 . 4 4 8 5 .9 4 8 2 6 3 . 1 9 6 3 . 2 6 C i3H2i0 2N 6 . 2 8 6 . 3 0 7 3  /
A l ly l E t h y l A l ly l  b ro m id e 1 .0 40 1 3 0 - 1 3 3 9 1 . 4 6 0 2 .9 6 2 2 6 2 . 7 2 6 3 . 1 6 Ci3Hi9i02N 6 . 3 4 6 . 3 3 55ff

M e t h y l E t h y l M e t h y l  io d id e 0 . 5 8 7 1 1 2 - 1 1 3 8 1 .4 4 9 0 .9 7 0 3 5 3 . 9 5 5 4 . 1 0 CuHi7Ö2N 7 . 1 8 7 . 2 0
E t h y l E t h y l E t h y l  io d id e 0 .8 7 0 1 4 1 - 1 4 3 2 2 1 . 4 5 0 0 .9 6 3 7 5 8 . 5 7 5 8 . 5 0 C 12H 19Q 2N 6 . 7 0 6 . 5 7 7 7  d
P r o p y l E t h y l P r o p y l b ro m id e 1 .0 5 7 1 3 2 - 1 3 3 . 5 1 0 1 . 4 5 1 0 .9 5 4 1 6 3 . 1 9 6 3 . 1 7 C 13H 2i 0 2N 6 . 2 8 6 . 3 3 9 1
Is o p r o p y l E t h y l Is o p r o p y l io d id e 1 . 5 6 3 1 2 9 - 1 3 0 1 2 1 . 4 5 2 0 .9 5 7 2 6 3 . 1 9 6 3 .0 8 Ci3H2i0 2N 6 . 2 8 6 . 3 1 8 7

M e th y l* E t h y l M e t h y l  io d id e 1 .0 7 8 1 3 8 - 1 3 9 1 7 1 .4 4 6 0 .9 4 8 8 5 8 . 5 7 5 8 .9 6 C i2H190 2N 6 . 7 0 6 . 7 7
E t h y l* E t h y l E t h y l  io d id e 3 . 5 7 0 1 4 5 - 1 4 6 1 7 1 .4 4 8 0 .9 4 4 5 6 3 . 1 9 6 3 .4 4 C i3H210 2N 6 . 2 8 6 . 2 7

M e t h y l* M e t h y l M e t h y l  io d id e 2 . 5 46 1 3 0 - 1 3 3 2 2 1 . 4 4 7 5 .9 6 2 4 5 3 . 9 5 5 4 .3 9 CnHi702N 7 . 1 8 7 . 1 4
E t h y l* M e t h y l E t h y l  io d id e 2 . 5 3 2 * 1 3 7 - 1 3 9 2 2 1 . 4 4 8 3 .9 5 6 1 5 8 . 5 7 5 8 . 7 7 Ci2H i9o 2]sr 6 . 7 0 6 . 5 9

M e t h y l M e t h y l M e t h y l  io d id e 4 . 0 2 3 » 1 5 0 - 1 5 2 2 2 1 . 4 5 0 0 .9 5 5 6 5 8 . 5 7 5 8 .9 9 C i2H i90 2N 6 . 7 0 6 . 5 5 70
E t h y l M e t h y l E t h y l  io d id e 4 . 0 182 1 5 8 ^ 1 5 9 2 2 1 . 4 5 2 4 . 9 5 1 0 6 3 . 1 9 6 3 . 5 4 C 13H 2 10 2 N 6 . 2 8 6 . 1 3

E t h y l* M e t h y l E t h y l  io d id e 3 . 0 7 8  k 1 5 0 - 1 5 1 . 5 2 2 1 . 4 5 6 0 .9 5 9 6 6 3 . 1 9 6 3 .4 0 C i3 H 2l0 2N 6 . 2 8 6 . 3 5

C H a

1  - P r o p y l - l - b u t e n y l ,
C H 3C H 2C H = C —

C sH t

® We are indebted to Mr. C. S. Miller for semi-micro Kjeldahl analyses. 6 Di­
methyl sulfate gave a 65% yield. c Diethyl sulfate gave a 45% yield, ethyl bro­
mide 41%. d Using diethyl sulfate. 6 Using propyl bromide. / 55% with iso­
propyl bromide. 9 Using allyl chloride. h Yield in ethyl alcohol 83%, calculated

as the methyl ester. 1 Yield in ethyl alcohol 77%. j Yield in ethyl alcohol 58%. 
k Yield in ethyl alcohol 93%. 1 Ozonized by the procedure described in the Ex­
perimental Part.
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with 0.25 mole of powdered sodium under 250 cc. of dry 
ether. The sodium had all dissolved after three hours of 
refluxing, and the soluble sodium derivative was alkylated 
with diethyl sulfate approximately as in the similar alkyla­
tion of ethyl isopropylidenemalonate.la A 58% yield of 
methyl (l-propyl-l-butenyl)-ethylcyanoacetate was ob­
tained, b. p. 117-119° (4 mm.); w25d 1.4489, 0.9482.
This ester gave satisfactory nitrogen analyses (calcd. for 
C13H21O2N: N, 6.28; found: N, 6.38), but the low index 
of refraction, compared with that of the pure ester pre­
pared in methyl alcohol and described in Table I, indicates 
the presence of the corresponding reduced ester as an im­
purity.

Ozonizations.—The esters indicated by footnote l in 
Table I were ozonized by the procedure described previ­
ously.1*5 The aldehydes formed on decomposition of the 
ozonides were converted to the 2,4-dinitrophenylhydra­
zones as before, and color tests for formaldehyde were made. 
In each case, a trace of formaldehyde was present, as in­
dicated by positive ring tests with both gallic acid and 
resorcinol, but in no case was there enough to give the 
moderately sensitive resorcinol test with sodium hydroxide. 
As in the previous work, the most volatile portion of each 
of the distillates was treated with 2,4-dinitrophenylhydra- 
zine and hydrochloric acid in alcohol solution. The de­
rivatives formed were nearly pure as precipitated, and one 
recrystallization brought them to constant melting point 
in each case. The respective 1-alkyl-alkenyl esters gave 
the following aldehydes, as shown by the melting points of 
their 2,4-dinitrophenylhydrazones and mixed melting 
points with known samples. The 1-methylpropenyl 
ester gave acetaldehyde, m. p. and mixed m. p. of the de­
rivative 163-165°. The 1-methyl-1-butenyl esters gave

propionaldehyde, m. p. and mixed m. p. of the derivative 
153-154°. The 1-methyl-l-pentenyl esters gave butyral- 
dehyde, m. p. and mixed m. p. of the derivative 121-122°. 
The 1,3-dimethyl-1-butenyl ester gave isobutyraldehyde, 
m. p. and mixed m. p. of the derivative 181-182°. The 1- 
methyl-i-hexenyl ester gave valeraldehyde, m. p. and 
mixed m. p. of the derivative 108-109°.7 (These melting 
points are uncorrected.)

Summary
Alkylidenecyanoacetic esters derived from both 

symmetrical and unsymmetrical ketones give so­
dium derivatives when treated with sodium al­
koxides in alcohol solution. Alkylation of these 
sodium derivatives with alkyl halides and dialkyl 
sulfates produces (dialkylvinyl)-alkylcyanoacetic 
esters, RCH=C(R')C(R")(CN)COOR'". In the 
formation of a sodium derivative from five alkyli­
denecyanoacetic esters derived from a series of 
methyl ketones, hydrogen is lost from the methyl­
ene of an alkyl group higher than methyl, rather 
than from the methyl group. Yields in the al­
kylation reactions are highest when sodium iso­
propoxide and isopropyl alcohol are employed, 
presumably because of the relatively slow alco­
holysis of the products in this solvent.

(7) T h e  v a le r a ld e h y d e  d e r iv a t iv e s  h a d  a  h ig h e r  m e lt in g  p o in t  
th a n  th e  one p r e v io u s ly  re c o rd e d . A l l  o th e rs  a re  in  a g re e m e n t w it h  
tho se re p o rte d  b y  C a m p b e ll,  A n a ly s t ,  61, 3 9 1  ( 1 9 3 6 ) .

B r y n  M a w r , P e n n a . R e c e i v e d  S e p t e m b e r  26, 1938

[ C o n t r i b u t i o n  f r o m  t h e  W i l l i a m  H. C h a n d l e r  C h e m i s t r y  L a b o r a t o r y , L e h i g h  U n i v e r s i t y ]

The Action of Bromine on Nitrothiophene

By V. S. B a b a s i n i a n

The literature has very little to reveal regard­
ing the behavior of nitrothiophene toward bro­
mine. Casual references to the changes involved 
merely imply that the halogen attacks the nitro 
group with avidity, converting the compound 
to tetrabromothiophene.1 The reaction was stud­
ied more closely in this Laboratory. It was 
found that in direct contact with the theoretical 
amount of bromine, nitrothiophene yields mainly 
tetrabromothiophene, but the product invariably 
is contaminated with the unattacked nitro com­
pound. On the other hand, when the amount of 
bromine is reduced to the required minimum for 
the replacement of a single hydrogen in the thio­
phene nucleus, brominated intermediates appear

(1)  (a) M e y e r , “ D ie  T h io p h e n g r u p p e ,”  B ra u n sc h w e ig , 18 8 8 , p . 
1 0 2 ; (b) vSteinkopf a n d  c o -w o rk e rs , A n n .,  512, 1 3 7  ( 1 9 3 4 ) .

in the product along with tetrabromothiophene. 
The reaction is likewise modified if brominations 
are effected in neutral or alkaline aqueous sus­
pensions, or in ordinary organic solvents. Small- 
scale experiments performed under these condi­
tions2 give every indication that in the direct 
bromination of nitrothiophene the nitro group 
offers a degree of resistance to replacement by 
bromine, permitting the formation of a number of 
substituted derivatives, and under proper control 
the reaction pursues a course that can be followed 
with reasonable certainty.

The author proposes to show that with bro­
mine vapor at room temperature, nitrothiophene

(2) T h e  a u t h o r  d e sire s  to  re c o r d  h is  g r a t it u d e  to  M e s s rs . J o h n  B .  
F is h e l a n d  H o r a c e  F .  E t h e r  w h o  p e rfo rm e d  th e  p r e l im in a r y  e x p e ri­
m e n ts . T h e  a n a ly t ic a l  d a t a  fo r  te tr a b ro m o th io p h e n e , g iv e n  la te r,  
w ere s e c u re d  b y  M r .  E t h e r .
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yields four compounds in quantities ample for con­
clusive identification, and the presence of a fifth 
derivative of thiophene may be demonstrated by 
qualitative tests. In the following list the approxi­
mate yield of each crude product from 50 g. of 
nitrothiophene is indicated. The melting points 
are those of the purified compounds.

formation of the same bromonitrothiophene, 
whether one brominates 2-nitrothiophene or ni­
trates 2-bromothiophene, points to the conclusion 
that the product is 2-bromo-5-nitrothiophene.5 
There is no valid reason to doubt the meta orient­
ing capacity of the nitro group. And if under the 
influence of this factor 3-bromo-5-nitrothiophene

—Thiophene 2-Bromo-5-nitro- 2,3-Dibromo-5-nitro- 2,5-Dibromo-3-nitro- Tetrabromo-

r - Br j 1NO2 Bri---- jBr

Formula N < y g / Br n o 2 Br Bri JBr 
XSX

B r l^ E r

Yield, g. 8 .5 6.0 0 .83 10.0
M. p., °C. 47-48 75.5-76 61 116-117

In the reaction product a fifth derivative of 
thiophene was isolated in extremely small quan­
tities. Its composition as 2,3,5-tribromothio-

- p
JBr, is provisionally inferred from 

S
a superficial examination of physical properties.

Discussion of Results
The results attained in this bromination justify 

the assumption that in bromonitrothiophene the 
substituents occupy positions 2 and 5. They 
also elucidate the course of the reaction, and offer 
criteria for the evaluation of the relative stability 
of intermediates.

The Structure of Bromonitrothiophene.—
There are two factors that are likely to control the 
course of the reaction between bromine and nitro­
thiophene: namely, (a) the alpha orienting effect 
of sulfur, and (b) the meta orienting effect of the 
nitro group. Under the predominating influence 
of (a) or (b) one would expect the formation of 
either 2-bromo-5-nitrothiophene or 3-bromo-5- 
nitrothiophene. If both factors were effective 
the two isomers might appear as a mixture. It 
is quite significant that in this reaction approxi­
mately 9 g. of an homogeneous bromonitrothio­
phene was isolated. More important is the fact 
that the compound produced was in every detail 
identical with the bromonitrothiophene pre­
pared from 2-bromothiophene by nitration.4 The

(3) T h i s  p r o d u c t  c o u ld  o r ig in a te  o n ly  fro m  /3 -n itro th io p h e n e . 
S te in k o p f  a n d  H ö p n e r  w ere a b le  to  p ro v e  t h a t  o r d in a r y  n it r o t h io ­
p h e n e  c o n t a in s  a b o u t  9 7 . 5 %  of th e  a lp h a  c o m p o u n d  a n d  2 . 5 %  of th e  
b e ta  is o m e r  [A n n .,  5 0 1 ,  1 7 6 ,  1 8 2 - 1 8 3  ( 1 9 3 3 ) ] .  I n  th e  co u rse  of th e  
p re se n t s t u d y  a  p a r t ia l  s e p a ra t io n  of th e  tw o  is o m e rs  w as m a d e  b y  
th e  re p e a te d  c r y s t a l l iz a t io n  of o r d in a r y  n itro th io p h e n e  fro m  p e­
tro le u m  e th e r. I n  o n e o f th e  b r o m in a t io n  e x p e rim e n ts  a  s a m p le  of 
o r d in a r y  n it ro t h io p h e n e  w a s u s e d  w h ic h  h a d  n o t  b ee n  se p a ra te d  in t o  
th e  tw o  is o m e rs . O m is s io n  of t h is  p ro c e d u re  re su lte d  in  a  m a rk e d  
in c re a s e  in  th e  y ie ld  of 2 ,5 -d ib r o m o -3 -n it r o t h io p h e n e .

(4) B a b a s in ia n ,  T h is  J o u rn al , 5 7 , 1 7 6 3  ( 1 9 3 5 ) .  C o m p a r e  also  
ref. l b ,  p . 1 6 1 .  T h e  c o m p o u n d  p ro d u c e d  in  t h is  w a y  w a s p r o v i­
s io n a l ly  d e s c rib e d  a s  2 -b r o m o -5 -u it r o t h io p h e n e , b u t  no  e v id e n c e  
w as offered in  su p p o r t  o f t h is  s t ru c t u r e .

was also produced in any quantity, it quickly 
changed to 2,3-dibromo-5-nitrothiophene because 
of the available alpha position which an additional 
bromine could readily occupy.

The Course of the Reaction and Relative 
Stability.—In the brominated product 2,3-di- 
bromo-5-nitrothiophene is also present in moderate 
quantities. It is natural to assume that this 
compound was formed by the further bromination 
of 2-bromo-5-nitrothiophene. Had the reaction 
followed a normal course, a large percentage of 
the latter would have produced the former. 
When the yields of the two products are compared, 
it will be seen that the amount of 2-bromo-5- 
nitrothiophene is much larger than that of 2,3- 
dibromo-5-nitrothiophene. This means that the
2-bromo compound is more resistant to the action 
of the halogen than the 2,3-dibromo derivative. 
As the latter accumulates in the reaction product, 
it is attacked by bromine and ultimately changed 
to tetrabromothiophene.6

From the results it is also possible to determine 
with reasonable assurance the relative stability 
of the nitro group toward bromine in these two 
compounds. That in 2-bromo-5-nitrothiophene 
this group is not vulnerable may be inferred from 
the complete absence of 2,5-dibromothiophene 
in the reaction product. 2,3-Dibromo-5-nitro- 
thiophene shows an altogether different behavior. 
Had the nitro group been firmly held by the 
nucleus, further bromination would have re­
sulted in the formation of 2,3,4-tribromo-5- 
nitrothiophene; but not a trace of this product 
could be isolated in these experiments. More­
over, if any importance could be attached to 
evidence gleaned from tests of purely qualitative

(5) C f .  v o n  S c h w e in it z , B e r.,  1 9 ,  6 4 0 , 6 48  (18 8 6 ).
(6) 2 ,5 -D ib r o m o -3 -n it r o t h io p h e n e  is  n o t  ex p ected  to  m a n ife st  

t h is  b e h a v io r . S te in k o p f  a n d  c o -w o r k e rs 1^ (p p . 1 3 7  a n d  1 6 1 )  h a d  
p o in te d  o u t  t h a t ,  u n lik e  2 ,3 -d ib r o m o -5 -n it r o t h io p h e n e , t h is  c o m ­
p o u n d  re m a in s  q u ite  s t a b le  in  a n  excess of b ro m in e .
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nature, 2,3,5-tribromothiophene was formed, at 
any rate, in detectable quantities. The appear­
ance of this compound and the complete absence 
of 2,3,4-tribromo-5-nitrothiophene led to the 
inference that in 2,3 dibromo-5-nitrothiophene 
the nitro group is too weakly held by the nucleus 
to resist replacement by the halogen. In conse­
quence, the loosely held group leaves the nucleus 
to favor the formation of tetrabromothiophene.

Experimental
Fifty grams of nitrothiophene, prepared in the usual 

way,7 was spread in a crystallizing dish and supported over 
27 cc. of bromine in a covered desiccator. The reaction 
was allowed to proceed at room temperature for thirty 
days. In twelve hours over one-half of the bromine had 
been absorbed and the solid had completely liquefied into 
a dark red oil. In the following twenty-four hours the oil 
had in part changed to fine crystals. The final product 
was a mixture consisting of light red crystals and a yellow 
oil. Bromine was more rapidly absorbed during the last 
few days of the allotted period than at the beginning.

Tetrabromothiophene in the Oily Mixture.—The re­
action product was chilled and filtered under suction. The 
precipitate was washed with water, dried, and refluxed with 
several portions of petroleum ether. The solvent ex­
tracted a small quantity of nitrothiophene. The un­
dissolved white residue weighed about 9 g. It was crystal­
lized from hot alcohol and melted at 116-117°.

Anal. Calcd. for C4Br4S: S, 8.00; Br, 79.97. Found: 
S, 7.86; Br, 80.23.

The oily filtrate was neutralized with dilute sodium 
carbonate, washed with water, and steam-distilled.8 The 
distillate was collected in four fractions: Fraction I con­
tained a white solid and an almost colorless oil; II was 
uniformly oily; III was also uniformly oily; IV distilled 
slowly as a pure white solid.

Each of the first three fractions was dissolved in ether 
and dried with calcium chloride. Fraction IV was filtered 
and dried. Ether was removed from the first three frac­
tions and the oily residues were examined.

2-Bromo-5-nitrothiophene in Fractions I and II.— 
Fraction I was cooled in ice for a long time and filtered 
under suction. The crystalline precipitate was brownish- 
white, yield 7.5 g. it  was dissolved in boiling petroleum 
ether and decolorized with darco. Upon cooling the fil­
trate yielded snow-white needles which acquired a faint 
yellow color in air. The recrystallized product melted at 
47-48°. The mixed melting point with a pure sample of 2- 
bromo-5-nitrothiophene was 46-47°.

Anal. Calcd. for C4H2S(N02)Br: S, 15.41; Br, 38.42. 
Found: S, 15.36; Br, 38.26.

Fraction II was cooled in a freezing mixture and filtered. 
The solid proved to be 2-bromo-5-nitrothiophene.

(7) Babasinian, T h is  J o u r n a l , 50, 2749 (1928).
(8) A dark brown semi-solid remained in the distillation flask.

Weight, after drying, about 10 g. Insoluble in most ordinary sol­
vents. Boiling aeetone removed from it a  dark red heavy oil 
leaving an insoluble brown powder which burned very slowly over a 
direct flame. The oil and the brown powder were not examined 
further.

2,3-Dibromo-5-nitrothiophene in Fraction III.—Frac­
tion III was cooled and filtered. The precipitate yielded
3.5 g. of bright yellow crystals which melted at 74-75°. 
A petroleum ether solution, after treatment with darco, 
yielded white crystals which acquired a faint yellow coating 
when exposed to air. The compound is moderately vola­
tile with steam. The distilled solid is pure white, while 
the clear aqueous residue in the distillation flask retains 
the faint yellow color. After recrystallization from 
petroleum ether the steam-distilled solid remained almost 
white in a brown desiccator for several weeks. It melted 
at 75.5-76°.9

Anal. Calcd. for C4HS(N02)Br2: S, 11.17; Br, 55.70. 
Found: S, 11.04; Br, 55.80.

Fraction IV Yields Tetrabromothiophene, 2,3-Dibromo-
5-nitrothiophene, and a Trace of Lower-melting Crys­
tals.—-The solid obtained as Fraction IV weighed 9.5 g. 
It was crystallized from a large volume of methanol. The 
nitrogen-free crystals melting at 113-114° proved to be 
tetrabromothiophene. After concentration the alcoholic 
filtrate yielded 2.5 g. of 2,3-dibromö-5-nitrothiophene. 
Upon further concentration the mother liquor was found 
to contain a trace of a white solid which melted at 62-67°.

The isolation of compounds in the oily filtrates was ac­
complished by distillation in vacuo at constant pressure. 
Serious decomposition could be reduced to a negligible 
minimum if the process was carried out slowly, below 130°.

Oily filtrates from Fractions I, II and III were distilled 
under a pressure of 5 mm. and collected at the following 
temperature ranges: A, at or below 105° (trace of solid or 
oil); B, at 109-110° (mainly solid); C, at 112-115° (oil); 
D, at 118-123° (mainly solid); E, at 123-128° (solid and 
oil). Distillates containing mixtures of oil and solid were 
cooled and filtered. The precipitate was freed from im­
purities by the usual methods. Oils, or oily filtrates, were 
dissolved in solvents and cooled; when the solution failed 
to form crystals, the solvent was evaporated and the oil 
was refractionated. Purified products could be obtained 
only in small quantities. When melting points and 
qualitative tests furnished fair indications of identity with 
previously analyzed compounds, results were checked by 
determinations of mixed melting points.

Distillate A  was composed mainly of unattacked nitro* 
thiophene.

Distillate B  yielded 2-bromo-5-nitrothiophene.
Distillate C produced a compound melting at 28-32° in 

quantities too small for complete purification. This is 
probably 2>3,5-tribromothiophenela‘ (p. 79).

Distillate D contained almost exclusively 2,3-dibromo-ó- 
nitrothiophene.

Distillate E  was found to be a mixture of tetrabromo­
thiophene, 2,3-dibromo-5-nitrothiophene, and 2,5-dibromo-3- 
nitrothiophene. For the isolation of these compounds the 
distillate was cooled and filtered. The solid was dissolved 
in methanol and purified with darco. From the clear 
solution bright yellow crystals of 2,3-dibromo-5-nitrothio- 
phene were obtained.

The oily filtrate was dissolved in boiling alcohol. Upon
(9) There can be no doubt that the white product, Showing this 

melting point, is 2,3-dibromo-5-nitrothiophene. Steinkopf and co- 
workers describe it  as a bright yellow solid and give its melting point 
as 75° (ref. lb , p. 156).
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cooling crystals were obtained which had the character­
istics of tetrabromothiophene. The mother liquor was 
carefully concentrated. When cooled in a freezing mix­
ture, white, shiny crystals were formed which melted at 55- 
65°; weight less than 1 g. It was recrystallized from 
petroleum ether, then distilled with steam and the solid 
distillate was again crystallized from the same solvent. 
The final product melted at 61°. Analysis showed that 
the compound was 2,5-dibromo-3-nitrothiophene.10

Anal. Calcd. for C4HS(N02)Br2: S, 11.17; Br, 55.70. 
Found: S, 10.90; Br, 56.16.

Summary
In the vapor phase and at room temperature 

a limited quantity of bromine converts ordinary
(10) The same compound had been produced by the direct bro­

mination of 3-nitrothiophene,lb p. 161.

nitrothiophene into 2-bromo-5-nitrothiophene,
2,3-dibromo-5-nitrothiophene, 2,5-dibromo-3-ni­
trothiophene and tetrabromothiophene.

Qualitative tests also indicate the formation in 
traces of one other brominated derivative of 
thiophene.

The reaction confirms the heretofore assumed 
structural formula of bromonitrothiophene.

The reaction leads to the inference that in 
2-nitrothiophene the nitro group resists replace­
ment by bromine during the entry of the first 
atom of halogen into the thiophene nucleus; but 
this group is considerably loosened after the 
entry of the second bromine atom.
B e t h l e h e m , P e n n a . R e c e iv e d  S e p t e m b e r  12, 1938

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  T r in it y  C o l l e g e ]

Ternary Systems. V. Phthalic Acid, Magnesium Phthalate and Water. VI. 
Magnesium Phthalate, Lithium Phthalate and Water

B y Sterling  B. Smith and E dward C. E ly1

Introduction
A number of phase rule studies of ternary sys­

tems involving phthalates and acid phthalates, 
particularly of the alkalies, have been made in 
this Laboratory. It is for the purpose of gaining 
further information regarding the solubilities of 
these salts that this investigation has been under­
taken.

Experimental Part
Materials and Methods.—The phthalic acid used was 

prepared by crystallizing from aqueous solution sublimed 
phthalic anhydride obtained from the Eastman Kodak 
Company.

Magnesium phthalate was prepared by adding to an 
aqueous solution of phthalic acid an excess of magnesium 
carbonate, A. R. The solution was boiled to drive off 
carbon dioxide and filtered hot to remove the insoluble 
magnesium carbonate. The filtrate was evaporated to a 
small volume and allowed to stand several days while the 
magnesium phthalate crystallized out. The salt was fil­
tered on a Büchner funnel and allowed to dry in the air. 
The composition of this salt was found by analysis to be 
2MgC8H40 4T lH 20 . Air dried samples heated to constant 
weight in an electric oven at 120° lost weight correspond­
ing to 34.72, 34.60, 34.58, 34.45, 34.27 and 34.23% of 
water. The theoretical value for the per cent, of water in 
2MgC8H40 4-llH 20  is 34.47%.

(1) The material for this paper was taken from a thesis of Mr. 
Edward C. E ly presented to  the Graduate Committee of Trinity 
College in partial fulfilment of the requirements for the Master of 
Science degree. Original manuscript received February 15, 1938.

Lithium phthalate, 2Li2C8H40 4-3H20, was prepared as 
described in a previous publication.2

Magnesium acid phthalate, while not a component of 
either of these systems, appears as one of the solid phases 
and is used in the preparation of mixtures for analysis. 
It was prepared by adding slightly more than one-half 
the equivalent weight of magnesium carbonate to an 
aqueous solution containing the equivalent weight of 
phthalic acid, boiling off the carbon dioxide and evaporat­
ing to crystallization.

Solubilities were determined by analyzing solutions ob­
tained by rotating mixtures of the three components in an 
electrically controlled thermostat for a minimum of 
twenty-four hours. In making up the mixtures, as far 
as possible the salts were used which exist as solid phases 
after equilibrium has been reached. At 0 ° the temperature 
was maintained constant by the use of ice and a small 
amount of salt. Temperature variations were within 
±0.1°. When equilibrium was attained, the mixtures 
were allowed to settle and samples for analysis removed 
from the clear supernatant liquid by means of a pipet. 
When necessary to ensure a clear solution, a small plug of 
cotton or glass wool was inserted in a short piece of rubber 
tubing and slipped over the end of the pipet. Due to the 
viscosity of many of these solutions, density determinations 
were not attempted.

The composition of the solid phases was determined by 
the analysis of wet residues according to Schreinemakers.3

In the system phthalic acid, magnesium phthalate and 
water, phthalic acid was determined by titration with 
standard alkali. Magnesium phthalate was determined 
by precipitation of the magnesium as magnesium am­

(2) Smith, Sturm and Ely, T h is  J o u rn al , 57, 2406 (1935).
(3) Schreinemakers, Z. physik. Chem., 11, 76 (1893).
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monium phosphate followed by ignition to the pyrophos­
phate. Water was determined by difference.

In the system magnesium phthalate, lithium phthalate 
and water, water was determined as loss in weight when a 
sample was heated to constant weight in a platinum dish 
in an electric oven at 180°. Magnesium phthalate was 
determined in the same sample by the pyrophosphate 
method and lithium phthalate determined by difference. 
Solutions saturated with both lithium phthalate and mag­
nesium phthalate were so viscous and so dense that a 
week was required for the solid phase to settle. Even 
then these solutions were slightly turbid after passing 
through glass wool. No improvement was found after 
centrifuging. Solubility determinations, therefore, in 
this system near its univariant point may be off as much 
as 0.5%*

Experimental Results.—Isotherms at 0, 25 
and 50° have been completed for the system 
phthalic acid, magnesium phthalate and water. 
Compound formation takes place at all three 
temperatures. The solubility isotherms, there­
fore, consist of three intersecting curves repre­
senting isothermally univariant equilibrium be­
tween the solutions and one solid phase, and 
two isothermally invariant points where two 
solid phases are in equilibrium with the solution.

H20

Onejisotherm at 25° has been completed for 
the system magnesium phthalate, lithium phthal­
ate and water. A second isotherm at 50° was 
undertaken but due to the extreme viscosity of 
the solutions at the higher concentrations, no 
conclusive results were obtained near the in­
variant point and further experiments aban­
doned. The 25° isotherm shows no evidence 
of compound formation. The isotherm con­
sists of two intersecting curves representing iso- 
thermallylJunivariant equilibrium between the

solutions and one solid phase, and one isother­
mally invariant point at which the solution is in 
equilibrium with two solid phases. The portion 
of the 50° isotherm which is reported is similar. 
It is possible that compound formation or solid 
solution may occur in that region where unsatis­
factory non-reproducible results were obtained.

H20

Experimental results are given in Tables I and 
II. The symbol “P” is used here as in previous 
work to designate the phthalate radical, CgEUCh.

T a b l e  I
S o l u b il it y  D a t a : T h e  S y s t e m  H2P, MgP, H20

Point Solution Wet residues
in Fig. % H 2P % MgP % H2P % M gP Solid phases

Temperature, 0°
A 0.29 None H2P

1.00 0.99 83.34 h 2p
f 1.58 1.93 66.55 8.32 H2P; M g(H P)2-8H20

B ] 1.58 1.95 53.17 18.52 H2P; M g(H P)2-8H20
t 1.59 1.95 46.41 28.57 H 2P; M g(H P)2*8H20

1.06 7.69 29.43 34.47 M g(H P)2-8H20
.76 16.20 28.80 34.71 M g(H P)2*8H20
.47 26.58 27.30 36.09 M g(H P)2*8H20

f .39 30.76 15.05 48.66 M g(H P)2-8H20 ;  2M gP -
r\ 11H20

j .39 30.80 23.43 43 .34 M g(H P)2-8H20 ;  2M gP -
1 I I H 2O

D None 30.63 2M gP -llH 20

Temperature, 25°
A 0.69 None H2P

1.69 1.27 79.12 0 .2 8 h 2p
2 .7 0 2 .66 81.91 0 .56 h 2p

[ 3 .61 4 .16 48.66 20.50 H 2P; M g(H P )2-8H20
B  ̂ 3.62 4 .18 29.64 28.56 H2P; M g(H P)2-8H20

[ 3.60 4 .14 58.50 9.98 H 2P; M g(H P)2*8H20
3.23 4.71 24.96 28.39 M g(H P)2-8H20
2.33 8.92 28.12 31.48 M g(H P)2-8H20
1.79 19.17 23.07 31.97 M g(H P)2-8H20
1.72 20.46 22.74 32.54 M g(H P)2*8H20
1.60 22.75 25.70 33.87 M g(H P)2-8H20
1.54 23.49 29.61 35.95 M g(H P)2*8H20
1.36 27.49 M g(H P)2-8H20
1.30 30.98 27.03 36.72 M g(H P)2-8H20
1.21 32.26 26.86 36.18 M g(H P)2*8H20
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T a b l e  I ( Concluded)
Point Solution Wet residues

in Fig. % H2P % MgP % H2P % M gP Solid phases
f 1.16 34.42 27.32 39.32 M g(H P)2-8H20 ; 2M gP -

c i i h 2o
j 1.17 34.38 10.05 55.37 M g(H P)2*8H20 ; 2M gP‘-
1 11H20

1.03 34.26 0 .85 58.39 2M gP*llH 20
0 .47 34.16 .56 60.80 2M gP T lH 20

D None 34.11 2M gP T lH 20

Temperature, 50°
A 1.72 None H2P

4.13 2.85 95.22 h 2p
6 .15 5.36 h 2p
7 .43 6.95 h 2p
9.47 9.95 74.86 3 .20 h 2p

f 10.18 11.22 49.49 22.21 H2P; M g(H P)2-8H20

B I 10.23 11.16 52.68 19.79 H2P; M g(H P)2*8H20
l 10.23 11.20 33.98 29.33 H 2P; M g(H P)2-8H20

7 .95 13.68 29.61 34.15 M g(H P)2-8H20
6 .56 18.72 M g(H P)2-8H20
5 .52 24.20 27.92 35.73 M g(H P)2-8H20
4.64 31.51 26.07 35.85 M g(H P)2*8H20
3.88 38.25 28.22 38.11 M g(H P)2-8H20
3 .67 41.19 M g(H P)2-8H20

r 3 .54 42.85 16.31 49.81 M g(H P)2-8H20 ; 2M gP -  
11H20

C 3.56 42.75 15.32 48.39 M g(H P)2*8H20 ; 2M gP -
i i h 2o

3 .49 42.79 14.88 49.39 M g(H P)2-8H20 ; 2M gP -
i i h 2o

3 .12 42.71 0 .75 60.43 2M gP*llH 20
D None .42.28 2 M gP -llH 20

T a b l e  II
S o l u b il it y  D a t a : T h e  S y s t e m  MgP, Li2P, H20

Point Solution W et residues
in Fig. %  Li2P % MgP %  Li2P %  M gP Solid phases

Temperature, 25°
E 45 .24 None 2Li2P*3H20

41 .12 7 .52 78 .94 2 .39 2Li2P*3H20
36.72 12.98 80.93 2 .40 2Li2P-3H20
34 .50 16.39 81.47 2 .66 2Li2P*3H20
33 .05 19.27 74.92 5.13 2Li2P-3H20
32 .50 19.98 34.51 34.49 2Li2P'3H20 ; 2M gP -llH 20

F 32 .50 19.97 35.51 33.65 2Li2P*3H20 ; 2M gP -llH 20
32.51 19.96 17.70 47.85 2Li2P*3H20 ; 2M gP -llH 20
29.53 20.43 7 .67 54.70 2M gP -llH 20
26.88 20.96 7 .14 54.28 2M gP*llH 20
21 .78 22,40 6 .25 55.58 2M gP*llH 20
19.63 23 .06 4 .25 55.43 2 M g P -llH 20
14.86 25.31 3 .88 56.37 2M gP*llH 20
4 .55 31.09 1.12 58.71 2M gP -llH 20

G None 34 .14 2M gP*llH 20

Temperature, 50° 
Solution

%  Li2P % MgP Solid phases
46.01 None 2Li2P-3H20
41.76 6.97 2Li2P*3H20
35.22 18.32 2Li2P-3H20
31 .05 26.06 2Li2P*3H20

17.49 34.75 2M gP*llH 20
11.78 36.10 2M gP*llH 20

3 .18 40.31 2M gP*llH 20
None 42.28 2 M g P llH 20

The Acid Salt.—The composition of the acid 
salt, Mg(HP)2-8H20, was determined by the ex­
trapolation of tie lines which intersect at a point 
in the isotherms representing a composition which 
agrees very closely with this. The algebraic ex­
trapolation of the tie lines as shown by Hill and 
Ricci4 gives values for the composition which 
agree closely with the theoretical value of 28.91% 
water. The maximum deviation in this case was 
0.90% with an average deviation of 0.10%. 
When samples of the hydrated acid salt were 
dried in an electric oven for twenty-four hours 
at 110°, percentages of water were found ranging 
from 28.71 to 29.12. Analyses of the hydrated 
acid salt for magnesium phthalate and phthalic 
acid gave an average value for water by difference 
of 29.08%. The octahydrate was kept in a des­
iccator over anhydrous magnesium acid phthal­
ate for a prolonged period without loss in weight, 
giving no evidence of a lower hydrate.

The acid salt, Mg(HP)2*8H20, is congruently 
soluble only at 50°, for the three temperatures 
studied.

Summary

1. The solubility relations in the ternary sys­
tem phthalic acid, magnesium phthalate and 
water at 0, 25 and 50° have been determined.

2. Compound formation has been found to 
take place in this system at all of these tempera­
tures.

3. The composition of this compound has been 
shown to be MgCsH^-H^sHiCVS^O.

4. This acid salt is crystallizable from aqueous 
solution at temperatures of 50° and above.

5. When crystallized from water solution at 
room temperature, magnesium phthalate has the 
formula, 2MgC8H404* 11H20.

6. An isotherm showing the solubility rela­
tions in the ternary system magnesium phthalate, 
lithium phthalate and water at 25° has been com­
pleted. A 50° isotherm is incomplete.

7. No evidence of double salt formation in this 
system has been established.
H a r t f o r d , C o n n e c t ic u t  R e c e iv e d  O c t o b e r  14, 1938

(4) Hill and Ricci, T h is  J o u r n a l , 53, 4306 (1931).
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H eats of Adsorption of Gases on Chromic Oxide at Low Temperatures*

B y  R alph A. B eebe  and  D e n n is  A. D ow den
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As a result of numerous researches on the ad­
sorption of gases on catalytically active solid 
surfaces, van der Waals and activated adsorp­
tions have become clearly recognized as separate 
and distinct types. In many instances it has been 
shown that a gas may be held in both states of 
adsorption upon the same solid surface. Fre­
quently the two types occur in more or less well 
separated temperature ranges, the activated type 
being characteristic of the higher temperature. In 
certain cases, however, the critical increment of the 
activated adsorption is sufficiently low so that the 
temperature range of this process overlaps that of 
the low temperature van der Waals adsorption.

In the present investigation heats of adsorp­
tion, in the low temperature region, have been 
measured calorimetrically using the six gases, ar­
gon, hydrogen, deuterium, carbon monoxide, 
nitrogen, and oxygen on a reduced chromic oxide 
surface. The order of magnitude of the heats 
indicates that all these gases, with the single 
exception of argon, are in part held in a state of 
activated adsorption as well as in the van der 
Waals state even at the low temperature of —183°. 
Moreover, in the experiments with carbon mon­
oxide, nitrogen, and oxygen, the complex form of 
the time-temperature curves on a partially 
covered surface has led us to the conclusion that 
the adsorbed gas changes over on the surface from 
an initial van der Waals state to a final state of 
activated adsorption.

ai
H 3 . 5 KCAL.

8H ------- .............J--------- J--------- J--------- J
5 10 15 20

Time, minutes.
Fig. 1 —Time-temperature curve for argon at —183°.

The catalytic activity of chromic oxide at 
-183° for the reaction H2 +  D2 2HD1 leads to 
the conclusion that the adsorption of hydrogen and 
of deuterium on that adsorbent is, in part at 
least, of the activated form. Special interest is 
therefore attached to the heats of adsorption of 
the hydrogen isotopes which give independent

(*) Supported by a grant from the Penrose Fund of the American 
Philosophical Society.

(1) Gould, Bleakney and Taylor, J . Chem . Phvs.. 2, 362 (1934),

evidence for the activated adsorption of these 
gases at —183°. The present work confirms 
the results of a previous investigation by Beebe 
and Orfield2 using hydrogen alone.

Experimental
Apparatus.—A detailed description of the vacuum jack­

eted calorimeter used in this work has been given in an 
earlier publication. The calorimeter, which had a total 
heat capacity of 4.839 cal. at —183° and contained 11.95 g. 
of chromic oxide, was used without any dismantling or al­
teration after the heat measurements with hydrogen previ­
ously described.2 The thermocouple wires were led into 
the calorimeter by means of tungsten bridges sealed 
through the Pyrex glass. The whole calorimeter vessel 
including the tungsten bridges was immersed in a suitable 
bath for constant temperature. For the temperatures 
— 183, —195, and 0°, respectively, baths of liquid oxygen, 
liquid nitrogen, and an ice-water mixture were used. In 
the experiments designated in Table II for hydrogen and 
deuterium, and in all the other work except the first 
carbon monoxide series, a small quantity (about 0.2 cc.) of 
helium was admitted to the inside of the calorimeter. 
This produced a residual pressure of approximately 0.1 
mm., and served to improve the conditions for effective 
heat distribution.

Especially in the hydrogen and deuterium measure­
ments, very careful attention was given to experimental 
details such as the temperature and duration of outgassing, 
and the protection of the external leads of the thermo­
couple from chance fluctuations in room temperature. 
As a result, it was possible to read the differential heats 
with greater precision than in the earlier work, and the 
results were remarkably reproducible in successive series of 
measurements for all corresponding increments of gas 
added to the surface.

In Fig. 1 is given a typical time-temperature curve for 
argon at —183°. The rapid rise to maximum tempera­
ture following the admission of the gas, and the almost 
negligible rate of cooling after the temperature rise, both 
indicate that the calorimetric conditions were very satis­
factory, and the temperature recorded by the thermocouple 
was truly the average temperature of the whole metal 
calorimeter with negligible heat lag due to poor thermal 
distribution. This type of curve, which was obtained 
under all conditions in the measurements with argon as well 
as with the isotopes of hydrogen,3 will be referred to as a 
normal time-temperature curve in comparison to curves of 
abnormal type resulting from the more complex nature of 
the adsorption processes in the cases of the other gases 
studied at —183°.

(2) Beebe and Orfield, T h is  J o u r n a l , 59, 1627 (1937).
(3) Owing to a misunderstanding, the time-temperature curve in 

Fig. 2 of the paper by Beebe and Orfield was inverted when printed. 
The downward break in the curve as printed actually represents a 
rise in temperature.
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Because of the much greater rate of heat loss from the 
metal calorimeter by radiation at the higher temperature, 
the rate of cooling after the liberation of the heat of ad­
sorption was very much more rapid at 0° than at —183°. 
However, owing to the rapid rate of adsorption and con­
sequent quick rise to maximum temperature, the heat at 0° 
could be determined from the time-temperature curves 
with a fair degree of accuracy. It is noteworthy, however, 
that this calorimetric method is more satisfactory at the 
lower temperature.

Materials.—The hydrogen was prepared from elec­
trolytic tank hydrogen by first passing over hot copper 
and then through a trap filled with glass wool and im­
mersed in liquid air.

Deuterium was produced by electrolysis of 99% deu­
terium oxide with careful provision for the exclusion of 
gaseous impurities during the electrolysis and the transfer 
of the gas.

The method of preparation of carbon monoxide has been 
described previously.4 Analysis showed that it contained 
at least 98% of carbon monoxide and no oxygen.

Pure oxygen was obtained by heating potassium per­
manganate crystals in vacuo.

The nitrogen was obtained from tank nitrogen by mixing 
with 5% of electrolytic hydrogen, passing the mixed gases 
over a mixture of copper and copper oxide granules at 
400°, and removing the water vapor by means of a calcium 
chloride tube and liquid air trap.

The argon gas purchased from the Air Reduction Sales 
Company was spectroscopically pure.

The chromic oxide was the same “unglowed” sample 
used in the earlier experiments.2 Following each series 
of heat measurements, the surface was outgassed for three 
hours at 400°, except in the case of oxygen. For the re­
moval of the latter gas, the final three-hour period of 
outgassing was preceded by a one-hour period of reduction 
in a hydrogen atmosphere. During this reduction the 
hydrogen was removed and replaced several times to 
eliminate the water vapor produced.

Results
The Adsorption Isotherms at —183°.—In Fig.

2 are plotted the isotherms from data obtained 
in the course of the heat measurements at —183°. 
Hydrogen, deuterium, and carbon monoxide were 
adsorbed instantaneously (in less than two min­
utes) with no residual pressure up to 20, 28, and 
120 cc., respectively. Argon, nitrogen, and oxy­
gen produced small residual pressures even for 
the initial increments of gas admitted. In no 
case was the amount of gas, unadsorbed after two 
minutes, more than 4% of the total increment ad­
mitted. In all cases in which there was residual 
unadsorbed gas the pressure underwent a slow 
decrease which was usually complete in twenty 
minutes. The pressures plotted in Fig. 2 were 
read twenty minutes after admission of the gas 
increments. The amount of gas adsorbed in the

(4) Beebe and Wildner, This Journal, 66, 642 (1934).

interval between two and twenty minutes after 
admission was never more than 2% of the total 
increment adsorbed, and in most cases much less 
than that. It was therefore disregarded and the 
amount of gas adsorbed after two minutes was 
used in the calculation of the differential heats.

Fig. 2.—Adsorption isotherms on 11.95 g. 
of Cr20 3 at -183°.

With the exception of oxygen, the isotherms 
were remarkably reproducible. The curves shown 
in Fig. 2 for carbon monoxide and nitrogen are 
composites of four series with the former and two 
with the latter. Only one series was measured 
with argon. The isotherms for hydrogen and 
deuterium in Fig. 2 represent data from four 
series with deuterium and three with hydrogen. 
These measurements with the hydrogen isotopes 
were performed before any of the other gases 
were admitted to the chromic oxide surface. 
The order of experiments was D2, D2, H2, D2, H2, 
H2, D2. For simplicity, only a few representative 
points have been plotted, but for the scale used, 
other points not plotted would fall on the iso­
thermal lines without any apparent deviation. 
It is therefore definitely established that deu-
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terium is more firmly held than hydrogen on a 
chromic oxide surface at —183°.

Analysis showed that the adsorbed carbon 
monoxide could be removed unchanged by evacua­
tion at 400°, the desorbed gas containing no car­
bon dioxide. No attempt was made to analyze 
the other gases after desorption but the reproduc­
ibility of the isotherms as well as the differential 
heat curves, for all the gases studied with the 
exception of oxygen, provide strong evidence 
that the three-hour evacuation at 400° was suf­
ficient to remove the adsorbed gases completely 
without changing the state of the chromic oxide 
surface. The adsorbed film of oxygen could be 
removed only as water vapor after reduction in 
hydrogen. This treatment resulted in a change 
in the activity of the surface as shown by the 
failure of the isotherms and heat curves to coin­
cide in the successive series of measurement for 
oxygen. No experiments with oxygen were at­
tempted until all the other work had been com­
pleted. Hence only in the case of the first oxygen 
series was the surface the same as that employed 
for the other gases.

Fig. 3.—Series 1, H2 • ;  Series 2, H2 (*; Series 1, D2 ©;
Series 2, D2 O.

The Heats of Adsorption at —183°, Argon, 
Hydrogen, and Deuterium.—The results for the 
single series of differential heat measurements 
with argon are given in the lower curve in Fig. 8. 
Because of the magnitude of the differential heats 
which fall between 4.2 and 2.7 kcal./mole and 
because of the normal form of the time-tempera­
ture curves (Fig. 1) it is concluded that the proc­
ess for argon at —183° is a simple van der Waals 
adsorption.

In all, four series of differential heat measure­
ments were made with deuterium and three with

hydrogen. The results of two series with each 
isotope are shown in Fig. 3. Details for typical 
series are also given in Table I. It is apparent 
that the heats are definitely higher with the heavier 
isotope for all corresponding portions of the chro­
mic oxide surface.

Total vol. ads. 
cc.

H 2 d 2 

2.20 2.14
6.55 6.51

11.00 10.93 
15.52 15.25 
19.91 19.59 
24.31 24.00 
28.74 28.40 
33.16 32.78 
37.57 37.14 

42.5

T a b l e  I
Diff. heat 

kcal./mole
H2 d 2 

5.11 5.43 
4.82 5.14 
4.57 4.91 
4.44 4.62 
4.31 4.39 
4.18 4.33 
3.89 4.14 
3.53 3.87 
3.16 3.64 

3.30

Resid. press., 
cm. Hg X 103

h 2 d 2

0.32

. . .

1.67 . . .
11.30 0.45
32.61 2.55

115.50 9.43
32.50

The integral heats, obtained by a process of 
summation of the differential heats for the in­
crements comprising the first 37.2 cc. of each 
isotope adsorbed, are listed in Table II (Series
1-7). The integral heats evolved when 37.2 
cc. of gas was admitted at one time were also 
measured in one experiment for each hydrogen 
isotope. The results are given in Table II (Series 
8 and 9). It is interesting that the values ob­
tained by direct admission of the whole 37.2 cc. 
are higher than those found by a summation of 
the differential heats. We believe that this dif­
ference is a real one and not due to experimental 
error. A similar discrepancy has been observed 
by Magnus and his co-workers5 in the case of sul­
fur dioxide on charcoal, and these authors have 
suggested an explanation based on the assumption 
of slow establishment of equilibrium in the crevices 
of the adsorbent. It is probable that a similar

Table II

Series no. Gas adsorbed
Integral heat, kcal./m< 

(37.2 cc. ads.)
1 d 2 4.79
2 d 2 4.76
3® h 2 4.27
r d 2 4.77
5 h 2 4.45
6 h 2 4.47
7 d 2 4.81

8 d 2
Av. 4.40 4.78

5.12
9 h 2 4.81

a Helium present.

(5) Magnus, Giebenhain and Velde, Z . physik. Chem., 150A, 285 
<1930).
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explanation is applicable in the present instance, 
In any case, it appears to be established that for 
the interval 0 to 37.2 cc. adsorbed, the integral 
heat of adsorption of deuterium exceeded that 
of hydrogen by approximately 0.35 kcal. per 
mole.

The Heats of Adsorption at —183°, Carbon 
Monoxide, Nitrogen, and Oxygen.—Unlike the 
gases already discussed, carbon monoxide, ni­
trogen, and oxygen failed to produce normal time- 
temperature curves under all conditions. This 
anomalous behavior is illustrated in the case of 
carbon monoxide by the curves in Fig. 4. Curves 
I, II, and III are the time-temperature curves ob­
tained with approximately equal increments of 
about 4.5 cc. of the gas on a surface to which had 
been added already 0, 55, and 112 cc., respectively, 
i. e., these curves were obtained from measure­
ments on a bare surface, a partly covered surface, 
and a nearly saturated surface.

A normal type of curve was obtained when no 
carbon monoxide was previously adsorbed (Curve 
I); however, with successive increments of the 
gas the rise to maximum temperature became 
less and less sharp, and then began to divide into 
a rapid and a slow stage (Curve II) until finally 
the slow stage had assumed such a low rate that 
it could scarcely be detected in the twenty-minute 
period of observation (Curve III). Except when 
the experiments were interrupted overnight (see 
below), all the other time-temperature curves 
observed in the series of measurements fitted in 
form to their intermediate positions in the series. 
In all the carbon monoxide increments up to 120 
cc. adsorbed, all the gas disappeared from the gas 
phase within one minute after admission.

From these observations we are forced to con­
clude that the adsorption of carbon monoxide 
on chromic oxide at —183° consists of two dis­
tinct and separate processes which we shall call 
Process A and Process B. Process A is rapid for 
all states of the surface and gives a heat of ap­
proximately 4 kcal.; Process B is rapid for a bare 
surface but becomes progressively slower for 
successive increments until it is too slow to ob­
serve. Process B yields an additional heat of 
about 8 kcal., bringing the total heat up to 12 
kcal. For reasons given later under Discussion 
we believe Process A is a van der Waals adsorp­
tion, and that the final result of Process B is a 
state of activated adsorption. If this is true, 
the heat values 4 and 12 kcal. represent differ-

i

12.7 KCAL.

3 .5  KCAL. M
------------------------------1----------------1---------------- 1---------------- 1

5 10 15 20
Time, minutes.

Fig. 4.—Time-temperature curves for CO at 
-183°.

ential heats of van der Waals and of activated 
adsorption, respectively, and have therefore been 
so designated in Fig. 5. Furthermore, because of 
the slow evolution of heat long after all the gas 
had disappeared from the gas phase, it seems prob­
able that the gas, initially adsorbed by van der 
Waals forces, subsequently underwent a change 
into the activated state without leaving the surface.

The data listed in Fig. 56 indicate that there is 
a decrease in the differential heats of activated 
adsorption with increasing surface covered sug­
gesting a variation in surface activity.7 How­
ever, we do not feel certain that this has been 
demonstrated conclusively because of the difficulty 
in estimating the total heat rise, especially in 
the region 30-80 cc. adsorbed.

The heat experiments with nitrogen and oxy­
gen produced the same division into Processes A 
and B. As in the case of carbon monoxide, the 
heat of Process A was about 4 kcal. for both these 
gases. The heats of activated adsorption were, 
however, about 8 kcal. for nitrogen and 20-27

(6) From the experimental observations on a relatively bare sur­
face, it is possible to estimate the differential heats of the activated  
adsorption only. On a nearly covered surface where Process A oc­
curs exclusively, only van der Waals heats are measured. On par­
tially covered surfaces (Curve II, Fig. 4), however, it  is possible 
to determine both the heat of van der Waals absorption from the 
initial rapid heat evolution, and the heat of activated adsorption 
from the total heat evolved. For this reason heat data for both types 
of adsorption are given for the region 40-80 cc. adsorbed. The heat 
of activated adsorption could be determined with fair accuracy for 
the initial increments up to a total of 30 cc. Beyond that point it 
became increasingly difficult to  estimate the total heat evolution be­
cause of the decreasing rate of Process B with each successive incre­
ment. Beginning at about 40 cc. adsorption, it was possible to  esti­
mate the initial sharp rise due to van der Waals adsorption. Beyond  
55 cc. the results could be determined more accurately because 
Process A was more sharply differentiated for the later increments.

(7) It is possible that the activated adsorption of carbon monoxide, 
oxygen, and nitrogen is non-selective as it has been shown to  be 
with hydrogen (see below). In that case, the true differential heats 
would decrease more rapidly with successive increments than in the 
experimental values given in Fig. 5.
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Fig. 5.—CO on Cr2Os: Series 1, 2, and 3 at —183° 
© , O , and • ;  after outgassing at —183° ©; Series 1 at 
*-195° 3 .

kcal. for oxygen. Typical time-temperature 
curves are given in Figs. 6 and 7 for initial, inter­
mediate, and final increments of each gas. The 
differential heats for both activated and van der 
Waals adsorption are shown in Figs. 8 and 9.

9-2 KCAL

4-2 KCAL
±L

3-7 KCAL
5 10 15 20
Time, minutes.

Fig. 6.—Time-temperature curves for nitrogen 
at -183°.

4-0 KCAL.r U—. __ 1_____ i____ i_____i-____ i_____i------J--------1------- 1

3-5 KCALT  . f -_  ■ , 3K , ■ _____ j - - — J

10 20 30 40 50 60 70 80
Time, minutes.

Fig. 7.—Time-temperature curves for oxygen at 
-183°.

Owing to the change in activity of the chromic 
oxide surface in the three oxygen experiments,

the differential heat values were not reproducible. 
Series 1, 2, and 3 produced initial heats of 27, 21, 
and 25.5 kcal., respectively. It is noteworthy 
that the same order of activity for the three series 
is indicated by the adsorption isotherms from 
Series 1 and 2 in Fig. 2. Unfortunately, Series 
3 was not carried far enough to determine the 
position of the isotherm.

Vol. ads., cc.
Fig. 8.—N2 and argon at —183°: 

Series 1, N2 ©; Series 2 ,  N2 O ; N2 after 
outgassing at —183° Ö; argon 0 .

40 80
Vol. ads., cc.

Fig. 9.—0 2 on Cr2Os at —183°: Series 1 ©; Series
2 0; Series3©.

Following several of the series of heat measure­
ments, the chromic oxide surface was outgassed for 
one hour at —183°. The differential heats were 
measured for increments subsequently added to the 
surface. As might have been expected, the form 
of the time-temperature curves and the magni-
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tude of the heats both indicated van der Waals 
adsorption exclusively. The data for two such 
experiments with carbon monoxide and one with 
nitrogen are given in Figs. 5 and 8. A similar 
result was obtained in previous work in this Labo­
ratory with carbon monoxide on copper at
— 183°.8 These experiments demonstrate the 
reversibility of the van der Waals process at
— 183°, as well as the irreversible nature of the 
activated adsorption.

Carbon Monoxide on an Oxygen Covered Sur­
face, and Oxygen on a Carbon Monoxide Cov­
ered Surface at —183°.—An investigation was 
made of the heat liberated by the addition of 
carbon monoxide to an oxygen covered surface 
at —183°.9 Following oxygen Series 3 at —183°, 
the unadsorbed oxygen and presumably most of 
the van der Waals adsorbed oxygen were re­
moved by evacuation for one hour at the same 
temperature. It is estimated that 25 cc. of ac­
tivated adsorbed oxygen remained. The differ­
ential heats for carbon monoxide on this surface 
were then determined. The time-temperature 
curves for intermediate increments in the series 
had the abnormal form observed with carbon 
monoxide on an initially bare surface, indicating 
the presence of the rapid Process A, van der Waals 
adsorption, followed by a slow Process B, acti­
vated adsorption. The results of this experiment
are given in Table III.

T a b l e  III
H e a t s  o f  A d s o r p t io n  a t  —183°

Vol. of Resid. Diff. heat of ads., kcal./mole Total vol.
increment press., van der ads.,

ads., cc. mm. X 102 Waals Activated
CO on 0 2 Covered Surface

cc.

2.24 2.2 12.84 2.24
3.67 not meas. 12.38 5.87
3.39 7.1 11.41 9.29
3.75 12.9 11.41 17.51
4.34 32.0 4.50 9.67 30.65
4.36 74.3 4.21 44.11
4.42 102.5 4.31 48.54
4.38 117.9 

0 2 on
3.98

CO Covered Surface
66.64

1.84 12.73 1.84
2.26 11.59 4.10
4.32 77.0 3.20 8.42
es) Beebe, Low and Goldwasser, T h is  J o urn al , 58, 2196 (1936).
(9) Because it was impossible to  reproduce exactly the state of 

activity of the surface after oxygen was once admitted, it is important 
to  know the order in which the experiments were conducted. After 
the oxygen measurements were begun, the order of experiments was, 
oxygen Series 1 and 2 at —183°, oxygen Series 3 and carbon monox­
ide on an oxygen covered surface at —183°, oxygen on a carbon 
monoxide covered surface at —183°, and oxygen on a plain surface at 
09.

Another series of heat measurements was con­
ducted for oxygen on a carbon monoxide covered 
surface at —183°, In this experiment the sur­
face was prepared by adding carbon monoxide 
at —183° until there was a residual pressure, and 
then outgassing for one hour at that temperature, 
leaving a surface film of approximately 100 cc. of 
carbon monoxide adsorbed in the activated state. 
The differential heats then obtained upon admis­
sion of successive increments of oxygen are given 
in Table III. The time-temperature curves were 
normal, giving no evidence for a slow process. 
The magnitude of the heats indicates an acti­
vated adsorption for the initial increments with 
a van der Waals adsorption of the final increment 
added.

A comparison of our data in Table III, with the 
results of the experiments with a single gas on an 
initially bare surface, reveals the following facts: 
(1) the presence of 25 cc. of adsorbed oxygen 
reduces the volume of carbon monoxide adsorbed 
in the activated state from 113 to 40 cc. (at 1 mm. 
residual pressure) but causes no great change in 
the heat of activated adsorption which is approxi­
mately 12 kcal. whether the surface was initially 
bare or oxygen-covered; (2) 100 cc. of adsorbed 
carbon monoxide brings about a very great de­
crease in the volume of oxygen adsorbed in the 
activated form from 25 to 4 cc.; moreover, the 
heat of the activated adsorption of oxygen is re­
duced from 25 kcal. on the initially bare surface to 
13 kcal. on the carbon monoxide covered surface.

The complexity of the experimental conditions 
especially when two gases are present simultane­
ously on the chromic oxide surface which itself 
contains two different kinds of atoms makes an 
explanation of the above observations rather pre­
carious. An explanation appears to be possible 
if we assume that : (1) the activated adsorption 
of oxygen occurs on the surface chromium atoms 
only; (2) the activated adsorption of the carbon 
monoxide occurs chiefly on the oxygen atoms of 
the chromic oxide but to some extent on the most 
active chromium atoms. However, we prefer 
not to present such an explanation until further 
experimental results are available.

Heat of Adsorption of Carbon Monoxide at 
— 195°; the Energy of Activation of Process 
B.—In order to find the temperature coefficient 
of the rate of Process B, heat measurements were 
made in one series for carbon monoxide at —195°. 
The results were analogous to those at —183p
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except that Process B was slower for correspond­
ing surface covered. As a result it was possible 
to differentiate Processes A and B earlier in the 
series (20 cc. adsorbed). Process B persisted 
further in the series making it possible to estimate 
the heats of activated adsorption up to 112 cc. 
adsorbed. The differential heats are given in 
Fig. 5. This persistence of Process B at -—195° 
for larger amounts adsorbed than at —183° was 
possibly due to the higher total adsorptive ca­
pacity of the chromic oxide at the lower tempera­
ture. The adsorptive capacity beyond 112 cc. 
was not determined because the supply of liquid 
nitrogen ran out at that point.

From the rates of heat evolution at —195 and 
— 183°, it was possible to estimate the rates of 
Process B at those two temperatures. From 
these data the energy of activation of the proc­
ess was calculated. For surfaces on which the 
amounts already adsorbed before admission of 
the increment were 40, 50, 60, and 70 cc., respec­
tively, the corresponding activation energies were 
180, 300, 420, and 690 cal.

Heats of Adsorption at 0°.—The adsorption of 
argon and of the isotopes of hydrogen was neg­
ligibly small at 0° in the low pressure range stud­
ied, and the adsorptive capacity of the chromic 
oxide for carbon monoxide, oxygen, and nitrogen 
was much less at 0 than at —183°. The differ­
ential heats were determined for each of the latter 
three gases. The results for carbon monoxide 
and oxygen are given in Table IV. Only two 
increments of nitrogen of 1.88 cc. each were ad­
sorbed. These had residual pressures of 1 and 1.7 
mm., respectively, and each produced heats of 18.1 
kcal.

At 0° the time-temperature curves were nor­
mal in type with all three gases giving no evidence 
for the two Processes A and B found at —183°. 
I t is probable that van der Waals adsorption 
(Process A) was absent, and that the rate of the 
activated adsorption (Process B), which was 
slow after the initial increments at —183°, was 
too rapid to observe on any part of the surface 
at the higher temperature.

Discussion
Hydrogen and Deuterium at —183°.—The

most important conclusion to be drawn from the 
work on the hydrogen isotopes is that the heats 
are altogether too high to be accounted for by 
van der Waals forces alone, and the process must

T a b l e  IV
H e a ts  of A dsorption  on Chromic Ox id e  at 0°

Vol. of 
increment 

ads., cc.

Resid. 
press., 

mm. X 102

Diff. heat 
of ads., 

kcal./mole
Total vol. 

ads., 
cc.

Carbon Monoxide
2.22 1.3 15.2 2.22
2.28 1.4 14.1 4.50
2.20 3.1 13.8 12.90
2.21 3.9 13.2 19.60
2.33 6.2 12.5 26.0
2.21 16.2 12.3 35.0
2.17 40.6 12.0 44.0
2.13 104.1 10.7 52.8
2.00 297.5 9.9 61.4

Oxygen
1.59 50.0 1.59
1.01 49.6 2.60
1.05 50.1 3.63
0.98 46.9 4.65
1.11 48.4 5.89
1.02 44.2 6.83
1.09 43.3 14.47
0.83 23.0 17.6 27.42

■ in large part of the activated type. The sig-
nificance of the heat measurements, in connec­
tion with the catalytic activity of chromic oxide 
at —183° observed by Gould, Bleakney, and 
Taylor,1 has been discussed in detail by Beebe and 
Orfield.2 The discussion given by them for 
hydrogen may be applied equally well to the 
present data with deuterium.

According to Urey and his co-workers,10 the 
heats of vaporization of hydrogen and deuterium 
are, respectively, 183 and 276 cal. per mole. We 
find the higher heat of adsorption for the heavier 
isotope. It should not be inferred from this, 
however, that only van der Waals forces are in 
operation at —183°.

In a study of the dissociation pressures of po­
tassium deuteride and hydride in the temperature 
range 270 to 360°, Sollers and Crenshaw11 have 
found that potassium holds hydrogen more 
strongly than deuterium, but a detailed study of 
their data leads them to suggest that at low tem­
peratures the hydride may have the higher dis­
sociation pressure. This would be in accordance 
with the results of the present investigation on 
chromic oxide shown in Fig. 2, and exactly the 
reverse of the case of hydrogen and deuterium 
adsorption on copper previously studied in this 
Laboratory.12

(10) Scott, Brickwedde, Urey and Wahl, J .  C h em . P h y s . ,  2, 454 
(1934).

(11) Sollers and Crenshaw, T h is  J o u r n a l , 59, 2015 (1937).
(12) Beebe, Low, Wildner and Goldwasser, i b id . ,  57, 2527 (1935).



Dec., 1938 H e a t s  o f  A d s o r p t io n  o f  G a s e s  o n  C h r o m ic  O x id e 2919

The difference in the shapes of the two differential heat 
curves in Fig. 3 seemed at first perplexing, but can be ex­
plained, we believe, in the following manner. It has been 
demonstrated13 14 15 that the adsorption of the initial incre­
ments of hydrogen on chromic oxide at —183° is non- 
selective,1415 occurring on those portions of the surface 
with which it first comes in contact.2 If this non-selec­
tivity of the process were complete the heat values would 
be constant for the whole region studied because they 
would really represent integral heats of adsorption for 
successive layers.4 If, on the other hand, the adsorption 
were non-selective for a part of the surface but selective 
for the remainder, then a discontinuous curve like Curve 
A in Fig. 10 would be expected provided the true distribu­
tion of energies on the surface is represented by Curve C. 
It is easy to see that the experimentally determined curve 
for hydrogen is of the form of Curve B which lies between 
Curves A and C. It is further noteworthy that the re­
gion of non-selective adsorption cannot go much beyond 
20 cc. adsorbed because from here on there is a residual gas 
pressure, as shown in Table I, indicating equilibrium con­
ditions under which non-selective adsorption would be 
impossible.

The fact that the horizontal step in the heat curves, 
which is so definite for hydrogen, is almost absent in the 
deuterium data, suggests that the phenomenon of non- 
selective adsorption is much less marked for the heavier 
isotope. Now non-selective adsorption occurs when the 
rate of adsorption is great compared to the rate of diffusion 
of the gas; this causes the gas to be adsorbed on those suc­
cessive layers of the adsorbent with which it first comes 
in contact. The slower rate of diffusion of deuterium 
should give more time for the non-selective process to 
occur. Since, however, it is the hydrogen adsorption 
which is the more non-selective of the two, it seems evi­
dent that the rate of adsorption of the lighter isotope must 
be the greater by a ratio considerably more than enough to 
compensate for the y /2  diffusion factor. Of course the 
rates cannot be compared by direct measurement be­
cause the adsorption of either isotope is complete in less 
than one minute after admission to the adsorbent surface.

Pace and Taylor16 found no difference for hydrogen and 
deuterium in the rates of the activated adsorption process 
on chromic oxide at 218° and one atmosphere pressure. 
It is not surprising that the present investigation, carried 
out at —183° and very low pressures, should yield re­
sults which differ from those of the above authors. More­
over, because of the very low value of T  used in the 
exponential e~E/RT, a small difference in the activation 
energies for the two isotopes would be sufficient to account 
for a relatively large difference in the rates of adsorption.

(13) This was done with a calorimeter similar to that described 
by Beebe [Trans. Faraday Soc., 28, 761 (1932)]. Using this instru­
ment at —183°, it was found that the form of the time—temperature 
curve obtained upon admission of hydrogen was greatly influenced 
by the position of the thermocouple. This was interpreted to indi­
cate non-selective adsorption by the same reasoning as that used by 
Beebe in the case of carbon monoxide on copper at 0°.

(14) Russell and Ghering, T h is  J o u rn al , 57, 2544 (1935).
(15) This phenomenon has been called “non-uniform” in previous 

publications from this Laboratory. We believe, however, that the 
term “non-selective” used by Russell and Ghering, describes the 
process more accurately; we shall therefore use it in the future.

(16) Pace and Taylor, J . Chem. Phys., 2, 578 (1934).

Fig. 10.

Carbon Monoxide, Nitrogen, and Oxygen at 
—183°.—Evidence has been presented under Re­
sults to show that on a partially covered surface 
at —183° the adsorption of carbon monoxide, 
nitrogen, and oxygen consists of two processes 
which have been called Process A and Process B. 
Analysis of the experimental data shows that 
Process A is rapid under all conditions and is non­
specific in nature, yielding a heat of about 4 kcal. 
regardless of the nature of the gas adsorbed17 or of 
the state of the adsorbing surface. We believe 
that these observations justify the assumption that 
Process A is a van der Waals adsorption exclu­
sively. Process B differs from Process A in two im­
portant respects: (1) the heats of adsorption are 
much higher than in Process A and are specific to 
the gas used and to the condition of the chromic 
oxide surface; and (2) the rate of adsorption 
varies greatly as a function of the amount of gas 
already on the surface. The first of the above 
characteristics of Process B eliminates the pos­
sibility that it is a van der Waals process,18 and

(17) The three gases carbon monoxide, nitrogen, and oxygen and 
in addition argon have boiling points which all fall within the twelve- 
degree range from —183 to —195° and as a consequence we should 
expect them to have approximately the same heats of vaporization. 
It is therefore not surprising that the heats of van der Waals adsorp­
tion which result from changes of a physical nature are found experi­
mentally to be nearly the same for all four gases.

(18) Barrer, Proc. Roy. Soc. (London), 161A, 476 (1937), has cal­
culated from the isotherms at low temperatures the heats of adsorp­
tion of nitrogen, argon, and hydrogen on graphite and has suggested 
that the higher values obtained for the initial increments of gas ad­
sorbed may be attributed to the van der Waals adsorption of the 
molecules in cracks sufficiently narrow to permit both walls to in­
fluence the adsorption. For crevices with plane and nearly parallel 
sides, the heat of adsorption would be approximately double the 
value for a plane surface. Moreover, the calculations of DeBoer 
and Custers, Z. physik. Chem., 25B, 225 (1934), showed, for adsorp­
tion in hemispherical pockets, tubes, and cells, maximum energies 
of four, six, and eight times, respectively, the energies on a plane 
surface. The high initial heats of 8 kcal. observed by us in the case 
of nitrogen conceivably might be explained on the basis of the cal­
culations of DeBoer and Custers. However, the higher heats of 12 
and 27 kcal. with carbon monoxide and oxygen could scarcely be
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we must conclude that the final result of Process 
B is a state of activated adsorption.19

From the experimental evidence, however, it is 
difficult to decide with certainty whether the 
rate controlling factor in Process B is one of ac­
tivated adsorption or of activated surface dif­
fusion. As we shall see, the choice between these 
alternatives depends upon the accessibility of the 
adsorbing surfaces to the incoming gas. We shall 
use the case of carbon monoxide in this discussion, 
although it also applies to nitrogen and oxygen.

We have already assumed that the chromic 
oxide surface is capable of both van der Waals 
and* activated adsorption. Let us make certain 
further assumptions:

1. The van der Waals adsorption requires 
zero activation energy, and it is easy for a van 
der Waals adsorbed molecule to be desorbed and 
begin a surface migration.

2. The activated adsorption requires a small 
finite activation energy which increases with suc­
cessive increments from an initial negligibly small 
value to a relatively large value as the surface 
becomes more completely covered.20 Desorption 
occurs with great difficulty for molecules held on 
the surface in the activated state.

3. All the surface, whether internal or ex­
ternal, is easily accessible either by direct gaseous 
diffusion or by a very rapid surface migration 
of the van der Waals adsorbed carbon monoxide 
to the internal part of the surface.

On the basis of these assumptions the time re­
quired for the activated adsorption would be the 
rate controlling factor. The adsorption of the 
first carbon monoxide increment admitted to a 
bare chromic oxide surface would be in part van 
der Waals and in part activated depending upon 
whether the chance collisions of the carbon mon­
oxide molecules with the surface brought them
accounted for in that way. In addition to this the large variation 
in the heats of Process B with the three gases makes it very probable 
that it is not a van der Waals process.

(19) The absence of any slow Process B a t  183° in the curves for 
hydrogen and deuterium seems, at first, to be anomalous, especially 
when we consider that there is evidence that the adsorption of these 
gases is activated in part at least. If we assume, however, that the 
activated adsorption for the isotopes of hydrogen requires an even 
smaller energy of activation than does that for carbon monoxide, 
nitrogen, or oxygen, we may predict that, at an even lower tempera­
ture, the rate of Process B might be sufficiently slow to differentiate it 
from Process A.

(20) The decreasing differential heats with successive increments 
(Fig. 5) indicate variable surface activity. At —183°, even small 
differences in the activity of the surface points, and consequently in 
the activation energies required for adsorption, would suffice to ac­
count for relatively large differences in the rates of adsorption on 
different portions of the surface. This is true because of the small 
value of T  used in the exponential e ~ E^RT.

first into contact with points of low or high surface 
energy. But the molecules held by van der 
Waals forces would soon move to adjacent active 
points, with the net effect that the gas would dis­
appear immediately from the gas phase and the 
time-temperature curve would show a quick rise 
in temperature giving a heat of 12 kcal. (Curve 
I, Fig. 4). After the initial increments had been 
added, the most active surface points would be­
come covered so that there would be none left 
capable of immediate activated adsorption. As 
a result, the next increment added would be first 
adsorbed by van der Waals forces but these ad­
sorbed molecules would then migrate rapidly on 
the surface to points capable of activated adsorp­
tion but requiring a finite activation energy so 
that this activated process would be slower. 
The time-temperature curve (Curve II, Fig. 4) 
would then be divided, with a quick rise corre­
sponding to a rapid van der Waals adsorption of 
4 kcal. of heat and the slow rise due to Process 
B, the activated adsorption, producing a heat of 
about 12 kcal. This activated adsorption proc­
ess would of course become progressively slower 
as the degree of activity of remaining uncovered 
surface points became less and less. Finally, 
when all points capable of activated adsorption 
were covered, the slow Process B would be elimi­
nated and only van der Waals adsorption would 
occur on the remaining surface, resulting in the 
normal type of curve (Curve III, Fig. 4) with a 
heat of 4 kcal. On the basis of this theory the 
experimentally determined activation energies 
for Process B, which ranged from 180 to 690 cal. 
for the interval 40-70 cc., would be the energies 
of activation of the activated adsorption.

On the other hand, we may arrive at an alterna­
tive explanation of Process B by changing as­
sumptions 2 and 3 above as follows:

2. The activated adsorption requires a neg­
ligibly small activation energy on all parts of the 
surface, adsorption occurring immediately once a 
gas molecule comes into contact with an active 
surface point.

3. Only the external part of the surface is 
readily accessible to the gas,21 a finite time being

(21) During the preparation of the adsorbent, the removal of water 
molecules from the hydrated chromic oxide gel must have produced 
a relatively large percentage of internal surface on the walls of cracks 
or capillaries penetrating the granules. The point at issue is whether 
these cracks or capillaries are of sufficient width so that the carbon 
monoxide molecules can reach their walls with ease or whether 
a considerable length of tim e might be required. In other words, is 
the internal surface “internal” to a carbon monoxide molecule?
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required for the surface migration of carbon 
monoxide molecules, initially adsorbed on the 
external surface, down the faces of the cracks or 
capillaries into the internal surface of the chromic 
oxide.

We may then explain the time-temperature 
curves for partially covered surfaces (Curve II, 
Fig. 4) as indicating an initial van der Waals 
adsorption on the easily accessible external sur­
face followed by a slow surface migration to the 
points located in the internal surface which are 
capable of activated adsorption. The decreasing 
rate of Process B with successive increments of 
gas added to the surface would then be attributed 
to the increasing periods of time required for the 
surface diffusion of the adsorbed molecules into 
the more and more difficultly accessible areas of 
the internal surface. In other words, the rate con- . 
trolling factor would be an activated diffusion, and 
the experimental values 180 to 690 cal. would be 
the activation energies for this diffusion process.22

It is of course possible that both activated ad­
sorption and activated diffusion have some in­
fluence on the rate of the slow process observed. 
Regardless of the mechanism,23 the important 
point, which must be emphasized, is that we have 
definite evidence that there are two distinct types 
of adsorption on the same partially covered chro­
mic oxide surface at —183°, and that the gas 
initially held by van der Waals forces changed 
over, on the surface, into the activated state.

The Effect of Temperature on the Adsorption. 
—In comparing the results at —183° with those 
at 0° using carbon monoxide, nitrogen, and oxy­
gen, respectively, on the chromic oxide, it is ap­
parent that the amount of each of these gases 
adsorbed is considerably less at the higher tem­
perature. This is not surprising in the case of 
the carbon monoxide and that of the nitrogen 
because the adsorption of these gases is a revers­
ible process, a large fraction of the gas adsorbed 
at —183° being'desorbed when the temperature 
is raised to 0°. This would mean simply that

(22) Lennard-Jones [Trans. Faraday Soc., 28, 333 (1932)] has 
calculated an activation energy of th is order of magnitude for the 
surface diffusion of argon on potassium chloride at —183°.

(23) In this discussion we have assumed that the van der Waals 
and activated adsorption occur exclusively on different surface points.
It is possible, however, that the same points may be capable of both 
types of adsorption, and this possibility already has been suggested 
by Lennard-Jones.22 On the latter assumption, Process B might 
represent the change of a molecule, held to a given point by van der 
Waals forces, over into the activated state on the same point. There 
is nothing in our observations to justify the elimination of this possi­
bility which would, of course, be unfavorable to  the theory of acti­
vated diffusion as the rate controlling factor in Process B.

certain surface points capable of holding carbon 
monoxide or nitrogen at —183° are no longer 
able to do so at 0°. The adsorption of oxygen, on 
the other hand, is irreversible, and oxygen once 
adsorbed in the activated state is removable only 
by reduction in a hydrogen atmosphere at about 
400°. It is not easy to see, therefore, why the 
volume adsorbed at 0° should not be at least as 
great as that adsorbed at —183°. We suggest 
the possibility that pairs of oxygen atoms may be 
held in an activated state on each chromium atom 
of the surface at —183° but that single atoms 
of the oxygen are held on each chromium atom 
at 0°. This postulated difference in the nature 
of the adsorption complexes at the two tempera­
tures would also account for the observed change 
in the heat of adsorption from 25 kcal. at —183° 
to 50 kcal. at 0°.24 The marked difference in the 
heats of adsorption of nitrogen at the two tem­
peratures seems to indicate that, with this gas 
also, there must be a great difference in the nature 
of the binding forces in operation at the two tem­
peratures. In contrast with the data for oxygen 
and nitrogen, the heats of activated adsorption 
of carbon monoxide are very nearly the same 
at —183 and 0°, indicating that there is little 
difference in the nature of the binding at the 
two temperatures.

Anomalous Effect Caused by Interruption of a Series of 
Heat Measurements.—In the measurements with carbon 
monoxide at —183° the successive increments usually 
were admitted at intervals of approximately one hour. 
When the series was interrupted overnight, say for a period 
of fifteen hours, with the surface partially covered, the first 
time-temperature curve recorded the next morning was 
always anomalous in two respects : (1) the slow Process B 
was almost completely absent; and (2) the heat of the 
rapid Process A was measurably higher (about 0.2 kcal.) 
than that for the preceding increment, or of the next 
increment following after a one-hour period. In other 
words, when the adsorption had been carried to the stage 
at which the next time-temperature curve would be like 
Curve II in Fig. 4 if the series were not interrupted, the 
curve actually obtained after an overnight interruption was 
more nearly of the form of Curve III, Fig. 4, and the heat 
of Process A was 4.4 instead of 4.2 kcal. The second time- 
temperature cürve recorded in the morning was free from 
these anomalous characteristics, giving a heat of 4.2 kcal. 
for Process A and having the slow rise in temperature indi­
cating the recurrence of Process B. This anomalous be­
havior was always observed whenever a carbon monoxide 
series in the intermediate stage was interrupted overnight.

(24) This high heat of reaction at 0° is of the same order of mag­
nitude as the heat of the stoichiometric reaction between oxygen and 
chromic oxide to form chromium trioxide (36.2 kcal. per mole of 
oxygen). It seems probable, therefore, that the surface reaction is 
somewhat similar to the stoichiometric one in this case.
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The same was always true for the oxygen and nitrogen ad- 
sorption experiments.

We believe this anomaly can be explained as follows. 
Suppose there are surface points on which the carbon 
monoxide molecules are held by forces of the van der Waals 
type, but with a binding energy slightly greater than the 
average van der Waals binding, and suppose that as a result 
of this greater binding force a considerable time is required 
for the desorption of molecules from these points, which 
we shall call X-points. These X-points would become 
covered in the early increments and owing to the greater 
difficulty of desorption they would then remain covered 
during the admission of later increments at the stage repre­
sented by Curve II, Fig. 4, so long as the series of measure­
ments was continued without interruption. On the other 
hand, upon standing overnight, the X-points would be 
left vacant by the slow process of desorption, the desorbed 
molecules being subsequently adsorbed on points capable 
of activated adsorption. The first increment admitted in 
the morning would then be adsorbed on the X-points, 
with a heat of 4.4 kcal., which is 0.2 kcal. in excess of the 
normal 4.2 kcal. Moreover, because of the difficulty of 
desorption from the X-points, Process B, resulting from a 
shift over to the state of activated adsorption, would be 
practically eliminated. However, for the next increment 
following after the normal one-hour interval, with the X- 
points covered, the normal heat of 4.2 kcal. would be ob­
tained and the normal rate of Process B would be observed.

Conclusion.—We wish to emphasize the novel 
application of the calorimetric method in the pres­
ent investigation. Using charcoal at 20° as an 
adsorbent, Lendle25 has measured the heat evolved 
during the slow activated adsorption on charcoal of 
oxygen from the gas phase, a process which could 
also be followed by observing the slow disappear- . 
ance of unadsorbed gas. Barry and Barrett26 have 
made a similar calorimetric study in the case 
of the adsorption of water vapor on gold. In the 
experiments with carbon monoxide on chromic 
oxide at —183°, there was no residual unad­
sorbed gas after the first minute, and the slow 
evolution of heat could be attributed only to a 
change on the surface from the van der Waals to 
the activated state.27 Because all the gas disap-

(25) Lendle, Z. physik. Chem., 172A, 77 (1935).
(26) Barry and Barrett, T h is  J o u r n a l , 55, 3088 (1933).
(27) In accounting for certain anomalies observed in their study 

of the effect of pressure on the rate of adsorption of hydrogen on 
chromic oxide at about 200°, Burwell and Taylor [Th is  J o urnal , 
58, 697 (1936)] were led to postulate a similar mechanism, “the slow 
process being a reaction between surface atoms which receive the 
necessary activation energy and hydrogen molecules adsorbed by van 
d e r Waals forces.”

peared almost instantaneously, the calorimetric 
method offered the only means of observing the 
presence of the slow process. I t will be inter­
esting to find out how general is this activated 
adsorption via an initial van der Waals process. 
Calorimetric work at —183° now in progress in 
this Laboratory shows that the adsorption of 
oxygen on iron synthetic ammonia catalyst 
follows the same complex mechanism, the time- 
temperature curves being of the same general 
form as Curve II, Fig. 7. The details of this 
work will be published at a later date.

Summary

1. The heats of adsorption of argon, hydrogen, 
deuterium, carbon monoxide, nitrogen, and oxy­
gen, on reduced chromic oxide, have been deter­
mined calorimetrically in the low temperature 
region.

2. The magnitude of the heats indicates that 
all these gases except argon are adsorbed in part 
in the activated state even at —183°.

3. The form of the time-temperature curves 
on a partially covered surface at —183° indicates 
that with carbon monoxide, nitrogen, and oxygen 
the adsorption is complex, the gases initially ad­
sorbed in the van der Waals state undergoing a 
slow change on the surface over into a state of 
activated adsorption.

4. From the heat measurements with carbon 
monoxide at —183 and —195° the activation 
energy of the above slow surface change has been 
estimated at 180 to 690 cal./mole. It is suggested 
that the rate controlling process in this slow 
change may be (1) a slow activated adsorption, or
(2) a slow surface diffusion.

5. The effects of carbon monoxide on the 
heat of oxygen adsorption and of oxygen on the 
heat of carbon monoxide adsorption have been 
investigated experimentally.

6. The heats of adsorption of carbon monoxide, 
nitrogen, and oxygen have been measured at 
0° as well as at —183°, and the results at the two 
temperatures have been compared.
A m h e r s t , M a s s . R e c e iv e d  S e p t e m b e r  17,1938
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[C o n t r i b u t i o n  p r o m  t h e  C o l l e g e  o p  P h a r m a c y ,  U n i v e r s i t y  o p  M i c h i g a n ]

Acid Amides as Hypnotics, I. Acylureas1

By F. F. Blicke and A. P. Centolella2

The introduction of an acyl group such as di- 
ethylbromoacetyl or allylisopropylacetyl into urea 
converts the latter into an excellent hypnotic.

Publications which illustrate the manner in which 
hypnotic activity varies with the nature of the 
acyl group are very few in number.

T a b l e  I

S u b s t i t u t e d  M a l o n i c  E s t e r s * M a l o n i c  A c i d s , A c e t i c  A c i d s  a n d  A c e t y l  C h l o r i d e s

Malonic ester <--------------------------- Malonic acid®--------------------------- * Acetic acid A cetyl chloride

1 Propyl- 0 -phenylethyl 190-195
Mm. M. p., °C.
14 123-124

Formula
C14H1SO4

% c
Calcd. Found 
67.16  66.97

% H
Calcd. Found 
7 .25  7 .32

B. p., 
°C ,

195-200
M m.

2 0

B. p., 
°C.

164-169
Mm.

19
2 Isopropyl-jS-phenylethyl 204-206 24 129-130 C14H18O4 67.16 66.90 7 .25 7.33 198-204 35 160-165 2 1

3 Allyl- /3-phenylethyl 205-208 2 0 128-129 C14H16O4 67.71 67.44 6 .50 6 .55 196-199 2 2 205-210 15
4 Isobutyl-j8 -phenylethyl 205-208 2 0 136-137 C15H20O4 68.14 68.16 7,46 7 .27 200-203 2 0 216-222 18
5 /3-Cyclohexylethyl- (3 '-phenyl- 

ethyl 255-260 30 134-135 C19H26O4 71.64 71.36 8 .24 8 .24 245-250 19 220-225 25
6 E thyl-7 -phenylpropyl 195-200 18 148-149 C14H18O4 67.16 67.25 7 .2 5 7 .1 4 193-196 18 217-220 30
7 Ethyl-8 -phenylbutyl 216-220 2 2 114-115 C15H20O4 68.14 68.33 7 .46 7 .57 227-230 50 190-194 2 2

8 Ethyl-€-phenylamyl 230-235 25 106-107 C16H22O4 69.02 69.23 7 .97 7 .98 213-219 2 0 199-204 2 0

9 E th yl-f -phenylhexyl 227-233 18 67-68 C17H24O4 69.83 69.56 8 .28 8 .19 218-222 17 206-210 2 1

1 0 Ethylcinnamyl 215-220 30 133-134 C14H16O4 67.71 67.77 6 .50 6 .38 215-220 35 184-190 2 0

a The malonic acids were recrystallized from benzene.

T a b l e  II
S u b s t i t u t e d  A c e t y l u r e a s

Acetylurea® M . p., °C. Formula
Nitrogen, % 

Calcd. Found

1 N -M ethy 1-diethyl 93-95 C8H 16O2N 2 16.26 1 6 .0 6
2 Ethyl-propyl 200-201 C8H l60 2N 2 16.26 1 6 .1 9
3 N -M ethyl-ethyl-butyl 77-78 C 10H 20O2N 2 13.98 1 3 .7 8
4 Ethyl-butyl-a-brom o 84-85 C 9H i702N 2B r (30.10 3 0 .1 7  Br)
5 Ethyl-am yl 138-139 C10H 20O2N 2 13.98 13 .91
6 Ethyl-hexyl 126-127 C11H 22O2N 2 13.06 1 2 .7 0
7 Ethyl- 0-cyclohexylethy 1 176-177 C13H 2402N 2 11.66 11 .71
8 D i- /3-cy cloh exyle thyl 175-176 C19H 34O2N 2 8 .6 8 8 .7 7
9 jS-Phenylethyl 174-175 CnH140 2N 2 13.59 1 3 .8 6

10 Ethyl-benzyl 141-142 c 12h 16o 2n 2 12.72 13 .01
11 Ethyl- /3-phenylethyl 152-153 C13H 18O2N 2 11.96 11 .7 7
12 Di-jS-phenylethyl 149-150 c 19h 22o 2n 2 9 .1 5 9 .2 5
13 Propyl-j8-phenylethyl 148-150 Ci4H2o02N 2 11.28 1 1 .2 0
14 Isopropyl-jS-phenylethyl 157-158 Ci4H2o02N 2 11.28 1 1 .4 7
15 Allyl- /3-phenyle thy 1 115-116 CmH uOjN , 11.38 1 1 .4 8
16 Butyl-j8-phenylethyl 117-118 Ci5H220 2N  2 10.68 1 0 .7 0
17 Isobutyl-/3-phenylethyl 149-150 c 1&h 22o 2n 2 10.68 1 0 .7 5
18 /3-Cyclohexylethyl-0'-phenylethyl 148-149 Ci9H 280 2N 2 8 .85 8 .8 9
19 E thyl-7 -phenylpropyl 143-145 Ci4H20O2N 2 11.28 11 .6 8
20 Ethyl-5-phenylbutyl 137-138 c 16h 22o 2n 2 10.68 10 .83
21 E thyl-e-phenylamyl 120-121 C16H 2402N 2 10.10 10 .3 5
22 E thyl-f-phenylhexyl 122-123 C17H 260 2N 2 9 .6 5 9 .8 9
23 Ethylcinnam yl 139-140 Ci4H 180 2N 2 11.38 1 1 .3 7

® The compounds were recrystallized in the following manner: compounds 8, 14, 18, 20, 21 and 22 from  petroleum  
ether (90-100°); compound 7 from alcohol; compounds 3 , 4 , 1 1  and 16 from dilute alcohol; compounds 2, 5, 6, 9 and 12 
from acetone; compound 13 from 50%  acetone; compounds 10, 17 and 19 from a mixture of one part acetone and tw o  
parts petroleum ether; compounds 15 and 23 from a mixture of one part acetone and nine parts petroleum ether.

(1) This paper represents part of a dissertation submitted to the 
Horace H. Rackham School of Graduate Studies by A. P. Centolella 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the University of Michigan.

(2) The Upjohn Company Fellow.

In this paper we have described a number of 
disubstituted acetylureas, R2CH-CO-NH-CO- 
NH2 (Table II), which were examined pharma­
cologically by Mr. J. W. Nelson and Dr. G. F .
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Cartland in The Upjohn Company Laborato­
ries.3 It was quite surprising to find that none of 
these ureas were effective to any great degree 
when injected intraperitoneally into white rats 
although, in a second paper, it will be shown that 
some of the corresponding acetamides are 
strong hypnotics.

The ureas were obtained by the following gen­
eral method: conversion of malonic ester into 
the required disubstituted derivative, R2C(CO- 
OC2H ö)2, hydrolysis of the ester, elimination of 
carbon dioxide with the formation of a disub­
stituted acetic acid, R2CH—COOH, prepara­
tion of the corresponding acetyl chloride and 
treatment of the latter with urea or methylurea.4

The new intermediates are described in Table I.

Experimental Part
The procedures are illustrated in the case of allyl- /5- 

phenyle thylacety lurea.
To sodium ethylate, prepared from 1000 cc. of absolute 

alcohol and 46 g. of sodium, there was added, slowly, 320 
g. of malonic ester. After one hour the mixture was 
stirred and refluxed and 370 g. of /3-phenylethyl bromide 
added during the course of two hours. The mixture was 
stirred and refluxed for two hours longer, most of the al­
cohol removed by distillation and 500 cc. of water added 
to the cold residue. The ester layer was separated and the 
aqueous layer extracted six times with 75-cc. portions of 
ether; yield of /3-phenylethylmalonic ester 424 g. or 80% of 
the calcd. amount; b. p. 182-185° (12 mm.).5

(3) Their results will be published by them in detail in another 
journal.

(4) Davis and Blanchard, T h is  J o ur n a l , 51, 1797 (1929).
(5) Dolique [Ann. chim., [10] 15, 447 (1931)] reported 184-185° 

at 15 mm.

In a manner similar to that described above, allyl-/3- 
phenylethylmalonic ester was prepared from sodium ethyl­
ate, obtained from 300 cc. of alcohol and 13.8 g. of sodium, 
159 g. of /3-phenylethylmalonic ester and 73.2 g. of allyl 
bromide; yield 159 g. or 88% of the calcd. amount.

A mixture of 80 g. of potassium hydroxide, 250 cc. of 
70% alcohol and 101 g. of the disubstituted malonic ester 
was refluxed for twenty-four hours, most of the alcohol re­
moved, 250 cc. of water added and then about 140 cc. of 
hydrochloric acid added to the cold mixture. The crude 
acid separated from the acidic mixture as an oil but soon 
solidified; yield 78 g. or 94% of the calcd. amount.

Fifteen grams of the allyl-/3-phenylethylmalonic acid 
was heated in an oil-bath at 180° until most of the carbon 
dioxide had been evolved and then heated at 150-160° for 
six hours; yield 10.7 g. or 86% of the calcd. amount.

A mixture of 28 g. of the acetic acid and 45 g. of com­
mercial thionyl chloride was heated for two hours on a 
steam-bath after the initial vigorous reaction had sub­
sided and the excess thionyl chloride then removed; the 
yield of acid chloride was 21 g. or 70% of the calcd. amount.

Nine grams of allyl- /3-phenylethylacetyl chloride and
9.6 g. of dry urea were heated in an oil-bath at 125°. 
As soon as the material had melted the temperature was 
dropped to 110-115°. After six hours the product was 
cooled and rubbed in a mortar with enough 10% sodium 
carbonate solution to keep the mixture alkaline. The 
solid material was filtered, washed with water and re­
crystallized; yield 8.9 g. or 90% of the calcd. amount.

Summary
A number of new disubstituted malonic esters, 

malonic acids, acetic acids, acetyl chlorides and 
acetylureas have been described.

No strong hypnotics were found among the di­
substituted acetylureas, R2CH—CO—NH—CO— 
NH2, studied.
Ann Arbor, M ichigan Received October 10, 1938

[C o n t r ib u t io n  f r o m  t h e  C o l l e g e  o f  P h a r m a c y , U n i v e r s it y  o f  M ic h ig a n ]

Acid Amides as Hypnotics, II. Acetamides1

B y  F. F. B licke and A. P. C entolella2

I t has been known for a long time that certain 
representatives of three types of acid amides— 
substituted acetamides, acylureas and cyclic 
amides such as substituted barbituric acids and 
hydantoins—exhibit strong hypnotic activity.

During late years, due to the popularity of 
barbituric acid compounds, the study of the 
acetamide type has been neglected except for

(1) This paper represents part of a dissertation submitted to the 
Horace H. Rackhain School of Graduate Studies by A. P. Centolella 
in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the University of Michigan.

(2) The Upjohn Company Fellow.

the publications of Volwiler and Tabern3 and of 
Junkmann.4

Most of the acetamides, described hitherto as 
compounds which possess hypnotic action, are 
trisubstituted derivatives such as diethylallyl- 
acetamide. Since, in general, trisubstituted^acet- 
amides are more difficult to obtain than the di­
substituted compounds we have prepared a con­
siderable number of the latter in order to deter­
mine their activity as hypnotics.

(3) Volwiler and Tabern, T h is  J o urn al , 58, 1353 (1936).
(4) Junkmann, Arch, exptl. Path. Pharmakol., 186, 552 (1937).
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T a b l e  I

S u b s t it u t e d  A c e t a m id e s

The amides were recrystallized in the following manner: compound 4 was recrystallized from water; compounds 2, 5, 
9, 10, 14, 16, 17, 18, 21 and 25 from petroleum ether (90-100°); compounds 6, 11, 12 and 20 from dilute alcohol; com­
pounds 13, 15 and 22 from 50% acetone and compound 19 from acetone.

Acetamide

1 Diethylthio
2 N-Methyldiethyl
3 N-Butyldiethyl
4 Ethylbutyl
5 N-Methylethylbutyl
6 N-Ethylethylbutyl
7 N-/3-Hy droxy ethylethylbutyl
8 N-Butylethylbutyl
9 Ethylamyl

10 Ethylhexyl
11 Ethyl- /3-cyclohexylethyl
12 N-Methylethyl-/3-cyclohexylethyl
13 N-Ethylethyl-jS-cyclohexylethyl
14 N-jS-Hydroxyethylethyl-jS '-cyelohexylethyl
15 N-Butylethyl-jS-cyclohexylethyl
16 Di-jÖ-cyclohexylethyl
17 N-Methyldi-/?-cyclohexylethyl
18 N-Ethyldi-jS-cyclohexylethyl
19 Butyl-/3-cyclohexylethyl
20 N-Methylbutyl- /3-cyclohexylethyl
21 N-Ethylbutyl-/3-cyclohexylethyl
22 N-jS-Hydroxyethylbutyl-iS'-cyclohexylethyl
23 N-(Diethylacetyl)-morpholine
24 N- (Ethy Ibutylacetyl) -morpholine
25 N,N w- (Diethylacetyl) -ethylenediamine

M. p., °C. Formula
Nitrogen, %  

Calcd. Found

80-81 c 6h 13n s (24.45 24.50 !
79-80 C7Hi5ON 10.84 10.76
34-35 C10H21ON 8.15 8.00

106-107®
69-70 C9IÏ190N 8.93 9.07
58-59 c I0h 2Io n 8.18 7.94
47-49& C10H21O2N 7.48 7.25

Oil® Ci2H26ON 7.03 6.77
102-103d C9H19ON 8.99 8.91
106-107 CioHaON 8.18 8.06
134-135 C12H230N 7.10 7.09
111-112 C13H2.50N 6.63 6.65
96-97 C14H270N 6.21 6.07
90-91 C14H2702N 5.82 5.80
61-62 c16h 31o n 5.53 5.39

173-174 Ci8H38ON 5.01 5.07
164-165 C19H85ON 4.78 4.80
137-138 C20H37ON 4.56 4.78
140-141 c14h 2,o n 6.21 6.26
110-111 C15H230N 5.85 5.55
94-95 CJHsiON 5.53 5.64
92-93 CieHsiOjN 5.20 5.13

Oil6 C10H19O2N 7.56 7.21
Oil7 Ci2H2S0 2N 6.57 6.32

230-231 Ci4H2602N2 10.95 10.70
b B. p. 199-200° at 15 mm. 0 B. p. 177-178° ata Raper [J. Chem. Soc.t 91, 1837 (1907) ] reported 101-102°.

d Volwiler and Tabern [T h is  J o u r n a l , 58, 1353 (1936)] found 96°. 6 B. p. 159-160° at 9 mm. f B. p. 185-186° at 
9 mm.

In Table I of this paper there have been de­
scribed di-n-alkyl- and n-s)kyi-/3-cyclohexylethyl - 
acetamides and, in some instances, corresponding 
N-alkyl and N-hydroxyalkyl derivatives. The 
evaluation of all of our compounds, from the 
pharmacological standpoint, has been carried 
out by Mr. J. W. Nelson and Dr. G. F. Cartland 
in The Upjohn Company Laboratories and the 
data obtained will be published by them in an­
other journal. However, it may be stated that 
the following amides in Table I have been shown 
to be very effective hypnotics when injected 
intraperitoneally into white rats: diethylthio-,
ethylbutyl-, N -methylethylbutyl-, ethylamyl-, 
ethylhexyl- and N - /Thy droxy ethyl ethyl-/3'-cyclo­
hexyl ethylacet amid e.

Especially interesting is the relatively high 
activity of diethylthioacetamide; in fact, it is the 
strongest hypnotic in the group (Table I) and is 
approximately five times as potent as diethyl- 
acetamide. However, the therapeutic index 
(minimum lethal dose/minimum hypnotic dose)

of both diethylthioacetamide and diethylacet- 
amide is low, 1.2 in each instance.

The disubstituted acetamides, described in 
Table II, are of three types. In type I, one 
substituent is represented by the /3-phenylethyl

C6H5—CH2—CH2x
>CH—CO—NH2 

R/
I

C6H5— CH2—CH2x
>CH—CO—NH(R')

r /
II

C6H5— (CH2)xX
>CH—CO—NH2

c h 3—c h /
III

group, the other, R, by ethyl, propyl, isopropyl, 
allyl, butyl, isobutyl, /3-cyclohexylethyl or /3- 
phenylethyl. In this group the ethyl, propyl, 
isopropyl, allyl and isobutyl compounds are strong 
hypnotics.

A second type, II, represents compounds of 
type I in which a substituent, R', has been in-
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T a b l e  II
S u b s t it u t e d  A c e t a m id e s

The amides were recrystallized in the following manner: compound 2 from water; compounds 8, 9, 10, 11, 12, 15, 10, 
20, 22, 24, 25, 26 and 27 from petroleum ether (90-100°); compounds 18, 19 and 21 from dilute alcohol; compound 
17 from acetone; compound 13 from 50% acetone; compounds 5 and 23 from a mixture of one part acetone and two parts 
petroleum ether (90-100°); compounds 1, 4, 6, 7, 10 and 14 from a mixture of one part acetone and nine parts petroleum
ether.

Acetamide M. p., °C. Formula
Nitrogen, % 

Calcd. Found
1 Ethylbenzyl 117-118 CnHisON 7.90 8.00
2 Ethyl-/3-phenylethyl 105-106* Ci2H17ON 7.32 7.30
3 N-Methylethyl- /3-phenylethyl 98-99 Ci3H19ON 6.83 6.93
4 N-Ethylethyl-/3-phenylethyl 72-73 CuH21ON 6.39 6.56
5 Di-/3-phenylethyl 162-163 CigHaON 5.53 5.42
6 N-Methyldi- /3-phenylethy 1 124-125 Ci!,H23ON 5.24 5.15
7 N-Butyldi- /3-phenylethyl 86-87 C22Ü29ON 4.43 4.29
8 0- Cyclohexylethyl- /3 '-phenylethy 1 170-171 C18H27ON 5.14 5.41
9 Propyl-/3-phenylethyl 109-110 c 13h 19o n 6.81 6.78

10 N-Methylpropyl-/3-phenylethyl 93-94 CuHsON 6.39 6.33
11 N-Ethylpropyl- /3-phenylethyl 84-85 C1&H23ON 6.00 6.08
12 N - /3-Hy droxyethyIpropyl-/3 '-phenylethyl 74-75 Oi..,H,30 ;>N 5.63 5.70
13 N-Butylpropyl-/3-phenylethyl 69-70 C17H27ON 5.36 5.23
14 Isopropyl-/3-phenylethyl 12 1-12 2 c13h 19o n 6.81 6.85
15 N- /3-Hydroxyethylisopropyl-/3 '-phenylethyl 83-84 CigH230 2N 5.63 5.55
16 Allyl-/3-phenylethyl 90-91 C13H17ON 6.89 7.13
17 B uty 1- /3-p henyle thyl 124-125 C14H21ON 6.40 6.56
18 N-Methylbutyl-/3-phenylethyl 108-109 CisILsON 6.00 5.75
19 N-Ethylbutyl- /3-phenylethyl 71-72 c 16h 26o n 5.67 5.85
20 N - /3-Hy droxy ethylbutyl- /3 '-phenylethyl 66-67 c 16h 25o2n 5.36 5.25
21 N-Butylbutyl-/3-phenylethyl 59-60 CisH29ON 5.28 5.01
22 Isobutyl- /3-phenylethyl 89-90 C14H21ON 6.40 6.61
23 Ethyl- 7-pheny lpropyl 118-119 Ci3Hi9ON 6.81 6.82
24 Ethyl-5-phenylbutyl 107-108 C„N2iON 6.40 6.43
25 Ethyl-e-phenylamyl 98-99 CisH^ON 6.01 6 .12
26 Ethyl-f-phenylhexyl 113-114 Ci6H26ON 5.67 5.75
27 Ethylcinnamyl 94-96 Ci3H17ON 6.89 6.72

° Levy [Compt. rend., 194, 175 (1932)] found 104° but did not record an analysis.

troduced into the amide group; R' == methyl, 
ethyl, butyl or j3-hydroxyethyl. Three com­
pounds in this series proved to be strong hypnot­
ics: N-ethylethyl-j6-phenylethylacetamide, N-
ethylpropyl- /Fphenylethylacetamide and N-/3-hy- 
droxyethylpropyl-jS'-phenylethylacetamide.

Six compounds of the general formula III were 
prepared in which x = 1, 2, 3, 4, 5 and 6. Two of 
these compounds are strong hypnotics, namely, 
ethyl-jft-phenylethylacetamide and ethyl-€-phenyl~ 
amylacetamide.

Experimental Part
The amides were obtained by interaction of the disub­

stituted acetyl chloride with ammonia or the required 
amine. The new acid chlorides and their general method 
of preparation were described previously.6

Allyl-jS-phenylethylacetamide was obtained in 87% 
yield when 4.5 g. of allyl-/3-phenylethylacetyl chloride 
was added slowly, with vigorous stirring, to 20 cc. of am­
monia water which was cooled with ice.

To prepare N,N'-bis-(diéthylacetyl)-ethylenediamine

20 cc. of a 66% aqueous solution of ethylenediamine was 
stirred, cooled and 2.6 g. of diethylacetyl chloride added 
dropwise. The precipitate was filtered, washed with 
water, dried and recrystallized four times from petroleum 
ether; yield 2.4 g. or 95% of the calcd. amount.

No attempt was made to discover a satisfactory proce­
dure for the preparation of diethylthioacetamide. How­
ever, sufficient material for our purpose was obtained when 
22 g. of phosphorus pentasulfide and 23 g. of diethyl- 
acetamide were mixed intimately, 175 cc. of benzene added 
and the mixture refluxed for five minutes. The warm 
benzene was decanted from the pasty residue and the lat­
ter extracted with three 25-cc. portions of hot benzene. 
The solvent was removed from the combined benzene 
solutions and the gummy, yellow residue recrystallized 
from petroleum ether (90-100°).

Summary
A number of new dialkyl-, alkyl-jft-cyclohexyl~ 

ethyl- and alkyl-/3-phenylethyl acet amides have 
been described. In some instances N-alkyl deriva­
tives were prepared.

Some of the amides have been found to be 
strong hypnotics.
A n n  A r b o r , M ic h ig a n(5) Blicke and Centolella, T h is  J o ur n a l , 60, 2923 (1938). R e c e iv e d  O c t o b e r  10, 1938
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[Co n t r ib u tio n  from  t h e  S chool of Chem istry  a nd  P hysics of T h e  P e n n sy lv a n ia  State  C o lleg e]

Sterols. XLVII. * The Reduction Products of Estrone

B y  R ussell  E. M arker and E wald R ohrmann

I n  p a p e r  X L I I 1 o f  t h i s  s e r i e s  t h e  i s o l a t i o n  a n d  

p r o p e r t i e s  o f  t w o  i s o m e r i c  e s t r a n e d i o l s  f r o m  h u ­

m a n  n o n - p r e g n a n c y  u r i n e  w e r e  d e s c r i b e d .  T h e s e  

d i o l s  w e r e  d e s i g n a t e d  t e n t a t i v e l y  a s  d i o l - A ,  m e l t ­

i n g  a t  2 4 2 °  a n d  d i o l - B ,  m e l t i n g  a t  2 0 4 ° .  O x i d a ­

t i o n  o f  t h e s e  d i o l s  y i e l d e d  d i f f e r e n t  d i k e t o n e s ,  i n ­

d i c a t i n g  t h a t  t h e  t w o  d i o l s  m u s t  d i f f e r  a t  l e a s t  i n  

r e g a r d  t o  t h e  c o n f i g u r a t i o n  a t  C 5 o r  C i 0. I t  i s  

n o t  s u r p r i s i n g  t h a t  o n e  o f  t h e s e  d i o l s  i s o l a t e d  f r o m  

t h e  n o n - p r e g n a n c y  u r i n e  w a s  i d e n t i c a l  w i t h  a n  

e s t r a n e d i o l  f i r s t  o b t a i n e d  b y  D i r s c h e r l 2 b y  t h e  

c a t a l y t i c  h y d r o g e n a t i o n  o f  e s t r o n e .

B y  t h e  c a t a l y t i c  h y d r o g e n a t i o n  o f  e s t r o n e  i n  a n  

a c i d  m e d i u m  D i r s c h e r l  o b t a i n e d  t w o  e s t r a n e d i o l s ,  

o n e  m e l t i n g  a t  2 0 6 °  a n d  t h e  o t h e r  a t  1 5 5 ° .  I 11

a d d i t i o n  t o  t h e s e  h e  o b t a i n e d  t w o  m o n o h y d r o x y  

e s t r a n e  c o m p o u n d s  w h i c h  a p p a r e n t l y  w e r e  

f o r m e d  b y  t h e  e l i m i n a t i o n  o f  t h e  h y d r o x y l  g r o u p  

a t  C 3. I n  h i s  w o r k  n o  a t t e m p t  t o  e s t a b l i s h  t h e  

c o n f i g u r a t i o n  o f  t h e  h y d r o x y l  g r o u p s  w a s  m a d e .

I n  a n  a t t e m p t  t o  o b t a i n  m o r e  i n f o r m a t i o n  c o n ­

c e r n i n g  t h e  c o n f i g u r a t i o n  o f  t h e  e s t r a n e d i o l s  w e  

h a v e  c a r r i e d  o u t  t h e  h y d r o g e n a t i o n  o f  « - e s t r a ­

d i o l  i n  a c i d  m e d i u m .  T h i s  r e a c t i o n  y i e l d e d  a  d i o l  

m e l t i n g  a t  2 0 4 °  w h i c h  w a s  f o u n d  t o  b e  i d e n t i c a l  

w i t h  t h e  d i o l  o b t a i n e d  b y  D i r s c h e r l  f r o m  t h e  c a t a ­

l y t i c  h y d r o g e n a t i o n  o f  e s t r o n e .  T h i s  d i o l  m u s t  

t h e r e f o r e  p o s s e s s  t h e  « - c o n f i g u r a t i o n  a t  C 17. I n  

a d d i t i o n  t o  t h i s  d i o l  a  c o m p o u n d  o f  t h e  c o m p o s i ­

t i o n  C i 8H 300 2' C 18H 3oO  m e l t i n g  a t  1 7 5 °  w a s  o b ­

t a i n e d .  T h i s  s u b s t a n c e  a p p e a r s  t o  b e  a  m o l e c u ­

l a r  c o m p o u n d .  U p o n  o x i d a t i o n  w i t h  c h r o m i c  

a c i d  a t  r o o m  t e m p e r a t u r e ,  i t  y i e l d e d  a  d i k e t o n e  

m e l t i n g  a t  1 7 0 °  w h i c h  w a s  i d e n t i c a l  w i t h  t h e  d i k e ­

t o n e  o b t a i n e d  b y  t h e  o x i d a t i o n  o f  « - e s t r a n e d i o l .

T h e  « - e s t r a d i o l  u s e d  i n  t h e  h y d r o g e n a t i o n  e x ­

p e r i m e n t  w a s  p r e p a r e d  i n  g o o d  y i e l d  b y  t h e  

a l u m i n u m  i s o p r o p y l a t e  r e d u c t i o n  o f  e s t r o n e .  

T h e  c o m p o u n d  w a s  s e p a r a t e d  f r o m  t h e  /3 - e s t r a ­

d i o l  b y  m e a n s  o f  i t s  i n s o l u b l e  d i g i t o n i d e . 3

I n  t h e  c a t a l y t i c  h y d r o g e n a t i o n  o f  e s t r o n e  a n d  

« - e s t r a d i o l  w e  h a v e  o b t a i n e d  n o  p o s i t i v e  e v i ­

d e n c e  o f  t h e  f o r m a t i o n  o f  t h e  e s t r a n e d i o l  m e l t i n g

(*) Paper XLVI, T h is  J o u r n a l , 60, 2442 (1938).
(1) Marker, Rohrmann, Lawson and Wittle, This Jo urnal , 60, 

1901 (1938).
(2) Dirscherl, Z. physiol. Chem.% 239, 53 (1936).
(3) Wintersteiner, T h is  J o u r n a l , 59, 765 (1937).

a t  2 4 2 °  o b t a i n e d  f r o m  h u m a n  n o n - p r e g n a n c y  

u r i n e . 1 T h i s  f a c t  s u g g e s t s  t h a t  w h e r e a s  c a t a l y t i c  

h y d r o g e n a t i o n  o f  e s t r o n e  p r o d u c e s  c o m p o u n d s  

h a v i n g  t h e  s a m e  c o n f i g u r a t i o n  a t  C 5 a n d  C 10, t h e  

r e d u c t i v e  p r o c e s s e s  t a k i n g  p l a c e  i n  t h e  b o d y  d u r ­

i n g  t h e  u t i l i z a t i o n  o f  e s t r o n e  m a y  r e s u l t  i n  t h e  

f o r m a t i o n  o f  e s t r a n e d i o l s  d i f f e r i n g  i n  t h e i r  c o n ­

f i g u r a t i o n s  a t  t h e s e  a s y m m e t r i c  c e n t e r s .

Experimental Part
Reduction of Estrone with Aluminum Isopropylate.—

A mixture of 1 g. of estrone, 70 cc. of dry isopropyl alcohol 
and 1 g. of aluminum isopropylate was refluxed on a 
steam-bath for five hours. Approximately 50 cc. of the 
mixture was then slowly distilled off over a period of five 
hours. One gram of potassium hydroxide in 30 cc. of hot 
methanol was then added to the hot residue and the mix­
ture allowed to stand for thirty minutes. The mixture 
was then poured into water and acidified with hydro­
chloric acid. The acidic mixture was extracted with ether 
and the ether extract was washed with water. The ether 
was removed, the crystalline residue dissolved in 15 cc. of 
hot 80% alcohol, and a boiling solution of 2 g. of digitonin 
in 80 cc. of 95% alcohol and 20 cc. of water was added. 
The resulting solution was cooled and allowed to stand for 
six hours. The white crystals of the digitonide which 
separated were filtered and washed with a little 95% 
alcohol. The dried crystalline digitonide weighed 1.5 g.

The digitonide was dissolved in 15 cc. of hot pyridine 
and the resulting solution heated on the steam-bath for 
twenty-five minutes. The hot solution was then poured 
into 200 cc. of ether and 15 cc. of methanol and the white 
precipitate was filtered and washed with ether. The 
filtrate was washed first with dilute hydrochloric acid and 
then with water. The ethereal solution was evaporated 
on the steam-bath and the crystalline residue after crys­
tallization from acetone melted at 174°. This product 
gave no depression in melting point when mixed with an 
authentic sample of a-estradiol.

The filtrate from the digitonide separation was evapo­
rated to a volume of 25 cc., 200 cc. of ether added, and the 
mixture thoroughly shaken. The mixture was filtered 
and the residue washed with ether containing 5% methanol. 
The filtrate was evaporated to dryness and the residue was 
crystallized from acetone to give /3-estradiol melting at 
215° (uncorr.).

Reduction of a-Estradiol.—To a solution of 1 g. of
a-estradiol, m. p. 175°, dissolved in 100 cc. of absolute 
alcohol containing 1 cc. of concentrated hydrochloric acid, 
was added 500 mg. of platinum oxide catalyst. This was 
shaken with hydrogen at about five pounds (0.3 atm.) 
pressure and room temperature for five hours. The mix­
ture was filtered and the filtrate poured into 300 cc. of 
water. The resulting mixture was extracted with ether 
and the ether extract washed first with sodium hydroxide
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solution and then with water. The ether was evaporated 
and the residual alcohol removed by heating in vacuo. 
The sirupy residue was dissolved in acetone and allowed to 
crystallize at 0 °. The white crystals which separated were 
recrystallized from acetone to give a product melting at 
204°. This gave no depression in melting point with an 
authentic sample of estranediol obtained by the hydro­
genation of estrone.

The filtrate remaining after removal of the high melting 
diol was evaporated to a volume of about 4 cc. and allowed 
to crystallize at Ö °. The white crystals were recrystallized 
from acetone to give needles melting at 175°. This gave a 
depression of 18° when mixed with a sample of estrane- 
diol-3,17af.

Anal. Calcd. for CmHmCVCibHboO: C, 79.9; H, 11.2. 
Found: C, 79.8; H, 11.0.

To a solution of 50 mg. of the molecular compound, m. p. 
175°, in 15 cc. of glacial acetic acid was added a solution of 
200 mg. of chromic oxide in 10 cc. of glacial acetic acid and 
2 cc. of water. The resulting solution was allowed to 
stand at room temperature for forty minutes. The mix­
ture was then poured into 200 cc. of water and the resulting

mixture extracted with ether. The ether extract was 
washed with sodium carbonate solution and finally with 
water. The ether was evaporated and the crystalline 
residue distilled in high vacuum, the fraction distilling at 
130-160° being collected. This fraction was crystallized 
from aqueous methanol to give crystals melting at 170° 
which gave no depression in melting point when mixed 
with the diketone (m; p. 170°) obtained by the oxidation of 
estranediol-3,17or.

Anal. Calcd. for Ci8H2g0 2: C, 78.8; H, 9.5. Found: 
C, 78.9; H, 9.9.

Summary

Estrone has been reduced with aluminum iso­
propylate to give «- and /3-estradiols. a-Estra­
diol upon catalytic hydrogenation yielded es- 
tranediol-3,17«, and a molecular compound 
Ci8H3o02*Ci8H3oÖ. Oxidation of both compounds 
yielded estranedione.
State College, Penna. Received October 7, 1938
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Sterols. XLVIII.* Isolation of Androsterone and Pregnanol-3-« from Human
Pregnancy Urine

B y  R ussell  E. M arker  and  E lmer J. L aw son

Recently a new theory of the biogenesis of the 
steroidal hormones was proposed.1 This theory 
assumes that the cortical hormones (C2i and Ci9) 
and the sex hormones (C2X, Ci9 and Ci8) arise, 
not from cholesterol, but from a precursor (I) 
which may be cortin itself, constructed possibly 
from sugar units, by reductive processes possibly 
involving ascorbic acid in the suprarenal glands. 
While dehydrative and hydrolytic processes are 
involved, there is no necessity in this theory to 
assume that any of the steroidal hormones are 
formed by oxidations. Examples of transforma­
tions of the type we postulated in the organism 
have been found recently. Steiger and Reich­
stein2 have shown that their substance J, and a 
new stereoisomer, 0, are not, as was thought at 
the time of the appearance of Paper XL,1 3,11,20- 
triols, but are instead 3,17,20-triols. When 
triol-J is heated with alcoholic sulfuric acid, 
dehydration occurs with the formation of allo- 
pregnanol-3/3-one-20. This type of dehydration 
coupled with the reduction of the carbonyl group­
ing at C20 is supposed to account for the degrada-

(*) Paper XLVII, T h i s  J o u r n a l , 60, 2927 (1938).
(1) Marker, ibid., 60, 1725 (1938).
(2) Steiger and Reichstein, Helv. Chim. Acta, 21, 546 (1938).

tion of the dihydroxyacetone residue to give ul­

timately a CH3—i l l —OH (a)  residue at Ci7. It 
should be noted that while dehydration may re­
move the hydroxyl group either at Ci7 or C2i 
to give after reduction Ci7>20 or C20,2i glycols, the 
formation of Cx7,2i glycols is not possible, and 
these should not be found in urines or glandular 
extracts.

Again, recent work by Mason3 has shown that 
Kendall’s compound E (Reichstein’s Fa, Winter­
steiner’sF ) is converted by the action of calcium 
hydroxide into adrenosterone. This reaction is 
simply a hydrolytic process, constituting in fact 
the reversal of an ordinary aldol condensation. 
Thus it is not necessary to employ an oxidative 
mechanism to account for the formation of the 
CX9 steroids from the C2X steroids. The pos­
sibility of the oxidation of steroids in the supra- 
renals is also very remote in view of the presence 
of the highly reducing ascorbic acid. Certainly, 
no oxidation vigorous enough to rupture ordinary 
—C—C— bonds or oxidize methylene groups is 
likely to occur, or need be postulated.

An essential feature of the theory is the as-
(3) Mg,son, Proc. S ta ff Meet. M ayo Clinic, 13, 235 (1938).
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sumption that carbonyl groups adjacent to ter­
tiary carbon atoms can be reduced to methylene 
groups in vivo as well as in vitro. This type of re­
duction has been observed in the laboratory in the 
case of the reduction of 7-keto-cholesteryl chloride 
to a-cholestyl chloride4 and in the case of the re­
duction of uranetrione5 to pregnanediol and urane- 
diol. It is further assumed that while this reac­
tion involves no inversion of the tertiary hydro­
gen at C17, the tertiary hydrogen atom at C9 is 
inverted from the /5- to the a-type. Evidence 
for the occurrence of this type of reduction can 
be adduced from the isolation from urines of 
uranediol6 and uranolone7 which contain no 
oxygen atoms at C20, and from cortical extracts 
by Steiger and Reichstein2 of the compounds J, O 
and K, which contain no oxygen atoms at Cn. 
There is no reasonable doubt that the parent 
structure of J, O and K is that of a/fo-pregnane 
since all these have been converted to androstane- 
dione-3,17. The question of the configuration at 
C9 of the parent ring system of the other cortical 
derivatives having oxygen atoms at Cn is, as both 
Steiger and Reichstein8 and one of us1 have indi­
cated, not definitely settled. The attempted corre­
lation of corticosterone and digoxigenin9>9a has not

(4) Marker, Kamm, Fleming, Popkin and Wittle, T h is Jo urnal , 
59, 619 (1937).

(5) Marker, Kamm, Oakwood, W ittle and Lawson, ibid., 60, 
1061 (1938); Marker, W ittle and Oakwood, ibid., 60, 1567 (1938).

(6) Marker, Rohrmann and W ittle, ibid., 60, 1561 (1938).
(7) Marker, Lawson, W ittle and Crooks, ibid., 60, 1559 (1938).
(8) Steiger and Reichstein, Helv. Chim. Acta, 21, 161 (1938).
(9) Steiger and Reichstein, ibid., 21, 828 (1938).
(9a) Since this paper was submitted for publication, Mason and 

Hoehn [Th is  Jo u r n a l , 60, 2824 (1938)] have shown that the di- 
ketocholenic acid derived from digoxigenin is A4,3,12-diketocholenic 
aci<L
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shed any further light on this problem; indeed the 
non-identity of the A4,3,11-diketocholenic acids 
obtained might be used as an argument to indicate 
that cortical derivatives are of the alio-urane type.

Further support for our theory of the biogenesis 
of the steroidal hormones has now been found in 
the isolation of pregnanol-3-o: and androsterone 
from human pregnancy urine.

We have reported previously the fractionation 
of semicarbazones of ketones from human preg­
nancy urine, At the time that work was carried 
out a semicarbazone fraction of intermediate solu­
bility was obtained which was assumed to be im­
pure ö/fo-pregnanol-3 a-one-20 semicarbazone. An 
investigation of this fraction, however, has shown 
it to be androsterone, as proved by mixed melting 
points and its conversion to androstanedione. 
We believe that the occurrence of androsterone 
in human pregnancy urine and of estrone in 
stallions’ urine indicates that these hormones are 
derived ultimately from sources other than the 
gonads, namely, from the suprarenal steroids by 
degradations of the type we have discussed pre­
viously. Thus, androsterone (IV) could arise 
from adrenosterone (III) as indicated in Fig. 1. 
To conceive of the androsterone as being derived 
from progesterone would involve a side-chain 
oxidation of a type more vigorous than is likely to 
occur in the glands.

The isolation of pregnanol-3-a, which we have 
prepared from pregnanol-3a-one-20,10 was ac­
complished by precipitating the 3-/5-OH sterols 
with digitonin and fractionating the 3-a-OH 
sterols by means of chromatographic adsorption 
and high vacuum distillation. The pregnanol-3- 
a, after isolation as its acetate which is not very 
soluble in cold methanol, showed no depression in 
melting point with an authentic sample. With 
the exception of cholesterol and equistanol, this is 
the first mono-oxygenated steroid isolated from 
glandular extracts or urines.

CHg CH3

c h 3 c= o c h 3 c h 2

_________  Fig. II.
(10) Marker and Lawson, ibid., 60, 2438 (1938).
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I t  undoubtedly arises from progesterone by reduc­
tive processes such as we have discussed, and its 
presence in urines must be considered valuable 
evidence in support of the proposed theory.

Experimental Part
In the crystallization of the semicarbazones of the 

ketonic fraction of human pregnancy urine sterols, the 
more insoluble semicarbazone was that of epi-allo-preg- 
nanolone. From the mother liquors of this was obtained 
the more soluble semicarbazone of -pregnanolone. A 
fraction of intermediate solubility between these two 
semicarbazones was crystallized from ethanol six times to a 
decomposition point of 255 °. This semicarbazone became 
very insoluble as it became purer, thus resembling the 
semicarbazone of epi-allo-pregnanolone, and for that reason 
it was not further investigated until the present time. 
The yield was 1.5 g. from 150,000 liters of human preg­
nancy urine.

Androsterone from Human Pregnancy Urine.—To a
solution of 500 mg. of the above semicarbazone in 25 cc. of 
ethanol was added a solution of 2.5 cc. of coned, sulfuric 
acid in 5 cc. of water, and the mixture was refluxed for one 
hour. Water was added and the mixture extracted with 
ether. The residue after evaporation of the ether was 
sublimed in a high vacuum at 135-150° and then crystal­
lized from dilute methanol to give a product melting at 
176°. I t gave no depression in melting point when mixed 
with an authentic sample of androsterone, but depressed 
the melting point of epi-allo-pregnanolone to 140-145°.

Anal. Calcd. for C19H30O2: C, 78.6; H, 10.4; mol. wt., 
290. Found: C, 78.8; H, 10.5; mol. wt. (Rast), 283.

Oxidation of Androsterone to Androstanedione.— 
Twenty milligrams of androsterone isolated from human 
pregnancy urine was dissolved in 5 cc. of acetic acid and a 
solution of 7 mg. of chromic oxide in 2 cc. of 90% acetic 
acid was added. After standing for one hour at room 
temperature, water was added and the product extracted 
with ether. After removal of the solvent the residue was 
sublimed in high vacuum at 120° and then crystallized 
from dilute methanol to give androstanedione, m. p. 128°, 
which did not depress in melting point when mixed with an 
authentic sample.

Anal. Calcd. for C19H28O2: C, 79.1; H, 9.8. Found: 
C, 79.0; H, 9.9.

Isolation of Pregnanol-3-a from Human Pregnancy 
Urine.—The sterol fraction from 40,000 liters of human 
pregnancy urine after hydrolysis by alkali, removal of the 
pregnanediol and a/Zo-pregnanediol by crystallization from 
acetone, and the ketones by Girard's reagent, was dissolved 
in 500 cc. of ether. To this was added 5 liters of ligroin 
and the ether removed by distillation. The mixture was 
cooled and the ligroin layer decanted from the tar which 
separated. The tarry residue was dissolved in 2 liters of 
ethyl alcohol and 200 g. of digitonin in 8 liters of hot 
alcohol was added. I t  was allowed to stand overnight and 
the digitonide was filtered and washed well with cold alco­
hol. The filtrate was concentrated to about 500 cc. and 5

liters of ether was added. I t was again filtered from 
digitonin and the filtrate was evaporated to dryness in 
vacuo. This treatment removed all sterols having hy­
droxyl groups of the beta configuration.

The residue was dissolved in 250 cc. of pyridine and 200 
g. of succinic anhydride was added. After heating for one 
hour on a steam-bath, ice was added and the succinate 
extracted with a large volume of ether. The pyridine was 
removed by washing with dilute hydrochloric acid and the 
ethereal layer was then extracted with sodium carbonate 
solution and a 2% solution of sodium hydroxide. The 
aqueous layers were combined, acidified and then extracted 
with ether. The solvent was removed and the residue 
saponified by refluxing with alcoholic potassium hydroxide 
solution. This carbinol fraction was extracted with ether 
and the solvent evaporated to dryness. On standing for 
several months some crystalline material appeared. I t 
was treated with sufficient ether (cold) to filter. Upon 
washing with cold ether 23 g. of crystalline substance was 
obtained. The filtrate gave no precipitate when treated 
with a solution of alcoholic digitonin. The solvent was 
removed from the filtrate and the residue (115 g.) was dis­
solved in 2 liters of dry benzene. I t  was treated chromato- 
graphically with 800 cc. of aluminum oxide in 24-mm. 
diameter tubes. The absorbed material was washed with 
one liter of dry benzene, then with 5 liters of dry ether. 
Evaporation of the ether wash gave 12 g. of residue, which 
was sublimed in vacuo and the fraction distilling up to 120 0 
collected. Upon washing with acetone this sublimate 
crystallized. I t  was converted into its acetate by boiling 
for half an hour with acetic anhydride. The acetate was 
crystallized several times from methanol, but could not be 
completely purified. After hydrolysis with alcoholic 
potassium hydroxide the sterol was dissolved in benzene, 
passed through a tube of aluminum oxide and washed out 
by ether and acetone. The eliminated material was 
crystallized from dilute methanol to a constant melting 
point of 146 °. The product when mixed with epi-preg- 
nanol-3 gave no depression in melting point. The amount 
of purified product was 26 mg., although much larger 
amounts are present.

Anal. Calcd. for C21H36O: C, 82.8; H, 11.8. Found: 
C, 82.5; H, 11.6.

Work on the identification of the epi-sterols from the 
other fractions is in progress at present and will be re­
ported in T h i s  J o u r n a l  when the chemical structure of the 
products has been ascertained.

We wish to thank Dr. Oliver Kamm and Parke, 
Davis and Co. for their generous help and assist­
ance in various phases of this work.

Summary
The theory of the biogenesis of the steroidal 

hormones is discussed, and additional supporting 
evidence cited. The isolation of androsterone 
and pregnanol-3-a from human pregnancy urine 
is described.
State College, Penna. Received October 7, 1938
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Sterols. XLIX.* Isolation of Pregnanediols from Bull’s Urine
B y  R u s se l l  E . M a r k er , E u g e n e  L. W it t l e  and  E lm er  J .  L aw son

In  a recent paper1 from this Laboratory it  was 
suggested th a t the parent male, female and corti­
cal hormones arise from a common precursor, and 
th a t in the course of utilization of these hormones 
they are excreted as reduction products. For 
example, while the three isomeric pregnanediols, 
pregnanediol-3 (a ),20 (a ), a/fe-pregnanediol-3 (a) ,- 
20(a) and a//o-pr egnanediol-3(/?) ,20 (a ), which are 
the reduction products of progesterone, have been 
isolated from the urines of pregnant women, 
mares and cows,2 they have been found to be ab­
sent or present only in traces in the urines of 
stallions3 and non-pregnant women.4 However, 
we have now found th a t bull's urine contains large 
amounts of the pregnanediols. The table below 
shows the approxima te  quantities of the pregnane­
diols present in various urines. Evidently bull's 
urine is the richest source of the pregnanediols yet 
investigated.

A pproxim ate quantities isolated, 
m g. per gallon of urine

Human pregnancy

Pregnane­
diol-3 (a ) ,- 

20(a)

50

a llo -
Pregnane-
d io l-3 (a ),-

20 (a)

25

allo-
Pregnane-
diol-3(/3),-

20(a)

6
Human non-pregnancy 8 4
Human male
Mare pregnancy 50 25 6
Cow pregnancy 25 15 3
Stallion none none none
Bull 100 50 12

Thus there are now a t least three instances of 
the apparently anomalous occurrence of steroids 
in urines, namely, the presence of estrone in 
stallion’s urine,5’6 of androsterone7 in human 
pregnancy urine and of the pregnanediols in bull’s 
urine. A t present it  seems th a t these results can 
best be explained by assuming, in accordance with 
the theory set forth recently,1 th a t these com­
pounds originate from cortical derivatives. In 
this connection it should be noted tha t cortical 
extracts have been found to have both estrogenic

(*) Paper X L V III, T h is  Jo u r n a l , 60, 2928 (1938).
(1) M arker, T h is  Jo u r n a l , 60 , 1725 (1938).
(2) M arker, ib id ., 60, 2442 (1938).
(3) M arker, Law son, R ohrm ann and W ittle , ib id ., 60, 1555 

(1938).
(4) M arker, R ohrm ann, L aw son and W ittle , ib id ., 60, 1901 

(1938).
(5) D eulofeu  and Ferrari, Z . p h y s io l .  C h em ., 226, 192 (1934).
(6) H aussier, H elv . C h im . A c ta , 17, 531 (1934).
(7) M arker and Law son, Sterols. X L V II , T h is  Jo u r n a l , 60, 2927 

(1938).

and progestational activity,8,9 and recently Beall 
and Reichstein10 have isolated progesterone and 
a//0-pregnanol-3(jfr)-one-2O from this source. Also, 
Reichstein11 recently has announced the isolation 
from cortical extracts of 21-hydroxyprogesterone. 
While it  might be argued, since Reichstein’s ex­
tracts are obtained from the suprarenals of both 
bulls and cows, th a t the progesterone he isolated 
was derived only from cows, the isolation of the 
pregnanediols from bull's urine nullifies this argu­
ment. W hether these pregnanediols come from 
the testes or the suprarenals is not yet known, but 
it is evident, since the bull has no ovaries, th a t 
progesterone is formed in other glands. If the 
pregnanediols from bull's urine are formed from 
cortical derivatives, it  appears th a t either proges­
terone or A 4-pregnenol-20 (a) -one-3 is an interme­
diate step in the reductive processes involved. 
Should the latter prove to be the case, i t  might 
suggest th a t A4-pregnenol-20(a)-one-3 functions 
as a male hormone in the bull. There seems to be 
no doubt b u t th a t the occurrence of the pregnane­
diols is normal for the bull since the urine investi­
gated was collected from sixteen bulls, and inor­
dinately large amounts would have had to have 
been excreted if these steroids arose as the result of 
some disfunction in one of the bulls.

Besides the isomeric pregnanediols, a consider­
able am ount of equistanol has also been found 
in bull's urine. Equistanol is present in the 
urines of mares, stallions, cows and bulls, bu t not 
in humans. On the other hand, human urine con­
tains comparable amounts of cholesterol bu t only 
traces are present in the urines of mares, cows, 
bulls and stallions.

The mode of isolation of these steroids was es­
sentially the same as th a t employed in other simi­
lar investigations reported from this Laboratory. 
The urine collected from sixteen m ature bulls was 
hydrolyzed with hydrochloric acid, extracted with 
butanol and then hydrolyzed by alkali. I t  was 
filtered and extracted to yield an ether insoluble 
solid, and a sirupy concentrate. The former, 
after acetylation, yielded pregnanediol-3 (a),20-

(8) E ngehart, K l i n . W o ch r., 9, 2114 (1930).
(9) C allow  and Parkes, J .  P h y s io l . , 87, 28P  (1936).
(10) B eall and R eich stein , N a tu re , 142, 479 (1938).
(11) R eich stein , H elv . C h im . A c ta . , 21, 1197 (1938).



(a) diacetate, and a mother liquor which gave 
a//ö-pregnanediol-3(a),20(a) on hydrolysis. The 
sirupy concentrate after Girard's reagent and 
acid-succinate separations yielded a carbinol frac­
tion which was treated with digitonin solution. 
The digitonide mixture gave, after decomposition, 
a//0-pregnanediol-3 (/3),20(a), and ^-equistanol. 
The results of our investigation of the other frac­
tions obtained will be submitted soon for publica­
tion.

The authors wish to thank Dr. Oliver Kamm 
and Parke, Davis & Co. for their generous as­
sistance in various phases of this work.

Experimental Part
The bull's urine used in this investigation was collected 

from 16 mature bulls. After hydrolyzing the urine by 
boiling with 10% hydrochloric acid for thirty minutes, a 
precipitate which formed was collected and the filtrate 
thoroughly extracted with butanol. The solvent was re­
moved by vacuum distillation to a sirup and the latter dis­
solved in a large volume of ether and filtered from some 
solid material. The ether was evaporated to give 4500 cc. 
of sirup.12

The concentrate was dissolved in 10 liters of ether and 
shaken with sodium carbonate and sodium hydroxide 
solution to remove phenolic and acidic materials. The 
ether was evaporated and the residue steam distilled with 
an excess of aqueous potassium hydroxide (20 pounds (9.1 
kg.) of potassium hydroxide per 1000 gallons (3800 liters) 
of urine extract) until no more volatile organic material 
came over. The mixture was cooled to room temperature* 
filtered and the residue washed well with water and ice cold 
ether. The filtrate was extracted well with ether and the 
solvent removed. The ether insoluble precipitate 
amounted to 175 mg. per gallon.

Pregnanediob3(a),20(a) and aZZo~Pregnanediol-3(a), 
20(a).—The precipitate obtained as described above was 
refluxed for one hour with 7 volumes of acetic anhydride, 
the solution cooled to 0°, and filtered. The crystalline 
acetate was recrystallized from methanol to give a pure 
product melting at 180°. The yield was 100 mg. per 
gallon. Mixed with pregnanediol-3(ö'),20(a)-diacetate, 
this acetate gave no depression in melting point.

Anal. Calcd. for C25H40O4: C, 74.2; H, 10.0. Found: 
C, 73.9; H, 10.0.

Hydrolysis of this pregnanediol-3(a),20(a) diacetate 
with alcoholic potassium hydroxide gave pregnanediol- 
3(a),20(a) melting at 240°. I t  gave no depression in 
melting point when mixed with an authentic sample.

Anal. Calcd. for C2iH3602: C, 78.8; H, 11.3. Found: 
C ,78.6; H, 11.1.

The acetic anhydride mother liquors were evaporated to 
dryness and the residue hydrolyzed with alcoholic potas­
sium hydroxide solution. Dilution of the solution with 
water gave a solid which was collected, washed well with

(12) W e w ish to  th an k  th e  Parke, D a v is  & Co. for performing th e  
above collection, hydrolysis and extraction  a t their laboratories and 
supplying us w ith  th e ethereal concentrate.
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water, and recrystallized from alcohol to a melting point of 
243°. This was a//tf-pregnanediol-3( a),20( a) since it 
depressed to 215° with pregnanediol-3(a),20(a) but gave 
no depression with a//o-pregnanediol-3(a),20(a). The 
yield was approximately 50 mg. per gallon of urine.

Anal. Calcd. for C2iH360 2: C, 78.8; H, 11.3. Found: 
C, 78.5; H, 11.2.

The diacetate prepared in the usual manner was crystal­
lized from methanol. I t melted a t 1410 and did not de­
press with an authentic sample of #//ö-pregnanediol-3(a),- 
20(a) diacetate.

Anal. Calcd. for C^H^Ch: C, 74.2; H, 10.0. Found: 
C, 74.0; H, 9.9.

The /?-Steroids in Bull Urine—The ether washings of 
the crude pregnanediols and the ether extract of the aque­
ous filtrate were combined and evaporated to a sirup. The 
sirup was dried by distilling 1 liter of benzene from it. 
The tarry residue was dissolved in 1 liter of alcohol and 
refluxed thirty  minutes with 30 g. of Girard's reagent. 
The solution was diluted with ether and ice, the layers 
separated, and the aqueous layer extracted with ether. 
The aqueous layer was acidified with hydrochloric acid and 
heated on a steam-bath. The ketonic oil was extracted 
with ether and set aside for an examination now in prog­
ress.

The ethereal extract from the Girard's separation was 
evaporated to a sirup which was dried as before by distilling 
benzene from it . The residue was heated for one hour with 
300 cc. of pyridine and 240 g. of succinic anhydride and 
then poured on ice. Ether was added and the pyridine 
removed by shaking with hydrochloric acid. The acid 
succinate mixture was then removed from the ethereal 
solution by shaking with sodium carbonate solution. The 
ethereal solution which contained hydrocarbons was re­
served for a separate investigation now in progress. The 
carbonate solution was acidified, extracted with ether and 
after removal of the ether, hydrolyzed with an excess of 
alcoholic potassium hydroxide. The carbinol mixture was 
extracted with ether, and the solvent removed. The 
residue was dissolved in hot alcohol and an excess of a hot 
2% alcoholic digitonin solution (200 mg. of digitonin per 
gallon of urine) was added. After standing overnight the 
digitonide was filtered and washed with cold alcohol. The 
filtrate was evaporated to 200 cc. and 5 liters of ether 
added. The suspension was filtered to remove the digi­
tonin and soluble digitonides. The digitonin-digitonide 
mixture was combined giving 245 mg. per gallon of urine. 
The filtrate which contained sterols of the epi-OH con­
figuration was reserved for a separate investigation now in 
progress.

The digitonides were dried and heated with 5 volumes of 
pyridine on a steam-bath for one hour. This was poured 
into ether, filtered, and the digitonin washed well with 
ether. The ethereal filtrate was freed of pyridine by 
shaking with hydrochloric acid solution, the solvent re­
moved, and the residue dissolved in a small amount of 
benzene. On standing overnight a crystalline crop de­
posited. This was collected and recrystallized from 
methanol and acetone to give a//tf-pregnanediol-3( /3), - 
20(a), m. p. 215°. When mixed with u/fo-pregnanediol- 
3(jS),20(a), it gave no depression in melting point. Mixed 
with uranediol it depressed the melting point to 185°,

W it t l e  a n d  E l m e r  J . L a w s o n  V o l. 6 0
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Anal, Calcd. for C21H 36O2: C, 78.8; H, 11.3. Found: 
C, 78.6; H, 11.2.

Upon refluxing with acetic anhydride it gave a diacetate 
melting a t 168° which gave no depression in melting point 
when mixed with the diacetate of a/fo-pregnanediol- 
3(13),20(a). This compound was present in bull urine to 
the extent of 12 mg. per gallon.

The benzene was removed from the filtrate of the allo- 
pregnanediol-3(/8),20(a) and the residue sublimed in high 
vacuum collecting a fraction distilling at 120-100°. This 
was crystallized from ethyl alcohol and methyl alcohol to a 
melting point of 137°. The product was saturated to 
bromine and when mixed with /3-equistanol isolated from 
stallion, cow pregnancy, and mare pregnancy Urine it gave 
no depression in melting point.

Upon refluxing with acetic anhydride it gave an acetate 
melting at 126 0 which did not depress the melting point of

/3-equistanol acetate. Equistanol was present in bull's 
urine to the extent of 8 mg. per gallon. As in the case of 
stallions, mares and cows pregnancy urine, the amount of 
cholesterol present was very small when compared to that 
in human urine. An investigation of the other steroid 
fractions will be reported in T h i s  J o u r n a l  in the near 
future.

Summary
Pregnanediol - 3(ce),20(a), ^//ö-pregnanediol - 3- 

(a),20(a), d//d-pregnanediol-3(/ö),20(a) were iso­
lated from bull’s urine in quantities abou t twice 
or more than th a t of human pregnancy urine* 
Equistanol also was isolated bu t very little  chol­
esterol was found*
S t a t e  C o l l é g e , P e n n a . R e c e i v e d  O c t o b e r  17, 1938

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

/3-Alkoxy Ethyl Esters of Chlorocarbonic and Carbamic Acids
B y  H . G. A sh b u r n , A. R. C ollett  and  C. L. L azzell

In  order to study the relative narcotic powers of 
a series of carbamic acid esters containing an 
ethereal oxygen in the alcohol group, we have pre­
pared a series of twelve esters of chlorocarbonic 
acid, ten of which are new, and from them their 
corresponding carbamic acid esters, eleven of 
which are new.

/3-Alkoxyethanols.—The /3-alkoxyethanols were pre­
pared by treating ethylene oxide with the desired alcohol 
in the presence of a small amount of sulfuric acid as a 
catalyst,1,2 except in the cases of the tertiary butoxy and 
tertiary amoxy ethanols for which aluminum fluosilicate 
was used as a catalyst.3»4

/3-Alkoxyethyl Chlorocarbonates.—The chlorocarbon- 
ates were prepared by the action of phosgene upon the 
various /3-alkoxyethanols.6 A calculated excess of liquid 
phosgene was placed in a 500-cc. round-bottomed flask 
clamped in a freezing mixture. A reflux condenser, 
through which a freezing mixture was passed, was then 
attached. The alcohol was added drop by drop, the mix­
ture being stirred mechanically, until all was added, and 
the reaction mixture allowed to come to room temperature 
gradually. The flask was opened and allowed to remain 
open for a day, a t room temperature, in order to evaporate 
the excess phosgene. The mixture was poured into ice 
water, the ester separated and dried over anhydrous cal­
cium chloride. I t  was then distilled in vacuo at 1-20 
mm. pressure. The tertiary butoxy and tertiary amoxy

(1) A shburn, C o lle tt and  L azzell, T h is  J o u r n a l , 57, 1862 (1935).
(2) G erm an P a ten t 580,075, J u ly  5 , 1933; C. A . ,  27, 4814 (1933).
(3) Ashburn, C o lle tt and L azzell, T h is  J o u r n a l , 58, 1549 (1936).
(4) French P a ten t 39,773, F eb . 17, 1931; C. A .,  26, 4826 (1932).
(5) D um as and  P é ligo t, A n n . c h im ., [2] 58, 52 (1835); A n n .,  15, 

1 -6 0  (1835); A n n .,  10, 284 (1834); H entschel, B e r ., 18. 1177
mm<

chlorocarbonates could not be prepared by this reaction. 
öw-Ethylene chlorocarbönate was obtained in both cases.

The analyses were made in a few cases by digesting the 
sample with 10% sodium hydroxide, then titrating against 
standard silver nitrate, using potassium chromate as an 
indicator. In all cases the chlorocarbonates were con­
verted into their respective carbamates and analyzed for 
nitrogen by the Kjeldahl method. Refractive indices 
were determined by means of an Abbe refractometer and 
surface tension values obtained by means of a du Nouy 
tensiometer a t 25°. The Harkins correction for the ring 
method was applied. The yields are based upon the 
amount of the glycol ether used. Table I shows the 
boiling points, under reduced pressure, the refractive in­
dices, surface tensions (corrected), yields, and the densities 
of the chlorocarbonates.

/3-Alkoxyethyl Carbamates.—The carbamates were pre­
pared from the corresponding chlorocarbonates by treating 
them with aqueous ammonia. The carbamates, with the 
exception of the /3-methoxy, /3-ethoxy- and /8-isopropoxy- 
ethyl carbamates were purified by distillation in  vacuo. 
These three were purified by crystallization from propylene 
chloride. The yield is based on the chlorocarbonate used. 
In  Table II  the yield, melting point or boiling point, and 
the analyses for the carbamates are given.

Narcotic Properties
Emerson and Abreu6 have found th a t  th e  /3- 

ethoxyethyl carbamate is less active and less toxic 
than urethan. They also found th a t th e  propoxy 
and isopropoxy derivatives are roughly equivalent 
to urethan in narcotic activity and toxicity and

(6) From  a  report b y  Em erson and A breu w orking in  th e  P h arm a­
cological L aboratory of th e  U n iversity  of C alifornia M ed ica l School, 
San Francisco, California.
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Table I

2 9 3 4  H . G . A s h b u r n , A . R . C o l l e t t  a n d  C . L . L a z z e l l

/3-Alkoxychlorocarbonates (ROCH2CH2OCOCl)

A lk yl group
Y ield,

%
B . p.°c. M m . <*25abs. n25D T2B

C hlorine, %
C alcd. F ound

CH,—0 93 58.7 13.0 1.1905 1.4163 30.86
C 2H 5— “ 77 67.2 14.0 1.1341 1.4169 29.45
CH3(CH2)«r- 81 78.3 13.0 1.0879 1.4193 28.55 21.32 20.77 20 48
(CHS)2CH— 85 71,5 12.0 1.0820 1.4156 27.09
(CH3)(CH2)3— 91 93.0-93.5 14.0 1.0696 1.4241 28.64 19.66 19.78 19 80
(CH3)2CHCH2— 59 84.0-85.0 12.0 1.0657 1.4205 27.18
(C2H 5)(CH3)CH— 83 83.0-84.0 14.0 1.0404 1.4180 25.73
(CHs)(CH2)4— 83 104.3 12.0 1.0508 1.4275 28.67 18.44 18.74 18 59
(CH3)2CH(CH2)3— 91 95.0-96.0 10.0 1.0565 1.4268 27.63
(C2H3)(CH3)CHCH2— 87 102.0 14.0 1.0700 1.4272 29.00
(C2H6)2CH— 72 87.0-87.5 8.5 1.0619 1.4261 27.54
(m-C3H7)(CH3)CH— 90 91.8 9.5 1.0750 1.4262 27.90

a The /3-methoxy and /3-ethoxy ethyl chlorocarbonates are marketed by the Eastman Kodak Company, which gives 
their boiling points as 54-60° at 13 mm., and 55-65° at 15 mm., respectively.

Table II
/3-Alkoxyethyl Carbamates (ROCH2CH2OCONH2)

A lk yl groups
Y ield,

%
M . p.

°c.
B. p. 

°C. M m . Calcd.
N itrogen , %

O btained

c h 3— 13.3 46.8 11.86 11.65 11.81
Q sH 5—“ 39.0 62.2 10.52 10.21 10.46
CH3(CH2)2— 12.7 132.2-132.5 7.0 9.65 9.94 9.54
(CH3)2CH— 66.6 53.0 9.65 9.55 9.83
CH3(CH2)s— 63.5 132.2-132.4 2.5 8.69 8.57 8.59
(CH3)2CHCH2— 23.2 133.0-134.0 5.0 8.69 8.85 8.85
(C2H 6)(CHs)CH— 34.0 135.4 3.0 8.69 8.33 8.32
(CH3)(CH2)4— 43.0 142.2 3.0 8.00 7.96 7.88
(CH3)2CH(CH2)2— 29.8 131.4 1.5 8.00 7.47 7.79
(C2H6)(CH3)CHCH2— 11.9 129.0-130.0 2.0 8.00 7.87 8.28
( C ^ C H — 63.5 133.0-134.0 2.5 8.00 8.06 7.73
(»-C3H7)(CH3)CH— 26.6 137.0-138.0 3.5 8.00 8.31 7.75

a Recorded in the literature as 62° (I. G. Farbenind. S. G. E. P. 309,108 (1928); Chem. Zentr., 100, II, 650 (1929), 
and is marketed by the Eastman Kodak Company which gives the melting point of its product as 61-62°.

th a t  the isomers of butoxy and amoxy derivatives' acid and eleven new alkoxy ethyl esters of car- 
are more active and more toxic than  urethan. bamic acid have been prepared and some of their

Summary physical constants determined.

Ten new /3-alkoxyethyl esters of chlorocarbonic Morgantown, W. Va . Received August 20, 1938
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[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ]

The Condensation of Paraformaldehyde with Aromatic Ketones

By R ey n o ld  C. F u son , W. E. R oss and  C. H. M cK e e v e r 1

The condensation of simple aliphatic ketones 
has been studied thoroughly and can be caused to 
proceed in a controllable m anner to give relatively 
simple products. W ith aromatic ketones, how­
ever, the reaction appears to take place only with 
difficulty. For example, the interaction of form­
aldehyde and acetophenone in the presence of 
various alkaline catalysts has been reported to 
give only complex products.2 Using potassium 
carbonate as the catalyst M anta3 converted 
propiophenone to a dimethylol derivative in 
which the carbonyl group had been reduced to a 
carbinol group. W ith isobutyrophenone M anta 
obtained a still more complex product. In 
M anta’s experiments the reaction mixtures were 
heated.

We have found th a t simpler products are ob­
tained if the reaction is carried out at room tem ­
perature and allowed to continue for a longer 
period. When acetophenone was treated with 
paraformaldehyde in methanol in the presence of 
potassium carbonate a high yield was obtained 
of a compound which proved to be the formal of 
the dimethylol derivative (I) .

The structure of the formal was proved by the 
following transformations.

/C H 2— Ov /C H 2OH
c 6h 5c o c h  N c h 2— > C 6H5COCH —

\ : H r - C K  ^CHaOH
I  II

/C H 2C1 / ,CH2C6H6
C6H6COCH ---->  C,H5COCH

\ c h 2ci \ c h 2c 6h 6
I I I  IV

Treatm ent with concentrated hydrochloric acid 
converted it to the dichloro ketone (III) and 
formaldehyde. The latter was identified by 
formation of the /3-naphthol derivative, d i-fi- 
naphtholmethane. The structure of the dichloro 
ketone was established by converting it into 
dibenzylacetophenone (IV) by the Friedel-Crafts 
method. An authentic specimen of this com­
pound, made from acetophenone and benzyl

(1) R oh m  and H aas R esearch A ssistant.
(2) V an M arie and T ollens, B e r ., 36, 1351 (1903); Tollens, ib id .,  

37, 1435 (1904); Schafer and T ollens, ib id .,  39, 2181 (1906).
(3) M an ta , J .  p r a k t. C h em ., 142, 11 (1935).

chloride by the method of Nef,4 proved to be 
identical.

The formal was hydrolyzed by treatm ent with 
concentrated sulfuric acid but the dimethylol 
derivative (II) could not be isolated.

The foregoing facts indicate th a t the reaction 
between acetophenone and paraformaldehyde is 
represented by the equation 
C6H5COCH3 +  3CH20  — >►

^'C H r-O v
c 6h 6c o c h  \ c h 2 +  h 2o 

\ c h 2—<y

Although the ratio of aldehyde to ketone was 
varied considerably, the formal was always the 
chief product. This is remarkable because acetal 
formation generally does not take place in alkaline 
media. I t  is somewhat strange also th a t none of 
the early workers in the field have reported this 
reaction. However, the result is not entirely 
novel. In 1937, Gilbert, Morgan and Griffith5 
obtained a formal by treating methyl ethyl ketone 
with formaldehyde in the presence of sodium hy­
droxide.

Propiophenone reacted slowly with paraformal­
dehyde to give /Tbenzoylpropyl alcohol (V) which 
shows no tendency to undergo spontaneous dehy­
dration. For example, it forms the correspond­
ing urethan when treated with phenyl isocyanate.

C6H6COCHCH2OH

CH3

-CO
I

CHCHs
C6H6COC=CH2

I
CHs
VII

Dehydration was effected, however, by the action 
of concentrated sulfuric acid. The product proved 
to be «-methylhy drill done (VI) and not the ex­
pected isopropenyl ketone (VII). Bromine 
brought about substitution giving a-bromo-a 
methylhydrindone. The melting point of this de­
rivative corresponds with th a t given by Salway 
and Kipping6 for o:-bromo-a-methylhydrindone. 
Confirmatory evidence for the structure of the a - 
methylhydrindone was obtained by oxidation 
which converted it to 0-phthalic acid.

This ring closure involves the cyclodehydration
(4) N ef, A n n .,  310, 316 (1900).
(5) Gilbert, M organ and Griffith, J .  C h em . S oc., 841 (1937).
(6) Salw ay and K ip ping, J . C h em . S o c ., 95, 166 (1909).
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of a 2-aroyl-l-alkanol and is a novel method of 
synthesis of 2-alkyl-1-indanones.

Experimental
The Action of Formaldehyde on Acetophenone.—A

mixture of 45 g. of paraformaldehyde, 180 g. of acetophe­
none, 2 g. pf potassium carbonate and 300 cc. of methyl 
alcohol was shaken for seven days at room temperature 
and poured into a liter of water. The mixture was acidi­
fied with hydrochloric acid and extracted with four 100-cc. 
portions of benzene. The combined benzene extracts were 
washed three times with water. The solvent was evapo­
rated and the residue distilled under diminished pressure. 
Sixty-four grams of acetophenone was recovered. Eighty- 
five grams of the formal of 2-benzoyltrimethylene glycol 
was obtained; b. p. 124-126° (3 mm.). The residue re­
maining in the flask was a heavy viscous resin. The 
formal reduced Benedict’s solution and gave a silver mirror 
with Tollens’ reagent.

Anal. Calcd. for C11H12O3: C, 68.71; H, 6.29. Found: 
C, 68.91; H, 6.5.

The Action of Hydrochloric Acid on the Formal.—Five 
grams of the formal was shaken with 50 cc. of concentrated 
hydrochloric acid at room temperature for twenty-four 
hours. The mixture was then allowed to stand until the 
oil had solidified completely. The solid was collected on a 
filter, the filtrate was diluted to 150 cc. and to it were 
added 7,5 g, of /3-naphthol and 30 cc. of ethyl alcohol. 
The mixture was boiled for five minutes and allowed to 
cool. The crystals which formed weighed 6 g. After re­
crystallization from dilute ethyl alcohol the compound 
melted at 190-191°, with darkening a t 180°. I t  was evi­
dently di-d-naphtholmethane.

The yield of the solid chloro compound— l,3-dichloro-2- 
benzoylpropane—was 5 g.; m. p. 56-57°.

Anal. Calcd. for Ci0H i0OC12: C, 55.3; H, 4.6; Cl, 
32.67. Found: C, 55.73; H, 4.55; Cl, 32.97.

Condensation of 1,3-Dichloro-2-benzoylpropane with 
Benzene.—To a solution of 10 g. of the dichloride in 200 
cc. of dry benzene was added all a t once 8 g. of anhydrous 
aluminum chloride. The mixture was shaken overnight 
and decomposed with ice. The oily product obtained by 
benzene extraction solidified after several hours and was 
recrystallized from 80% ethyl alcohol; m. p. 78°. A 
mixed melting point determination showed the compound 
to be «, a-dibenzylacetophenone.

The Action of Sulfuric Acid on the Formal of 2-Benzoyl- 
trimethylene Glycol.—Ten grams of the formal was poured 
into 50 cc. of concentrated sulfuric acid, with stirring. 
The mixture became warm and the odor of formaldehyde 
was discernible. After standing for ten minutes, it was 
poured into 500 cc. of water. By extracting this mixture 
with ether there was obtained a pungent lachrymatory oil. 
Distillation gave a small amount of yellow liquid; b. p. 
101-105° (3 mm.). The residue set to a resin which was 
insoluble in alcohol and acetone. The distillate also resini- 
fied when allowed to stand.

The Reaction of Propiophenone with Formaldehyde.—
A mixture of 40 g. of propiophenone, 9 g. of paraformalde­
hyde, 4 g. of potassium carbonate and 200 cc. of methyl 
alcohol was shaken a t room temperature for four days. 
I t was then poured into a liter of water. The resulting 
mixture was acidified with hydrochloric acid and extracted 
with three 60-cc. portions of benzene. The combined 
benzene extracts were washed three times with water and 
the solvent evaporated. By distillation of the residue 
there was obtained 32 g. of propiophenone and 8 g. of 
an oil boiling at 143-145° (5 mm.). The residue was 
negligible.

The 32 g. of recovered propiophenone was shaken for 
seven days with a mixture of 7.5 g. of paraformaldehyde, 2 
g. of potassium carbonate and 100 cc. of methyl alcohol. 
From this run 16 g. of the oil was obtained. I t  was 2- 
benzoylpropyl alcohol.

Anal. Calcd. for Q 0H12O2: C, 73.12; H, 7.37. Found: 
C, 73,31; H, 7.58.

The phenylurethan (from 80% methyl alcohol) melted 
at 86-87°.

Anal. Calcd. for Ci7Hi70 3N: N, 4.94. Found: N, 5.2.
a-Methylhydrindone.—Ten grams of the keto alcohol 

was poured into 50 cc. of cold sulfuric acid, with stirring. 
The stirring was continued for two hours and the mixture 
was poured into 500 cc. of water. Extraction with ether 
gave 6 g. of a-methylhydrindone; b. p. 88-90° (3 mm.).

Anal. Calcd. for C10Hi0O: C, 82.15; H, 6.9, Found: 
C, 82.22; H, 7.2.

Oxidation with dilute nitric acid gave a high yield of 
0-phthalic acid.

a-Bromo-a-methylhydrindone.—To a solution of 1 cc. 
of the a-methylhydrindone in 10 cc. of carbon tetrachloride 
was added from a pipet a solution of bromine in carbon 
tetrachloride. The addition was continued until a slight 
color persisted. Approximately 11 cc. of a solution con­
taining 0.05 g. of bromine per cubic centimeter was added. 
The reaction was accompanied by copious evolution of 
hydrogen bromide. The solvent was evaporated and the 
residual oil solidified after being allowed to stand for 
several days. The bromohydrindone crystallized from 
dilute alcohol in large, colorless plates; m. p. 72-73°.

Summary
The condensation of paraformaldehyde w ith 

acetophenone has been carried out in methanol 
with potassium carbonate as the catalyst. An 
excellent yield is obtained of the formal (I) of the 
dimethylol derivative.

Similar treatm ent of propiophenone gives the 
monomethylol derivative (V). When dehydrated 
this compound is transformed into a-methylhy- 
drindone (VI).
U r b a n a , I l l i n o i s  R e c e i v e d  S e p t e m b e r  30, 1938



D e c . ,  1 9 3 8 T h e  E f f e c t  o f  A c id s  o n  C a r o t e n o id s 2 9 3 7

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

The Effect of Acids on Carotenoids1 2 3 4

B y  F o r r e s t  W a r d  Q u a c k e n b u s h , H a r r y  S t e e n b o c k  a n d  W il l ia m  H a r o l d  P e t e r s o n

The action of acids on carotenoids has become 
a m atter of practical importance as well as scien­
tific interest in recent years. The ensiling of 
legumes with mineral acids, e. g., mixtures of hy­
drochloric-sulfuric (the A. I. V. process) and phos­
phoric, has produced a silage which often appears 
to have not only all the carotene of the green 
alfalfa bu t in some cases more carotene than is 
found in the original herbage.2-4 Such results 
naturally have raised doubts regarding the valid­
ity  of the data and have indicated the need of 
more information regarding the character of the 
pigments contained in the so-called carotene 
fraction.

The work described in this paper shows th a t 
several carotene-like pigments are produced by 
the action of acids on green forage, th a t these 
pigments have no vitam in A value, and th a t they 
may to some extent be secreted into milk.

Experimental
Effect of Mineral Acid on the Apparent Carotene Con­

tent of Alfalfa.—The samples (forage or silage) were ex­
tracted with hot alcohol, the extract was saponified with 
alcoholic potassium hydroxide, and the carotenoids were 
obtained by shaking with several portions of benzine 
(Skellysolve B, b. p. 65-75°). The united extracts were 
washed with water and the non-carotene pigments (xan- 
thophyll, etc.) removed by extracting with an equal vol­
ume of 85% ethanol in four successive portions. The 
residual carotene and the extracted xanthophyll were 
determined spectrophotometrically. The results agreed 
satisfactorily with the values obtained by the method of 
Willstatter and Stoll.5

Typical analytical data (Table 1) showed increases in 
the carotene values in alfalfa which had been treated 
with mineral acids. I t  was observed that while the caro­
tenoid pigments fiom fresh green alfalfa separated sharply 
between benzine and 85% ethanol, those from acidified 
alfalfa did not. With fresh alfalfa the alcohol was prac­
tically colorless after three extractions of the benzine solu­
tion but with silage or acidified fresh alfalfa even the fourth 
extract was highly colored. Continued extraction did not 
result in a sharper separation, and the use of higher con­

(1) Published w ith  th e  approval of th e  director of the W isconsin  
A gricultural Experim ent S ta tion .

(2) V irtanen, B io ch em . Z . ,  258, 251 (1933).
(3) Peterson, B oh sted t, B ird and B eeson, J .  D a ir y  S c ien ce , 18, 63 

(1935).
(4) Peterson , Bird and B eeson , ib id .,  20, 611 (1937); Shinh, K ane, 

W isem an and Cary, J .  B io l . C h em ., 119, lxxxix (1937).
(5) W illstatter and S to ll, “ U ntersu ch ungen tiber Chlorophyll. 

M ethoden und E rgebn isse,” V erlag von  Julius Springer, Berlin; 
W isem an and K ane, J .  B io l . C h em ., 114, cv iii (1936).

centrations of alcohol gave only slightly better results. 
The immediate cause of these analytical difficulties be­
came clear when the carotene fractions were subjected 
to chromatographic analysis.

T a b l e  I

I n c r e a s e  i n  “ C a r o t e n e ”  F r a c t i o n  f r o m  A l f a l f a  a f t e r

T r e a t m e n t  w i t h  M i n e r a l  A c i d s

C arotenoids 
(gam m a/g . dry tissue)

Sam ple and treatm ent C arotene X anthophyll

1 Green alfalfa 126 225
2 A. I. V. silage from above al­

falfa 184 190
3 Green alfalfa 193 368
4 Green alfalfa acidified before 

extraction 261 134
5 A. I. V. silage from above al­

falfa 302 298

Chromatographic Separation of the Carotene-like Pig­
ments.—In the first experiments magnesium oxide (Merck 
U. S. P. X, heavy) was used to make the chromatographic 
column. The benzine solution was evaporated to dryness 
in a vacuum and the residue taken up with a small volume 
of benzine. The concentrated solution was poured on the 
adsorbent and the column washed with benzine to a maxi­
mum separation of the bands.

Three sharp bands made their appearance from the 
carotene fraction cf green alfalfa. These were identified 
by their relative positions in the chromatogram, by their 
spectral absorption, and by their phasic distribution be­
tween benzine and 85% ethanol as due to a-carotene, (3- 
carotene and lutein, respectively. /S-Carotene prepon­
derated in quantity. Acidified forage gave a fourth band 
almost as wide as that of /3-carotene. I t  occupied a posi­
tion in the column so close to lutein that, even after long 
washing, the two almost merged. The upper portion of the 
new band was dull red and the lower portion yellow-orange. 
To effect their separation the column was removed, and 
divided; the pigments were eluted with ether, transferred 
to benzine, and readsorbed on fresh magnesium oxide. By 
repeating this fractionation several times, small quantities 
of red and yellow pigments, which appeared to be free from 
each other, were obtained. In benzine the yellow pigment 
exhibited sharp maximal spectral absorption a t 448 and 
477 mix. The red pigment showed no distinct maxima, 
but a general absorption throughout the range between 
these two regions.

A search was made for a more satisfactory method for 
separating the pigments and calcium carbonate, mag­
nesium carbonate and aluminum oxide Were found to be 
better than magnesium oxide. Benzene, ether, and car­
bon disulfide gave no better results than benzine. How­
ever, good separation was obtained in a magnesium oxide 
column by washing with benzine containing a small quan­
tity of absolute alcohol. The pigments in the carotene
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fraction from silage separated into six major bands in ad­
dition to those of 7- and /3-carotene. There were also 
some minor bands but these contained insufficient pig­
ment for characterization. For convenience the six major 
bands were given the alphabetical designations, A to F.

The method finally adopted for separating the pigments 
was as follows. The benzine solution was forced into a 
uniformly packed column of magnesium oxide by means 
of air or nitrogen under a pressure of 1 to 1.5 atmospheres. 
The chromatogram was washed with benzine until the 
carotene bands had separated from the other pigments. 
Washing was then continued with a mixture of absolute 
ethanol (1% by volume) in benzine until bands A, B, and 
C had clearly separated and the carotene bands had passed 
out of the column. By increasing the alcohol to 2%, 
bands, D, E, and F were separated and bands, A, B, and 
C were eluted consecutively. Bands D, E, and F were 
eluted by increasing the concentration of alcohol, first to 
3% and then to 5%. When the several eluates were 
collected and their extinction coefficients measured (475 
m/x), it was found that less than 10% of the total pigment 
had been lost. A diagram of a typical chromatogram 
obtained with the carotene fraction from A. I. V. alfalfa 
silage is shown in Fig. 1.

F Orange-red 
E Yellow-orange 
D Yellow-orange (lutein) 
C Dull red 
B Yellow-orange

A Yellow-orange

j8-Carotene

a-Carotene

Fig. 1.—Diagram of a magnesium oxide chromato­
gram showing the chief carotenoid bands obtained from 
A. I. V. alfalfa silage.

Properties of the Pigments.—Besides occupying different 
positions in the chromatogram, the six pigments exhibited 
dissimilarities in color, spectral absorption, and phasic 
distribution. In the magnesium oxide column, pigments 
A, B, D, and E were a deep yellow, pigment C a dull brick- 
red, and pigment F  an orange-red. In  dilute benzene 
solution pigments A, B, D, and E were greenish-yellow 
and pigments C and F were reddish.

Pigments A, B, D, and E gave absorption bands which 
were essentially identical in form and in position of their 
maxima; all conformed to published data for lutein. 
Pigment C gave an abnormally wide absorption band which 
was highest in the region between 448 and 476 m/x (in

A----------T

benzine) but without any distinct maximum. On the 
other hand pigment F  exhibited two distinct, though not 
sharp, maximal absorption bands. The absorption values 
of the pigments in three different solvents are given in 
Table II.

T a b l e  II
R e g i o n  o f  M a x i m a l  S p e c t r a l  A b s o r p t i o n  o f  t h e  S i x  

P i g m e n t s  f r o m  A l f a l f a  S i l a g e

Pigm ent CSa
--------S o lven t-------

C H C b Benzine

A 475-476 457 447
506 486-487 477

B 475-476 457 447-448
506 486-487 477

C 480-504 457-486 448-476
D 475-476 456-457 447-448

506 486-487 477
E 476 457 447-448

506 487 476-477
F 477-484 457-464 449-453

502-509 486-491 478-481

The phasic distribution of the six pigments was espe­
cially significant. Pigments A, B, and C were distinctly 
epiphasic, while D, E, and F were hypophasic to the same 
degree. Their percentage distribution as shown in Table 
III was obtained by shaking the benzine solutions of the 
individual pigments, in similar concentrations (having 
equal extinction coefficients), with equal volumes of 85% 
ethanol.

T a b l e  III
P h a s i c  D i s t r i b u t i o n  o f  t h e  P i g m e n t s  b e t w e e n  B e n ­

z i n e  a n d  8 5 %  E t h a n o l  
(Expressed in per cent, of total)

O btained from  lu tein  by

Pigm ent
Isolated  from  silage  

Benzine 85%  E tO H
acid treatm ent  

B enzine 85%  E tO H

A 81 19 79 2 1
B 84 16 79 2 1

C 81 19 a a

D 2 2 78 21 79
E 23 77 22 78
F 2 2 78

a Only a trace; insufficient for measurements.

In the hope of obtaining the epiphasic pigments in crys­
talline condition, the carotene fraction from 10 kg. of 
acidified alfalfa was fractionated chromatographically. 
The resulting benzine-alcohol eluates of pigments A, B, 
and C were concentrated to small volumes and allowed 
to stand in a refrigerator for several weeks. Although 
these solutions were many times more concentrated than a 
saturated solution of /3-carotene, the pigments failed to 
crystallize. Attempts to crystallize them from ethanol, 
benzene plus methanol, and carbon disulfide were likewise 
unsuccessful.

Origin of the Pigments.—The apparent increase in the 
carotene content of alfalfa silage prepared with mineral 
acids was accompanied by a decrease in xanthophyll 
(Table I). This suggested that the new pigments were 
formed from the xanthophyll pigments by the action of 
acids. When the crude xanthophyll fraction from un-
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treated alfalfa was refluxed with acid as is done in extract­
ing silage, the solution was almost coijipletely decolorized. 
When an acidified solution of the crude xanthophyll, 0.1 
N  hydrochloric acid in 85% ethanol, was held at 45-50° 
overnight, its extinction coefficient decreased 25%. 
When this solution was made slightly alkaline with potas­
sium hydroxide (in 85% ethanol) and shaken with benzine 
65% of the pigment passed into the benzine phase. A 
control sample of crude xanthophyll lost none of its color 
when subjected to the same treatment except for the addi­
tion of acid, and only 17% of the pigment passed into the 
benzine phase.

To determine the effect of acid on lutein, pure lutein was 
prepared from fresh green alfalfa by two successive ad­
sorptions on magnesium oxide from alcohol-benzine mix­
tures. The second eluate produced typical lutein crys­
tals. When these were dissolved in 85% ethanol, the re­
sulting solution showed a value E 1 cm,47s — 4.0. This is 
equivalent approximately to 0.20 mg. of lutein per cc. 
Ten-cc. portions of this solution were set aside at 45-50° 
in the dark, for fourteen hours, after the addition of various 
acids. The solutions were then made slightly alkaline with 
potassium hydroxide, and each was adjusted to a volume of 
20 cc. with 85% ethanol, and shaken with 20 cc. of ben­
zine. When equilibrium was attained, the percentage 
distribution between the two solvents was determined 
spectrophotometrically. That the stronger acids produced 
marked changes in the solubility of the pigment was shown 
by the values obtained for the benzine phase (Table IV). 
The values for the 85% ethanol phase represent the differ­
ence between these figures and 100.

T able IV
E ffect of Various A cids upon  Lutein

gj® g Chrom atographic distribu-
•s q ö • § ...Q tion  of pigm ents after

•S S  treatm ent
H ^  2d-ü CJ r»i(r*nf*«t rpmaininp’
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N orm ality  
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of acid %
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in

 
th
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ph
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e (T ota l pigm ent remaining 

=  100%  in each case)
A  B D  E

1 N one 100 20 100
2 jV /40 acetic 80 24 10 Trace 90
3 N /4Q lactic 98 38 28 5 62 5
4 Af/40 oxalic 98 71 69 17 7 7
5 2V/40 H 2S 0 4 75 70 56 36 6 «
6 N / 80 H C l 57 65 60 18 16“
7 IV/40 H C l 65 69 60 25 11°
8 N / 20 H C l 65 71 51 32 12“
9 N / 5  H C l 31 72 6 74 Trace Trace

° Pigments from bands D and E combined.

The chromatogram yielded not less than three and in 
some cases five well-defined bands which in their position 
and appearance resembled strikingly the bands obtained 
from silage. Treatment with acetic acid produced bands 
A, B, and D. All other acids produced one additional 
band, E, and in two cases a fifth band, C. Lutein sub­
jected to all the manipulations except acidification re­
tained its chromatographic behavior unchanged.

The individual pigments were collected quantitatively 
as they were eluted from the chromatogram. The ex­
tinction coefficient and solution volume were then meas­
ured for each fraction. From these data the percentage 
of each pigment in the sample was calculated (Table IV). 
Care was taken to maintain a fairly constant volume of

eluate, and to make the spectrophotometric readings with 
solution depths which would give log 1 /h  values very 
close to 0.50. Close agreement was then obtained be­
tween the values for total pigment before and after sepa­
ration.

The phasic distribution and spectral absorption of pig­
ments A, B, D, and E obtained from lutein were found to 
be identical with those of the corresponding pigments 
found in silage (Tables II and III).

Pigment D proved to be residual lutein. When the 
various D-fractions from all of the samples were combined 
and analyzed chromatographically, the pigment remained 
almost quantitatively in a single band; other pigments 
appeared only in traces. When a sample of lutein was 
mixed with the purified pigment D, and a chromatogram 
prepared, again a single band appeared. However, when 
pure lutein was mixed with any of the other three purified 
pigments, viz., A, B, and E, two bands appeared in the 
chromatogram. Analyzed separately each produced a 
single band.

From the various data which have been presented it is 
concluded that pigments A, B, and E are derived from 
lutein by the action of acids. The origin of pigments 
C and F has not as yet been clearly ascertained.

Occurrence and Distribution of the Acid-derived Pig­
ments.—When it was found that the acid-derived pig­
ments could be extracted from freshly acidified alfalfa, 
the question arose as to whether they were products of 
ensiling or artifacts formed during extraction under acid 
conditions. To determine this a sample of alfalfa silage 
was made slightly alkaline with potassium hydroxide be­
fore extraction and its carotenoids were compared with 
those extracted from silage in the usual way, i. e., without 
alkalization. The epiphasic fractions from these two 
extracts were found to contain equal quantities of total 
pigment, and the chromatograms from both fractions con­
tained the eight bands previously described (Fig. 1).

I t is evident from the results presented in Table IV that 
mineral acids are more effective than lactic or acetic acid in 
converting lutein to pigments A and B. I t might be pre­
dicted that a carotene fraction from silage produced by a 
natural lactic acid fermentation would contain a relatively 
higher percentage of true carotene than that from silage 
prepared with mineral acids. This was found to be the 
case (Table V). Only 57% of the pigment in the carotene 
fraction from the A. I. V. silage was found in the carotene

Table V
R elative Proportions of the Carotenoid P igments in  
Alfalfa F orage F ollowing Various Treatments of 

Identical M aterial
R ecovery

Percentage distribution after chro
Epiphasic pigm ents H ypophasic m atographic
Caro­ separation,

Sam ple tene A B C D  +  E  +  F %
O ven-dried a lfalfa 85 . . 15 (D  only)
A. I. V. alfalfa silage— total

pigm ents 38 7 14 4 37 90
A. I. V. alfalfa silage— caro-

tene fraction 57 9 19 5 10 100
M olasses alfalfa silage—

total pigm ents 50 4 7“ 39 96
M olasses alfalfa silage— caro-

tene fraction 75 5 9“ 11 101

® Pigment from bands B and C combined.
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bands of the chromatogram as compared with 75% for the 
naturally fermented silage.

Since silages constitute a considerable part of the ration 
of the dairy cow, it is important to know whether the acid- 
derived pigments are present in butter fat produced on 
such rations. Four samples of butter fat which have been 
analyzed contained such pigments. Gillam and Heilbron6 
have reported that the chief carotenoids in butter fat are 
carotene, kryptoxanthin and lycopene. The presence of 
kryptoxanthin was confirmed, but lycopene was not de­
tected in our samples.

<u •>
a «bo xi 
ft ö
o  <3

S ^
0
ft Ö
O <3 iO

6
?■o

Fig. 2.—Growth curves of rats which received 
/3-carotene and pigments A and B.

Biological Assay of the Epiphasic Pigments, A and B.—
The epiphasic pigments, A and B, were tested for vitamin 
A activity before our technique for chromatographic frac­
tionation had been fully developed. The tests were made 
on a mixture of the two pigments in which pigment A was 
present in somewhat larger amounts than pigment B. 
The assays were executed essentially according to the 
technique of Baumann and Steenbock.7 The control rats 
were fed pure /3-carotene separated chromatographically 
from extracts of fresh green alfalfa. To facilitate con­
venient dosage the pigments were incorporated in Wesson 
oil by evaporating their concentrated benzine solutions 
with the oil under reduced pressure. Resumption of 
growth, cure of ophthalmia, and the production of normal 
vaginal smears were employed as criteria of vitamin A 
activity. The /3-carotene was fed at levels of 3 and 10 
gamma daily. The mixture of pigments A and B was fed 
a t levels equivalent to 6, 10, 20 and 50 gamma of ,3- 
carotene based on the extinction coefficients of their solu­
tions. While the feeding experiments were in progress the 
oil solutions were checked for deterioration from time to 
time by spectrophotometric methods.

(6) G illam  and H eilbron, B iochem . J ., 29, 834 (1935).
(7) Baum ann and Steenbock, S cien ce, 76, 417 (1932) .

The data show clearly that the epiphasic pigments, A 
and B, could not function as precursors of vitamin A 
(Fig. 2). While the daily administration of 3 gamma of 0- 
carotene restored growth and normal oestrus and cured the 
ophthalmia completely, even the highest dosage with 
pigments A and B, equivalent to 50 gamma of /3-carotene, 
failed to restore even normal oestrus.

Discussion
When the separation of the non-carotene pig­

ments into six distinct bands was first observed, 
its significance was viewed with some suspicion. 
I t  was well known th a t certain extraneous sub­
stances can affect the distribution of pigments in 
a chromatogram. Furthermore, it  has been re­
ported8 th a t carotenes may undergo profound 
changes during chromatographic adsorption. 
However, the possibility th a t the pigments were 
of chromatographic origin is not supported by the 
experimental evidence. The non-carotene por­
tion of the chromatogram from silage was unlike 
that from fresh alfalfa. When the chromato­
gram from alfalfa was washed with benzine-al­
cohol mixtures, bands A, B, and C failed to make 
their appearance; practically all of the pigment 
remained in band D. Also, after the initial 
separation, each of the new pigments gave a 
single characteristic band when chromatographed 
by itself. And, finally, besides differing in their 
chromatographic behavior, the individual pig­
ments showed other differences in physical prop­
erties, e. g.y solubility and in some cases spectral 
absorption.

I t  is probable th a t Kuhn, et a l.,9 dealt with a 
mixture of pigments A, B, D, and E when they 
treated lutein with oxalic acid. The severity of 
their treatm ent was not markedly different from 
ours, for while they used a lower concentration of 
acid they employed a higher temperature. Al­
though they did not differentiate their resultant 
pigment from lutein in its chromatographic be­
havior or spectral absorption, it was distinctly 
more epiphasic than  lutein. We likewise did not 
succeed a t once in separating our pigments from 
lutein chromatographically although we used a 
number of adsorbents and solvents. I t  was 
only later through a fortunate choice of mixtures 
of solvents th a t we were able to effect a good 
separation.

I t  is evident th a t the pigments derived from 
lutein are the chief cause of the abnormal caro-

(8) G illam  and E l R id i, B io ch em . J ., 30, 1735 (1936).
(9) K uhn, W interstein  and Lederer, Z . p h y s io l. C h êm ., 197, 141 

(1931).
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tene values reported for A. I. V. silage. The ex­
ten t to which the apparent carotene values dif­
fer from the true values is dependent on such 
factors as strength of acid used, lutein content 
of the forage, tem perature of the silage and 
period of ensiling. While the usual method of 
analysis m ay give carotene figures th a t are nearly 
twice the true values for A. I. V. silage, too high 
results are also obtained in the analysis of silages 
made by normal fermentation processes. The 
need for a more reliable method of determining 
carotene in these silages is obvious.

Chromatographic data on butter indicate the 
presence of the same pigments as those found 
in silage. Although the amount of these new 
pigments has not been determined, their presence 
points to the need of more information regarding 
the value of acid-preserved silages for increasing 
the vitam in A potency of milk.

Summary
Five new carotenoids, designated as pigments 

A, B, C, E, and F, have been obtained from alfalfa 
silage and from acidified fresh alfalfa. They were 
not present in untreated forage. Dilute solutions 
of A, B, and E in benzine were greenish-yellow and 
those of C and F  were reddish.

The pigments were partially fractionated by 
their phasic distribution between, benzine and 
85% ethanol; A, B, and C were epiphasic, E and 
F  were hypophasic. Quantitative separation 
was effected by use of the magnesium oxide

chromatogram and elution with benzine-alcohol 
mixtures. The bands of A, B, and C formed be­
low th a t of lutein; those of E  and F  above it. 
The pigments were eluted from the column in the 
alphabetical order given by gradually increasing 
the percentage of alcohol in the solvent. Spec­
tral absorption of the pigments was markedly less 
valuable for differentiation than chromatographic 
behavior. Absorption curves of A, B, and E were 
essentially the same as those of lutein; those of 
C and F  showed no well-defined maxima.

A high order of solubility in the usual caro­
tenoid solvents was shown by A, B, and C. A t­
tempts to effect their crystallization were not 
successful.

A, B, and E were produced from lutein in large 
amounts by treatm ent with either 0.025 hydro­
chloric or sulfuric acid, and in smaller amounts 
with 0.025 N  lactic and acetic acids. The stronger 
acids favored the production of B ; weaker acids 
the production of A. The origin of C and F  was 
not clearly established.

Inasmuch as the usual methods of carotene 
analysis fail to differentiate between carotene aiid 
pigments A, B, and C, values obtained by these 
methods on silages, especially those prepared with 
mineral acids, are obviously too high.

When fed to vitam in A deficient rats, A and 
B exhibited no biological activity. Both pig­
ments were found in butters produced by cows 
on A. I. V. silage.
Madison, Wis . Received August 27, 1938

[Contribution from the D epartment of Chemistry, Yale University]

R esearches on Pyrim idines. CLIX. Synthesis of 6-Benzyl- and 5-Benzyluracils1

B y  T r e a t  B. J ohnson  and J o seph  C. A m b ela n g 2

One conclusion predictable from an examination 
of the skeleton structure of the pyrimidine cycle as 
represented by formula II, is the existence of two 
interdependent zones of chemical activity which 
envelop the pyrimidine molecule. Each pf these 
zones is characterized by its encompassment of a 
specific organic structure. Zone “A” includes the 
unsaturated amidine portion of the pyrimidine 
cycle, while zone “B ” incloses the cyclic allyl

(1) Constructed from a portion of a dissertation presented by- 
Joseph C. Ambelang, in June, 1938, to the Graduate Faculty of 
Yale University in partial fulfilment of the requirements for the de­
gree of Doctor of Philosophy.

(2) Sterling Professorship of Chemistry Research Assistant 
1938-1939.

structure of the molecule. Any alteration or 
tautomeric change in the specific, unsaturated 
structure embraced by one zone necessarily leads 
to a corresponding change in the constitution of 
the grouping in the other, and also its chemical 
reactivity. In  other words, we are dealing with a 
dual system of reactions in our study and develop­
ment of pyrimidine chemistry and if tautomeric 
structures be accepted for these unsaturated cyclic 
groupings in the different zones, as theory pro­
vides, positions 1 and 3 included in zone “A” and 
positions 4 and 6 in zone “B,” respectively, are 
identical.
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These conclusions lead to the recognition of an 
unique symmetry of the pyrimidine cycle charac­
terized by an axis of symmetry (x-xf) passing 
through the two permanent numerical positions of 
the ring, namely, 2 and 5. I t  is an interesting fact 
tha t in the pyrimidine portion of the constitu­
tional formula of the vitamin Bi molecule (thi­
amine), this axis of symmetry (x-xr) prevails, and 
constitutes a chain of four carbon atoms as repre­
sented in formula I. This chain includes the two 
permanent positions of the pyrimidine moiety (2 
and 5).

2 5
C— C ......................C----- C

I

I t  might be predicted, therefore, on the basis of 
this knowledge and reasoning th a t the reactivity 
of a substituent grouping in position 5 of the py­
rimidine ring would be dependent on, or influenced 
in some degree by, the character of the group or 
radical attached to the carbon in position 2. Such 
a postulation has already been supported by ex­
perimental data. In  fact, we already have a 
knowledge of chemical reactions applicable to 
pyrimidine compounds, which are specific for the 
two zones of influence, “A” and “B,” and permit 
us to confine our attack to either zone independ­
ently, without involving the grouping character­
istic of the other. This dual system of reactions 
has also been revealed by researches on the chem­
istry of purines.3

In the light of our previous knowledge from re­
searches in this Laboratory, and under guidance 
of the above speculations, it became of great in­
terest to the authors to learn more about struc­
tural differences influencing the degree of reac­
tivity of organic groupings functioning in the 
pyrimidine ring and occupying particularly posi­
tions 5 and 6 or 5 and 4 in zone “B” (formula II) 
of the pyrimidine molecule. I t  was, therefore, 
decided to incorporate a new series into our re­
searches, and to synthesize first for study the two 
isomeric benzyluracils, namely, 6-benzyluracil and 
5-benzyluracil as represented by formulas II I  and 
IV, respectively. Neither compound has been 
described previously in the literature. The meth­
ods of synthesis and a description of several in­
termediates and new derivatives are presented in 
the experimental part of this paper. In a future 
publication the authors will discuss some interest-

(3) C onsult G ilm an’s “ Organic C hem istry ,” Vol. II, Chapter 11, 
“ C hem istry of Pyrim idines, Purines and  N ucleic  A cids,” b y  T . B. 
Johnson, John W iley and Sons, Inc., N ew  Y ork, N . Y ., 1938.

*
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II

NH----- CO
I I

CO CH
I II '

NH----- CCH2C6H6
III

NH----- CO

CO CCH2C6H5
I II
NH----- CH

IV

ing results obtained by catalytic reduction of these 
two isomeric uracil derivatives I I I  and IV.

Experimental P art 
Preparation of 2-Thio~6-benzyluracil

NH—CS—NH—C( C7H7)—CH—CO 
Method 1.—Ten grams (0.05 mole) of ethyl phenyl- 

acetylacetate (ethyl 7-phenylacetoacetate) was mixed 
intimately with 3.7 g. (0.05 mole) of thiourea and 10 drops 
of concentrated hydrochloric acid. After standing for one 
week in a stoppered flask, the suspension was transferred 
to an open dish and dried in vacuo over concentrated 
sulfuric acid. The desiccated product was then refluxed 
for two hours with 9 g. of potassium hydroxide in 33 g. of 
absolute alcohol and the solution finally concentrated at 
100 °, until encrustation appeared. On acidifying with 
hydrochloric acid this pyrimidine separated as an oil which 
soon solidified. I t was purified by crystallization from 
95% alcohol and melted at 222-223°. The yield was only 
9% of the theoretical. This method of synthesis has been 
applied previously by Sonn and Litten4 but with no men­
tion of yields obtained. They assigned a melting point of 
216-219° to the compound. No attempt was made by 
them to desulfurize the pyrimidine. This reaction very 
probably involves first the formation of the intermediate 
ureide C6H 5CH2COCH2CONHCSNH2, which is then 
closed up to the pyrimidine by the action of the alkali.

Method 2.—Thiourea (52 g.) and ethyl phenylacetyl- 
acetate (140 g.) were dissolved in a cooled solution of so­
dium ethylate (0.68 mole of sodium in 495 g. of absolute 
alcohol) and the mixture heated on a steam-bath for four 
hours. The excess of alcohol was then removed by evapo­
ration and the residue dissolved in 125 cc. of water. Acidi­
fication of the cooled solution with hydrochloric acid led 
to the precipitation of the desired thiopyrimidine in a

(4) Sonn and L itten , B e r ., 66, 1518 (1933).
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yield of 37%. I t  was purified by crystallization from 95% 
alcohol and melted at 222-223 °. This pyrimidine is solu­
ble in aqueous ammonia and hot glacial acetic acid; mod­
erately soluble in hot alcohol and acetone, slightly soluble in 
water and insoluble in benzene, ether, chloroform, and 
carbon bisulfide.

Anal. Calcd. for CnHioON2S: N, 12.84. Found: N, 
12.85,12.95.

NH—C(SC2H5)= N —C( C7H7)—CH—CO, 2-Ethyl-thio- 
6-benzyl-4-oxypyrimidine.—A solution of 9 g. of pseud o- 
ethylisothiourea hydrobromide in 10 cc. of water was 
mixed with 10 g. of ethyl phenylacetylacetate, and to 
the mixture was added 5.5 g. of potassium hydroxide dis­
solved in 8 cc. of water. After standing at ordinary tem­
perature overnight the solution was acidified with acetic 
acid when the above mercaptopyrimidine separated in a 
yield of 28%. I t  was purified by crystallization from 
methyl alcohol and melted at 128-129°. This compound 
is soluble in ethyl alcohol, glacial acetic acid, acetone, 
benzene, chloroform and boiling carbon bisulfide; mod­
erately soluble in ether, and insoluble in aqueous ammonia.

Anal. Calcd. for Ci3H]4ON2S: N, 11.38. Found: N,
11.52, 11.56.

r  1
6-Benzyluracil, NH—CO—NH—C( C7H7)—CH—CO.

—This pyrimidine is prepared easily as follows: (1) by 
digestion of 2-thio-6-benzyluracil with 10% chloroacetic 
acid; and (2) by hydrolysis of the corresponding 2-ethyl- 
thio derivative with hydrochloric acid. The pyrimidine 
was purified by crystallization from glacial acetic acid or 
95% alcohol and melted a t 261-262°. It is soluble in 
warm acetic acid and in aqueous ammonia; moderately 
soluble in acetone, hot alcohol; slightly soluble in hot 
water, and insoluble in ether, benzene, chloroform and 
carbon bisulfide.

Anal. Calcd. for CiiH10O2N2: C, 65.32; H, 4.98; N, 
13.86. Found: C, 65.16, 65.34; H, 4.98, 4.90; N, 13.80, 
13.85.

1--------------------------------------1
NH—CO—NH—C(C7H7)==CBr--CO, 6-Benzyl-5-

bromouracil.—6-Benzyluracil is attacked by bromine in 
glacial acetic acid at 40-500 with substitution in the 
pyrimidine ring giving this monobromo substitution prod­
uct. The compound was purified easily by crystallization 
from glacial acetic acid and melted at 230-232°. The 
pyrimidine is soluble in warm glacial acetic acid, acetone, 
and aqueous ammonia, and insoluble in water, ether, 
benzene, and chloroform.

Anal. Calcd. for CiiHs02N2Br: N, 9.97. Found: N, 
9.97, 10.00.

That the bromine is substituted in the pyrimidine ring 
and not in the aromatic nucleus of the benzyl group sub­
stituted in position-6 was shown as follows: 1 g. of the 
bromopyrimidine was oxidized by refluxing it in hot water 
with barium permanganate (0.0059 mole) and barium 
hydroxide. After complete discoloration of the permanga­
nate the alkaline solution was filtered, and then concen­
trated to a volume of 20 cc. and cooled. On acidifying 
with hydrochloric acid colorless benzoic acid deposited and 
melted, after crystallization from hot water, a t 121- 122°.

Chlorination of 6-Benzyluracil in Methyl Alcohol

NH—CO—NH—C(OCH3)(C7H 7)—C(C12)—CO,5 For­
mation of 2,4-Diketo-6-benzyl-6-methoxy-5,5-dichloro- 
hexahydropyrimidine.—Chlorine gas was passed into an 
ice-cooled suspension of 0.5 g. of 6-benzyluracil in 30 cc. of 
methyl alcohol until the pyrimidine dissolved. The cold 
reaction mixture was then exposed to a blast of air to re­
move the alcohol and excess of chlorine and the residue 
allowed to dry. We obtained 0.6 g. of the above hexa- 
hydropyrimidine, which was purified by crystallization 
from methyl alcohol, or a mixture of chloroform and car­
bon tetrachloride. I t  melted at 157-159° with decom­
position. This pyrimidine is soluble in glacial acetic acid, 
acetone, ether, and chloroform; and slightly soluble in 
warm benzene, hot water, and insoluble in petroleum ether.

Anal. Calcd. for C]2H i20 3N2C12: N, 9.24. Found: N, 
9.20, 9.17.

This pyrimidine is not changed by exposure to pyridine. 
Two grams was dissolved in 20 cc. of pyridine and the 
solution allowed to stand for one week. It had assumed a 
greenish fluorescence. After volatilizing the pyridine a 
sirup was obtained which deposited crystals on treatment 
with water. This solid was identified as the original hexa- 
hydropyrimidine, and after crystallization from dilute 
methyl alcohol melted at 160-162°.

Anal. Calcd. for Ci2H 120 3N2Cl2: C, 47.54; H, 3.99; 
N, 9.24. Found: C 47.62; H,3.64; N, 9.57.

NH—CO—NH—C( C7H7)—C( Cl)—̂ 0 ,  Action of H y­
drobromic Acid on the above Hexahydropyrimidine. 
Formation of ó-Benzyl-5-chlorouracil.—This change is 
brought about by digesting the hexahydropyrimidine (1 g.) 
in glacial acetic acid (25 cc.) with constant boiling hydro­
bromic acid (2 cc.). After boiling for two hours the acid 
solution was poured into water when the above chloro- 
uracil derivative separated. I t was purified by crystal­
lization from dilute acetic acid and melted at 266-267°.

Anal. Calcd. for CnH90 2N2Cl: N, 11.84. Found: N,
12.02.

This same chloropyrimidine is formed in poor yield by 
passing chlorine gas into a suspension of 6-benzyluracil in 
10% acetic acid.

Attempted Cyclization of 6-Benzyl-5-bromouracil:

NH-----CO NH----- CO

CO c!;—Br / \  A1C1̂  CO C-------- / \

NH-----C—Ch I J  NH----- C—Ch I ]

one and five-tenths grams of 6-benzyl-5-bromouracil and
1.5 g. of aluminum chloride were dissolved by stirring in 
50 cc. of nitrobenzene. After standing for four hours at 
room temperature and two hours at 50° the solution was 
then poured into ice water. The nitrobenzene was re­
moved by steam distillation and the insoluble residue left 
behind purified by crystallization from dilute acetic acid. 
We recovered 1.4 g. of the unaltered bromopyrimidine 
melting at 232-233 °.

Preparation of C6H5CH2CH2COOC2H5, Ethyl Hydro-
cinnamate.—A quantitative yield of this ester was pre-

(5) See Johnson and Sprague, T h is  J o u rn al , 60, 1622 (1938).
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pared for our research by reduction of ethyl cinnamate in 
the presence of Raney nickel catalyst.® Eighty grams of 
the cinnamic ester was diluted with ethyl alcohol to a 
Volume Of 100 cc., the mixture transferred to a copper liner 
of an autoclave, and after addition of 3 g. of the nickel 
catalyst was subjected to 120 atmospheres of hydrogen at 
room temperature. After twenty minutes of shaking the 
observed drop in pressure corresponded to the absorption 
of 0.5 mole of hydrogen. Thé purified ester boiled at 104- 
105° at 3 mm. and at 245 ° under atmospheric pressure.

Formation of the Sodium Salt of Ethyl-formyl 3-Phenyl- 
pröpiöiiatè.6 7—A mixture of 178 g. (1 mole) of ethyl hydro- 
cinnamate and 81 g. (1.1 mole) of ethyl formate was added 
slowly Over a period of twenty hours to 23 g. of sodium wire 
suspended in 500 cc. of anhydrous ether. The excess of 
ether was then distilled off in vacuo at room temperature 
and the crude salt of the resulting formyl derivative used 
for the following reaction.

Formation of NH—CS—NH—CH==C( C7H7)—-CO, 2- 
Thio-5-benzyluracil.—The crude sodium salt from the 
preceding preparation and 50 g. of pulverized thiourea 
were added to 350 g. of absolute alcohol and the mixture 
then refluxed at 100 ° for four hours. The excess of alcohol 
was then evaporated, the crude reaction product dissolved 
in 5ÖÓ cc. of cold water and the aqueous solution acidified 
with hydrochloric acid. Sixty-eight grams of the above 
pyrimidine separated. I t was purified by crystallization 
from ethyl alcohol and melted at 210-211 °. This pyrimi­
dine is soluble in aqueous ammonia, glacial acetic acid, and 
acetone, moderately soluble in hot ethyl alcohol; slightly 
soluble in hot water and insoluble in ether, chloroform and 
benzene.

Anal. Calcd. for CnHi0ON2S: N, 12.84* Found: N,
12.83, 12.76.

5-Benzyluracil, NH—CO—NH—CH—C(C7H7)—C02.— 
This pyrimidine is formed by digesting the above 2-thio- 
pyrimidine with 10% chloroacetic acid. I t was purified 
by crystallization from glacial acetic acid and melted at 
294-295 °. The pyrimidine is soluble in aqueous ammonia,

(6) Adkins, I n d . E n g . C h em ., A n a l .  E d .,  4 , 342 (1932); C overt and  
Adkins, T h is J o u rn al , 54, 4116 (1932).

(7) Phalnikar and  N argund, J .  U n iv . B o m b a y , 4 , 106 (1935); 
C hem . Z e n tr ., 107, I, 4556 (1936).

slightly soluble in dioxane, acetone, ethyl alcohol and hot 
water, and insoluble in chloroform, ether and benzene.

Anal. Calcd. for C11H10O2N2: C, 65.32, H, 4.98; N, 
i3.86. Found: C, 65.18, 65.61; H, 4.90, 4.95; N, 13.77,
13.82.

NH— CO—NH—CH(OCH)3—C(C1)(C7H7)—CO, 2,4- 
Diketo-6- methoxy - 5 - benzyl - 5 - chlorohexahydropyrimi- 
dine.—Chlorine gas was bubbled into an ice-cooled sus­
pension of 5-benzyluracil (1 g.) in methyl alcohol (50 cc.) 
until the pyrimidine practically dissolved. The alcohol 
solution was then exposed to a blast of air to remove the 
excess of solvent and chlorine gas when we obtained 1 g. of 
this hexahydropyrimidine. I t was purified by crystalliza­
tion from methyl alcohol. This pyrimidine showed a 
characteristic double melting point, melting first a t 217- 
218°, then solidifying and melting finally at 232-234°. 
I t was soluble in acetone and glacial acetic acid, and in­
soluble in ether and benzene.

Anal. Calcd. for C12H13O3N2CI: N, 10.34. Found: N, 
10.59, 10.70.

When this pyrimidine was digested with hydrobromic 
acid in glacial acetic acid it was converted into 5-benzyl­
uracil melting at 292-294 °.

Summary

1. 2-Thio-6-benzyluracil and 2-thio-5-benzyl- 
uracil have been synthesized.

2. These two isomeric pyrimidines are desul­
furized by digestion with chloroacetic acid giving 
smoothly 6-benzyluracil and 5-benzyluracil.

3. 6-Benzyluracil is attacked by bromine in 
glacial acetic acid solution with formation of the 
corresponding 5-bromo derivative.

4. Both 6-benzyl- and 5-benzyluracil are a t­
tacked normally by chlorine in wood alcohol giving 
hexahydropyrimidines. The chlorination is con­
fined entirely to zone “B ” of the pyrimidine mole­
cule.

N e w  H a v e n , C o n n . R e c e i v e d  O c t o b e r  4, 1938
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Colloid Chemistry of Leaf and Flower Pigments. II. Qualitative Analysis of Leaf
Pigments1

By W i l d e r  D. B a n c r o f t  a n d  J o h n  E. R u t z l e r , J r .

In  spite of all the work th a t has been done on 
plant pigments, nobody seems to have worked out 
any quick and easy method of identifying qualita­
tively the types of pigments occurring in leaves 
and flowers. The late Mrs. Onslow2 says th a t no 
such thing is possible.

Even if Mrs. Onslow’s pessimistic view were 
right—which we do not adm it—we believe th a t a 
poor system of qualitative analysis would be better 
than none a t all. Our experience convinces us 
th a t such a system will bring to light many in­
teresting facts th a t have been overlooked in the 
past. Nobody knew, for instance, th a t leuco-an­
thocyanins are present in the leaves of the sugar 
maple in Ju ly  b u t not in M ay. A careful study 
of this system will show whether fiavone-like sub­
stances are or are not the precursors of leuco- 
anthocyanins in this plant. We3 have been using 
our system of qualitative analysis successfully in 
determining the precursors of anthocyanins in 
specific cases.

I t  is for these and other reasons th a t we are 
presenting a preliminary system of qualitative 
analysis of leaf pigments. We do not know the 
limits of accuracy and there are cases in which the 
proposed scheme does not function well owing to 
excessive adsorption. I t  has worked well for us 
so far, and we are presenting it for consideration 
and criticism. M ost of the data were available in 
the literature and we have merely arranged and 
checked them. We have been using the method 
for over three years and have found it helpful.

Unless otherwise stated all leaves are used fresh 
and are shredded by hand, although the scheme 
of analysis also works when dry leaves are em­
ployed. Such terms as carotenes, xanthophylls, 
fiavones, anthocyanins, anthocyanidins and 
leuco-anthocyanins, are used generically and refer 
to any or all of the pigments grouped under any 
one head and not necessarily to any single pig­
ment. I t  would probably be wiser to extract in 
some cases in an oxygen-free atmosphere and in 
the dark, b u t these precautions were not taken 
and may be considered as future refinements,

(1) Original m anuscript received D ecem ber 13, 1935,
(2) Onslow, “ T he A nth ocyan in  P igm en ts of P lan ts,”  1925, p. 49 .
(3) B ancroft and R utzler, T h is  Jo ur n a l , 60, 2738 (1938).

which may be of importance when studying the 
fiavones and leuco-anthocyanins.

Recommended Method of Qualitative Analysis 
1. T e sts  for fiavones, leuco-anthocyan ins, antho­

cyan ins and anthocyan id ins are made by treating the 
shredded leaves with a  2-10% solution of formic acid, 
extracting by heating in boiling water if no pink or red 
color appears in the cold extract after from six to twenty- 
four hours. The solution may be colorless, pale yellow, 
red or pink. If colorless or pale yellow, no anthocyanins 
or anthocyanidins are present. Addition of aqueous am­
monia or aqueous caustic soda causes a marked deepening 
of the yellow color if fiavones are present. If the stronger 
formic acid causes a visible decomposition of the chloro­
phyll, this must be taken into account.

In a few cases with yellow autumn leaves, notably with 
those of the dogwood before it turns pink, the formic acid 
solution is yellow and the color does not deepen appreciably 
on adding ammonia. If enough ether is added to make a 
second liquid layer, the yellow goes to a considerable ex­
tent, sometimes completely, into the ether layer. This 
means that fiavones are present a t most in small amounts. 
The yellow color is due chiefly to what Tswett4 calls “wa­
ter-soluble yellow pigments of unknown constitution.” 
Since the organic chemists have not yet determined how 
many of these there are or what their special properties are, 
it is impossible at present to differentiate them.

A pink or red color in the formic acid solution denotes 
anthocyanins, anthocyanidins or both, either accompanied 
or unaccompanied by fiavones. If the solution is colorless 
with cold extraction and pink, red or brownish-red when 
extracted hot, practically all of the pink or red pigment was 
present in the leaf as leuco-anthocyanins. In such a case 
it is more satisfactory to heat the shredded leaves on the 
water-bath in a 5-10% sulfuric acid solution. With a 
strong acid, hydrolysis takes place rapidly and it is only 
necessary to heat for fifteen minutes to an hour to get a 
good test. In cases of doubt it is desirable to add butyl 
alcohol to the cooled solution. The red pigment concen­
trates in the butyl alcohol layer and becomes conspicuous.

To determine the presence of anthocyanins and antho­
cyanidins in the pink formic acid solution, add isoamyl 
alcohol to the pink solution and dilute gradually with 
water. If the isoamyl alcohol extracts practically all the 
pink color from dilute acid solution, the pigments are 
anthocyanidins and not anthocyanins. This case occurs 
rarely except when one has broken down a leuco-antho­
cyanin. If the isoamyl alcohol extracts practically no 
pink color, the pigments are anthocyanins. If both layers 
become pink continued extraction with isoamyl alcohol 
may be done until one or the other of the layers becomes 
practically colorless. Willstatter and Everest5 recommend

(4) Palm er, "C arotinoids and R ela ted  P igm ents,” 1922, p. 63.
(5) W illstatter and E verest, A n n .,  401, 207 (1913).
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washing the amyl alcohol layer with dilute sulfuric acid.
To determine fiavones in the presence of anthocyanins, 

shake the pink formic acid solution with ether. Remove 
the practically colorless ether layer and add aqueous am­
monia or caustic soda to it. A yellow color in the water 
layer denotes the presence of fiavones. Anthocyanidins 
do not interfere with this test, and leuco-anthocyanins do 
not go into the ether layer. If the ether layer is yellow and 
the color goes only partly into the water layer on adding 
aqueous ammonia or caustic soda, Tswett’s “water-soluble 
yellow pigments of unknown constitution” must be present 
along with fiavones.

If the amyl alcohol test for anthocyanidins is negative, 
the amyl alcohol layer may be removed and tested for 
fiavones with aqueous ammonia or aqueous caustic soda. 
Anthocyanidins interfere with this test.

Anthocyanins are glycosides and anthocyanidins are the 
corresponding sugar-free pigments. So far as we now 
know, anthocyanidins occur only very rarely as such in 
plants. A test for them is desirable, partly because it is 
not uncommon for chemists accidentally to convert antho­
cyanins into anthocyanidins in the laboratory, and partly 
because anthocyanidins may occur more often than we now 
realize in autumn leaves whose red color is due to decom­
position of leuco-anthocyanins.

2. Tests for carotenes and xanthophylls can be made 
more rapidly if the leaves are air-dried or vacuum-dried. 
I t is safer, but not necessary, to use the leaves that have 
been extracted with the formic acid solution, because that 
eliminates any possible confusion over fiavones and water- 
soluble yellows. Treat air-dried leaves with a low-boiling 
petroleum ether or with a so-called heptane, 90-100°. A 
little chlorophyll dissolves, so a greenish-yellow denotes 
presence of carotenes or xanthophylls or both. The green 
can be removed, if desired, by letting the solution stand in 
contact with aqueous hydrochloric acid. Add 90-95% 
methyl alcohol to the petroleum ether or heptane solution. 
Xanthophylls go into the methyl alcohol layer and caro­
tenes stay in the upper layer. If both are present, the 
extraction should be continued until one or the other layer 
becomes practically colorless.

3. Tests for chlorophyll in red, yellow and brown 
leaves can be made by treating them, after or before 
extraction with formic acid and with heptane, with a 
methyl alcohol solution or with a 50-50 mixture of methyl 
and isoamyl alcohols. A green color, which disappears on 
adding aqueous hydrochloric acid, denotes presence of 
chlorophyll. The disappearance of the chlorophyll is a 
time reaction and does not occur instantaneously. Since 
chlorophyll goes readily into benzene and anthocyanin 
does not, the two can be separated qualitatively by shaking 
with benzene.

Simplified Method of Analysis
A quicker, simpler and less accurate method of qualita­

tive analysis is to extract the leaves with methyl alcohol 
which takes out practically everything. Make up an 
ether-water system such that the two liquid layers are 
about equal in volume. Add some of the methyl alcohol 
extract. A green color in the ether layer denotes chloro­
phyll. This green will disappear gradually on adding 
hydrochloric acid, more slowly after adding ammonia. 
It is safer not to draw final conclusions in regard to yellow

pigments until the chlorophyll has disappeared pretty 
completely. To the ether-water mixture containing some 
of the methyl alcohol extract, add aqueous hydrochloric 
acid solution. A pink color in the water layer indicates 
anthocyanins or anthocyanidins. Remove the ether layer 
and add aqueous ammonia to it. A yellow color in the 
water layer shows the presence of fiavones. A yellow color 
exclusively or chiefly in the ether layer indicates the so- 
called water-soluble yellow pigments.

Remove the ether layer, add “heptane” to it and 
evaporate off the ether. Add 90-95% methyl alcohol. A 
yellow color in the heptane denotes carotenes and a yellow 
color in the water layer shows xanthophylls, subject always 
to possible errors due to the presence of water-soluble yel­
low pigments.

Positive results by this method are reliable. Negative 
results should be checked if there is any reason to doubt 
them. Methyl alcohol usually will extract anthocyanins 
readily, but we have seen a red cactus blossom which was 
scarcely touched by methyl alcohol and gave up its pig­
ment readily to a formic acid solution. Acetic acid has 
very little effect on the fiavones in the jonquil. Since 
methyl alcohol increases the mutual solubility of ether and 
water, a large amount of methyl alcohol may introduce 
complications, while smaller amounts of methyl alcohol 
may mean correspondingly smaller amounts of pigment to 
be tested.

Discussion
Both these methods work with from a fraction 

of a leaf upward. Any group of pigments th a t 
cannot be determined in an extract from six 
leaves can be ignored for all ordinary purposes, 
though there may be especial reasons for deter­
mining such pigments as flavins. For substances 
like these, special methods m ust be and have been 
developed.

By using an approximately constant weight of 
leaves in approximately the same state of dryness 
and a constant amount of solution, the methods 
can be made semi-precise. I t  was possible to 
show one year th a t leuco-anthocyanins were pres­
ent in the leaves of the sugar maple in Ithaca in 
July and not in the leaves of the Norway maple. 
I t  was also shown th a t the green leaves of the 
copper beech, which had been red earlier in the 
season, contained relatively large amounts of 
leuco-anthocyanins in July, small amounts early 
in September and an almost negligible amount 
toward the end of September. A more exhaustive 
study of this system ought to give some definite 
information as to the precursors of leuco-antho­
cyanins. We do not know now whether fiavones 
are or are not possible precursors of the leuco- 
anthocyanins and we do not know anything about 
the reds th a t appear in young leaves in tropical 
forests.
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Summary alcohol, butyl alcohol, amyl alcohol and ether in
It is possible to identify many leaf and flower acld and alkaline solutions, 

pigments by suitable treatment with methyl Ithaca, N ew  Y ork R eceived October 26, 1938

[Contribution from the Chemical Laboratory of T he Ohio State U niversity]

A New Synthesis of Chrysene Derivatives
B y M e l v in

The desirability of preparing methyl deriva­
tives of all of the five polycyclic aromatic hydro­
carbons of the formula CisH^ has been pointed 
out previously.1 Of these, derivatives of 1,2- 
benzanthracene have received the greatest a tten­
tion. W ith the recent synthesis of 8-methyl-
1,2-benzanthracene2 all of the monomethyl deriva­
tives of 1,2-benzanthracene have been made avail­
able for the study of the effect of structure on 
cancer-producing activity.3 Of the other mem­
bers of this class of hydrocarbons chrysene, I, 
offered a most promising field for research not 
only because of the similarity of its carbon skele­
ton to th a t of the steroids bu t also because the 
active carcinogenic agent in coal tar, 3,4-benz­
pyrene, I I ,4 m ay be considered as a chrysene 
substituted in positions 4 and 5.

I II

Of the known methods for the synthesis of 
chrysene and its derivatives5 none seemed ade­
quate for the preparation of various methyl- and 
dimethylchrysenes desired for biological testing. 
The work herein reported was undertaken in an 
effort to find a general method suitable for the 
preparation of variously substituted derivatives 
of chrysene.

The successful synthesis proceeds from ben- 
zalacetophenone by well-known reactions to a ,y -  
diphenylbutyric acid.

(1) N ew m an  and Joshel, T h is  J o u rn al , 60, 485 (1938).
(2 ) C o o k  a n d  R o b in s o n , J .  Chem . So c., 5 0 5  ( 1 9 3 8 ) .
(3) F o r  t h e  m o st  re c e n t  re p o rt  o n  th e  a c t iv i t y  of m e t h y l - 1 ,2 -  

b e n z a n th ra c e n e s  see S h e a r , A m . J .  C a n c e r , 33, 499 ( 1 9 3 8 ) ;  F ie s e r ,  
ib id ., 34, 3 7  ( 1 9 3 8 ) .

(4) C o o k , H e w e t t  a n d  H ie g e r , J .  Chem . So c., 3 9 5  ( 1 9 3 3 ) .
(5) F ie s e r ,  “ T h e  C h e m is t r y  of N a t u r a l  P r o d u c t s  R e la t e d  to  P h e ­

n a n th r e n e , ”  R h e in h o ld  P u b lis h in g  C o r p o r a t io n , N e w  Y o r k ,  N .  Y . ,  
19 3 6  or 1 9 3 7 ,  p . 2 2 .

S. N ew m a n

C6H5COCH=CHC6H5 +  HCN —
CH3OH

C6H5COCH2CH(CN)C6H5 ---------
H2S04

h 2o
C 6H 5C O C H 2C H (C O O C H 3 )C 6H 5 ------- 3-

Zn—Hg
C6H5COCH2CH(COOH)C6H5 - - —  >

C 6H 5C H 2C H 2CH (C O O H )C 6H 5

The acid chloride of a, y-diphenylbutyric acid 
was cyclized in benzene solution by aluminum 
chloride to l-keto-2-phenyl-l,2,3,4-tetrahydro- 
naphthalene II I  (87% yield) and the remaining 
steps in the synthesis are indicated below. This 
part of the synthesis consists essentially of an 
extension of the phenanthrene synthesis of Cook.6

Although one might expect the ketone I I I  to be 
somewhat hindered, the Reformatsky reaction 
proceeded vigorously and the yield of the acid 
IV varied from 60 to 68%. The double bond is 
placed in the ring instead of the alternate position 
of conjugation with the carboxyl group because 
of the failure to isolate I I I  from the products 
of ozonization. Surprisingly, low pressure cata­
lytic reduction of this acid, its sodium salt, or 
its methyl ester using palladium or platinum 
catalysts failed almost completely. Invariably 
the acid was recovered for the most part un­
changed. Reduction in excellent yield was finally 
effected by the action of 2% sodium amalgam 
on an aqueous alcoholic solution of the sodium 
salt, using acid which had been recovered from u n ­
successful attempts at catalytic hydrogenation. 
When freshly prepared pure acid was used, no 
reduction took place. While an exhaustive search 
into the reason for this phenomenon was not 
made, the effect was noted in several different 
runs. If an alcoholic solution of the pure acid 
were shaken with Adams platinum  catalyst and 
hydrogen and then recovered, this acid could be 
reduced by sodium amalgam. I t  may be that

(6) C o o k , H e w e tt  a n d  L a w r e n c e , J .  Chem . Soc., 7 1  ( 1 9 3 6 ) .
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1.
2.

Zn +  BrCH2COOC2H5 
Dehydration

O 3. Hydrolysis CH2COOH

VII V III7

some colloidal platinum is the cause of the results 
noted for in a patent8 it is claimed th a t spongy 
metals or alloys act as a catalyst for the reaction 
of sodium amalgam with aqueous solutions. The 
reduction proceeded in excellent yield to give a 
mixture of two racemates, one of which easily 
was isolated pure in 62% yield by fractional 
crystallization. The remainder of the reduced 
acids consisted of a difficultly separable mixture.9

The ketone VI was prepared in 81% yield by 
an intramolecular Friedel-Crafts condensation of 
the chloride of V. Upon Clemmensen reduction 
the known cis 5,6,11,12,13,14-hexahydrochrys- 
ene,7 m. p. 76.8-77.8°, corr., was obtained. This 
fact forms the basis for assigning the cis structure 
to the acid V and the ketone VI. The formation 
of chrysene by heating this hydrocarbon with 
selenium7 was confirmed. By treating the ketone 
VI with the appropriate Grignard reagent, fol­
lowed by dehydration and dehydrogenation, both
6-methylchrysene,10 m. p. 161.0-161.4°, and 6-

(7) R am age and R obinson, J .  C h em . S o c ., 607 (1933).
(8) German p a ten t 652,549 (1937).
(9) T he author is ind eb ted  to  Dr. E . B . Hershberg for reducing a 

sm all sam ple in  a h igh  pressure hydrogenator using copper chro­
m ite. T h e  m ixture of reduced a d d s produced by th is reduction  
was very sim ilar to  th a t m ixture produced b y  sodium  am algam  
reduction.

(10) Sen-G upta, C u rren t S c i . ,  5, 295 (1936), reported th e  synthesis  
of 6-m ethylchrysene and  gave its  m elting  poin t as 1 5 2 -153°. B e­
cause of th e  m eltin g  p o in t recorded, i t  seem s lik ely  th a t som e other  
hydrocarbon— possib ly  3 -m ethyl-l,2-benzanthracene, m. p. 155°, 
synthesized  b y  Cook, J .  C h em . S o c ., 1087 (1930)— w as a t hand.

ethylchrysene,11 m. p. 126.4-126.8°, were 
prepared in 82 and 50% yields, respectively.

Upon oxidation, 6-methylchrysene gave a 
mixture of products from which a small 
yield of 6-methyl-11,12-chrysenequinone, 
m. p. 210-212°, dec., was obtained. This 
structure is assigned on the basis of the fact 
th a t the quinone readily formed a yellow 
phenazine derivative, m. p. 220-221°, with 
ö-phenylenediamine. For comparison the 
phenazine derivative of chrysenequinone, 
m. p. 215-216°, was prepared, the mixed 
melting point being depressed over 20°, 
whereas a mixed melting point of the two 
quinones showed no depression.

An interesting variation leading to the 
formation of the acetates of 6-chrysenol and
11,12-dihydro-6-chrysenol is indicated below.

The dehydrogenation of the unsaturated 
acid IV to IX  by heating with sulfur pro­
ceeded in 79% yield and the cyclization by 
a new application of the procedure of Fieser 
and Hershberg12 yielded the acetate of 6- 

chrysenol, X, in 80% yield. The yields in the 
alternate procedure were 87% for the acetylative 
cyclization and 50% for the dehydrogenation. On 
hydrolysis, X  and X I were converted into 6-chrys-

/ \ / \

IV
- H 2

Ac20
ZnCl2

enol,13 m. p. 248-250° with decomposition, and
ll,12-dihydro-6-chrysenol, m. p. 156.2-156.6°, 
respectively. The former yielded chrysenequinone 
on oxidation and 6-methoxychrysene,14 m. p.
127.2-127.8°, on methylation.

(11) Funke and M üller, J . . p r a k t .  C h em ., 144, 242 (1936), g ive  the  
m elting po in t of 6-eth ylch rysene as 126°.

(12) Fieser and H ershberg, T h is  J o ur n a l , 59, 1028 (1937).
(13) K ern, U . S. P a ten t 1 ,996,475; C. A . ,  29, 33561 (1935), gives 

th e  m eltin g  p o in t of 6-chrysenol as 2 4 0 -242  °.
(14) F rench P a ten t 794 ,534 (1936); C. A . ,  30, 5238* (1936), gives  

th e m elting  p o in t of 6 -m ethoxychrysene (called. 2-m ethoxychrysene) 
as 126°.
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Experimental15 16
a  -  Phenyl -  /3 - b enzoylpropionitrile.—Conditions were 

found which make possible the preparation of this inter­
mediate in much less time than recommended.16 A 
solution of 108 g. of potassium cyanide in 200 cc. of water 
was added under the surface to a solution at 55° of 135 g. 
of benzalacetophenone in 700 cc. of alcohol. The addition 
was made over a period of five minutes with continual 
shaking. After five minutes, the contents were warmed to 
60°, the flask was wrapped with several towels and al­
lowed to stand undisturbed for ninety to one hundred min­
utes, the temperature being maintained at 60° by the heat 
of reaction. After cooling the crystals were collected by 
filtration and washed colorless with cold 50% alcohol. 
The yield was 146 g. (95%) of material melting at 124.4 to 
126°.

tt,7 -Piphenylbutyric Acid.—The above nitrile was con­
verted into methyl a-phenyl-/3-benzoylpropionate17 and 
hence to the free acid by alkaline hydrolysis.

In  a typical reduction18 the product obtained from 120 g. 
of a-phenyl-/3-benzoylpropionic acid was distilled a t 3 mm. 
The fraction, 101 g., boiling a t 199-203° was dissolved in 
250 cc. of warm petroleum ether (b. p. 65-110°) and on 
cooling 91 g. of white crystals, m. p. 68-71°, was obtained. 
From the mother liquor only 2 g. more of good product 
crystallized, making the yield 82%. On one recrystal­
lization the melting point rose to 72-3°19 with little loss. 
In an experiment in which the entire crude product a t each 
stage was used directly for the next step, there was ob­
tained 128 g. (62%) of a , 7-diphenylbutyric acid, m. p. 72- 
73°, from 183 g. of benzalacetophenone. Separate a t­
tempts were made to hydrolyze and reduce a-phenyl-jö- 
benzoylpropionitrile, and methyl a-phenyl-/3-benzoyl- 
propionate in one step using the Clemmensen procedure but 
the yield of reduced acid was small, a considerable amount 
of both starting materials being recovered.

l-Keto-2-phenyl-l ,2,3,4-tetrahydronaphthalene, III.— 
In the best of several experiments 91 g. of a ,7-diphenyl- 
butyric acid was converted into the acid chloride with 83 g. 
of phosphorus pentachloride. After removing all volatile 
phosphorus compounds on the water pump at 100°, the 
pale yellow oil was dissolved in 380 cc. of thiophene-free 
benzene and 53 g. of aluminum chloride was added during 
one-half hour (external cooling). After stirring for three 
hours a t room temperature, the deep red reaction mixture 
was heated to 40° several times during the next seven 
hours, cooled, and poured on ice and hydrochloric acid. 
The benzene was removed by steam and the organic matter 
collected and dissolved in 300 cc. of alcohol. The first 
crop of pale buff crystals was distilled, b. p. 182-183 a t 2.5-  
3 mm. The product in the mother liquors was also dis­
tilled and the combined distillates yielded a total of 73.0 g. 
(87%) of white plates, m. p. 76-77°. If the entire reaction 
product were distilled before a preliminary crystallization 
the yield was reduced from 5 to 10%. On standing the

(15) A ll m elting  poin ts corrected . A nalyses marked * b y  H . S. 
Clark, f  b y  K . E der, U n iversity  of C hicago.

(16) O rg. S y n th e se s , 10, 80 (1930), John  W iley and Sons, N ew  
Y ork, N . Y .

(17) K ohler, Peterson  and  B ickel, T h is  Jo urnal , 56, 2000  
(1934).

(18) M artin , ib id . ,  58, 1438 (1936).
(19) C om pare K ohler and  K im ball, ib id . ,  55, 4632 (1933).

ketone frequently took on a pink tinge. A sample re­
crystallized for analysis melted a t 76.2-77.0°.

A nal*  Calcd.forCiöHhO: C ,86.45; H ,6.34. Found: 
C, 86.11; H, 6.61.

The semicarbazone melted with decomposition at 
250-251.4° after sintering at 245°.

Anal.* Calcd. for Ci7H17ON3: N, 15.04. Found: N,
15.18.

3,4-Dihydro-2~phenyl-l-naphthaleneacetic Acid, IV.—
In a typical experiment, a mixture of 10 g. each of ketone 
and granulated zinc, 16 g. of ethyl bromoacetate, 40 cc. of 
dry thiophene-free benzene, and a pinch of the copper salt 
of the enol form of ethyl acetoacetate was heated until re­
action commenced, after which the heat of reaction was 
sufficient to reflux the solvent. In larger runs cooling was 
necessary. After ten minutes, the mixture was heated on 
the steam-bath for thirty minutes. The cooled reaction 
mixture was poured into dilute hydrochloric acid and the 
organic matter collected in the benzene layer. After re­
moving the solvent, the product was dehydrated by heating 
with a small crystal of iodine a t 210-215° for thirty min­
utes under 100 mm. pressure, following which a pale yellow 
viscous oil, b. p. 180-200° at 3 mm., was distilled. The 
distillate was saponified with alcoholic potassium hydrox­
ide. By crystallization and recrystallization from benzene 
there was obtained 8.1 g. (68%) of the acid IV as dense 
colorless prisms which contained benzene of crystallization 
removed by drying a t 100°. The melting point was 155- 
156° and a portion was crystallized from benzene and alco­
hol to a constant melting point of 156.2-156.8°.

Anal.\ Calcd. for CisHieC^: C, 81.79; H, 6.10. 
Found: C, 82.17; H, 5.98.

A carbon tetrachloride solution of the acid readily de­
colorized bromine.

An ozonolysis, for which the author is indebted to Dr. 
Shinowara, was carried out in acetic acid. The neutral 
portion of the products of ozonolysis yielded only intrac­
table oils from which no semicarbazone could be obtained. 
The acid fraction consisted mainly of starting unsaturated 
acid, m. p. 152-156°.

cis - 2 - Phenyl - 1,2,3,4-tetrahydro -1 - naphthaleneacetic 
Acid, V.—Attempts were made to reduce IV using both 
platinum and palladium catalysts in acetic acid and in 
95% alcohol. There was no further absorption of hydro­
gen after the catalyst was reduced. The entire crude acid 
as recovered from the solvent had a melting range of 20° 
but on one crystallization from benzene, over 65% was 
recovered with a good melting range, 152-156°, not de­
pressed by the authentic acid. No better results were 
obtained using the methyl ester in alcohol solution or the 
sodium salt in aqueous solution. Further unsuccessful 
attempts at reduction involved the Clemmensen reduction 
and boiling with phosphorus and hydriodic acid. In a 
typical reduction with sodium amalgam, 4.90 g. of acid IV 
was dissolved in 20 cc. of 95% alcohol (distilled over 
potassium hydroxide), and an equivalent amount of so­
dium hydroxide in 200 cc. of water was added, followed by 
360 g. of 2% sodium amalgam (made by dropping mercury 
on molten sodium under sulfur-free xylene). After stand­
ing for three days a t 35-40°, the solution was heated to 
100° to dissolve the insoluble sodium salt which had erys-
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tallized. The acids precipitated on acidification were 
crystallized from 80 cc. of benzene. The first crop melted 
at 170-172° and the next two crops somewhat lower. On 
recrystallization from alcohol a total of 3.06 g. (62%) of 
white needles, m. p. 171-172°, was obtained. A portion 
recrystallized for analysis melted at 172.0-172.8°.

Anal.X Calcd. for Ci8H i80 2: C, 81.17; H, 6.81. 
Found: C, 81.26; H, 6.74.

The acids in the mother liquors were saturated as 
shown by a failure to decolorize bromine in carbon tetra­
chloride. These acids undoubtedly formed a mixture of 
the two racemates.

a.v-6-Keto-5,6,11,12,13,14-hexahydrochrysene, VI. —In
the best experiment, 4.29 g. of acid V was warmed with
3.5 g. of phosphorus pentachloride for one hour after which 
phosphorus compounds were removed under reduced pres­
sure on the water-bath at less than 90°. The pale yellow 
acid chloride was dissolved in 30 cc. of dry sulfur-free 
benzene and 2.18 g. of powdered aluminum chloride added 
in portions. The reaction mixture warmed up and took 
on a green color. After three hours a t 30-50°, the mixture 
was poured into dilute hydrochloric acid and the benzene 
layer separated and washed successively with hydrochloric 
acid, sodium hydroxide, water, and saturated sodium 
chloride solution. After removing the benzene the prod­
uct crystallized from alcohol. In all 3.23 g. (81%) of 
ketone which crystallized in dense prisms, m. p. 74.4-76.4°, 
was obtained. A sample recrystallized for analysis melted 
at 75.8-76.8° and formed colorless prisms.

A nal t Calcd. for Ci8H160 : C, 87.06; H, 6.50.
Found: C, 86.53,87.53; H, 6.74, 6.58.

The semicarbazone formed very small crystals from 
pyridine-alcohol, m. p. 255-258°, dec., after sintering at 
251°.

Anal.\ Calcd. for Ci9H i9ON3: N, 13.76. Found: N, 
13.74.

c7s-5,6,ll,12,13,14-Hexahydrochrysene, VIII.—By a
modified18 Clemmensen reduction, from 1.0 g. of rw-ketone, 
VI, there was obtained 0.52 g. (55%) of hexahydro- 
chrysene, m. p. 74.4-75.8°. After two recrystallizations 
from alcohol, thick white plates, m. p. 76.8-77.8°, were 
obtained. Ramage and Robinson7 give the melting point 
for cw-hexahydrochrysene as 75°. A mixture of VI and 
VIII melted at 61-66°.

6 -M ethylchrysene, VII (R  =  CH3 ).-—To a solution of 
0.461 g. of VI in 3 cc. of ether and 3 cc. of benzene was 
added 2 cc. of 2.7 M  methylmagnesium bromide in ether. 
A white complex separated immediately but soon dis­
solved. After thirty minutes of refluxing, the reaction 
mixture was decomposed with dilute hydrochloric acid and 
the organic material heated at 220° for ten minutes to 
effect dehydration. The residue was heated with 0.120 g. 
of sulfur at 230° for twenty minutes during which time 
hydrogen sulfide was evolved copiously. Distillation at 
3 mm. yielded a yellow distillate which immediately 
solidified. crystallization from benzene there was
obtained a total of 0.368 g. (82%) of 6-methylchrysene, 
m. p. 160.2-161.2°. Recrystallization from benzene- 
alcohol resulted in colorless stout needles, m. p. 161.0- 
161.4°. The picrate, from benzene-alcohol, formed 
bright orange needles, m. p. 170.0-170.6°.

Anal.f Calcd. for Ci9H h : C, 94.18; H, 5.82. Found: 
C, 94.15; H, 5.95. Calcd. for C25H17O7N 3: N, 8.91. 
Found: N, 8.96.

6 - M ethylchrysene -1 1 ,1 2 -  quinone.—6-Methylchrysene 
(0.32 g.) was oxidized by boiling with 1 g. of sodium di­
chromate and 10 cc. of acetic acid for five hours. The red 
oxidation product was recrystallized until its behavior on 
melting remained constant. The product obtained in very 
small amount formed beautiful bright red needles which, 
when the temperature of the melting point bath was raised 
slowly, darkened slightly above 200° and melted with 
much decomposition a t 210-212°. The temperature of 
decomposition was higher, the faster the rate of heating 
and on rapid heating it melted at 218-220°. The de­
composition point was not affected by mixing the sample 
with authentic chrysenequinone, m. p. 242-242.6°. The 
color of the solution of 6-methylchrysenequinone in cold 
concentrated sulfuric acid was blue-violet and not quite as 
pronounced as the deep blue color of chrysenequinone un­
der the same conditions.

Anal.] Calcd. for Ci9H i20 2: C, 83.81; H, 4.44. 
Found: C, 83.75; H,4.74.

Chrysophenazine and 5-M ethylchrysophenazine.20—
Condensation products of chrysenequinone and 6-methyl­
chrysenequinone with a-phenylenediamine in alcohol- 
acetic acid were obtained easily. After recrystallization 
from pyridine-alcohol chrysophenazine formed long silky 
yellow needles, m. p. 215-216°.

Anal.* Calcd. for C24H14N2: N, 8.48. Found: N,
8.40.

5- Methylchrysophenazine formed small yellow needles, 
m. p. 220-221°, and a mixed melting point with the above 
was depressed 20°.

Anal. t  Calcd. for C25Hi6N2: N, 8.14. Found: N, 
8.45.

6- Ethylchrysene, VII, (R  =  C2H 5 ).—In a manner en­
tirely analogous to that used in the preparation of 6- 
methylchrysene there was obtained from 0.765 g. of VI, 
0.378 g. of 6-ethylchrysene, m. p. 124-125°. On recrys­
tallization from benzene-alcohol colorless needles, m. p.
126.4-126.8°, were obtained. A solution in warm concen­
trated sulfuric acid had a blue-violet color as mentioned by 
Funke.11 The picrate, bright orange needles, m. p. 136.2- 
136.8°, was prepared in and recrystallized from benzene- 
alcohol.

Anal*  Calcd. for C2eHi907N3: N. 8.66. Found: N,
8.64, 8.65.

2-Phenyl- 1-naphthaleneacetic Acid, XL— A mixture of 
2.64 g. of IV and 0.32 g. of sulfur was heated at 220-225° 
for ninety minutes. Hydrogen sulfide was evolved copi­
ously for the first twenty minutes but if the reaction were 
stopped at this point the yield was greatly decreased. 
The slightly colored reaction product was crystallized from 
benzene yielding a total of 2.07 g. (79%) of the desired acid 
IX as colorless prisms, m. p. 192-193°.

Anal.* Calcd. for Ci8H140 2: C, 82.42; H, 5.38. 
Found: C, 81.99; H, 5.52.

6-Chrysenyl Acetate, X.—A solution of 1.60 g. of IX  
and a small amount of anhydrous zinc chloride in 8 cc. of

(20) C h em ica l A b s tr a c ts  num bering.
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acetic anhydride and 8 cc. of acetic acid12 was refluxed for 
one hour, cooled, and diluted with water. On further 
cooling there crystallized in colorless needles 1.39 g. (80%) 
of 6-chrysenyl acetate, m. p. 157-158°. A sample re­
crystallized for analysis melted a t 158.6-159.2°.

Anal A Calcd. for C2oHi40 2: C, 83.89; H, 4.93. 
Found: C, 83.58; H, 5.02.

6-Chrysenol.—The acetate was converted into 6- 
chrysenol by heating with alcoholic potassium hydroxide 
for five minutes. The cooled yellow solution was diluted 
with dilute hydrochloric acid, whereupon the color almost 
disappeared. Soon 6-chrysenol separated in almost color­
less needles in quantitative yield. Upon recrystallization 
from acetone-benzene, 6-chrysenol13 formed colorless 
needles, m. p. 248-250°, with decomposition. Darkening 
and sintering took place as low as 240°. Upon oxidation 
with sodium dichromate in acetic acid, 6-chrysenol was 
converted in theoretical yield to chrysenequinone.

Anal.* Calcd. for Ci8H i20  : C, 88.50; H, 4.95. Found: 
C, 88.61, 88.75; H, 5.13, 5.26.

6-Methöxychrysene.—An aqueous methyl alcoholic 
solution of 0.515 g. of 6-chrysenol containing 1 cc. of 50% 
potassium hydroxide was treated with two 0.5-cc. portions 
of dimethyl sulfate. After a time pale yellow crystals 
separated. The reaction mixture was warmed, diluted 
with water, and cooled in an ice-bath. By crystallization 
of the reaction product from benzene-alcohol there was 
obtained 0.464 g. (85%) of white needles, m. p. 125-127°, 
A sample recrystallized from benzene-alcohol melted at 
127.2-127.8 °.14

Anal A Calcd. for Ci9H j40 : C, 88.35; H, 5.46. Found: 
C, 88.16; H, 5.48.

11.12- Dihydro-6-chrysenyl Acetate, XI.—Under condi­
tions similar to those used in the preparation of 6-chrysenyl 
acetate, X, 3.00 g. of IV was cyclized to yield 2.80 g. (87%) 
of XI, m. p. 94-96°. A sample recrystallized from alcohol 
melted at 95.6-96.2°.

Anal.] Calcd. for C2oHi60 2: C, 83.31; H, 5.59.
Found: C, 83.31; H, 5.96.

Under conditions identical to those used in the dehydro­
genation of IV to IX , 11,12-dihydrochrysenyl acetate 
was converted in 50% yield into 6-chrysenyl acetate.

11.12- Dihydro-6-chrysenol.—By saponification with al­
coholic potassium hydroxide for one hour, 0.342 g. (80%) 
of ll,12-dihydro-6-chrysenol, m. p. 155.6-156.4°, was ob­
tained from 0.50 g. of XI. A sample recrystallized for 
analysis from alcohol formed colorless elongated prisms, 
m. p. 156.2-156.6°.

Anal.* Calcd. for Ci8H i40 : C, 87.77; H, 5.73. Found: 
C, 87.67, 88.15; H, 5.72, 5.85.

An attempt at methylation resulted in the formation of 
an uninviting brown viscous oil.

Fluorescence in Ultraviolet Light.—-The following com­
pounds exhibited vivid blue fluorescence when viewed in 
ultraviolet light: 2-phenyl-3,4-dihydro-l-naphthalene-
acetic acid, cis-6-keto-5,6,ll,12,13,14-hexahydrochrysene, 
cis-5,6,11,12,13,14-hexahydrochrysene, 6-methylchrysene,
6-chrysenol, and 6-methoxychrysene.

Summary
A new synthesis for hydrocarbons containing 

the chrysene nucleus is described. The starting 
material is benzalacetophenone which is con­
verted by well-known reactions into a ,y -di- 
phenylbutyric acid. This acid is cyclized to 
1 - keto - 2 - phenyl -1,2,3,4 - tetrahydronaphtha - 
lene. By the Reformatsky reaction, followed by 
dehydration and saponification, this ketone is con­
verted into 3,4-dihydro-2-phenyl-1 -naphthalene- 
acetic acid which on reduction with sodium 
amalgam yields as-2-phenyl-1,2,3,4-tetrahydro-1 - 
naphthaleneacetic acid. Upon cyclization this 
acid yields aV6-keto-5,6,l 1,12,13,14-hexahydro­
chrysene from which, by reaction with methyl- 
and ethylmagnesium bromides, followed by de­
hydration and dehydrogenation, there is ob­
tained, respectively, 6-methyl- and 6-ethyl­
chrysene. 6-Methylchrysene on oxidation yields
6-methylchrysene-11,12-quinone.

By dehydrogenation with sulfur, 3,4-dihydro-
2-phenyl-l-naphthaleneacetic acid is converted 
into 2-phenyl-1-naphthaleneacetic acid from which 
is formed 6-chrysenyl acetate by acetylativé 
cyclization. The latter is hydrolyzed to 6- 
chrysenol, in turn  methylated to 6-methoxy­
chrysene. On acetylative cyclization 3,4-dihydro- 
2-phenyl-l-naphthaleneacetic acid yields 11,12- 
dihydro - 6-chrysenyl acetate which is hydrolyzed 
to ll,12-dihydro-6-chrysenol and is dehydrogen­
ated to 6-chrysenyl acetate.
C o l u m b u s , O h i o  R e c e i v e d  O c t o b e r  14, 1938
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Hydrogen Fluoride as a Condensing Agent. II. The Alkylation of Benzene by
Olefins

B y  J. H . S im ons and  S. A r c h e r

In  a previous communication1 we announced 
the successful alkylation of benzene using hydro­
gen fluoride as the condensing agent. The first 
successful alkylation of aromatic compounds by 
olefins was reported by Balsohn in 1879.2 Since 
th a t time acidic substances such as sulfuric acid,3 
phosphoric acid,4 and phosphorus pentoxide5 have 
been used to effect such condensations. Hydro­
gen fluoride has been used as a promoter with 
boron fluoride in the alkylation of paraffins by 
olefins.6

Ipatieff3 stated th a t in the case of the conden­
sation reaction catalyzed by sulfuric acid, there 
were three competing reactions. These were, 
first, alkylation of the aromatic hydrocarbon, 
second, polymerization of the olefin, and, third, 
the reaction of the unsaturated compound with 
the acid to form an ester. Since it  has been shown 
th a t hydrogen fluoride polymerizes olefins,7 and 
also adds to double bonds,8 we believe tha t similar 
side reactions also can take place in the case of 
alkylation catalyzed by hydrogen fluoride. How­
ever, under the conditions employed, no evidence 
was found for any reaction except alkylation. If 
polymerization or addition of hydrogen fluoride 
occurred, they were in relatively small amounts.
' The reaction mixture after removal of the acid 
and subsequent drying, was always clear and al­
most colorless. Fractionation proceeded smoothly 
and efficiently in all cases, and no compounds 
boiling a t temperatures between those of benzene 
and the alkylbenzenes were found. The olefins 
used were propylene, isobutene, pentene-2, tri­
methylethylene, and cyclohexene. All, except 
propylene, were prepared by dehydration of the 
proper alcohol. The alkylbenzenes formed were 
characterized by means of physical constants and 
by conversion to the monoacetamino derivative 
as described by Ipatieff and Schmerling.9

(1) Sim ons and Archer, T h is  J o ur n a l , 60, 986 (1938).
(2) Balsohn, B u ll.  soc. chim ., [2] 31, 539 (1879).
(3) Ipatieff, Corson and Pines, T h is  J o u r n a l , 58, 919 (1936).
(4) Ipatieff, P ines and K om arew sky, In d . Eng. Chem., 28, 222 

(1936).
(5) Truffault, Com pt. rend., 202, 1286 (1936).
(6) Ipatieff and G rosse, T h is  Jo u r n a l , 57 , 1616 (1935).
(7) Fredenhagen, Z. ph ysik . Chem., A 164, 176 (1933).
(8) Grosse and Linn, J .  O rg. Chem., 3, 26 (1938).
(9) Ipatieff and Schm erling, T h is  J o ur n a l , 59, 1056 (1937).

Experimental
General M ethod.— One to five mols of rela­

tively dry hydrogen fluoride was distilled from 
the container through a water-cooled copper coil 
into a copper flask in an ice-bath. Two to five 
mols of benzene was then added and a rubber 
stopper inserted. This stopper carried an inlet 
and an outlet tube of copper and a copper stirrer 
provided with a mercury seal. One-half to one 
mol of olefin was then added slowly with stirring. 
The stirring was continued for three to five hours 
usually a t 0°, b u t sometimes the reaction was 
allowed to warm to room temperature. The 
mixture was poured onto ice and neutralized with 
sodium carbonate. After washing the benzene 
layer with sodium carbonate solution, i t  was 
separated, dried with potassium carbonate or 
magnesium sulfate, and distilled. The product 
was then redistilled and a portion converted into 
the acetamino derivative. The yields and certain 
physical properties of the products are given in 
Table I.

Conclusions.—As indicated in a previous 
communication, hydrogen fluoride has been found 
to be useful as an agent for the alkylation of ben­
zene by olefins. Although the reactions were 
performed using sufficient hydrogen fluoride to 
give two liquid layers, the reaction probably takes 
place in the hydrocarbon layer. The am ount of 
hydrogen fluoride could be varied within wide 
limits w ithout affecting the results, and other ex­
periments which have been performed in this labo­
ratory indicate th a t the reactions proceed rapidly 
with only sufficient hydrogen fluoride to form a 
saturated solution in the hydrocarbon.

As no great care was taken to ensure high 
yields and as the reactions were no t studied to find 
the conditions for maximum yield, the yields ob­
tained were surprisingly high. These probably 
could be increased to practically the theoretical 
by using greater care and larger reaction mixtures.

Extreme precautions to ensure anhydrous con­
ditions were no t taken. In  some cases the reac­
tion mixtures were exposed to moist laboratory 
air for considerable periods of time without 
affecting the results. Aqueous solutions of hy-
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Olefin P rodu ct
Y ield,

%
B . p.,

°C .
Press.,

m m . W20

M . p ., 
acetam ino  

d eriv ., 
°C .

Propylene Monoisopropylbenzene 84 149-150 730 1.4913-6 105-105.5

Isobutene ƒ Mono-/-butylbenzene 
\  Di-/-butylbenzene

44
41

166.5-168
77-78®

728 1.4921 168-169.5

Pentene-26 Phenylpentane* 47 79-80 17 1.4883 119-120

T rimethyletliylene J Mono-Z-amylbenzene 
\  Di-/-amylbenzene

21
60

71-72
262-265

12
740

140-142

Cyelohexene Cyclohexylbenzene 62 234.5 737 129-131
7-8®

® Melting point. 6 Prepared from redistilled 5-amyl alcohol: b. p. 117° (742 mm.), n20 1.4083. The olefin boiled at 
35.4° (742 mm.), n20 1.3809. e This is probably a mixture of beta and gamma phenylpentanes. (n. b.) Propylene also 
reacted with naphthalene to give monoisopropylnaphthalene and probably a di- and triisopropylnaphthalene in good 
yields.

drofluoric acid undoubtedly can be used for some 
reactions.

Summary

Hydrogen fluoride has been found to be a very

useful agent for the alkylation of benzene by ole­
fins. Propylene, isobutane, pentene-2, trim ethyl­
ethylene, and cyclohexene were used. Very good 
yields were obtained.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  S e p t e m b e r  1, 1938

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , t h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

Hydrogen Fluoride as a Condensing Agent, i n .  Alkylation of Aromatics with
Aliphatic Halides

B y  J. H. S im ons and  S. A r c h er

In  a previous communication1 we have indi­
cated the use of hydrogen fluoride to promote the 
reaction between benzene and alkyl halides. A 
more detailed account of reactions between aro­
m atic compounds and alkyl halides can now be re­
ported.

The use of aluminum chloride and other metal­
lic halides to catalyze condensations between alkyl 
halides and aromatic compounds is very well 
known.2 However, a search of the literature 
failed to reveal any instance wherein sulfuric or 
other acidic catalysts have effected such a con­
densation. I t  is worthy of note, therefore, th a t 
hydrogen fluoride can promote such a condensa­
tion.

When tertiary chlorides are used, only ex­
tremely mild conditions are required. The reac­
tion proceeds smoothly a t  0° and a t atmospheric 
pressure. When secondary halides are employed, 
higher temperatures are necessary to bring about 
a reaction. A t 25° a small am ount of propylated

(1) Sim ons and Archer, T h is  J o u r n a l , 60, 986 (1938).
(2) N . O. C allow ay, C h em . R e v ., 17, 327 (1935).

benzenes was formed from the reaction between 
isopropyl chloride and benzene. Primary halides 
did not react detectably a t either 0 or 25°. At 
higher temperatures, however, ^-propyl bromide 
does react readily with benzene.

In addition to alkylation two other reactions 
might be expected. When metallic halides are 
used in reactions involving aromatic compounds, 
condensation of the rings occurs and resins and 
tars are formed. In  these reactions using hydro­
gen fluoride no such residues were found. In 
another experiment reported from this Labora­
tory,3 it  was found th a t either /-butyl chloride or 
/-amyl chloride, when treated with hydrogen 
fluoride, produced a complicated mixture of 
higher boiling compounds. Fortunately in the 
presènce of the aromatic compound in excess 
these reactions took place to a negligible extent if 
a t all.

The halides used were isopropyl chloride, /-butyl • 
chloride, /-amyl chloride and ^-propyl bromide.

(3) Sim ons, Flem ing, W hitm ore and Bissinger, T h is  J o u r n a l , 
60, 2267 (1938).
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m . p.

of acetam ino
H i Y ield, B . p., Press., deriv.,

H alide Product % °c. m m . M20 °C .

«-Propyl® bromide Propylbenzene& 48 150-153 740
Isopropyl chloride Polyisopropylbenzene* 155-175 740 166

/-Butyl chloride ƒ Mono-/-butylbenzene 
( Di-/-butylbenzene

10
60

167-170 
77-78 d

740 1.4908 169-170

/-Amyl chloride J Mono-/-amylbenzene 41.5 71- 74 12 139-140.5
\  Di-/-amylbenzene 21.5 127-130 12

/-Butyl chloride ^-/-Butyltoluene6 75 72-72.5 12 1.4919 163.5-164.57
188 740

f Mono-Z-butylnaphthalene^ 46 142-143 14
/-Butyl chloride 'j Di-/-butylnaphthaleneA 8 148d

[ Di-Z-butylnaphthalene 28 80-81d
® This reaction was run in a copper bomb at 80°. b This was a mixture of 88% isopropylbenzene and 12% normal 

propylbenzerie determined from the melting point 80-92° of a sulfonamide derivative. The technique of this identifica­
tion is given in the following paper of this series. * This reaction proceeded very slowly at 25°; only a small amount of 
product was obtained, which distilled over a considerable range. The acetamino derivative was made of the highest boil­
ing portion which is probably a polysubstituted benzene. d Melting point. 6 The aromatic used was toluene. f This 
is the melting point of ^-/-butylbenzoic acid made from the product by oxidation with (1:2) nitric acid. Its determined 
neutral equivalent was 179, calcd. 178. 9 The aromatic used was naphthalene. I t  was dissolved in carbon tetrachloride
for the reaction. h Two isomeric di-/-butylnaphthalenes were obtained. See Gump, T h i s  J o u r n a l , 53, 380 (1931).

The aromatic compounds employed were ben­
zene, toluene and naphthalene.

Experimental

General M ethod.—The method used was 
similar to th a t reported in the second paper of this 
series.4 The reactions, however, usually re­
quired two to three times as long. Hydrogen 
chloride was evolved in the reactions using 
chlorides and this was tested for in the escaping 
gases with a bead of silver nitrate solution. The 
reactions were stopped when this test was nega­
tive. Table I gives the collected results of the 
experiments.

Conclusion.—Hydrogen fluoride has been 
found to be an unusually effective agent to pro­
mote the reaction between alkyl halides and aro­
matic compounds. The reaction has been found 
to be most rapid with tertiary halides and least 
rapid with primary halides. The yields are rela­
tively high although no effort has been made to 
obtain high yields and no study has been made of 
the best conditions for the reactions. The yields 
probably could be greatly improved. The amount 
of hydrogen fluoride necessary is probably greater 
than when olefins are used bu t only because some

(4) Sim ons and Archer, T h is  Jo u r n a l ., 60, 2952 (1938).

of it  is lost in the escaping gas. G reat care for 
the exclusion of moisture was not taken and small 
amounts of water apparently do not prevent the 
reaction.

Hydrogen fluoride has several advantages over 
the use of metallic halides for these reactions. 
Polymerization of the aromatic compounds is 
avoided and this results not only in higher yield 
but also in greater ease of separation and purifica­
tion of the products. For aromatic compounds 
such as naphthalene th a t are solid a t  tempera­
tures a t  which most of the reactions take place, a 
very convenient solvent (carbon tetrachloride) 
can be used with no apparent reaction between it 
and the other reagents. This solvent cannot be 
employed when aluminum chloride is used instead 
of hydrogen fluoride.

Summary

Hydrogen fluoride has been found to be an ef­
fective agent to promote the reaction between 
alkyl halides and aromatic compounds. The 
halides used were w-propyl bromide, isopropyl 
chloride, /-butyl chloride and /-amyl chloride, and 
the aromatic compounds were benzene, toluene 
and naphthalene.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  S e p t e m b e r  1, 1938
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Hydrogen Fluoride as a Condensing Agent. IV. The Reaction of Cyclopropane with
Benzene

B y J. H. Simons, S. Archer  and E lizabeth  Adams

In the two previous papers in this series1 it was 
shown th a t hydrogen fluoride was an efficient 
agent to promote the reaction between either ole­
fins and aliphatic halides and aromatic compounds.

Of considerable interest is the reaction of cyclo­
propane and benzene. Ipatieff and Grosse2 car­
ried out this reaction using aluminum chloride and 
found th a t only the normal propylbenzenes were 
formed. We have used hydrogen fluoride to 
cause the same reaction and have found a similar 
result, i. e., the normal compound is the only 
product.

I t  is believed th a t cyclopropane does not isom- 
erize to form propylene before alkylation.2 A 
possible mechanism to account for the formation 
of the normal rather than the iso compound may 
be given. The cyclopropane molecule, being 
under strain, will be the center of an abnormal 
electromagnetic field, as is indicated by its mag­
netic susceptibility.3 This m ay cause it to add a 
proton to form a hypothetical and transitory 
propyl ion. The additional strain may cause the 
ring to break and irrespective of where it breaks a 
normal propyl positive ion will be formed. The 
reaction of this ion with benzene will produce nor­
mal propylbenzene and a proton.

In the reaction between paraffins and olefins 
catalyzed by boron trifluoride with hydrogen 
fluoride as a promoter, Grosse and Linn4 assumed 
th a t the initial step in the mechanism was the 
addition of the acid to the double bond, followed 
by the removal of hydrogen fluoride as the alkyl 
fluoride condensed with the saturated hydrocar­
bon. A similar mechanism may be postulated 
for the reaction between olefins and aromatics, 
as catalyzed by hydrogen fluoride. However, 
the suggested course of reaction does not ade­
quately explain the reactions of cyclopropane. 
When this hydrocarbon reacts with hydrogen 
fluoride, ^-propyl fluoride is predominantly 
formed, along with a small b u t significant amount 
of isopropyl fluoride. If it is the alkyl fluoride

(1) Sim ons and Archer, T h is  J o u r n a l , 60, 2952 and 2953 (1938).
(2) Ipatieff and G rosse, J .  O rg . C h em ., 2, 447 (1937).
(3) Farquharson an d  Sastri, T r a n s . F a ra d a y  S o c ., 33, 1474 

(1937).
(4) Grosse and L inn, J .  O rg . C h em ., 3, 26 (1938).

that reacts with the aromatic hydrocarbon, then 
one should expect both the normal and the iso 
compound to be formed when cyclopropane reacts 
with benzene. Yet it has been shown th a t no 
isopropylbenzenes are found in the reaction prod­
ucts. I t  is therefore assumed th a t the organic re­
actions catalyzed by hydrogen fluoride proceed 
through some ionic mechanism similar to those 
postulated by Whitmore for polymerizations and 
rearrangements.

Experimental
Sulfonamide Method of Identification.—In order to 

evaluate the composition of a possible mixture of normal 
and isopropylbenzene, a method employing the melting 
points of the sulfonamide derivatives was employed.

The sulfonamides were usually prepared in triplicate. 
A 3-g. sample was shaken with twice its volume of coned, 
sulfuric acid until the hydrocarbon dissolved completely. 
A saturated salt solution was added to precipitate the 
sulfonic acid and the latter was washed free of sulfuric acid 
with more of the salt solution. After drying a t 110°, the 
sulfonic acid was treated with 8 to 10 g. of phosphorus 
pentachloride; and the mixture was then heated on the 
steam-bath for four hours. At the end of this time, the 
mass was poured into water, extracted with ether, washed 
with water and dried over sodium sulfate. Ammonia was 
passed onto the sulfonyl chloride for one hour. The am­
monium chloride was filtered off and the solution dried 
again over sodium sulfate. The ether was evaporated and 
a melting point taken without recrystallization: m. p. of 
w-propyl sulfonamide, 102.5°; m. p. of isopropyl sulfon­
amide, 98°; m. p. of 57:43 mixture of iso and normal, 
respectively, 73 °. The latter was the lowest point on the 
melting point curve. Mixtures of varying percentages of 
each were made and the melting points taken. From the 
data, a temperature-composition diagram was con­
structed. From this diagram, the percentage of both 
components in a mixture of the two can be determined.

Cyclopropane and Benzene.—The technique was similar 
to that described for reactions between olefins and ben­
zene.1 Fractionation gave the following

Com pound B . p., °c. W20
Yields,

%
Monopropylbenzene 154-157 1.4920 42
Dipropylbenzene 97-98 (16 mm.) 1.4928 20
Tripropylbenzene 130-131 (14 mm.) 1.4950 3

The sulfonamide of the monopropylbenzene melted a t 
99-105°, 99-105.2°. A mixed melting point with the 
corresponding derivative of pure isopropylbenzene was 80- 
92°. Thus cyclopropane gave the only normal propyl 
benzenes.
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Summary normal propylbei tzenes in good yield. A possible
Cyclopropane has been found to react with mechanism for the reaction is postulated, 

benzene catalyzed by hydrogen fluoride to give S t a t e  C o l l e g e , P e n n a . R e c e i v e d  S e p t e m b e r  1, 1938

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , t h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

Hydrogen Fluoride as a Condensing Agent. V. Reactions of Compounds Contain­
ing Oxygen and Reactions of Tertiary Halides with Olefins

B y  J. H. Sim o n s , S. Ar c h e r , and  H. J. P a ssin o

In the preceding papers of this series1 the useful­
ness of hydrogen fluoride has been shown as a 
condensing agent for reactions between aromatic 
compounds and either unsaturated compounds or 
halides. T h at this reagent will promote many 
other reactions can now be shown. I t  appears 
that it  catalyzes the same reactions th a t acidic 
reagents such as sulfuric acid catalyze and also 
the reactions th a t metallic halides such as alumi­
num chloride or boron trifiuoride catalyze. For 
some reactions it is not only more convenient 
technically b u t also produces higher yields. There 
are reactions th a t hydrogen fluoride promotes that 
have not been reported using other reagents. One 
of these is a reaction between an aliphatic halide 
and an olefin. Two examples of this reaction are 
reported here in preliminary form. These are the 
reactions of tertiary butyl chloride with trimethyl­
ethylene and with cyclohexene.

The reactions of compounds containing oxygen 
are somewhat different from reactions of com­
pounds th a t do not. Due to the peculiar proper­
ties of hydrogen fluoride, one cannot predict its 
effect in these reactions. To show the usefulness 
of hydrogen fluoride for them an account of the 
following reactions is included. Tertiary butyl 
alcohol has been caused to react with benzene to 
form tertiary butyl benzene, tertiary butyl chlo­
ride has reacted with phenol to form tertiary butyl 
phenol, and tertiary butyl chloride has been made 
to react with ethyl furoate. For these reactions 
larger quantities of hydrogen fluoride are required.

M any other types of reactions undoubtedly can 
be performed by means of hydrogen fluoride bu t 
the variety th a t has now been accomplished shows 
the general usefulness of this reagent in organic 
reactions. The reasons for its apparent unique­
ness probably can be found in its physical and 
chemical properties. These have been summar-

(1) S im ons and Archer, T h is  J ournal,, 60, 2952 and 2953 (1938); 
Sim ons, Archer and Adam s, ib id ., 60, 2955 (1938).

ized by Simons.2 Despite its apparent weakness 
in aqueous solutions, it is a very powerful acidic 
substance. This property of donating protons 
makes it a useful reagent for organic reactions 
such as polymerizations and rearrangements in 
which a positive organic ion is the intermediate. 
The fact th a t the other halogen halides are insol­
uble in it accounts fof the reactions iii which a 
halogen halidè is eliminated. Its  unusual ability 
to form addition compounds, which is so evident 
in its numerous complex inorganic compounds, 
probably accounts for its usefulness in reactions in­
volving aromatic compounds. A complex in ter­
mediate similar to those postulated for reactions 
using aluminüni chloride m ay be the active agent. 
I t  is certainly much more soluble in benzene than 
would be expected from its high dielectric con­
stant. I t  is readily eliminated during the course 
of many organic reactions in which not more than 
one fluorine atom  is attached to the same carbon 
atom, no t because the carbon fluoride bond is 
weak bu t because the energy of formation of hy­
drogen fluoride is so very high.

Experimental
The same techniques were used as previously described1 

with the following exceptions. Tertiary butyl alcohol was 
added at one time as it clogged thè delivery tube if added 
slowly. Ethyl furoate was used in solution in carbon 
tetrachloride. Much larger quantities of hydrogen 
fluoride were required in reactions involving oxygen con­
taining compounds, and the reactions required a longer 
time. The reaction of ethyl furoate required about one 
hundred and fifty hours.

Tertiary Butyl Chloride and Trim ethylethylene.—
Distillation of the reaction products gave a constant boiling 
fraction of refractive index 1.4279-1.4315. I t  boiled 
63-65 ° a t 19 mm. This product was definitely an olefin 
with physical properties corresponding to the expected 
nonenes. The remainder of the material boiled over a 
continuous range of temperatures both above and below 
the constant boiling fraction. Apparently many products

(2) Sim ons, C h em . R e v ., 8, 213 (1931).
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A lk yl com pounds  

2-Butyl alcohol

2-Butyl chloride 
2-Butyl chloride

A rom atic com pound

Benzene

Phenol 
Ethyl furoate

Product
Y ield,

% B. p ., °C .

Mono-2-butylbenzene 3 165
Di-2-butylbenzene 8 78-78.5®
£-2-Butylphenol 85 234-2386
Ethyl 5-2-butylfuroate 54 116-117 (16 mm.)0

® Melting point. A mixed melting point with known p-di-2-butylbenzene was 77-78°. b The p-2-butylphenol melted 
a t 97-98°, ^-toluenesulfonate of it melted a t 108-109°. c n201.4749, the ester on saponification gave 5-2-butylfuroic acid 
which melted at 105-105.5°.

are formed, and this reaction requires further study. The 
constant boiling fraction represents about 18% yield.

Tertiary Butyl Chloride and Cyclohexene.—Distillation 
of the reaction products gave a fraction boiling 40-42° 
under a pressure of 18 mm. and a t 141.5-142° at 739 mm. 
The refractive index of this fraction was 1.4578. I t  de­
colorized bromine water and gave only a very weak chlo­
ride ion test. Since neither boiling point nor refractive 
index checks whatsoeyer with di- or triisobutylene, and 
since it appears to be an olefin, it is very probable that 
polymerization has occurred between the tertiary butyl 
chloride and the cyclohexene to give either a tertiary butyl 
cyclohexene or a substituted cyclohexyl ethylene.

The yield of this fraction was 31 % of the theoretical. A 
triisobutylene fraction of less than 10% was also obtained.

Conclusions.—The general usefulness of hy­
drogen fluoride as a reagent in organic reactions 
has now been well established. The technique of 
its use is somewhat different than th a t of other 
similar reagents bu t its utility  seems to be much 
greater than any of them. There are reactions!

such as th a t between an olefin and a tertiary chlo­
ride which i t  promotes th a t have not been pre­
viously reported.

Summary

Hydrogen fluoride has been found useful to 
catalyze reactions between tertiary butyl chloride 
and both trimethylethylene and cyclohexene. 
I t  also has been found to catalyze reactions in­
volving oxygen containing compounds. Ter­
tiary butyl alcohol has been caused to react with 
benzene, tertiary butyl chloride formed tertiary 
butylphenol upon reaction with phenol, and ethyl 
5-2-butylfuroate was formed from tertiary butyl 
chloride and ethyl furoate.

An explanation for the general utility of hydro­
gen fluoride in organic reactions is sought in its 
chemical and physical properties.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  S e p t e m b e r  1, 1938

[C o n t r i b u t i o n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C h i c a g o ]

The Pinacol-Pinacolone Rearrangement: the Preparation and Rearrangement of
Tetramethylethylene Bromohydrin

B y  G eo r g e  W . A y e r s , J r .1

The Stieglitz mechanism2 of the pinacol-pina- 
colone rearrangement assumes th a t an intermedi­
ate  oxonium salt (I) loses water to leave a nu­
cleus3 (II) in which one of the carbon atoms pos­
sesses only three pairs of electrons. This “fault” 
in the molecule is then repaired by the migration

(1) U nder th e  superv sion of th e  la te  D r. Julius S tieglitz . T his  
paper is  a  portion o f th e  th esis  presented b y  th e  author to  th e  Gradu­
a te  School of th e  U n iversity  of C hicago for th e  degree o f D octor of 
P h ilosophy in  D ecem ber, 1931.

(2) (a) S tieg litz , A m . C h em . J . ,  39, 29, 166 (1908); (b) D erby, 
ib id . ,  39, 437 (1908); (c) M cC racken, ib id . ,  39, 437, 586 (1908); 
(d) M ig ita , B u ll.  C h em . S o c . J a p a n , 3, 308 (1928); (e) R . B . Cooper, 
D octor’s D issertation , U n iv ersity  o f C hicago, 1930; (f) K . H. Adams, 
D octor’s D issertation , U n iversity  of C hicago, 1932; '(g) Stieglitz , 
Cooper and A yers, T r a n s . 111. S ta te  A c a d . S c i . ,  25 , 173 (1933); for a 
review  of previous work see G ilm an, “ Organic C hem istry, An Ad­
vanced  T reatise ,”  Vol. I ,  1938, p . 720, and  Porter, “ M olecular R e­
arrangem ents,” 1928, p . 85.

(3) See W hitm ore, T h is  Jo u r n a l , 54 , 3274 (1932).

of a negative methyl group, with its full comple­
ment of electrons, from the adjacent carbon atom 
to the electron deficient carbon atom

CHs H  ” + CH,
C H s: C : Ö : H X - ----^ CH3: C +^

C H s :C :Ö :H C H s: C 1; CHJ

C H s"  - L : Ö : J
H

(I) (II)
c h 3

h 2o CH3: C : CH3 
CH3:C:  :0 .

(HI)

+  HX

This rearrangement, in which one carbon atom  is 
completely reduced and another completely oxi­
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dized, is a manifestation of the tendency of com­
pounds in an intermediate stage of oxidation or re­
duction to revert, through migrations of electrons, 
to a state of complete oxidation or reduction. As 
a corollary of this mechanism it should be pos­
sible to bring about the rearrangement of halo- 
hydrins by elimination of halide ion, to the corre­
sponding ketone. Adams observed tha t tetra­
methylethylene chlorohydrin did not decompose 
a t  150°, and tha t only a t  175°, in benzene solu­
tion, did any noticeable decomposition take place. 
Since halide ion can be separated more easily from 
an alkyl bromide than from the corresponding 
chloride, it  was of interest to ascertain whether 
rearrangement of tetramethylethylene bromohy­
drin (IV) can be induced by heating. This 
hitherto unknown compound was found to lose 
hydrogen bromide, even a t  100°, to yield pinaco­
lone. The corresponding iodohydrin1 was stable 
only in solution; the solid, which resisted purifica­
tion, decomposed spontaneously to pinacolone 
and other products.

(CH3)2C-----C(CH3)2 (CH3)2C— C(CH3)2

OH Er Br Br
(IV) (V)

The preparation of tetramethylethylene bromo­
hydrin (IV) from anhydrous pinacol and gaseous 
hydrogen bromide provided several interesting 
observations. Dependent on dilution, nature of 
the solvent and rate of addition of hydrogen bro­
mide, a variety of products could be isolated. In 
the absence of solvent a mixture of bromohydrin
(IV) and dibromide (V) was obtained. In anhy­
drous ether, primarily, a mixture of pinacol hy­
drobromides was formed, which, upon continued 
passage of hydrogen bromide, was converted to 
bromohydrin (IV). Further reaction with hy­
drogen bromide brought about formation of di­
bromide (V). In chloroform, the same reagents 
caused precipitation of a white crystalline com­
pound, the composition of which corresponded to 
(I), in which X “ is bromide. This hydrobromide 
was unstable, losing water from the solid state 
within a few hours, and passed over into the 
bromohydrin (IV). The corresponding hydro­
chloride was made in a similar manner by Harries,4 
who observed tha t it  decomposed a t 55° but 
failed to identify the products. Finally, in 
ligroin or carbon tetrachloride there was formed a 
crystalline compound, stable for several weeks a t

(4) Harries, A n n .,  383, 183 (1911).

room temperature, which had a composition corre­
sponding to dipinacol hydrobromide, [(CeHuC^V 
H]Br. Formation of a dimolecular product indi­
cated th a t pinacol itself might be dimolecular in 
certain solvents, and this was found to be the case 
in benzene. This dipinacol hydrobromide can 
also be separated from the mixture of hydrobro­
mides formed in anhydrous ether, since pinacol 
hydrobromide (I) is converted to bromohydrin
(IV) which volatilizes, leaving the pure dimolecu­
lar compound.

The pure bromohydrin (IV) is quite unstable, 
decomposing slightly even on standing overnight 
in the refrigerator. In  an open tube a t 110° it 
rearranges to pinacolone. When mixed with dry 
sodium bicarbonate, to remove any trace of cata­
lyzing acid formed by decomposition, the bromo­
hydrin (IV) showed evidence of decomposition 
even a t  100°. After extremely thorough drying of 
a benzene solution of the bromohydrin, the latter 
rearranged to pinacolone when the solution was 
heated a t  100° for six hours. Rearrangement to 
pinacolone also took place when an ether solution 
of the bromohydrin was shaken with aqueous solu­
tions of silver n itrate or sodium thiosulfate, or 
with silver oxide.

The properties of pinacol hydrobromide (I) (X 
=  Br) lend support to the Stieglitz mechanism of 
the pinacol rearrangement. Under the ordinary 
conditions of the acid catalyzed rearrangement in 
aqueous solution the small am ount of pinacol 
hydrohalide m ust be in the form of the highly 
ionized oxonium salt (I). In  water the oxonium 
and halide ions are separated by so m any in ter­
vening water molecules th a t the “fault” occurring 
in the molecule (II) when water is split off can be 
adjusted only by rearrangement to pinacolone. 
On the other hand, in the crystalline hydrobro­
mide, the bromide ions are within atomic dis­
tances of the oxonium ions, and can, when water 
is lost by  the latter, slip to the positively charged 
carbon atom, with formation of the bromohydrin 
(IV).

Experimental
Anhydrous Pinacol.—Pinacol hydrate was prepared 

according to “Organic Syntheses.”5 6 The best yields 
were obtained when most of the acetone was added before 
the reaction started. Dehydra tion6,2f was effected

(5) “ Org. S yn th eses ,” V ol. V , 1926, p. 87; C oll. V ol. I, 1932, p. 
448.

(6) S tadeler, A n n .,  I l l ,  281 (1859); L innem ann, A n n . S u p p l . ,  3, 
377 (1865); R isseghem , B u ll . soc. chim .. B e lg ., 30, 8 (1921); K ing  
and S tew art, P ro c . T r a n s . N o v a  S co t. In s t. S e t., 17, 262 (1930).
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as follows. The hydrate, in a large round-bottomed flask, 
was heated with an oil-bath to 110°; suction was then ap­
plied with a water-pump until evaporation of water 
stopped. The flask was returned to atmospheric pressure, 
the bath temperature raised by 10 0 and the previous opera­
tion was repeated. The same series of operations was re­
peated until a high-boiling liquid started to condense on 
the walls of the flask. The pinacol was then distilled at 
atmospheric pressure and the fraction boiling at 170-175° 
collected as anhydrous pinacol, yield, ca. 30%. About 
50% of the charge was recovered from the condensate 
formed in dehydration or as partially hydrated pinacol in 
the fore-run of the distillation.

The water-white product solidified upon standing, and 
could be used for most purposes without further treat­
ment. Absolutely anhydrous pinacol, m. p. 38°, b. p. 
172°,7 was obtained by redistillation at atmospheric pres­
sure.

Tetramethylethylene Bromohydrin.—A rapid stream of 
hydrogen bromide was passed continuously through a solu­
tion of 25 g. of anhydrous pinacol in 375 cc. of anhydrous 
ether. The white precipitate which started to form in 
one minute settled as a faintly yellow, viscous liquid. 
After twenty-five minutes the whole mixture became homo­
geneous and was washed immediately with four portions of 
distilled water and dried over sodium sulfate. The filtered 
solution was concentrated, either under reduced pressure 
or by evaporation in a gentle stream of air, to a pasty 
crystalline mass. This was dried in a desiccator on porous 
plate, over calcium chloride and paraffin; yield, 21-27% 
(8-10.4 g.). The melting point of the impure bromohydrin 
varied with different preparations from 66 to 71°. The 
purest samples were obtained in small preparations with 
low yields. The crude bromohydrin was recrystallized 
from ligroin in the same manner that it was originally 
isolated from ether solution. I t  was thus obtained as a 
fluffy white crystalline powder, which, after drying over 
calcium chloride and paraffin, melted a t 70.5°. Large 
pure crystals of the same melting point were obtained as a 
sublimate from impure samples of the bromohydrin, which 
had been stored in the refrigerator.

Anal. Calcd. for C6Hi3OBr: Br, 44.13. Found: Br, 
44.22, 44.24.

The solid bromohydrin is extremely volatile, with a cam- 
phoraceous odor and lachrymatory properties. If it con­
tains traces of water it develops brown specks, on standing 
overnight, with lowering of the melting point. However, 
perfectly dry samples can be preserved for some time.

Pinacol Hydrobromide, CeH^CVHBr.—Gaseous hydro­
gen bromide was passed into an ice-cold solution of 5 g. 
of anhydrous pinacol in eight volumes of chloroform. The 
solution remained clear for some time, when it suddenly 
solidified. Hydrogen bromide was passed through for an 
additional minute; the mixture was filtered with suction, 
washed once with chloroform and sucked dry. The crys­
tals were pressed on porous plate and dried over calcium 
chloride and paraffin.

Anal. Titration with 0.09632 N  KOH. Calcd. for 
C e H ^-H B r: HBr, 40.65. Found: HBr, 40.88.

(7) “ In t. Crit. T ab les,” V ol. I, 1926, p. 204, gives ra. p. 38° and  
b. p. 172.8°.

Pinacol hydrobromide is a colorless, crystalline solid, 
soluble in water and fuming in moist air. A sample, 
kept in a desiccator on porous plate, over calcium chloride 
and paraffin, for two days, disappeared to leave only a 
trace of material which contained only 35.9% of hydrogen 
bromide. That it had been converted to bromohydrin 
(IV) was evident from the odor of the latter and the ab­
sence of hydrogen bromide.

Dipinacol Hydrobromide, (CfiH t^VH Br. (A).—A so­
lution of 5 g. of anhydrous pinacol in 125 cc. of ligroin 
(30-50°) was treated with hydrogen bromide until pre­
cipitation was complete. The sticky white product was 
washed four times with ligroin and dried overnight on a 
porous plate over sulfuric acid and paraffin.

(B).—A solution of 5 g. of anhydrous pinacol in 75 cc. 
of carbon tetrachloride was treated with hydrogen bro­
mide until the primarily formed oily layer, after becoming 
extremely viscous, changed to a granular solid. The solid 
was washed four times with carbon tetrachloride, pressed 
on porous plate and dried overnight over calcium chloride 
and paraffin.

Anal. Titration with 0.4363 N  KOH, phenolphthalein 
indicator. Calcd. for (C6Hi402)2*HBr: HBr, 25.5. Found: 
HBr, A, 25.3; B, 25.4.

Freshly precipitated dipinacol hydrobromide is granular, 
changing, on standing, to well-defined crystals, m. p. 52- 
54°. Under anhydrous conditions it is stable, showing no 
change in composition after two weeks. I t  dissolves in­
stantly in water, and deliquesces in the air to form a solu­
tion of the components.

Dipinacol hydrobromide was also isolated from the mix­
ture of hydrobromides formed, as a viscous liquid, in the 
first stage of the preparation of the bromohydrin (IV). 
On standing for several days in a desiccator, over calcium 
chloride and paraffin, the true hydrobromide became con­
verted to bromohydrin (IV), which sublimed to leave pure 
dipinacol hydrobromide.

Molecular Weight of Anhydrous Pinacol.—The molecu­
lar weight was determined cryoscopically in benzene.

M olecu lar  w eigh t

Expt.

W eight
of

pinacol

W eight
of

benzene A T F ou n d

C alcd .
(C 6Hl4-
02)2

1 24.138 526.4 0.960° 245 236
2 23.201 554.4 0.927° 231 236

Thermal Rearrangement of Tetramethylethylene 
Bromohydrin.—Equal volumes (10 cc.) of a solution of
1.12 parts of bromohydrin in 10 parts of benzene, previ­
ously dried over sodium sulfate for eighteen days in the re­
frigerator, were sealed in four Pyrex tubes and heated for 
six hours, two a t 100 ° and two a t 150 °. All were then acid 
to methyl orange and gave copious precipitates with 
Nessler’s solution, indicating pinacolone formation. 
More voluminous precipitates were obtained from the 
tubes heated a t 150° than from those a t 100°, indicating 
more nearly complete rearrangement at the higher tem ­
perature.

An analytical sample (1 g.) of the bromohydrin decom­
posed when heated in an open glass tube in a bath  a t 110 °. 
This experiment was repeated with a sample th a t had been 
mixed with four parts of sodium bicarbonate, and ketone 
formation was demonstrated with Nessler’s solution.



2 9 6 0 C h a r l e s  K . B r a d s h e r  a n d  A l l a n  K . S c h n e id e r V o l. 60

Rearrangement of Tetramethylethylene Bromohydrin 
by Chemical Reagents.—Portions of a solution of bromo­
hydrin in absolute ether were treated with aqueous solu­
tions of (1) silver nitrate and (2) sodium thiosulfate and
(3) an aqueous suspension of silver oxide. After treat­
ments (1) and (3) gave precipitates of silver bromide, ex­
cess sodium chloride solution was added and the precipi­
tates were removed by filtration. In treatment (2) the 
ether was decanted from the turbid aqueous layer. All 
three then gave copious precipitates with Nessler’s solu­
tion. A fourth sample, untreated otherwise, gave no pre­
cipitate with this reagent, nor did an aqueous solution of 
pinacol hydrate, which had been previously treated, as 
above, with silver nitrate and sodium chloride.

Summary
1, Depending on the reaction conditions, the

action of gaseous hydrogen bromide on anhydrous 
pinacol leads to tetramethylethylene bromohy­
drin, tetramethylethylene dibromide, pinacol hy­
drobromide or dipinacol hydrobromide. Pinacol 
hydrobromide is the intermediate in bromohydrin 
formation, as well as the postulated intermediate 
in the hydrobromic acid-catalyzed rearrangement 
of pinacol to pinacolone.

2. Tetramethylethylene bromohydrin rear­
ranges to pinacolone on heating or on treatm ent, 
a t room temperature, with halide abstracting re­
agents. This lends support to the Stieglitz mecha­
nism of the pinacol-pinacolone rearrangement.
C h i c a g o , I l l i n o i s  R e c e i v e d  J u l y  13, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ]

Synthesis of Phenanthrene Derivatives. I.

W ith the exception of the elaborate Pschorr1 
synthesis, all of the methods usually employed 
for the synthesis of phenanthrene derivatives have 
a common disadvantage. They involve one step 
in which hydrophenanthrenes are dehydrogenated 
a t  high temperatures by the action of sulfur, se­
lenium or platinum. Frequently a desired phe­
nanthrene derivative is incapable of surviving such 
a treatm ent, and it was in the hope of providing a 
means for the synthesis of such derivatives that 
this research was undertaken.

A new cyclization reaction has been discovered 
giving promise of accomplishing this end. When 
compounds of type I were treated with mineral 
acids they lost the elements corresponding to one 

As

9-Phenyl- and 9-p-Tolylphenanthrene
> A lla n  K . S c h n e id e r

A A  0

U-M SI C—CHaOCHs
I +  CH3OCH2CN
1 ---------------------->•

n A
\ /

IV

ArMgX 

' ^  OH

^ —C— CH2OCH3

' Y

Ar

V

I II
(R ' = CHs or C6H5)

molecule of water and one molecule of methyl 
alcohol or phenol to form the corresponding 9- 
arylphenanthrene (II).

The carbinols used were prepared by two meth­
ods.

(1) Pschorr, B e r ., 29, 496 (1896).

In  the first, 2-xenylmagnesium iodide (III) was 
treated with methoxyacetonitrile. Upon hy­
drolysis the reaction product gave 2-(co-methoxy- 
aceto)-biphenyl (IV). This upon treatm ent with 
phenyl- or ^-tolylmagnesium bromide gave the 
corresponding carbinol (V).

In  the second method, w-phenoxyacetophenone 
was treated with 2-xenylmagnesium iodide (III) 
to form l-phenyl-l-(2-xenyl)-2-phenoxyethanol-l 
(VI).

When treated with concentrated sulfuric acid
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the methoxyethanols (V) underwent cyclization 
to  give the corresponding hydrocarbons, 9-phenyl- 
and 9-^-tolylphenanthrene. The phenoxyethanol 
(VI) lost only the elements of water when treated 
with concentrated sulfuric acid. The structure 
of this new compound has not been determined. 
W hen VI was refluxed for twenty-two hours with 
constant-boiling hydrobromic acid, 9-phenylphe- 
nanthrene was obtained in good yield. This hy­
drocarbon has been prepared previously by 
Kbelsch,2 by Bergmann3 and by Weizmann.4 The 
9-£-tolylphenanthrene is a new hydrocarbon and 
was found to melt slightly lower than the corre­
sponding phenyl compound.

Further work is in progress on the development 
of this synthesis.

The authors are indebted to the Monsanto 
Chemical Company for a gift of 2-aminobiphenyl.

Experimental
2-(co-Methoxy)-acetobiphenyl (IV).—A Grignard re­

agent was prepared in an atmosphere of nitrogen by the 
action of 2.7 g. of magnesium turnings on 28 g. of 2-iodo- 
biphenyl5 in 100 cc. of anhydrous ether. When the forma­
tion of the reagent was complete, about two-thirds of the 
ether was distilled from the reaction mixture. A solution 
of 7.1 g. of methoxy acetonitrile6 in 100 cc. of dry benzene 
was added and the mixture refluxed for fifteen hours. At 
the conclusion of this period the magnesium salt was de­
composed by the addition of a mixture of ammonium hy­
droxide and ammonium chloride solution. The ether- 
benzene layer was separated and extracted with 0.1 N 
hydrochloric acid. Concentrated hydrochloric acid was 
then added and the mixture refluxed for two hours. The 
ketone was taken up in ether, dried and distilled. The 
product was a slightly yellow oil, b. p. 159-162° (4 mm.); 
yield, 13.3 g. (60%).

Anal. Calcd. for C15H14O2: C, 79.61; H, 6.24. Found: 
C, 79.92; H, 6.35.

1 -Phenyl-1 -(2-biphenyl)-2-methoxy ethanol-1 (V).—A
solution of 4 g. (0.018 mole) of 2-(co-methoxy)-acetobi- 
phenyl in 20 cc. of dry ether was added to 0.03 mole of 
phenylmagnesium bromide and the mixture refluxed for 
thirty minutes. A solution of ammonium chloride was 
then added and the ether layer separated and dried. After 
removal of the ether under reduced pressure there re­
mained about 3 cc. of a red-brown oil. No effort was made 
to purify this material further.

9-Phenylphenanthrene.—Approximately 0.75 cc. of the 
above carbinol was dissolved a t room temperature in 5 cc. 
of concentrated sulfuric acid. After thirty minutes the 
dark brown sirup was poured on 25 g. of ice. The 
hydrocarbon was extracted with ether * and isolated by

(2) K oelsch , T h is  J o u r n a l , 56, 480 (1934).
(3) B ergm ann and B ergm ann, ib id . ,  59, 1443 (1937).
(4) W eizm ann, Bergm ann and  Berlin, ib id . ,  60, 1331 (1938).
(5) Cook, J .  C h em . S o c ., 1087 (1930).
(6) Scarrow  and A llen , O rg. S yn th e se s , IS , 56 (1933).

vacuum sublimation. A small amount of a white sub­
stance was obtained which, twice recrystallized, melted at 
104-105°.

Anal. Calcd. for C20H14: C, 94.49; H, 5.51. Found: 
C, 94.24; H, 5.59.

The picrate crystallized as orange-red needles, m. p. 114°. 
I t decomposed on attempted recrystallization. Upon 
decomposition of the picrate in ether with dilute ammo­
nium hydroxide the hydrocarbon was recovered; m. p. 
104-105°.

l-£-Tolyl-l-(2-biphenyl)-2-methoxyethanol-l was made 
in the same manner as the corresponding phenylcarbinol, 
using />-tolylmagnesium bromide. The resulting light 
brown oil was not purified.

9-^-Tolylphenanthrene.—Three cubic centimeters of 
the oil obtained above was mixed with 8 cc. of concentrated 
sulfuric acid and allowed to stand for thirty minutes. 
The remainder of the procedure was identical with that 
used for the preparation of the phenylphenanthrene. 
Large, rhombic, transparent crystals were obtained from 
ether-petroleum ether, m. p. 90-91°.

Anal. Calcd. for C12H16: C, 94.03; H, 5.97. Found: 
C, 94.14; H, 6.06.

A picrate was made in the usual manner. Fine orange- 
red needles precipitated after an hour in an ice-salt bath. 
These melted a t 126-127°.

l-Phenyl-l-(2-biphenyl)-2-phenoxyethanol-l (VI).—A
Grignard reagent was prepared from 20 g. of 2-iodobi- 
phenyl. To this was added a solution of 15.2 g. of w- 
phenoxyacetophenone7 in 50 cc. of dry benzene. The 
mixture was refluxed for one hour and then decomposed 
with a 20% solution of ammonium chloride. After re­
moval of the solvents under reduced pressure the carbinol 
was crystallized from ether-petroleum ether. Irregular 
white crystals, m. p. 93-95°, were obtained. The yield 
was 17.1 g. (65% of the theoretical). An analytical 
sample prepared by repeated crystallization melted at 
94-95°.

Anal. Calcd. for C26H22O2: C, 85.24; H, 6.01. Found: 
C, 85.06; H, 6.10.

Reaction of VI with Sulfuric Acid.—One gram of the 
above carbinol was suspended in 7 cc. of concentrated 
sulfuric acid and the mixture heated a t about 100° until 
the oil formed at first had resolidified. The mixture was 
poured on ice and the product collected and crystallized 
from acetic acid as white prisms with m. p. 148-149°. The 
yield was 0.3 g. Twice recrystallized the product melted at 
150-152°.

Anal. Calcd. for C26H20O: C, 89.65; H, 5.75. Found: 
C, 89.54; H, 5.96.

Cyclization of VI with Hydrobromic Acid.—To a boiling 
solution of 3.4 g. of VI in 20 cc. of acetic acid, 10 cc. of 
constant boiling hydrobromic acid was added. The mix­
ture was refluxed for twenty hours, poured into water and 
taken up in ether. The phenol was extracted with dilute 
alkali and the ethereal solution evaporated. The residue, 
once recrystallized from ethyl alcohol, melted a t 103-104° 
and was shown to be 9-phenylphenanthrene by a mixed 
melting point determination; yield, 2 g. (84%).

(7) M öhlau, B e r ., 15* 2497 (1882)*
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Summary from 2-iodobiphenyl by a synthesis involving a
Two phenanthrene hydrocarbons, 9-phenyl- new type of ring closure, 

and 9-p-tolylphenanthrene, have been prepared U r b a n a , I l lin o is  R ec eiv ed  S e pt e m b e r  26 , 1938

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

Studies in the Phenanthrene Series. XXII. Derivatives of Dibenzisoquinoline
and Naphthisoquinoline1

B y E r ic h  M o settig  and E v e r e t t e  L. M a y 2

In  previous communications from this Labora­
tory we described the synthesis of a number of 
hydrogenated and N-methylated benzofuroquino- 
lines3 and naphthoquinolines,4 which we hoped 
might exhibit an analgesic effect because of their 
superficial structural similarity to morphine. 
These compounds, however, proved to be either 
very weak analgesics or were entirely ineffective.5 
Since morphine may be interpreted as an isoquino­
line derivative, a higher analgesic effectiveness— 
within the series of tetracyclic compounds con­
sisting of three isocyclic rings and one nitrogen- 
containing ring—may be expected of phenan­
threne derivatives in which the nitrogen is located 
in /5-position to one of the benzene nuclei, i. e., of 
compounds th a t include in their structure the 
isoquinoline system.

Apparently, the most practicable methods for 
preparing isoquinoline derivatives are those in 
which compounds of the general type R—C—C— 
N— are employed as starting materials. In  vari­
ous attem pts to prepare compounds of this type we 
found th a t the phenanthrene derivatives CjJIg- 
CHOCH3CH2N H 2 (IV, V) were relatively easily 
accessible by the method of Rosenmund,6 which 
was later somewhat modified by Mannich and co­
workers.7 We employed in the second step of this 
preparation—the reduction of the corresponding 
nitro ether—platinum oxide as catalyst success-

(1) T h e  work reported in  th is  paper is  part of a  unification of 
effort b y  a num ber of agencies hav in g  respon sib ility  for th e solution  
of th e  problem  of drug add iction . T he organizations tak ing part are: 
T he R ockefeller F ou ndation , th e  N ation a l R esearch Council, the  
U. S. Pu blic  H ealth  Service, th e  U . S. Bureau of N arcotics, th e U ni­
versity  of V irginia, and th e  U n iversity  of M ichigan. Paper X X I, 
This J o u r n a l , 60, 2464 (1938).

(2) M allinckrodt R esearch Fellow , 1937-1938 , E . R . Squibb and  
Sons R esearch Fellow , 1938—,

(3) M osettig  and R obinson, This J o u r n a l , 57, 902 (1935).
(4) (a) M osettig  and K rueger, ib id .,  58, 1311 (1936); (b) Con­

tinued in  “ Studies in  th e  Phenanthrene Series, X I X ,” M osettig  and 
Krueger, J .  O rg. C h em ., in  press.

(5) E d d y , J .  P h a rm a co l., 58, 159 (1936), and unpublished results.
(6) R osenm und, B e r ., 46, 1034 (1913).
(7) M annich and W alther, A rch . P h a rm ., 265, 1 (1927); M annich  

and Falber, ib id .,  267, 601 (1929).

fully, and alcohol as solvent. Attem pts to cyclize 
the formyl derivatives of IV and V and the benzoyl 
derivative of V, according to M annich and co­
workers,7 in order to obtain isoquinoline deriva­
tives, by simultaneous loss of water and methanol, 
were unsuccessful, in spite of manifold experimen­
tal variations in respect to solvent and condensing 
agent. The resulting reaction mixtures consisted 
of colored, tarry , or partly  charred products.

Equally unsuccessful were the attem pts to 
cyclize the formyl derivatives of the /5-phenanthryl 
ethyl amines V II and V III to dihydroisoquinoline 
derivatives by the Bischler-Napieralski method. 
Also in this series of experiments we employed 
many variations such as those devised by Pictet, 
by Decker, and by Spath.8 After several practi­
cally unsuccessful attem pts to prepare the ethyl­
amine derivatives (VI, VII, V III) by the Hof­
mann or Curtius degradation of /5-phenanthryl- 
propionic acids,9 we finally obtained these amines, 
according to the method of Slotta and Szyszka,10 
by electrolytic reduction of the corresponding 
nitrostyrene derivatives (I, II, III). The 3-de­
rivative (VII) was also prepared by chlorination 
of 3-(2-amino-l-hydroxyethyl)-phenanthrene and 
subsequent catalytic dechlorination.

By cyclizing the formaldehyde condensation 
products of VI and V III with dilute aqueous 
hydrochloric acid according to the method of 
Decker and Becker,11 we obtained the expected 
tetrahydroisoquinoline derivatives (IX, X )12 in 
satisfactory yields. The cyclization apparently 
proceeded in both series (2 and 9) only in one di-

(8) Bischler and Napieralski, B e r ., 26 , 1903 (1893); Pictet and 
Kay, ibid., 42, 1973 (1909); Decker, Kropp, Hayer and Becker, A n n .,  
395, 299 (1913); Spath, Berger and Kuntara, B er ., 63, 134 (1930).

(9) See van de Kamp, Burger and Mosettig, T h is  Jo u r n a l , 60, 
1321 (1938).

(10) Slotta and Szyszka, J. p r a k t .  Chem., [2] 137, 339 (1933).
(11) Decker and Becker, A n n .,  395, 342 (1913).
(12) The orientation, numbering, and names of the heterocyclic 

compounds included in this paper have been recommended to us by 
Dr. Capell through the kindness of Dr. Crane. Cf. Patterson, T h is  
Jo urn al , 50, 3083 (1928).
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CuH9(2)—CHO
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rection. No tetrahydroisoquinoline ring closure 
could be accomplished in the 3-series, with the 
formaldehyde condensation product of VII. 
Under the conditions employed in the 2- and 9- 
series only hydrolysis took place, the whole sta rt­
ing material, the /3-phenanthrylethylamine VII, 
being recovered unchanged. Forcing the reac­
tion (concentrated hydrochloric acid, longer reac­
tion time) led to amorphous hydrochlorides of a 
brown, muddy color which resisted all attempts of 
purification. 3-Methyl-l,2,3,4-tetrahydronaphth- 
[l,2-h]isoquinoline (X II) and 2-methyl-l,2,3,4- 
tetrahydrodibenz[f,h]isoquinoline (XIV) were pre­
pared readily and in good yields by converting IX  
and X  to the quaternary methiodides X I and X III  
and subsequently decomposing the latter by heat­
ing in a vacuum.

There hardly can be any doubt concerning the 
structure of X, since the alternative ring closure 
from position 9 to position 8 of phenanthrene 
would necessarily result in a seven-membered ni­
trogen-containing ring. For the isoquinoline de­
rivative, obtained from the formaldehyde con­
densation product of VI, we advance for reasons of 
analogy the structural formula IX , since, to our 
knowledge, all cyclizations of side chains as 
—C—C—C, — C—C—C— C, and —N—C—C— 
C— attached to position 2 of phenanthrene take 
place in position l .4b

We also attem pted to cyclize the formaldehyde 
condensation products of the amino ethers IV and 
V, respectively, according to the method of Decker 
and Becker,11 but no cyclization took place and IV 
and V were recovered unchanged from the reac­
tion mixture.

Because of present lack of m aterial only 2- 
methyl -1,2,3,4 -tetrahydrodibenz[f,h]isoquinoline 
XIV was investigated pharmacologically by Dr. 
Eddy a t the University of Michigan.13 Note­
worthy, besides the marked analgesic effect of this 
substance (M. E. D. 20 mg./kg. cat), is its great 
hypnotic effect (M. E. D. 5 mg./kg. cat) which un­
fortunately is accompanied by an equally marked 
emetic effect when the substance is administered 
orally.

Experimental
3-(2-Nitrovinyl)-phenanthrene14 15 (II).—To a solution of 

10 g. of 3-phenanthrene aldehyde16 in 375 cc. of alcohol was 
added 6.3 g. of nitromethane. The mixture was cooled 
(0-5°) and an ice cold solution of 5 g. of potassium hy­
droxide in 100 cc. of alcohol was dropped in with mechani­
cal stirring during half an hour (the temperature was not 
allowed to rise above 15°). The precipitate (potassium 
salt of the condensation product) was brought into solution 
with ice water, and the nearly clear solution was poured 
slowly into 200 cc. of 10% hydrochloric acid which had

(13) E d d y , unpublished results.
(14) See R osenm und, B e r ., 43 , 3412 (1910); Lange and H am - 

bourger, T h i s  J o u r n a l , 53, 3865 (1931).
(15) M osettig  and van de K am p, ib id .,  55, 2995 (1933).
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been cooled previously to 10 °. The yellow, finely divided 
crystalline solid was collected, washed with water, and re­
crystallized from benzene; yellow needles, m. p. 180-180.5 ° 
(corr.), yield 90%.

Anal. Calcd. for Ci6Hu0 2N: C, 77.10; H, 4.45. 
Found: C, 77.19; H, 4.06.

2- (2-Nitrovinyl)-phenanthrene (I).—This compound was 
prepared like the 3-isomer, but, owing to the lesser solu­
bility of the phenanthrene-2-aldehyde, more solvent was 
necessary (5 g. of aldehyde in 350 cc. of alcohol). I t 
showed a tendency to precipitate at first, in an amorphous 
state, when poured into the hydrochloric acid. I t is de­
cidedly more soluble in benzene than the 3-isomer and 
was purified by crystallization from benzene-petroleum 
ether as yellow needles, m. p. 134.5-137° (corr.), yield 80%.

Anal. Calcd. for Ci6H ii0 2N: C, 77.10; H, 4.45.
Found: C, 76.80; H, 4.18.

9-(2-Nitrovinyl)-phenanthrene (III).—The preparation 
was carried out as above, but more solvent was required 
(5 g. of aldehyde in 420 cc. of alcohol). The nitrostyrene 
derivative was recrystallized from benzene-petroleum 
ether: yellow needles, m. p. 173-173.5° (corr.), yield 95%.

Anal. Calcd. for Ci6H n02N: C, 77.10; H, 4.45.
Found: C, 77.50; H, 4.66.

This compound has been prepared recently in essentially 
the same manner by Reichert and Wegner,16 who report 
them , p.173°.

9-(l-Methoxy-2-nitroethyl)-phenanthrene.—To an ice
cold (0-5°) suspension of 5.0 g. of finely divided III in 125 
cc. of methanol was added, under mechanical stirring, 33 
cc. of a sodium methoxide solution prepared from 4.5 g. of 
sodium and 100 cc. of methanol. A clear solution was 
obtained in about one-half hour. I t  was decanted from a 
small amount of unchanged starting material and acidified 
with 5 cc. of glacial acetic acid. The solution was evapo­
rated in a water-pump vacuum to dryness at a temperature 
as low as possible, 500 cc. of water was added to the residue, 
and the resulting pale yellow precipitate was filtered, 
washed with water, and recrystallized from ethyl alcohol: 
pale yellow plates, m. p. 134-134.5° (corr.), yield nearly 
quantitative.

Anal. Calcd. for C17H 15O3N: OCH3, 11.02. Found: 
OCH3, 10.59.

3- ( 1 -Methoxy-2-nitroethyl)-phenanthrene.—This com­
pound was prepared like the 9-isomer, except that the reac­
tion mixture was kept at 0 to —5° for two hours. The 
purification of the final precipitate (from water) offered 
some difficulties. I t  was dissolved in warm alcohol and 
gradually cooled to room temperature, whereby some oily 
material was deposited. The solution was decanted, and 
on further cooling more oil precipitated. The solution 
was again decanted until finally a clear solution resulted, 
from which, on standing overnight, pale yellow crystals 
separated. They were recrystallized from alcohol: pale 
yellow circular plates, m. p. 102-104° (corr.), yield 55%.

Anal. Calcd. for Ci7H]60 3N: OCH3, 11.02. Found: 
OCHs, 10.67.

3- (1 -Methoxy-2-aminoethyl)-phenanthrene (IV).—Four 
grams of the corresponding nitro ether and 0.15 g. of plati­

(16) Reichert and Wegner, Ber,, 71, 1254 (1938).

num oxide suspended in 200 cc. of alcohol absorbed the 
required amount of hydrogen in twenty to thirty hours. 
The resulting clear, colorless solution was filtered from the 
catalyst and evaporated to dryness in a vacuum. The 
oily base was dissolved in alcoholic hydrogen chloride and 
the hydrochloride was precipitated with ether. I t  crystal­
lized from alcohol-ether in short colorless needles of m. p. 
232-233° (dec.), yield 85%.

Anal. Calcd. for C17H i8ONC1: Cl, 12.32. Found: Cl,
12.03.

9-( l-Methoxy-2-aminoethyl)-phenanthrene (V).—This 
compound was prepared like the 3-isomer. Its hydro­
chloride crystallized from alcohol-ether in colorless needles, 
m. p. 252-253 ° (dec.), yield 95%.

Anal. Calcd. for CnHisONCl: Cl, 12.32. Found: Cl,
12.09.

Picrate, m. p. 215-217° (dec.).
Anal. Calcd. for C23H20O8N4: N, 11.66. Found: N, 

11.73.
Formyl Derivative.—To an ethereal solution of V (pre­

pared from 3 g. of hydrochloride) was added 0.6 g. of 
anhydrous formic acid. The crystalline formate was 
filtered and heated in a metal bath at 150° for about 
thirty minutes. The resulting brown oil turned to a crys­
talline brittle mass on cooling. I t  was dissolved in a little 
benzene and precipitated with petroleum ether; colorless 
leaflets, m. p. 138-140° (corr.), yield 70%.

Anal. Calcd. for CigHi702N: N, 5.01. Found: N, 
4.90.

Benzoyl Derivative.—A mixture of V (prepared from 1 g. 
of hydrochloride), 0.6 g. of benzoyl chloride, and 4 cc. of 0.5 
N  sodium hydroxide solution was cooled and shaken. The 
crystalline mass that formed within a few minutes was 
filtered and washed with water. I t  crystallized from 
methanol-water in white leaflets of m. p. 147.5-148,5° 
(corr.), yield 80%.

Anal. Calcd. for C24H2i0 2N: C, 81.09; H, 5.96. 
Found: C, 80.72; H, 5.92.

3-(2-Aminoethyl)-phenanthrene (VII).—The electrolytic 
reduction was carried out in an apparatus which was es­
sentially the same as tha t described by Slotta and Szys­
zka.10 A suspension of 7 g. of very pure 3-(2-nitrovinyl)- 
phenanthrene in a mixture of 50 cc. of alcohol, 80 cc. of 
glacial acetic acid, and 12 cc. of concentrated hydrochloric 
acid was introduced into the cathode compartment con­
taining a prepared lead electrode of 60 sq. cm., while the 
anode compartment, containing a cooling spiral, was filled 
to the same level with 20% sulfuric acid. The current 
was kept at 3.5 amperes for three hours, at 4.5 amperes for 
two hours, and at 5 amperes for about five hours, tempera­
ture between 50 and 60 °. The resulting clear solution at 
the cathode was decanted and evaporated nearly to dry­
ness in a vacuum. The brown oily residue was dissolved 
in water and the solution was made alkaline and extracted 
with ether. The oil obtained from the ethereal solution 
was distilled slowly at 120-130° at a pressure of about 0.1 
mm. The oily distillate was dissolved in a small volume 
of ether and allowed to stand in the cold for a few hours. 
A small amount of crystalline material (probably of higher 
molecular weight) precipitated and was filtered off. By 
addition of alcoholic hydrogen chloride to the filtrate, the
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amine hydrochloride precipitated in crystalline form. I t  
crystallized from alcohol-ether in white, short matted 
needles, m. p. 254-256 yield 50%.

Anal. Calcd. for Ci6H i6NC1: C, 74.55; H, 6.26.
Found: C, 74.50; H, 5.97.

Formyl Derivative.—This compound was prepared like 
the corresponding derivative of V. I t  crystallized from 
benzene-petroleum ether in small white leaflets, m. p. 122-  
124° (corr.), yield 61%.

Anal. Calcd. for Ci7Hi6ON: N, 5.62. Found: N, 
5.84.

9-(2-Aminoethyl)-phenanthrene (VIII).—This com­
pound was prepared like its 3-isomer. Its hydrochloride 
crystallized from alcohol-ether in colorless needles, m. p. 
307-309° (dec.), yield 57%.

Anal. Calcd. for Ci6H 16NC1: C, 74.55; H, 6.26. 
Found: C, 74.78; H, 6.13.

Formyl Derivative.—Small, white leaflets, m. p. 111- 
112°, yield 70%.

Anal. Calcd. for Ci7Hi5ON: N, 5.62. Found: N, 5.56.
2- (2-Aminoethyl)-phenanthrene (VT).—This compound 

was obtained by electrolytic reduction, like the 3- and 9- 
isomers, but under somewhat different conditions. Three 
grams of 2-(2-nitrovinyl)-phenanthrene was suspended in a 
mixture of 40 cc. of alcohol, 75 cc. of glacial acetic acid, and 
8 cc. of concentrated hydrochloric acid. The temperature 
was kept a t 25-30° for the first two hours and at 30-40° 
for the remainder of the time (nine hours). A current of
3.1 amperes was maintained throughout the whole reac­
tion. No clear solution was obtained, varying amounts of 
a brown fluffy solid always remaining in the cathode com­
partment. The amine hydrochloride crystallized from 
alcohol-ether in colorless leaflets, m. p. 317-318°; average 
yield 35-40%.

Anal. Calcd. for Ci6H16NC1: C, 74.55; H, 6.26; Cl,
13.76. Found: C, 74.67; H, 6.18; Cl, 13.79.

The picrate crystallized from alcohol in large yellow 
needles, m. p. 225-226 °.

Anal. Calcd. for C22H18O7N4: N, 12.44. Found: N,
12.09.

3- (2-Amino-l-chloroethyl)-phenanthrene Hydrochlo­
ride.—Five grams of finely powdered 3-(2-amino-l-hy- 
droxyethyl)-phenanthrene9 was added in small amounts to 
a suspension of 6 g. of phosphorus pentachloride in 50 cc. of 
dry chloroform (vigorous mechanical stirring is necessary). 
The amino alcohol dissolved immediately and the hydro­
chloride of the chloro compound began to precipitate. 
The stirring was continued for another half hour and ether 
was added to the suspension in order to facilitate the fil­
tration of the hydrochloride. I t  was recrystallized from 
alcohol-ether as colorless square plates, m. p. 219-220° 
(dec.), (the melt resolidifies a t 225° and melts then gradu­
ally in the wide range of 226-295 °); yield 73%.

Anal. Calcd. for Ci6Hi6NCl2: Cl, 24.27. Found: CJ, 
24.20.

Conversion to 3-(2-Aminoethyl)-phenanthrene, VII.—
After varying the catalyst (palladium, palladium on char­
coal or calcium carbonate, platinum oxide) and the con­
centration of the alcohol (100, 95, 90, 75, 50%) in the 
catalytic dechlorination, the phenanthrylethylamine (VII)

finally was obtained in a satisfactory yield (approximately 
75%) by employing 0.02 g. of platinum oxide and 25 cc. of 
70% alcohol per gram of hydrochloride of the chloro com­
pound. After the hydrogen absorption came to a stand­
still the resulting clear solution was filtered from the cata­
lyst and evaporated to dryness. The crystalline residue 
was dissolved in water and the solution made alkaline and 
extracted with ether. The ether residue was distilled 
slowly in an oil-pump vacuum at 120 °. The oily distillate 
was dissolved in a very small amount of ether in order to 
remove the by-product, which crystallized gradually from 
this solution. The hydrochloride of the 3-(2-aminoethyl)- 
phenantlirene was prepared and purified as described 
above and was identical in every respect with the com­
pound prepared from 3-(2-nitrovinyl)-phenantlirene. The 
crystalline by-product was shown by melting point, mix­
ture melting point with an authentic sample, and analysis 
to be 3-(2-amino-l-hydroxyethyl)-phenanthrene.

l,2,3,4-Tetrahydrodibenz[f,h]isoquinoline (X).—In the 
preparation of the tetrahydroisoquinoline derivatives we 
followed partly Buck’s17 directions developed for the 
preparation of various tetrahydroisoquinoline derivatives 
substituted in the benzene nucleus with O-alkyl groups.

A mixture of VIII prepared freshly from 8.5 g. of the 
hydrochloride, and 3.4 cc. of 40% formaldehyde solution, 
was heated on the steam-bath for one-half hour. The 
reaction mixture was evaporated in a vacuum to dryness. 
To the condensation product was added 12 cc. of 23% 
hydrochloric acid and the mixture was heated for one-half 
hour on the steam-bath. The hydrochloride of the tetra­
hydroisoquinoline compound precipitated almost at the 
start of heating as a white and voluminous mass. The 
reaction mixture was diluted with water, made alkaline, 
and extracted with benzene. The residue from the ben­
zene solution was treated with alcoholic hydrogen cldoride 
and ether. The hydrochloride was recrystallized from 
alcohol-ether, m. p. 304-306° (dec.), average yield 65%.

Anal. Calcd. for Ci7H i6NC1: C, 75.69; H, 5.98. 
Found: C, 75.96; H, 5.96.

The free base may be obtained with loss by evaporating 
the benzene extract to a small volume and allowing it to 
stand in the cold. I t  consists of white needles, m. p. 223- 
225°.

Methiodide of 2-Methyl-l,2,3,4-tetrahydrodibenz[f,h]- 
isoquinoline (XIII).—To a solution of X, prepared from 
0.6 g. of the hydrochloride, in 5 cc. of acetone was added 0.8 
cc. of methyl iodide and 0.35 g. of potassium hydroxide. 
The quaternary salt began to precipitate immediately. 
After four hours 0.2 cc. of methyl iodide was added and the 
reaction mixture was allowed to stand for ten hours. The 
methiodide was filtered off, recrystallized first from water 
containing some potassium iodide, and finally from alcohol: 
colorless, square plates, m. p. 268-270° (dec.), yield 86%.

Anal. Calcd. for Ci9H2oNI: I, 32.60. Found: I, 32.96.
This methiodide was also formed by merely mixing XIV 

(below) and methyl iodide in acetone solution.
2 - Methyl - 1,2,3,4 - tetrahydrodibenz[f,h]isoquinoline 

(XIV).—One and five-tenths grams of the methiodide de­
scribed above was heated in an oil-pump vacuum at 200-  
220°, whereby the N-methyl derivative distilled very

(17) Buck, This Journal, 56, 1769 (1934).
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slowly and practically no residue was left in the distillation 
bulb. The crystalline distillate was washed with water and 
taken up in ether. The ether residue sublimed in colorless 
needles, m. p. 113.5-114° (corr.), yield nearly quantitative.

Anal. Calcd. for Ci8H17N: N, 5.67. Found: N, 5.47.
The hydrochloride was prepared in the usual manner. 

It crystallizes from alcohol-ether in colorless lozenges.
Anal. Calcd. for Ci8H i8NC1: C, 76.18; H, 6.39.

Found: C, 75.80; H, 6.36.
1,2,3,4 - Tetrahydronaphth[l,2 - hjisoquinoline? (IX).— 

The free base VI obtained by liberation with alkali from 
1.8 g. of the hydrochloride was condensed with formalde­
hyde and the condensation product was cyclized as de­
scribed above in the “9-series.” The resulting hydro­
chloride was converted to the base, which was extracted 
with benzene. The benzene solution left on evaporation a 
semi-solid base which was not very stable and was, there­
fore, transformed with alcoholic hydrogen chloride to the 
hydrochloride. This hydrochloride appeared to be not 
homogeneous and apparently contained a small amount of 
starting material, the phenanthrylethylamine hydrochlo­
ride. The difference in solubility of the hydrochlorides and 
picrates of the two bases was not marked enough for a prac­
tical separation. Therefore the crude hydrochloride was 
converted via the methiodide XI to the N-methyl com­
pound which could be purified readily. The crude hydro­
chloride was obtained in a yield of 70% and melted at 270- 
290°. For analytical purposes a small sample was recrys­
tallized repeatedly from alcohol-ether: white plates, m. p. 
313-315° (dec.).

Anal. Calcd. for Ci7H i6NC1: C, 75.69; H, 5.98. 
Found: C, 75.57; H, 6.28.

The mixture melting point with the hydrochloride of VI 
of m. p. 317-318° was indefinite, 275-314°.

Methiodide of 3-Methyl-l,2,3,4-tetrahydronaphth[l,2- 
hjisoquinoline (XI).—Eight-tenths gram of crude hydro­
chloride of m. p. 270-290° (see above) was converted to 
the quaternary methiodide as described in the preparation 
of XIII. After one crystallization from water, 0.7 g. of 
methiodide of m. p. 227-233° was obtained. For analysis 
it was recrystallized twice from alcohol as white plates, m. 
p. 244.5-246° (dec.).

Anal. Calcd. for Ci9H20NI: I, 32.60. Found: I, 32.41.
3 - Methyl - 1,2,3,4 - tetrahydronaphth[l,2 - hfisoquino- 

line (XII).—Five-tenths gram of an impure methiodide

(m. p. 235-240°) was decomposed in an oil-pump vacuum 
at 200°. The oily distillate was taken up in ether and the 
ether residue was converted into the hydrochloride in the 
usual manner. This crude hydrochloride (0.25 g., m. p. 
232-242°) was recrystallized first from a small volume of 
alcohol and then from alcohol-ether: white hexagonal 
crystals, m. p. 257-259° (dec.).

Anal. Calcd. for Ci8H18NC1: C, 76.18; H, 6.39.
Found: C, 76.13; H, 6.38.

In some instances, particularly when a less pure meth­
iodide was decomposed, it was possible to isolate from the 
mother liquors of the hydrochloride of X II, 2-(2-dimethyl- 
aminoethyl)-phenanthrene hydrochloride of m. p. 247- 
249°.

Anal Calcd. for Ci8H20NC1: C, 75.62; H, 7.05.
Found: C, 75.41; H, 6.91.

A compound in every respect identical with this hydro­
chloride (melting point and mixture melting point) was 
prepared by complete methylation of VI and subsequent 
heat decomposition of the resulting methiodide. The 
mixture melting point with the hydrochloride of X II was 
at 230-240°.

The above description of the preparation of IX  and its 
derivatives is a typical average of twelve experiments each 
starting with from 1 to 3 g. of the 2-(2-aminoethyl)- 
phenanthrene (VI). In one instance, the tetrahydroiso­
quinoline derivative IX  was obtained as the only reaction 
product in the cyclization of the formaldehyde condensa­
tion product. In another instance, when an impure phe­
nanthrylethylamine was used, no cyclization took place and 
practically all of the starting material could be recovered.

Summary

The synthesis of phenanthrylethylamines Ci4H9- 
CH2CH2NH 2 and phenanthrylethylamino ethers 
C14H9CHOCH3CH2NH 2 is described.

Cyclizations to isoquinoline derivatives were 
attempted according to the general methods of 
Bischler-Napieralski and of Decker and Becker. 
Only the method of Decker and Becker applied to 
the phenanthrylamines of the 2- and 9-series gave 
positive results.
University, Virginia Received October 19, 1938
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Structure of Gossypol. XVI. Reduction Products of Gossypolone Tetramethyl 
Ether and Gossypolonic Acid Tetramethyl Ether1

B y  R oger A dams, T. A. G eissm a n  and  R. C. M o r r is

Gossypolonic acid tetramethyl ether, obtained 
by the oxidation of gossypol hexamethyl ether 
with dilute nitric acid,2 was assigned the struc­
ture I, and gossypolone tetramethyl ether, de­
rived from gossypol hexamethyl ether by chromic 
acid oxidation,2 was assigned the structure II.1

O O

I II

/ \  
CH3 CH-

III

These structures were assumed largely on the 
basis of the analytical figures, coupled with the 
facts that I was easily soluble in sodium bicarbon­
ate solution, II formed an anilino derivative, 
mild oxidation converted II into I and that both 
I and II yielded gossic acid (III) on oxidation 
with potassium permanganate. No direct evi­
dence was presented to show that the compounds 
were quinones, though by a comparison of these 
and their degradation products with apogossy­
polone tetramethyl ether, desapogossypolone tet­
ramethyl ether and their degradation products,3 
quinone structures appeared likely. The results 
described in this paper offer more direct evidence 
for the correctness of the structures I and II for 
these compounds.

Gossypolonic acid tetramethyl ether can be 
reduced with zinc and acetic acid to a compound 
having the properties of the hydroxy lactone (IV) 
and reductively acetylated with zinc and acetic 
anhydride to the acetoxy lactone (V). It is also

(1) For previous paper see A dam s, M orris, Geissm an, B utter­
baugh and K irkpatrick , T h i s  J o u r n a l , 60, 2193 (1938).

(2) Adam s, M orris and K irkpatrick , ib id .,  60, 2170 (1938).
(3) Adam s and B utterbau gh , ib id .,  60, 2174 (1938).

possible to obtain V by acetylation of IV with 
acetic anhydride in pyridine.

CO-O CO-O

CHs
| ^OCOCHs 
CH 

/ \
CHs CHs

V
CO-O

CHsOr

CHsO! riCHs
| OCHs 
CH

CHs CHs 
VI

Methylation of the hydroxy compound (IV) 
yielded the methoxy lactone (VI). This com­
pound was insoluble in cold alcoholic alkali but 
dissolved on warming. When the alkaline sol­
ution was acidified, the hydroxy acid (VII) was 
obtained as a colorless crystalline compound, sol­
uble in cold, dilute aqueous alkali. This estab­
lishes the presence of the lactone grouping in 
VI and by analogy in IV and V.

HOOC OH 
CH8o / V /' \ —)2

c h 3o,
V \ / - CH3

I OCHs
CH

/ \
CHs CHs

VII

The free hydroxy compound (IV) is readily 
soluble in cold, dilute alcoholic alkali to a deep 
wine-red solution which on warming becomes 
first brown, then a deep blue-green identical in 
appearance with that obtained by dissolving 
gossypolonic acid tetramethyl ether (I) in alcoholic 
alkali of the same strength. This points to an 
opening of the lactone linkage followed by air 
oxidation. The blue-green solution contains de­
composition products of gossypolonic acid tetra­
methyl ether since none of this compound could
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be obtained from it on acidification. The free 
hydrogossypolonic acid tetramethyl ether (hydro­
quinone of I) could not be obtained crystalline.

The reduction of gossypolone tetramethyl 
ether (II) was much more difficult because of the 
extreme sensitivity of the compound. It was 
finally accomplished by adding an aqueous solu­
tion of sodium hydrosulfite to its ethanolic solu­
tion; reduction took place smoothly, the solu­
tion, deep yellow at first, becoming deep brown 
and then changing to a pale yellow. Rapid 
isolation of the unstable reduction product by 
means of ether extraction followed by treatment 
with pyridine and acetic anhydride in the cold 
led to the isolation of a colorless crystalline com­
pound. This compound, however, did not give 
analytical figures consistent with a simple reduc­
tion and acetylation of the quinone linkage, but 
it was readily reconverted into the original 
quinone (II) by oxidation with chromic acid, 
indicating that no deep-seated change had taken 
place. By carrying out the reduction in metha-

CH3 c h 3 

II

H
I

CH30 - C —o
I I

C H t o / N / y - ) .

cH* ° y J
CH

CH3

T OCOCHs

CHs CHs 
X

C2H 5OH 
—— —>

CH3OH

H
I

CHsO—C—O

nol solution, following the same procedure as 
outlined above, a different compound was ob­
tained, lending support to the assumption that 
acetal formation had occurred in the primary 
reduction product (VIII). The compound ob­
tained, therefore, when the reduction was car­
ried out in ethanol was diacetoxy gossypol tetra­
methyl diethyl ether (IX), and in methanol was 
diacetoxy gossypol hexamethyl ether (X)

Experimental
Improved Procedure for the Preparation of Gossypol 

Hexamethyl Ether.—rGossypol hexamethyl ether has been 
one of the important derivatives of gossypol used in deg­
radation studies. An improved method of preparation 
has been found which deserves detailed description.

A solution of 25 g. of once recrystallized gossypol-acetic 
acid is prepared by gentle warming in a mixture of 80 cc. 
of methanol and 80 cc. of redistilled dimethyl sulfate. The 
solution is cooled under the tap and 110 cc. of 10% metha­
nolic potassium hydroxide is added in 10-cc. portions with 
continued cooling. After all of the alkali is added the 
mixture is allowed to stand a t room temperature, with 
occasional shaking, for two days. The solid which pre­
cipitates is collected on a filter and washed with methanol, 
then thoroughly with water. There remains undissolved 
21-23 g. of yellowish, crystalline tetramethyl ether melting 
around 165° and giving a scarlet color with concentrated 
sulfuric acid.

This crude material is methylated further by dissolving 
it in a mixture of 100 cc. of benzene and 60 g. of dimethyl 
sulfate and adding to the Warm solution a 20% solution of 
potassium hydroxide in methanol until the solution is 
alkaline. An additional 40 g. of dimethyl sulfate is then 
added, followed by 20% methanolic potassium hydroxide 
until the solution is again alkaline. The mixture is then 

evaporated to a sludge on the 
steam-bath (with stirring), meth­
anol being added frequently and 
the evaporation continued until 
most of the benzene has been re­
moved. The final sludge is cooled 
and filtered. The solid is washed 
with methanol until the filtrates 
are colorless and then washed 
thoroughly with water to remove 
potassium salts. The product 
remaining on the filter is white, 
crystalline hexamethyl ether. 
The yield in this step is nearly 
quantitative. The product is 
pure enough for most purposes. 
I t  gives a yellow-orange color 
with concentrated sulfuric acid 
and melts, depending upon the 
purity of the gossypolacetic acid 
used, at from 195-210 0. I t  can be 
recrystallized most conveniently 
from ligroin (b. p. 90-110°), from 
which it is obtained in clusters of 
long white needles, m. p. 175°.

Hydroxygossylic Acid Lactone Tetramethyl Ether 
(IV).—To a solution of 0.50 g. of gossypolonic acid tetra­
methyl ether1 in 10 cc. of boiling glacial acetic acid, zinc 
dust was added in small portions. The solution first 
turned a reddish-yellow color and on continued addition of 
zinc dust became a clear pale yellow. Yellow crystals 
separated from the hot solution. The zinc dust was re­
moved by filtration and boiled several times with small 
portions of acetic acid to remove admixed reduction prod­
uct, and the combined filtrates diluted to incipient cloudi­
ness and cooled. The product (0.38 g.) was purified from

CHs CHs 
IX
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glacial acetic acid and formed tiny canary-yellow prisms 
melting a t 320° (bloc Maquenne).

Anal. Calcd. for C34H34O10: 0,67.77; H, 5.65. Found: 
C, 67.60; H, 5.64.

The compound gives a deep yellow color with concen­
trated sulfuric acid and a deep wine-red solution in metha­
nolic potassium hydroxide.

Acetoxygossylic Acid Lactone Tetramethyl Ether (V). 
(a).—To a mixture of 0.5 g. of gossypolonic acid tetra­
methyl ether, 0.5 g. of fused sodium acetate and 5 cc. of 
boiling acetic anhydride, zinc dust was added in small 
portions until the color of the solution had become a pale 
yellow. The solution was filtered onto ice and allowed to 
stand until the acetic anhydride had decomposed, the 
product collected and triturated with boiling methanol. 
The pale yellow prisms obtained weighed 0.40 g. After 
two recrystallizations from acetone-methanol the product 
formed tiny rosets of colorless prisms, m. p. 231-233° 
(corr.).

Anal. Calcd. for C38n380i2: G, 66.47; H,5.54. Found: 
C, 66.32; H, 5.50.

The product gives a deep yellow color in concentrated 
sulfuric acid. I t is insoluble in cold methanolic alkali, but 
dissolves on heating with the formation of a deep wine-red 
solution.

(b).—The same compound is formed when the hydroxy 
lactone (IV) is acetylated with acetic anhydride in pyri­
dine.

Methoxygossylic Acid Lactone Tetramethyl Ether (VI).—
To a suspension of 0.5 g. of hydroxygossylie acid lactone 
tetramethyl ether in a cooled mixture of 5 cc. of dimethyl 
sulfate and 5 cc. of methanol was added 7 cc. of 10% metha­
nolic potassium hydroxide. The solution, originally deep 
red, gradually turned yellow. The addition of further 1- 
cc. portions of alcoholic alkali was continued until a further 
addition no longer produced the red color. The mixture 
was concentrated under reduced pressure to a mush, fil­
tered, the solid washed with methanol and the salt re­
moved by washing with water. There remained on the 
filter 0.30 g. of yellow crystalline product. After several 
recrystallizations from dilute acetic acid and from acetone- 
methanol, the compound formed pale yellow needles, m. p. 
273-274° (corr.).

Anal. Calcd. for C36H 38O10: C, 68.57; H, 6.03. Found: 
C, 68.46; H, 6.01.

The compound gives a clear yellow color with concen­
trated sulfuric acid and is insoluble in cold alcoholic alkali.

Methoxygossylic Acid Tetramethyl Ether (VII).—A 
solution of 0.20 g. of methoxygossylic acid lactone tetra­
methyl ether (VI) in 10 cc. of 10% methanolic potassium 
hydroxide was boiled with a pinch of zinc dust and a few 
cubic centimeters of water until the originally red-brown 
color had faded to yellow. The solution was filtered into 
dilute sulfuric acid and extracted with ether. The ether 
solution was dried, concentrated and diluted With petro­
leum ether (b. p. 30-60°). The hydroxy acid separated as 
tiny white needles,, weighing 0.1 g. After recrystallization 
from ether-petroleum ether it formed tiny, soft white 
needles which sintered over a broad range and melted at 
270-272° (corr.). When a sample was plunged into a bath 
preheated to 250° it melted instantly with vigorous de­

composition, crystallized on cooling, then remelted at 273- 
274° (corr.).

Anal. Calcd. for C36H42O12: C, 64.83; H, 6.36. Found: 
C, 64.70; H, 6.36.

The compound is readily soluble in cold, dilute sodium 
hydroxide solution. I t  gives no color with ferric chloride 
and a pale yellow color with concentrated sulfuric acid. 
The methoxy lactone (VI) is regenerated on warming the 
hydroxy acid in acetic anhydride.

Reduction and Acetylation of Gossypolone Tetramethyl 
Ether in Ethanol (Compound IX).—An aqueous solution of 
sodium hydrosulfite was added in portions to a hot solution 
of 1.0 g. of gossypolone tetramethyl ether in 25 cc. of abso­
lute ethanol. The solution first became deep brown in 
color and upon continued addition of the reducing agent 
changed to . a pale yellow color. At this point, it was 
poured into iced water, quickly extracted with ether; the 
ether solution washed with a solution of sodium hydro­
sulfite and dried by shaking it with anhydrous sodium 
sulfate. The ether was removed quickly, at first on the 
hot-plate, then under reduced pressure, and to the residual 
dark red oil was added a mixture of 15 cc. of pyridine and 
7 ce. of acetic anhydride. The bright red solution was 
allowed to stand at room temperature for two hours, 
poured into water and the pink solid collected. The 
product was dissolved in warm methanol, from which 
it crystallized quickly as short white needles, weighing 
0.18 g. After recrystallization from acetone-methanol 
the compound formed soft white needles, m. p. 264-265° 
(corr.).

Anal. Calcd. for C42HS0O12: C, 67.52; H, 6.75. Found: 
C, 67.18, 67.37; H, 6.91, 6.50.

Reduction by means of zinc dust and acetic acid in pres­
ence of sodium acetate, zinc dust in acetic anhydride with 
sodium acetate, zinc dust in pyridine and acetic anhydride 
and zinc dust in ethanolic calcium chloride was unsuccess­
ful. Acid reducing agents were excluded, as gossypolone 
tetramethyl ether is converted to uncrystallizable tars in 
acid solution.

Oxidation of this compound with 10% aqueous chromic 
acid in acetic acid gave a yellow crystalline compound 
which was proved by melting point, mixed melting point, 
preparation of the anilino derivative and color in sulfuric 
acid to be identical with II.

Reduction and Acetylation of Gossypolone Tetramethyl 
Ether in Methanol (Compound X).—The reduction was 
run in exactly the same manner as given above when etha­
nol was used as the solvent. The crude crystalline ma­
terial obtained from methanol formed tiny pink nodules 
and weighed 0.23 g. Recrystallized from acetone- 
methanol it formed tiny, soft white needles, m. p. 266-267° 
(corr.).

Anal. Calcd. for C40H46O12: C, 66.85; H, 6.41. Found: 
C, 66.65; H, 6.34.

A mixture of the ethyl acetal (IX), m. p. 264-265°, and 
of the methyl acetal (X), m. p. 266-267°, melted at 245- 
253°. .

The compound gives a yellow-orange color in concen­
trated sulfuric acid.

Oxidized with chromic acid it yielded gossypolone tetra­
methyl ether (II).
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Summary
1. Support for the previously proposed struc­

tures of gossypolonic acid tetram ethyl ether and of 
gossypolone tetram ethyl ether as quinones has 
now been furnished. These products have been 
converted to reduction products.

2. Gossypolonic acid tetram ethyl ether gives 
hydroxy gossylic acid lactone tetram ethyl ether 
which m ay be acetylated to the corresponding 
acetyl derivative or methylated to the methyl 
ether. The latter can be transformed by the 
action of alkali into the corresponding gossylic

acid derivative; thus the presence of the lactone 
linkage is demonstrated.

3. Gossypolone tetram ethyl ether is a much 
more sensitive compound and most alkaline and 
acid reducing agents cause decomposition. How­
ever, a solution of sodium hydrosulfite in ethanol 
and methanol gives successful results. Diace- 
toxygossypol tetram ethyl diethyl ether forms 
when ethanol is used as a solvent, and diacetoxy- 
gossypol hexamethyl ether when methanol is 
employed.
U r b a n a , I l l i n o i s  R e c e i v e d  O c t o b e r  17, 1938

[C o n t r i b u t i o n  p r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ]

Structure of Gossypol. XVII. Nitration Products of Gossypol Hexamethyl Ether, 
Gossypolone Tetramethyl Ether and Gossypolonic Acid Tetramethyl Ether1

B y R o g er  A dams, T. A. G eissm an  and  R. C. M o r r is

The structural relationship between gossypol 
hexamethyl ether (I), gossypolone tetramethyl 
ether (II) and gossypolonic acid (III) has been 
substantiated in part by studies of oxidation2 
and other degradation reactions3 of gossypol 
derivatives and by the coordination of these 
structures in a consistent picture of the properties 
and reactions of gossypol.1,4
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CrOs

CHO|
c h 3o / \

CHsO

O O

h

CHs

CHS CHs

CH O
/ \  

CHs CHs

dil.
HNOs

(1) For previous paper, see A dam s, G eissm an and M orris, T h i s  
J o u r n a l , 60, 2967 (1938).

(2) A dam s, M orris and K irkpatrick, ib id . ,  60, 2170 (1938).
(3) A dam s and G eissm an, ib id .,  60, 2184 (1938).
(4) A dam s, M orris, G eissm an, B utterbau gh  and K irkpatrick , 

ib id .,  60, 2193 (1938).

Further confirmation has been found in a study 
of the action of fuming nitric acid on these com­
pounds, products being obtained whose analyses 
and properties allow their formulation in accord 
with the above structures.

By the action of fuming nitric acid on gossypol 
hexamethyl ether (I), there is obtained a crystalline 
compound to which has been assigned the struc­

ture IV, since it forms an 
anilino derivative formulated 
as V. Compound IV also 
results from the action of 
fuming nitric acid on gossy­
polone tetram ethyl ether 
(II), Treatm ent of gossy­
polonic acid tetram ethyl 
ether (III) with fuming nitric 
acid under similar conditions 
results in the formation of an 
acidic compound (VI) which 
is assumed to be the carboxy­
lic acid corresponding to the 
aldehyde (IV). This assump­
tion is substantiated by the 
fact th a t oxidation of IV with 
dilute nitric acid results in the 
formation of the acid (VI). 

This is exactly analogous to the oxidation of gossy­
polone tetram ethyl ether (II) to gossypolonic acid 
tetram ethyl ether (III) by means of dilute nitric 
acid.

CHs CHs 
III

fum.
HNOs

HOOC 
CHsO

CHsO
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The replacement of an isopropyl group by a 
nitro group during nitration has been observed in 
other, although not strictly analogous, cases. 
The nitration of p -cymene has been found to 
yield nitrated toluenes along with simple nitration 
products,5 while dinitrothymol yields trinitro- 
m-cresol upon further nitration.6 A similar 
elimination of the isopropyl group from a gossypol 
derivative has been observed in the formation of 
desapogossypol hexamethyl ether from apogos­
sypol hexamethyl ether by the action of concen­
trated sulfuric acid,7 although the elimination by 
means of sulfuric acid may follow a different 
course from that in the replacement by a nitro 
group during nitration.

Experimental
Nitration of Gossypol Hexam ethyl Ether; Compound

IV.—To 15 cc. of fuming nitric acid (sp. gr. 1.50) cooled to 
—5° was added 1 g. of gossypol hexamethyl ether. The 
compound dissolved instantly to give a deep red-brown 
solution which was immediately poured onto ice. The 
product from five such runs was collected, dried and dis­
solved in a small amount of boiling methanol. A yellow 
crystalline material separated and after cooling was fil­
tered; weight 0.5 g. I t was purified from acetone- 
methanol, forming bright yellow prisms. The product 
has no sharp melting point but when placed in a preheated 
bath darkens at about 220° and decomposes at 257-262° 
(corr.).

Anal. Calcd. for C28H20O14N2: C, 55.26; H, 3.29; N, 
4.60. Found: C, 54.91, 54.90, 55.28; H, 3.41, 3.33, 3.22; 
N, 4.47, 4.64, 4.86.

The compound gives a clear brownish-red color with con­
centrated sulfuric acid and reduces Tollens’ reagent quickly 
in pyridine solution in the cold. I t is insoluble in alcoholic 
alkali, although it decomposes slowly on standing in con­
tact with the reagent.

Nitration of Gossypolone Tetramethyl Ether; Com­
pound IV.—To 5 cc. of fuming nitric acid (sp. gr. 1.50) 
cooled in ice-salt was added in small portions 0.25 g. of 
gossypolone tetramethyl ether. As soon as solution had 
taken place, the red-brown reaction mixture was poured 
onto ice. The insoluble material was collected and dis­
solved in a small amount of methanol, from which 0.1 g. of 
yellow crystalline material separated. After recrystalliza­
tion from acetone-methanol bright yellow, flat prisms were 
obtained.

The compound gave the same type of decomposition as 
the product previously described, alone or when mixed 
with the product made by the other procedure. I t also 
gave the same analytical results and the same color in 
sulfuric acid.

Anilino Derivative of Compound IV; Compound V.—An
excess of aniline was added to a suspension of compound IV 
in boiling benzene. A red solution formed. After a few

(5) A lfthan, B e r ., 53, 78 (1920).
(6) A rm strong and R ennie, C h em . N e w s ,  47, 115 (1883).
(7) A dam s and Butterbaugh, T h is  Jo u rn al , 60, 2174 (1938).

minutes ligroin (b. p. 90-110°) was added and the mixture 
concentrated and cooled. The product which separated 
was recrystallized from benzene-ligroin. I t forms tiny, 
brownish-orange prisms which do not melt, but darken at 
about 210° and become charred at about 260°.

Anal. Calcd. for C40H30O12N4: C, 63.32; H, 3.96; N, 
7.39. Found: C, 63.92; H,4.17; N, 7.63.

The compound gives a yellow-orange color in concen­
trated sulfuric acid.

Nitration of Gossypolonic Acid Tetramethyl Ether; 
Compound VI.—To 2.5 cc. of yellow fuming nitric acid 
(sp. gr. 1.5) at 0° was added in portions with stirring 0.1 g. 
of gossypolonic acid tetramethyl ether. Solution took 
place rapidly and, as soon as complete, the reaction mixture 
was poured onto ice. The precipitate was washed, dried 
and recrystallized from methanol. I t  forms light yellow 
crystals which become brown at about 220° and darken at 
260-270°; yield 0.04 g.

Anal. Calcd. for C28H20O16N2: C, 52.50; H, 3.12; N,
4.38. Found: C, 52.18; H,3.43; N, 4.43.

The product gives no color with cold concentrated sul­
furic acid and a green-violet color upon heating.

Oxidation of Compound IV to Compound VI by M eans 
of Dilute Nitric Acid.—Two procedures for this oxidation 
were used:

(a) .—To a solution of 0.20 g. of compound IV in 5 cc. 
of acetic anhydride was added gradually 20 cc. of a mixture 
of equal parts of acetic acid, concentrated nitric acid and 
water. The acetic anhydride decomposed vigorously at 
the beginning and when complete the remainder of the 20 
cc. was added all at once. A small amount of compound V 
crystallized and was filtered. The filtrate was treated 
with 10 cc. of concentrated nitric acid and the solution 
refluxed for two hours. Upon cooling, the product V 
separated. I t was purified by dissolving in acetic an­
hydride, decomposing the anhydride with water and dilut­
ing. About 0.05 g. of shining buff leaflets was obtained. 
The compound does not melt up to 320° (bloc Maquenne).

Anal. Calcd.. for CasHaoOieNa: C, 52.50; H, 3.12. 
Found: C, 52.42; H, 3.32.

The product is soluble in sodium bicarbonate solution ; 
it gives no color with concentrated sulfuric acid in the cold 
but a green color upon warming.

(b) .—A solution of the compound IV in hot, concen­
trated nitric acid was diluted with a few drops of water. 
A small amount of material separated. The mixture was 
heated for an hour on the steam-bath. Enough concen­
trated nitric acid was then added to bring all the solid into 
solution at the boiling point, the solution boiled a short 
time, diluted with water and cooled. The solid was re­
crystallized as in (a), and was identical in solubility in 
sodium bicarbonate solution, color in sulfuric acid and 
melting point behavior with VI as prepared above.

Anal. Calcd. for CasHaoOieNa: C, 52.50; H, 3.12. 
Found: C, 52.69; H, 3.71.

Summary
1. Gossypol hexamethyl ether by the action 

of fuming nitric acid is converted into a derivative 
of gossypolone tetramethyl ether in which the iso­
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propyl groups are replaced by nitrcf groups. The 
same compound also m ay be produced directly by 
nitration of gossypolone tetram ethyl ether.

2. Gossypolonic acid tetram ethyl ether by a 
similar procedure is converted into a derivative 
with the isopropyl groups replaced by nitro groups.

3. Just as gossypolone tetramethyl ether can

be oxidized to the corresponding carboxylic acid 
by means of dilute nitric acid, so can the nitration 
product of gossypol hexamethyl ether or gossy­
polone tetram ethyl ether be converted into the 
corresponding nitration product of gossypolonic 
acid tetram ethyl ether.
U r b a n a , I l l i n o i s  R e c e i v e d  O c t o b e r  17, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ]

Structure of Gossypol. X V ffl. Synthesis of l,2-D im ethoxy-3-isopropyl-5-am ino- 
benzene, a Degradation Product of Gossypol1

B y  R o g e r  A d a m s , M a d is o n  H u n t  a n d  R . C . M o r r is

Structure I has been assigned to gossypol.2 
By the action of concentrated alkali, gossypol 
loses two aldehyde groups and is converted into 
the unstable apogossypol. The latter product 
is stabilized by the formation of the hexamethyl 
ether. Apogossypol hexamethyl ether (II) upon 
oxidation with chromic acid gives apogossypolone 
tetramethyl ether (III) which is further oxidized 
with potassium permanganate to apogossypolic 
acid (IV). N itration of this last product results 
in a mononitro monocarboxylic acid (V) which 
upon reduction and sublimation of the product
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(1) For previous paper see A dam s, G eissm an and M orris, T h i s  

J o u r n a l , 60, 2970 (1938).
(2) Adam s, M orris, G eissm an, B utterbaugh and K irkpatrick, 

ib id ., 60, 2193 (1938).

gives a decarboxylated amine (VI).3 The amine 
is converted to  a diacetyl derivative by the action 
of acetic anhydride and sodium acetate. W hether 
the 5-carboxyl or the 4-carboxyl in apogossypolic 
acid (IV) is replaced by a nitro group was not 
certain so th a t the amine which was assigned 
structure VI might have an isomeric formula, 
with the amino group in the 4-position.

The compound l,2-dimethoxy-3-isopropyl-5- 
aminobenzene has now been synthesized by m eth­
ods leaving little doubt as to its complete structure 
and no doubt as to the relative positions of the two 
dimethoxy and the isopropyl groups. I t  proved to 
be identical with the compound VI obtained by 
degradation of gossypol as shown by melting point 
and mixed melting points of the two amines and 
their acetyl derivatives. The synthesis employed 
is shown by the following series of reactions
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(1938).
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The structure of compound X I, 1,2-dimethoxy-3- 
isopropylbenzene, cannot be questioned. The 
5-position for the nitro group in compound X II 
was assigned after consideration of the nitration 
of the analogous l,2-dimethoxy-3-methylbenzene 
which was proven in two ways to give the 1,2- 
dimethoxy-3-methyl-5-nitro derivative.4 The 
amino group in compound VI is, therefore, in the 
5-position.

The identity of the synthetic product, 1,2- 
dimethoxy-3-isopropyl-5-aminobenzene, and the 
gossypol degradation product allows important 
conclusions to be drawn concerning the gossypol 
molecule. I t  confirms (1) the presence of iso­
propyl groups, and (2) the relative positions of two 
hydroxyls to the isopropyl groups in the gossypol 
molecule.

If these established facts are considered in 
conjunction with the method of preparation and 
relationship of gossic to apogossypolic acid, it may 
be deduced tha t the aldehyde groups in gossypol 
are in the same rings as the isopropyl groups and 
indeed para  to these groups. The lactone for­
mation in gossypol derivatives containing the 
aldehyde groups oxidized to carboxylic acid 
groups makes positive the presence of hydroxyl 
groups in the positions peri to the aldehyde 
groups. Thus, proof of the substituent groups 
in the 1-, 5-, 6-, 7- and 8-positions of the two 
naphthalene nuclei of gossypol is conclusive.

Experim ental
3-Methoxysalicylic Acid.—-To a mole equivalent of 

sodium in absolute ethanol, 124 g. of guaiacol was added. 
The alcohol was removed by distillation and the residue 
washed with dry ether. The solid product was dried in 
vacuo a t room temperature. The solid sodium guaiacolate 
was finely ground and heated for eight hours under pressure 
at 115° with excess of carbon dioxide. The reaction mix­
ture was dissolved in 400 cc. of water and the solution ex­
tracted with ether to remove unchanged guaiacol. The 
aqueous layer was acidified with hydrochloric acid, and the 
product separated. The yield was 55 g, (33%) which 
melted low and required a crystallization from water to 
bring it up to 150° (corr.). The yield depends to a large 
extent on the dryness of the sodium guaiacolate. Heyden 
reported a melting point of 148-T500.5

Methyl 3-Methoxysalicylate.—The esterification was 
carried out by refluxing for twelve hours a mixture of 25 g. 
of crude 3-methoxysalicylic acid, 65 cc. of methanol and
5.7 cc. of concentrated sulfuric acid. Dilution with ether 
and extraction of the ether solution with aqueous sodium 
bicarbonate, then distillation, gave essentially a quantita­

(4) (a) Cain and Sim onsen, J .  C h em . S o c ., 105, 156 (1914); (b) 
M ajim a and Okazaki, B e r ., 49 , 1482 (1916).

(5) H eyden , ibid., 23, 418 (1890).

tive yield of product, b, p. 134-136° (2 mm.). The dis­
tilled product solidified and was purified by crystallization 
from dilute methanol, m. p, 61° (corr.). Fritsch reported 
a melting point of 63° .6

Dimethyl-(3-methoxy-2-hydroxyphenyl)-carbinol (VIII).
—A dry ether solution pf 22 g. of methyl 3-methoxysali­
cylate was added with cooling to a cooled solution of Grig­
nard reagent prepared from excess methyl chloride and 13.9 
g. of magnesium. The reaction mixture was then refluxed 
for three hours. I t  was decomposed with dilute acetic acid 
and the product extracted with ether. After washing with 
water and aqueous 5% sodium bicarbonate, the ether 
solution was dried over anhydrous magnesium sulfate and 
the ether removed. The solid residue was purified by 
crystallization from benzene-petroleum ether (b. p. 60- 
110°) and formed white needles, m. p. 126° (corr.); yield,
10.5 g. (48%).

Anal. Calcd. for C10H14O3: C, 65.89; H, 7.75. Found: 
C, 65.86; H, 7.80.

1 -M ethoxy-2-hydroxy-3-isopropenylbenzene (IX).—
Upon heating 5 g. of the dimethyl-(3-methoxy-2-hydroxy- 
phenyl)-carbinol for ten minutes a t 195-200°, waterwas 
lost. The product distilled at 122-124° (14 mm.); n?°d 
1.5518; d2%0 1.072; yield, 4.2 g. (93%).

Anal. Calcd. for C10H12O2: C, 73.13; H, 7.37. Found: 
C, 73.14; H, 7.50.

l-Methoxy-2-hydroxy-3-isopropylbenzene (X).—A so­
lution of 4 g. of l-methoxy-2-hydroxy-3-isopropenylben- 
zene in 25 cc. of 95% ethanol was hydrogenated a t 2-3 
atm. pressure with Raney nickel as a catalyst. The prod­
uct distilled at 123-125° (8 mm.); n20D 1.5203; d2\  1.049; 
yield, 3.8 g. (94%).

Anal. Calcd. for C10H14Q2: C, 72.25; H, 8.49. Found: 
C, 72.38; H, 8.50.

1.2- Dimethoxy-3-isopropylbenzene (XI)—To a solution 
of 2.3 g. of l-methoxy-2-hydroxy-3-isopropylbenzene in 14 
cc. of normal sodium methylate was added 1.3 cc. of di­
methyl sulfate. The solution was refluxed for ten minutes 
and then treated with a second similar portion of sodium 
methylate and dimethyl sulfate and the heating repeated. 
After evaporating almost to dryness, the reaction mixture 
was treated with 15 cc. of water and extracted with ether. 
After extraction of the ether solution twice with 10% 
aqueous sodium hydroxide, the solvent and then the prod­
uct was distilled; b. p. 119-121° (24 mm.); n29d 1.5068; 
d2*201.019; yield, 2.1 g. (84%).

Anal. Calcd. for ChH i6Q2‘ C, 73.28; H, 8.95. Found: 
C, 73.34; H, 8.99.

1.2- Dimethoxy-3-isopropyl-5-nitrobenzene (XII).—To a
cold solution of 1 g. of 1,2-dimethoxy-3-isopropylbenzene 
in 8 cc. of glacial acetic acid was added 0.24 cc. of nitric acid 
(sp. gr. 1.50). The mixture was kept at 0° for thirty 
minutes and then was poured into 35 cc. of ice water. The 
oil which separated was extracted with ether and the ether 
solution washed with bicarbonate solution. After drying 
and removing the ether, the residue was dissolved in metha­
nol. Upon cooling in an ice-salt mixture, the product 
separated and was recrystallized from methanol, yellow 
crystals, m. p. 53° (corr.); yield, 0.85 g. (68%).

(6) Fritsch , A n n .,  301, 352 (1898).
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Anal. Calcd. for CnH15N 04: C, 58.64; H, 6.72; N, 
6.22. Found: C, 58.91; H, 6.60; N, 6.36.

1.2- Dimethoxy-3-isopropyl-5“aminobenzene (VI).—The 
corresponding nitro compound was reduced in absolute 
ethanol solution at 2-3 atm. with Raney nickel as catalyst. 
The product was purified by sublimation, white crystals, 
m. p. 75° (corr.). The yield was 0.055 g. from 0.1 g. of 
nitro compound.

Anal. Calcd. for CnHi70 2N: C, 67.70; H, 8.72; N, 
7.18. Found: C, 67.55; H.8.77; N, 7.14.

This substance gave no depression in melting point 
when mixed with the compound assumed to have this 
structure and prepared from apogossypolic acid.3

1,2 - Dimethoxy - 3 -isopropyl-5 -diacetanunobenzene.—  
The amine was acetylated with acetic anhydride and 
sodium acetate in an 81% yield. The product was puri­
fied by washing the ether solution with 5% hydrochloric 
acid, evaporation of the solvent and sublimation. It 
formed white crystals, m. p. 86° (corr.).

Anal. Calcd. for Ci5H2i0 4N: C, 64.52; H, 7.53; N, 
5.02. Found: C, 64.57; H, 7.41; N, 5.01.

A mixed melting point of this product with the diacetyl 
derivative of the amine obtained by degradation of apo­
gossypolic acid gave no depression.3

1.2- Dimethoxy-3-isopropyldinitrobenzene.—By nitrat­
ing l,2-dimethoxy-3-isopropylbenzene as previously de­
scribed except that excess nitric acid was used, a dinitro 
derivative was obtained. I t was purified from methanol 
in yellow crystals, m. p. 106° (corr.).

Anal. Calcd. for CnHi4N206: N, 10.31. Found: N,
10.10,

Whether the two nitro groups are both in the benzene 
ring or one in the ring and the other replacing the tertiary 
hydrogen of the isopropyl group was not determined. 
By analogy to the dinitro derivative of l,2-dirnethoxy-3- 
methylbenzene, it is probable that the two nitro groups 
occupy the 5-, 6-positions.4b

1,2-D im e thoxy-3-isopropyldiaminobenzene.—The re­
duction of the dinitro compound in absolute ethanol with 
Raney nickel as catalyst gave a diamine which was purified 
by sublimation to white crystals, m. p. 75° (corr.). This 
product was very unstable to atmospheric oxygen and 
turned brown rapidly.

Anal. Calcd. for CuH180 4N2: N, 13.13. Found, N, 
13.14.

Summary
The synthesis of l,2-dimethoxy-3-isopropyl- 

5-aminobenzene has been accomplished. I t  
proved to be identical with the compound pre­
pared from apogossypolic acid by nitration, sub­
sequent reduction and sublimation.

This synthesis confirms the character of the 
functional groups in the 1-, 5-, 6-, 7- and 8-posi­
tions of the naphthalene nuclei in the previously 
postulated formula for gossypol.
U r b a n a , I l l i n o i s  R e c e i v e d  O c t o b e r  17, 1938

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

The Preparation of Substituted Mandelic Acids and their Bacteriological Effects, II
By J. L. R iebsomer, R obert Baldwin, J ack Buchanan and H oward B urkett

I t  has been shown previously by work in this 
Laboratory1,2 that alkyl substituted mandelic 
acids can be prepared readily from alkyl benzenes 
and ethyl oxomalonate when treated in the pres­
ence of anhydrous stannic chloride or certain other 
condensing agents. The intermediate condensa­
tion products are hydrolyzed and decarboxylated 
to form the corresponding mandelic acids. The 
purpose of the present work was to extend the 
studies reported in the first paper of this series2 
and to point out certain additional observations 
made on the general reaction mentioned above.

In nearly every case when anhydrous stannic 
chloride is added to an alkyl benzene-ethyl oxo­
malonate mixture a thick sticky solid separates 
out. With the hope tha t a knowledge of the com­
position of such a typical solid might contribute

(1) R iebsom er, Irvine and Andrews, I n d . A c a d . S c i., 47, in 
press (1937).
j ||(2 )  Riebsom er, Irvine and A ndrews, T h is J o urn al , 60, 1015 
(1938).

to an understanding of the mechanism of the gen­
eral reaction, the solid which separated when tolu­
ene, ethyl oxomalonate and stannic chloride were 
mixed was purified and analyzed. This solid was 
very hygroscopic and immediately decomposed 
when added to water with the production of an 
oily layer. The aqueous solution gave qualitative 
tests for tin  and chloride. The oily layers when 
hydrolyzed produced ^>-methylmandelic acid. A 
quantitative analysis for chloride indicated the 
compound to be an addition product as follows

COOC2H5

—C—OH • SnCl4
I
COOC2H5

This result is what would be expected from a 
consideration of the work of Voskresenskaya3 who 
showed th a t the esters of several dibasic acids re­
act with stannic chloride to form similar addition

(3) V oskresenskaya, C . A . ,  32, 2551 (1938).
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M andelic B enzene derivative  or

B. p. 
inter­

m ediate  
4 -5  mm.

acid derivative hydrocarbon used °C .
^ -«-P ropyl w -Propylbenzene 170-175
/>-w-Butyl w -B utylbenzene 176-177
P -n -A m yl re-Amylbenzene 199-204
^-Isoam yl Isoam ylbenzen e
p -t-  A m yl ^ -/-A m ylbenzene 178-179
/>-Pentam ethyl P en tam eth y lb en zen e
2,3 ,5 ,6 -T etram eth y l 1 ,2 ,4 ,5-T etram eth y  lbenzene 195-210
p -Brom o B rom obenzene
£-Iodo Iodobenzene

products in a mole to mole ratio. Unfortunately, 
however, this discovery lends only little to an un­
derstanding of the mechanism of the condensation 
reaction. In fact it  seems probable that the for­
mation of this precipitate hinders rather than 
promotes the reaction because after its formation 
mixing is less efficient. This probably would help 
to account for the fact th a t the yields in these re­
actions are seldom greater than 60% of the theo­
retical and usually less.

When stannic chloride was mixed with ethyl 
oxomalonate a solid was produced which was 
probably another ester-stannic chloride addition 
product. I t  proved to be so unstable tha t an 
analysis was impossible. I t  would be difficult to 
explain how the formation of this product could 
promote the condensations.

Another condensing agent, boron trifluoride, was 
tried in the place of anhydrous stannic chloride. 
In general the yields of mandelic acids were low.

I t  was found th a t chloro-, bromo- and iodo- 
benzene would each condense with ethyl oxomalo­
nate by following the usual procedure. These con­
densation products hydrolyzed to form the corre­
sponding p -halogen substituted mandelic acids. 
The yields in all cases were discouragingly low. 
B ut preliminary experiments indicate that ben­
zene derivatives containing both a halogen and an 
alkyl substituent condense with ethyl oxomalonate 
to give respectable yields.

Experim ental
Analysis of the Precipitate Formed when Stannic Chlo­

ride Was Added to a Mixture of Toluene and Ethyl Oxo­
malonate.—In a 200-cc. round-bottomed flask was placed 
25 g. of toluene and 8.7 g. of.ethyl oxomalonate. Ten cc. 
of anhydrous stannic chloride was added with stirring at a 
temperature of 0 °. A white precipitate was formed which 
after two hours’ stirring was filtered using a suction filter. 
The precipitate was washed with toluene several times and 
finally with petroleum ether (b. p. 30-40°). The product 
was transferred immediately to a vacuum desiccator and 
dried thoroughly under vacuum. Approximately 0.2-g. 
samples were weighed, water added to them and the

T a b l e  I

Yield, %
Inter­
medi­

ate Acid
M . p. 

acid, °C .
N eu t.

Calcd.
equiv.
Found

C om bustion analyses, % 
Calcd. Found  

C H C H
40 20 1 2 6 -1 2 6 .5 194 .1 191 .7 6 8 .0 8 7 .2 2 6 7 .7 7 7 .2 0
59 25 1 1 6 .5 -1 1 7 2 0 8 .1 2 0 8 .5 6 9 .1 9 7 r75 6 9 .1 1 7 .7 3
51 8 1 1 2 .5 2 2 2 .1 2 2 3 .6 6 9 .9 2 “7 .9 2 7 0 .1 1 8 .1 4

16 8 7 -8 7 .5 2 2 2 .1 2 1 9 .8 6 9 .9 2 7 .9 2 6 9 .8 5 7 .9 8
95 53 73 -74 2 2 2 .1 2 2 0 .5 6 9 .9 2 7 .9 2 6 9 .9 5 8 .0 7

9 180-181 2 2 2 .1 22,2.8 6 9 .9 2 7 .9 2 7 0 .1 0 8 .0 6
27 1 .3 163 2 0 8 .1 212 .0 , 6 9 .1 9 7 .7 5 6 8 .6 8 7 .6 0

8 .8 1 1 7 .5 2 3 2 .1 2 3 3 .8
29 7 .2 135-136 2 7 7 .9 2 7 4 .3

solution titrated with standard silver nitrate. Calcd. 
%ClforCHsC6H4C(OHXCO*C*H*)2*SnCl4: 26.93; found, 
26.83,26.75.

Another portion of this solid was hydrolyzed with 20% 
aqueous potassium hydroxide, the product acidified and 
warmed as in the usual procedure, extracted with ether, 
the ether distilled off and the solid recrystallized from 
benzene, m. p. 145°. A mixed melting point with p- 
methylmandelic acid showed no depression.4

The method of preparation of these compounds was with 
minor alterations the same as reported in the first paper of 
this series.2 Since pentamethylbenzene and tetramethyl- 
benzene are solids, the preparation of the intermediates in 
these cases was carried out in chloroform solution. Chloro­
form had previously been shown to be satisfactory for this 
purpose.

Boron trifluoride instead of anhydrous stannic chloride 
was used to prepare the £-bromomandelic acid. In a 
typical experiment 45 g. of bromobenzene and 8.7 g. of 
ethyl oxomalonate were mixed in a flask and 2.5 g. of boron 
trifluoride was added under anhydrous conditions and at 
0 °. The resulting mixture was allowed to stand overnight 
and the product isolated in the usual way. The yield was 
about 9%. Similar experiments were made with chloro- 
and iodobenzene which resulted in even poorer yields. 
When stannic chloride was used in the place of boron tri­
fluoride to produce />-bromomandelic acid a yield of 4% 
was obtained. Correspondingly low yields of p-chloro- 
and p-iodomandelic acids were obtained when anhydrous 
stannic chloride was used as the condensing agent.

Boron trifluoride was also used in the place of anhydrous 
stannic chloride with benzene and toluene in the general 
reaction, but in each case with poor results.

Table I presents a summary of the properties of the 
compounds. The yields were all calculated on the basis 
of the ethyl oxomalonate used

In order to prove the structure of the p -n -propyl, 
p-n-hxx£y\, p -n -amyl, p -isoamyl and p-t-amyl 
mandelic acids each of these compounds was 
treated with excess alkaline permanganate solu­
tion.5 The acids so produced were converted 
into the methyl esters. In each case the ester 
melted a t  140°, indicating dimethyl terephthalate. 
This established the para position for each of the 
alkyl groups.

(4) T he authors are ind eb ted  to  Mr. John B ishop for th is analysis.
(5) M ullik en , “ Identification  of Pure Organic C om pou nds/' 

Vol, I, John W iley  and Sons, In c ,, N ew  Y ork, N , Y ., 1904, p. 85.
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In  the cases of the tetra- and pentamethyl de­
rivatives, the method of synthesis was regarded as 
sufficient proof of their structures.

p -Bromo- and />-iodomandelic acids are well 
known, hence their melting points and neutral 
equivalents were considered to be sufficient to 
identify these compounds.

A summary of the bacteriological data is pre­
sented in Table II. These tests were made in  
vitro on three different organisms (B. coli). The 
activities are compared with mandelic acid as a 
standard.

T a b l e  II
M andelic acid  derivative A ctiv ity

Mandelic I
p-n-Propyl 1 or less
p-n-Butyl 1 or less
p-n- Amyl 1 or less
^-Isoamyl 1 or less
p-t-Amyl 1 or less
Pentamethyl No activity
2,3,5,6-Tetramethyl Less than 1
p-Bromo 2-4
£-Iodo 2-4

The first seven of the compounds listed in 
Table II  are so costly to prepare and show so little 
activity th a t further experimentation with them 
would appear fruitless. The two halogen deriva­

tives possess sufficient activity to w arrant animal 
tests to determine their efficacy as urinary tract 
antiseptics.

The authors are glad to acknowledge the co­
operation of Dr. Robert S. Shelton of the Wm. S. 
Merrell Co., of Cincinnati, Ohio, who performed 
the bacteriological work, and wish to thank Dean 
William M. Blanchard of this departm ent who 
was instrum ental in securing financial aid from 
The National Research Council and from M r. J.
K. Lilly of Indianapolis, Indiana.

Summary

1. Nine substituted mandelic acids have been 
prepared and compared with mandelic acid with 
regard to  bacteriological activity. Only the p - 
bromo- and ^-iodomandelic acids show any prom­
ise as medicinals.

2. Ando’s method for the synthesis of substi­
tuted mandelic acids has been extended for alkyl 
derivatives and has been shown to work poorly 
for halogen derivatives.

3. Boron trifluoride is not satisfactory to use 
in the place of anhydrous stannic chloride as the 
condensing agent.
G r e e n c a s t l e , I n d i a n a  R e c e i v e d  A u g u s t  8, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  T r i n i t y  C o l l e g e ]

Amide Hydrolysis with High Concentrations of Mineral Acids
B y  V e r n o n  K . K r ie b l e  and  K a r l  A u g u st  H olst

The hydrolysis of amides in dilute acid solutions 
has been studied repeatedly. There are, how­
ever, few studies on record for acid concentrations 
greater than normal, and these have nearly all 
been made on acetamide.

Benrath1 had some indications th a t the ve­
locity of hydrolysis of acetamide reached a maxi­
mum by increasing the acid concentration. This 
was definitely shown by Taylor2 for both hydro­
chloric and hydrobromic acids although he did 
not find such a maximum for sulfuric acid. As 
we have been interested in the hydrolysis of ni­
triles it seemed worth while to extend the study 
to amide hydrolysis.

Materials and Procedure
Amides.—These were bought from well-known manu­

facturers and further purified. We did not try to remove
(1) Benrath, Z .  an o rg . a llg em . C h em ., 151, 53 (1926)*
(2) Taylor* J .  C h em » S o c iè 2741 (1930)»

all the water from formamide. This was allowed for in 
weighing out samples of this particular amide.

Formaldehyde.—Merck U. S. P. grade was used.
Calcium Hypochlorite.—The grade marked “H. T. H .” 

and manufactured by the Mathieson Alkali Works was 
used. All other chemicals were of the blue label or reagent 
grade.

Procedure.—Exactly 200 cc. of acid, carefully stand­
ardized in terms of molality, was delivered to a glass-stop­
pered flask which was placed in a thermostat for one-half 
hour before the experiment was started. Enough amide 
was weighed out to make the solution contain from 0.5 to 
0.8 mole of amide if the formol method of analysis was to be 
used and 0.05 mole if the oxidation method was to be used 
to follow the hydrolysis. The acid was poured on the 
amide which quickly dissolved. The solution after 
thorough mixing was poured into a series of Pyrex tubes. 
These were closed with rubber stoppers, wired down, and 
then put back in the thermostat. When a sample was to 
be taken, a tube was removed and a definite quantity 
pipetted into a titration beaker containing enough water to 
dilute the solution sufficiently to stop the reaction* This
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diluted solution was immediately cooled, neutralized, and 
analyzed for ammonia.

M ethod of Analysis.—When the amide is 
hydrolyzed the corresponding organic acid and 
ammonia are produced. Consequently, it  is 
possible to follow the progress of the hydrolysis 
by estimating the ammonia present in the hy­
drolytic solution. This can be done in various 
ways, b u t in this investigation it was done by the 
oxidation of the ammonia with an hypohalite or 
else by the Sörensen formol titration. In the 
oxidation method the ammonia reacts with a 
standard hypochlorite solution releasing nitrogen.

4NH3 +  3Ca(OCl2) — ^  2N2 +  3CaCl2 +  6H20  
The excess hypochlorite is estimated by adding 
potassium iodide and titrating the liberated iodine 
with standard sodium thiosulfate. I t  was found 
th a t the procedure given by Kolthoff and Stenger,3 
was to be preferred to others recorded in the lit­
erature. This method was used for most of the 
rates studied in connection with acetamide and 
with propionamide where sulfuric acid was the 
catalyst. It, however, could no t be used in the 
hydrolysis of formamide, which was oxidized by 
the hypochlorite as well as the ammonia. So the 
Sörensen formol titration method following the 
directions given by Hawk and Bergeim4 was 
tried. Here formaldehyde reacts with ammonium 
salts in a neutral solution forming hexamethylene­
tetramine and liberating an equivalent of the 
mineral acid which then can be titrated  with a 
standard base.

6H2CO +  4NH4C1 — ^  4HC1 +  6H20  +  N4(CH2)6 
This proved to be an excellent method. In any 
given experiment the velocity constants for vari­
ous time intervals were much more consistent 
than by the oxidation method. I t  was used ex­
clusively with formamide and would have been 
used with the other amides had we been familiar 
with its accuracy when the research was started. 
The rates for acetamide with 1.5 and 3 molal hy­
drochloric acid were followed by this method and 
are in line with those determined by the oxidation 
method.

Order of the Reaction.—The velocity con­
stants were calculated by the monomolecular 
formula

(3) K olthoff and Stenger, I n d .  E n g . C h em ., A n a l . E d .,  7, 79 
(1935).

(4) H aw k and Bergeim , “ Practical P hysiological C hem istry,"  
P. B lak iston ’s Son Co.* Philadelphia, Penna., 1931, p. 830.

the time being taken in hours. For the same acid 
concentration equally good constants were ob­
tained even though the amide concentration 
varied from 0.05 to 0.8 mole. Benrath also found 
tha t whenever the acid concentration exceeded 
th a t of the amide the monomolecular formula 
held. Taylor likewise used this formula in deal­
ing with high concentration of mineral acids on 
acetamide. Table I illustrates two typical hy­
drolyses and shows th a t the velocity is well main­
tained to more than 85% of completion.

T a b l e  I
H2S04, 2.0 molal HCl. 9.5 molal
HCONH2, 0.52 mole HCONH2, 0.8 mole

t, hrs.
% hy­
dro­

lyzed K

% hy- dro-
t, hrs. lyzed K

0.166 16.9 1.11 0.26 27.2 1.23
.416 37.0 1.11 .42 39.4 1.20
,75 55.0 1.06 .58 51.8 1.25

1.18 70.4 1.02 .75 61.3 1.26
1.50 80.9 1.10 1.00 72.5 1.29
1.75 85.4 1.10 1.25 79.5 1.26
2.00 88.4 1.07 1.50 85.5 1.28

In an} experiment the velocity constant recorded repre-
sents an average of a t least six time intervals taken be­
tween 18 and 85% of complete hydrolysis. I t was seldom 
that any points averaged varied more than 5% from the
mean.

Experimental Results
Hydrolysis of Formamide

Table II Table III
Molality Molality

HCl K h 2s o 4 K
2 .82 2 1.08
4 1.59 2.9 1.51
5 1.74 3.5 1.62
6 1.84 4.5 1.72
7 1.78 5.0 1.73
8 1.62 6 1.54
9.5 1.27 8 1.12

Hydrolysis of Acetamide
Table IV Table V

Molality Molality
HCl K h 2s o 4 K
1.50 0.025 0.97 0.024
2.67 .038 2.00 .032
2.91 .039 2.50 .033
4.13 .035 3.00 .032
5.00 .026 4,14 .027

Hydrolysis of Propionamide
Table VI Table VII

Molality Molality
HCl K H2SO4 K
1.5 0.034 0.186 0.012
3.0 .050 .97 .041
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Table VI
3.5 0.050
4.0 .048
5.0 .042

Discussion

The results obtained for the hydrolyses of the 
different amides may be discussed from several 
angles. In every case there is a concentration in 
which the rate of hydrolysis of the amide is maxi­
mum. This concentration is not the same for 
different amides nor is it  the same for hydrochloric 
acid and sulfuric acid. In each case the molality 
of the hydrochloric acid a t its highest rate is greater 
than the molality of sulfuric acid for its highest rate.

This is the first time th a t maximum rates have 
been observed in the hydrolysis of formamide and 
propionamide and also for acetamide where sul­
furic acid is the catalyst. I t  is, therefore, prob­
ably true for all amides. Benrath and Taylor in­
vestigated the hydrolysis of acetamide in concen­
trations up to 7 N  sulfuric acid and found no in­
dication of a maximum rate while both found 
maximum values for hydrochloric acid a t approxi­
mately 3 N  concentration. I t  should be pointed 
out tha t a comparison of rates of hydrolysis where 
high concentrations of acid are involved on a nor­
mality basis has little meaning. In the first place, 
the ratio of water molecules to acid molecules, for 
example, in a 7 N  sulfuric acid and a 7 N  hydro­
chloric acid solution is quite different and the ac­
tivity of water in the higher concentrations cannot 
be ignored. In  the second place, polybasic acids 
in these concentrations function only as monobasic 
acids. I t  is much better to make the comparison 
on a molality basis.

Comparing the effects of the same molal con­
centrations of the same acids on the different 
amides, it is apparent th a t the order of decreasing 
activity for these amides is formamide, propion­
amide and acetamide. I t  is interesting to note 
that propionamide is hydrolyzed faster than 
acetamide just as propionitrile is hydrolyzed faster 
than acetonitrile. This was noted by Crocker5 
also. The reverse is the case when alkali is the 
catalyst, as Crocker and Lowe and Calvet have 
pointed out.6

(5) Crocker, J .  C h em . S o c ., 91, 593 (1907).
(6) Crocker and Low e, ib id .,  91, 952 (1907); C alvet, J .  C hem . 

P h y s .,  3 0 ,1 ,1 4 0 ,1 9 8  (1933).

Table VII
1.75 0.053
3.07 .052
4.13 .045
5.29 .032
6.00 .026
7.51 .017

11.20 .006

All the rates studied show th a t the velocity con­
stant is not a simple function of the molality of 
the acid and consequently not of the acidity func­
tion of the acid. I t  is to be noted, however, th a t 
before the maximum velocity is reached sulfuric 
acid, which has a higher acidity than hydrochloric 
acid, is the better catalyst. After the maximum 
velocity hydrochloric acid is the better catalyst. 
In other words, acidity is an aid to the reaction 
up to the maximum velocity and after th a t a re­
tarding influence. The maximum velocity is 
reached by both acids a t approximately the same 
acidity as Table V III shows.

T a b l e  VIII
M o l a l i t i e s  a n d  A c i d i t i e s  o f  S o l u t i o n s  a t  M a x i m u m  

V e l o c i t i e s

Am ide Acid M ola lity Ho

Formamide HCl 6 - 1 .7 5
Formamide H2S 04 4.75 -1 .7 0
Acetamide HCl 3.25 - 1 .0 2
Acetamide h 2s o 4 2.5 -0 .9 0
Propionamide HCl 3.20 -1 .0 0
Propionamide h 2s o 4 2.40 -0 .8 8

While the velocity of amide hydrolysis, therefore, 
does not vary directly as the acidity, i t  is an im­
portant factor in the control of the velocity.

M echanism of Reaction.— In  amide hydroly­
sis, according to former investigators, we are pos­
sibly dealing with the following reactions

rcv- n h 2 ;
/O H

CH==NH
/O H

R C =N H  +  h 2s o 4 : 
-  / O H ]

r o ^ n h J  h s o 4 t
/O H

r c ^=n h 2+ +  h 2o  -

r  / o h i|_RO==NH2J lJ h s o 4
/O H

; r o ==n h 2+ +  h s o 4-
AÖ

^  RC—OH -1- NH4+

(1)

(2)

(3)

(4)
Hantzsch and Geidel7 conclude from their absorp­
tion experiments in the ultraviolet th a t a t  equilib­
rium the imino form is in large excess, particu­
larly in the aromatic amides. Pauling and Sher­
man8 have calculated from the heats of formation 
th a t amides are resonating molecules and Kum­
ler9 th a t acetamide a t least is largely a dimer held 
by hydrogen bonds. Hantzsch and Geidel also 
conclude th a t the salt formed when acid is added 
to the amide is the salt of the imino form because 
the absorption spectra agree with the salt of the 
imino ether. From freezing point measurements 
they show th a t the salt is highly ionized. Ben­
rath, and Euler and Ölander,10 and others have

(7) H antzsch and G eidel, B e r .,  64B , 667 (1931).
(8) Pauling and Sherm an, J .  C h em . P h y s . ,  1, 606 (1933).
(9) K um ler, T h is  J o u r n a l , 57, 600 (1935).
(10) Benrath , Z . a n o rg . a llg em . C h em ., 151, 53 (1926); Euler and  

Ölander, Z . p h y s ik . C h em ., 131, 107 (1927).
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come to the conclusion th a t it is the amide cation 
th a t hydrolyzes to the acid.

Even if all these reactions are in evidence when 
an amide is added to a mineral acid, it does not 
explain why the velocity of hydrolysis reaches a 
maximum and then falls off with increased acid 
concentration. Benrath came to the conclusion 
th a t the velocity was greatest when sufficient acid 
was added to convert all the amide into a cation. 
When the acid is increased beyond this point the 
cation combines with the anion to form an undisso­
ciated salt which does not react with water and 
hence the velocity of hydrolysis falls off. Taylor 
comes to a somewhat similar conclusion as he says 
th a t increased acid concentration caused the forma­
tion of an unhydrolyzable complex between the acid 
and the amide. If this were the true explanation, 
then the molality of the acid a t maximum velocity 
should vary with the concentration of the amide, 
bu t this does not appear to be the case. Benrath 
used a concentration of 2.4 N  acetamide while 
Taylor used 0.05 N  and we used 0.05 to 0.8 N .  
Benrath ha-d his maximum velocity a t 3.18 molal 
hydrochloric acid and Taylor a t 3.0 and we a t 3.25.

There is another reaction of the amides which is 
apparently closely associated in mechanism with 
their hydrolysis, namely, their reaction with ni­
trous acid. Plimmer11 showed th a t amides do not 
react with nitrous acid in acetic acid. We have 
confirmed this statem ent. They will not react 
until enough mineral acid has been added to make 
the solution 2 N  according to Plimmer. Taylor12 
reports tha t an aqueous solution must be 4 A  with 
respect to mineral acid before decomposition takes 
place. On the other hand, amines, amino acids 
and urea react with nitrous acid in acetic acid 
without addition of mineral acids. The alpha 
amino group in amino acids reacts completely in 
five to th irty  minutes according to Van Slyke. 
In these compounds we have an amino group 
which apparently is lacking in the amides until a 
certain acidity is attained. I t  is for this reason 
th a t Plimmer concludes th a t the amide in solution 
is in the imino form, b u t when sufficient mineral 
acid is added the equilibrium is shifted in (1) to 
the left in favor of the true amide which then re­
acts with nitrous acid. If this is the true explana­
tion for amide decomposition with nitrous acid, 
it  also offers a plausible explanation for the maxi­
mum velocity phenomena for amide hydrolysis.

(11) P lim m er, J .  C h em . S o c ., 127, 2651 (1925).
(12) T aylor, ib id .,  2741 (1930).

From unpublished results in this Laboratory i t  is 
known th a t the maximum velocity for am ide hy­
drolysis in acetic acid requires a much lower m in­
eral acid concentration than in aqueous solutions 
just as it does for nitrous acid decomposition. I t  
appears, therefore, th a t amide decomposition with 
nitrous acid and amide hydrolysis a t  maximum 
velocity are correlated with the same m ineral acid 
concentration and perhaps with the am ide imide 
equilibrium of reaction (1), the supposition being

/ >
th a t increased acidity favors the R C — N H 2

xm
tautomer and thus lowers the cation R C = N H 2+ 
concentration and hence the ra te  of hydrolysis. 
I t  is equally plausible that, so far as the nitrous 
acid reaction is concerned, the reason th a t amines 
and amino acids react in acetic acid while amides 
do not is due to the fact th a t the former are much 
more basic and therefore form salts more readily 
and hence react while amides do not form salts and 
therefore do not react.

Dr. C. D. Coryell has suggested th a t the ab­
normal amide hydrolysis might depend on the 
activity of water. The activity of water drops to 
0.51 in an 8 molal hydrochloric acid solution and 
to 0.48 in the same molal concentration of sulfuric 
acid. According to this idea, with increase in 
acid concentration the ratio of the velocity to  the 
activity of water should increase so long as the 
concentration of the amide cation increases faster 
than the proper power of the activity of w ater de-

T a b l e  IX
Hydrochloric Acid on Acetamide at 50 0

M ol. H C l K  X 10*«
K  X  104 

A ct. H 2O
K  X  104 

(A c t. H 20 )2

2 .5 32.4 36.2 40 .0
3.19 34.1 40.0 47 .5
3.87 30.0 40.7 47 .0
4.56 26.5 35.0 45 .5
5.27 23,0 32.5 45 .0
6.75 16.9 27.5 45 .0
° Velocity constants taken from Benrath, ref. 1.

Sulfuric Acid on Propionamide at 25 °
M ol.

H2S04 K  X  10®
K  X  10® 
A ct. H 2O

K  X  10® 
(A ct. H 2O)

0.18 12 12.1 12.2
.97 41 41.6 . 42 .6

1.75 53 57.2 61 .7
3.07 52 61.7 73 .7
4.13 45 58.9 77 .6
5.29 33 48.7 73 .9
6.00 26 41.6 67 .2
7.50 17 33.1 76 .3

11.20 5 19.3 71 .4
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creases. When, however, the amide has all been 
converted into a cation the velocity should de­
crease a t  the same rate as the* power of activity of 
w ater or the ratio of K  to the activity function of 
w ater should remain a constant. Unfortunately, 
the data  on velocities beyond the maximum are 
very meager. Benrath studied the action of hy­
drochloric acid on acetamide up to 6 N  or 6.75 
molal and we studied sulfuric acid on propion­
amide to 11.2 molal. Table IX  shows the ratio 
of the velocity constants to the square of the ac­
tiv ity  of water.

The constancy of the ratio of the rate constant 
to the square of the activity of water is striking 
and indicates th a t there may be two molecules of 
w ater involved in the hydrolysis of the amide cat­
ion. I t  is necessary to have more experimental 
d a ta  to establish definitely this point of view.

We are extending the investigation to include: 
(1) the action of nitrous acid on amides with 
varying mineral acid concentrations; (2) the hy­
drolysis of disubstituted amides; (3) the hydroly­
sis of acetamide with varying activities of water.

Summary
A study has been made of the hydrolysis of form­

amide, acetamide and propionamide under the 
influence of high concentrations of hydrochloric 
acid and of sulfuric acid.

Each amide has a maximum velocity of hydroly­
sis a t one particular acid concentration. This 
acid concentration is not the same for both hydro­
chloric acid and sulfuric acid nor is it  the same for 
different amides. The molality of hydrochloric 
acid is higher a t maximum velocity than for sul­
furic acid.

The maximum velocity is reached a t  about the 
same acidity for both acids irrespective of the 
amide. Formamide, however, required a higher 
acidity than acetamide or propionamide.

Various explanations for the maximum ve­
locity are discussed. A new suggestion has been 
put forward, namely, th a t the decrease in the ac­
tivity of water accounts for the decrease in the 
velocity of hydrolysis a t  the higher acid concen­
tration.
H a r t f o r d , C o n n . R e c e i v e d  O c t ö b e r  17, 1938

[C o n t r i b u t i o n  f r o m  t h e  F o r e s t  P r o d u c t s  L a b o r a t o r y , 4 F o r e s t  S e r v i c e , U. S. D e p a r t m e n t  o f  A g r i c u l t u r e ]

The Microstructure and the Diffraction Pattern of Basswood Ash1
By E. A. Parker,2 W. E. Patzer3 and Geo . J. R itter3

In  the burning of wood to ash it was found that 
an ash residue retaining the fine structure of the 
original wood could be obtained by carefully 
controlling a current of oxygen-ozone in the 
furnace.

Ash residues were prepared from basswood cross 
sections for determining the microstructure of the 
ash and the location of the ash-forming constitu­
ents. Ash retaining the structure of wood cubes 
was also made for comparison of its crystalline 
arrangement with th a t of ash from wood sawdust. 
Further, ash was prepared from acid-hydrolyzed 
wood sections to determine whether the hydroly­
sis affected the microstructure of the ash con­
stituents.

Previous workers had made ash from thin wood 
sections in air a t glowing furnace temperatures.

(1) P resented  before th e  D ivision  of C ellulose C hem istry, Ameri­
can  C hem ical Society , M ilw aukee, W is., Septem ber 5 -9 , 1938.

(2) U n iversity  of Illinois, Urbana, Illinois.
(3) F orest Products Laboratory, M adison, W is.
(4) M ain ta in ed  a t M adison, W is., in  cooperation w ith  th e  U ni­

v e rs ity  of W isconsin .

Brown5 believed the ash contained considerable 
siliceous m aterial in the form of rodlike structures 
arranged parallel with the fibers. The ash struc­
ture was similar to th a t photographed by R itter.6 
Uber and Goodspeed7,8 concluded th a t the ash-form­
ing constituents were distributed throughout the 
cell wall, bu t doubted their existence in the middle 
lamella.

Experim ental
Microstructure of the Ash.—Wood specimens in the 

present study were burned carefully in a slow current of 
oxygen containing a small percentage of ozone which was 
generated by an ozonizer connected with the furnace 
(Fig. 1). The gas mixture was brought in direct contact 
with the specimen in the furnace, which was electrically 
heated to 300 to 325°. Excessive shrinkage of the thin 
wood sections during the burning was prevented by mount­
ing each specimen on a glass object slide by means of a

(5) F . Brow n, Bull. Torrey Bot. Club, 47, 407 (1920).
(6) Geo. J. R itter , Rayon and M elliand Textile Monthly, 16, [9] 

98-100; [10] 5 8 -6 0  (1935).
(7) F . M . U ber and T . H . G oodspeed, Proc. Nat. Acad. Sci., 21, 

428 (1935).
(8) F . M . U ber and T . H . G oodspeed, ibid., 22, 463 (1936).
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drop of oil consisting of equal parts of ash-free linseed oil 
and turpentine. The oil was then hardened in a current 
of the oxygen-ozone a t room temperature so as to hold the 
specimen in place.

The ash from a transverse wood section 5 to 10 microns 
thick retained a pattern of the wood except for having 
thinner walls (Fig. 2a).

The ash residue from a cross section of wood treated 
with 35% hydrofluoric acid at 20° for seven days, then 
with boiling 3.0% hydrochloric acid for three hours, and 
finally washed with water also produced an intact pattern 
of the wood (Fig. 2b). Its walls were slightly thinner 
than those of the ash from the wood having had no acid 
treatment previous to burning.

(a) Ash residue from an untreated wood section (ap­
proximately 87 X).

(b) Ash residue from wood previously treated with 
hydrofluoric acid, hydrochloric acid and water (approxi­
mately 87 X).

Fig. 2.—Ash residues from transverse sections of wood.

The ash-forming constituents in wood appeared to be 
located throughout the cell wall. Although the walls of 
the final ash residue were thinner than those of the wood, 
microscopical examinations of cross sections in different 

stages of burning showed a white ash 
residue on the surface of the entire cell 
wall. As the burning proceeded to com­
pletion, the ash in the secondary wall 
apparently shrank toward the primary 
wall.

When cross esctions of wood 10 microns 
thick were burned, occasional checks were 
observed between some of the adjacent 
walls of the ash, whereas numerous checks 
were observed between the walls of the 

ash from wood sections 5 microns thick. The numerous 
checks in the thinner sections confirmed the results noted 
by Uber and Goodspeed,8 whose work was confined to the 
thinner type of wood specimens. The many checks in the 
ash suggested to them that possibly no ash-forming constitu­
ents are located in the middle lamella. However, the con­
trast between the number of checks in the ash from the thin 
and the thicker wood specimens, as observed in the present 
study, indicates that the checks were caused by mechanical 
means during the sectioning of the specimens and that 
they became prominent during the subsequent ashing 
procedure.

Fig. 3.—Ash residue from a wood cube.

Crystal Arrangem ent of the Ash.—The well- 
preserved structure of the ash obtained from a 
wood cube 3 mm. on edge (Fig. 3), suggested 
that the crystalline ash constituents might have 
a preferred orientation. Accordingly, a photo­
graphic pattern of the ash cube was made by

Fig. 1.—A diagram of apparatus used for ashing wood samples.
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Fig. 4.—Diffraction pattern produced by ash from basswood sawdust. Lines produced by calcium oxide checked a t top 
of pattern ; lines produced by calcium carbonate checked at bottom of pattern.

passing an X-ray beam through the block perpen­
dicular to the long axis of the fibers. The diffrac­
tion pattern, which was recorded on a flat film, 
indicated random arrangement of the ash crys­
tals, the same as the arrangement of ash from 
sawdust of the same wood sample.

In order to facilitate the identification of the 
ash constituents recorded on the film, an X-ray 
pattern was made under the conditions employed 
for making reference patterns of known com­
pounds. In this case a circular camera having 
a 6.4 cm. radius was used in conjunction with a 
fine-structure tube having a copper target, 
operating on 36 p. k. v. and 23 m. a. The pattern 
(Fig. 4) obtained under these conditions was 
compared with reference patterns of constitu­
ents found, in general, in wood ash. The 
comparison indicated th a t the oxide and the 
carbonate of calcium produced all the lines re­
corded. The oxide lines are checked on the top 
and the carbonate lines on the bottom of Fig. 4 
by means of the white dots.

Why other ash constituents are not recorded 
on the pattern is not known. One reason ad­
vanced is th a t any ash constituent, other than 
the two of calcium, is present in too small a per­
centage to produce diffraction lines. Another 
reason is th a t the lattice spacing of some of the 
constituents might have been destroyed by a 
partial fusing during the preparation of the ash.

We offer these reasons with no definite proof of 
their accuracy.

Summary
The ash residue obtained from the burning of 

wood forms in tact skeletons of the original wood. 
An ash residue of a transverse wood section has 
walls considerably thinner than those of the 
original wood section. As the organic material 
of the cell wall burns, a lateral shrinkage of the 
ash cell wall occurs, the ash in the secondary 
layer being drawn toward the middle lamella.

I t  is believed th a t the occasional checks be­
tween two adjacent cell walls of the ash are 
caused by the sectioning of the wood and are no 
indication of the absence of ash in the middle 
lamella.

Ash residues from transverse wood sections 
indicate th a t the ash-forming minerals in wood 
are located in both the cell wall and the middle 
lamella.

Small blocks of the ash residue retain the shape 
of the original wood.

X-ray diffraction patterns of ash cubes indi­
cate a random arrangement of the ash crystals.

By a comparison of the diffraction pattern  of 
the ash w ith those of known compounds, it has 
been shown definitely th a t the carbonate and the 
oxide of calcium produced the only visible diffrac­
tion lines.
M a d i s o n , W i s c o n s i n R e c e i v e d  O c t o b e r  17, 1938
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[C o n t r i b u t i o n  f r o m  t h e  S t e r l i n g  C h e m i s t r y  L a b o r a t o r y  o f  Y a l e  U n i v e r s i t y ]

The Thermodynamics of Bi-univalent Electrolytes. III. Zinc Iodide in Aqueous
Solution1

B y  R oger  G. B a t e s2

The thermodynamic behavior of zinc iodide in 
aqueous solution is of interest in relation to the 
problem of the intermediate electrolyte. Cad­
mium iodide has been shownlb,3j4 to represent an 
extreme case of incomplete dissociation in solution. 
Little is known, however, regarding the degree to 
which this abnormality extends to zinc iodide.

Van Name and Brown found5 th a t the tri-iodide 
equilibrium constant determined with zinc iodide- 
iodine solutions retained its normal value over a 
considerable range of electrolyte concentration. 
Grimm has likewise reported6 lattice energy cal­
culations for zinc iodide th a t lead one to expect a 
high degree of electrolytic dissociation of the salt 
in solution. A forty-eight-hour exposure of a 
concentrated zinc iodide solution failed to yield 
any perceptible Raman lines,7 although a strong 
iodine coloration may have interfered.

The transference studies of H ittorf, on the other 
hand, have shown8 th a t the transference number 
of zinc becomes negative in strong solutions of 
zinc iodide, while Van Rysselberghe, Grinnell and 
Carlson found9 th a t the conductivities of zinc 
iodide-potassium iodide mixtures showed large 
deviations from the mixture rule above a total 
concentration of 4 N .

Measurements of the electromotive force of the 
cell

Zn-Hg (2-phase)/ZnI2 (ra)/AgI-Ag (1)

have been made a t 5° intervals from 5 to 40°, in­
clusive, and over a range of zinc iodide molality 
extending from 0.005 to 0.8. From the results, 
the standard potential of the cell has been evalu­
ated, and calculations of the activity coefficients, 
relative partial molal heat content and relative 
partial molal specific heat of the salt have been 
made. Zinc iodide in aqueous solution has been

(1) Previous papers in  th is series are (a) B ates and Vosburgh, 
T h is  J o u rn al , 59, 1583 (1937); and (b) B ates and Vosburgh, ib id .,  
60, 137 (1938).

(2) Sterling Fellow .
(3) M cB ain , V an R ysselberghe and Squance, J .  P h y s . C h em ., 35, 

999 (1931).
(4) R iley  and G allafent, J .  C h em . S o c ., 514 (1932).
(5) V an N am e and Brown, A m . J . S c i. ,  44 , 105 (1917).
(6) Grim m , Z. p h y s ik . C h em ., 102, 113, 141 (1922).
(7) V enkatesw aran, P ro c . I n d .  A c a d . S c i . ,  1, 850 (1935).
(8) H ittorf, Pogg . A n n .,  106, 513 (1859).
(9) V an R ysselberghe, G rinnell and Carlson, T h is  J o urnal , 59, 

336 (1937).

found to behave as a normal bi-univalènt electro­
lyte over the range of concentration studied.

Experimental M ethods
An amalgam containing 5% of zinc by weight was used 

in most of the cells, although preparations containing as 
little as 4.5% zinc or as much as 5.5% were tried without 
noticeable difference in results. According to Puschin,10 
these amalgams are saturated over the temperature range 
studied. The best grade of Kahlbaum zinc and thrice- 
distilled mercury were employed, and the preparations 
were stored under hydrogen in an amalgam pipet. Previ­
ous to the preparation of each electrode, the pipet was 
warmed in an oven until its contents were entirely fluid; 
a portion of amalgam was then drawn through an un­
greased stopcock of large bore into the evacuated cell ves­
sel. The electrodes used in this work were shown to be 
identical with a zinc amalgam electrode prepared from a 
sample of spectroscopically pure zinc kindly furnished by 
the Research Laboratory of the New Jersey Zinc Co.

The silver-silver iodide electrodes were formed on small 
platinum spirals by the thermal decomposition of a paste 
composed of 90% silver oxide and 10% silver iodide. Ten 
to fifteen minutes a t about 450° was found to be a satis­
factory decomposition time. Silver iodide was prepared 
by precipitation and was digested three days under water 
at about 80 °. I t was found necessary to employ electrodes 
of 20-25% silver iodide for measurements in zinc iodide 
solutions stronger than 0.2 molal. The solubility of silver 
iodide in iodide solutions rises extremely rapidly as the 
iodide ion concentration is taken above about 0.4 gram ions 
per liter.

Electrodes prepared by the decomposition of oxide- 
iodate mixtures by the method of Owen11 were tried and 
found to be less reproducible in the more concentrated 
zinc iodide solutions than those prepared from oxide- 
iodide mixtures. I t  has been shown recently12 that silver 
iodate decomposes a t about 390° but that a period of 
one to two hours is required for complete decomposition 
at 400 or 450°. Table I gives a comparison of the de­
composition temperatures of the silver salts commonly 
used for thermal electrodes. I t  is evident that the high 
temperatures requisite for the complete and rapid de­
composition of the iodate may cause considerable loss of 
silver iodide, whereas the same temperature is quite satis-

T a b l e  I
D e c o m p o s i t i o n  T e m p e r a t u r e s  o f  S i l v e r  S a l t s

X = Cl 
X  = Br 
X  = I

A gX O s 

270° 
ca. 330 
ca. 390

A gX

1550° (boils) 
700 
552

(10) Puschin , Z. an o rg . C h em ., 36, 201 (1903).
(11) Owen, T h is  Jo u r n a l , 57, 1526 (1935).
(12) G. R . Cooper, M . A. th esis, D uke U n iversity , 1938.
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m Es £10
0.001182

.002026

.004140

.004692 0.80114 0.80304

.005683 .79510 .79689

.008455 .78235 .78403

.009650 .77791 .77934

.01277 .76871 .76995

.01801 .75742 .75858

.02675 .74515 .74607

.04294 .73023 .73085

.05619 .72103 .72156

.06068 .71853 .71905

.07441 .71239 .71267

.1224 .69573 .69572

.1771 .68283 .68268

.3289 .66015 .65960

.4176 .64983 .64911

.8008 .61789 .61671

T a b l e  II
E l e c t r o m o t iv e  F o r c e s  o f  t h e  C e l l  

Zn-Hg (2-phase)/Znl2 (m)/AgI~Ag
E n  E20 E25

0.8584

R oger G. B ates

0.80475 0.80628

.8379

.81190

.80753
.79855 .79983 .80103
.78531 .78645 .78739
.78064 .78174 .78271
.77114 .77223 .77302
.75952 .76028 .76088
.74680 .74739 . 74782
.73135 .73165 .73189
.72187 .72212 .72222
.71939 .71955 .71957
.71281 .71286 .71286
.69563 .69540 .69502
.68241 .68198 .68138
.65896 .65820 .65725
.64827 .64735 .64629
.61551 .61425 .61292

Vol. 60

E30 E35 E40

0.80862 0.80967 0.81057
.80212 .80296 .80365
.78829 .78888 .78944
.78347 .78408 .78453
.77365 .77417 .77422
.76131 .76165 .76170
.74802 .74814 .74810
.73185 .73159 .73122
.72204 .72173 .72121
.71944 .71915 .71872
.71261 .71216 .71163
.69439 ..69360 .69270
.68070 .67985 .67889
.65618 .65504 .65375
.64515 .64386 .64251
.61158 .61011 .60864

factory for the formation of silver bromide and silver 
chloride.

Several zinc iodide stock solutions were used. These 
solutions were prepared by dissolving the salt, recrystal­
lized from oxygen-free conductivity water, in a quantity 
of boiled conductivity water through which purified hydro­
gen had been bubbled for some time. The careful ex­
clusion of air a t all times was imperative. Zinc iodide re­
acts with oxygen and with carbon dioxide and is oxidized 
rapidly when in contact with cellulose, both in solution and 
in the solid condition.13 Sintered glass filters were used 
in all filtrations.

Weighed samples of the stock solutions were analyzed 
for iodide by thé Volhard method. All solutions were kept 
under hydrogen in flasks from which they could be expelled 
by hydrogen pressure as desired. Weighed amounts of 
water were added to weighed quantities of stock solution 
in making the dilutions. Vacuum corrections were made 
for all weighings. No precipitation of hydroxide or basic 
salt was observed.

The cells vessels were similar to those described by 
Bates and Vosburgh.la To permit the use of the vessels in 
water thermostats, the electrode contacts were made 
through mercury wells. The use of Pyrex glass with tung­
sten contacts served to prevent the occasional breakage of 
vessels observed when zinc amalgam is in contact with 
sealed-in platinum wires.14

The process of making a cell was carried out entirely in 
the absence of air. The vessel, containing a silver iodide 
electrode and a portion of amalgam, was evacuated with 
an oil pump for ten to fifteen minutes and filled with hy­
drogen. Two portions of cell solution were admitted from 
a saturator flask to each arm of the vessel and expelled 
through the side tubes provided for the purpose. The cell 
electrolyte was then introduced.

Cells were made in triplicate a t each concentration.

(13) Berridge, B . A .  R e p . ,  658 (1895).
(14) C ow perthw aite and  L a M er, T h is  J o urn al , 53, 4333 (1931).

Within the optimum range of concentration (0.01 to 0.2 
m) triplicate cells deviated from the mean electromotive 
force by less than 0.1 mv. when equilibrium conditions had 
been attained, usually within two to five hours. Between 
0.2 and 0.8 m, where the solubility of silver iodide in the 
electrolyte is large, the agreement was as satisfactory, but 
the time of attainment of equilibrium and the life of the 
cell were much shorter than was the case a t the lower con­
centrations. Below 0.01 m the cells ordinarily required 
overnight to come to satisfactory equilibrium. The re­
producibility Was of the order of 0.2 mv. Temperature 
coefficient runs were completed within a period of ten 
hours after they were begun. I t  was observed tha t most 
of the cells began to decrease slowly in electromotive force 
after approximately thirty-six hours. A separate tem­
perature run was made for each group of three cells. 
Upon change of temperature most of the cells attained 
constant values in twenty to thirty minutes, although 
marked hysteresis was noted in those with electrolytes 
more dilute than 0.005 molal. The temperature of initial 
measurement was 25 °, and all cells were brought back to 
this temperature a t the completion of the run. The 
original 25° values were usually satisfactorily resumed, 
and the results for cells showing unusual drifts during the 
run were rejected as unreliable.

The electromotive forces were measured by means of a 
Leeds and Northrup Type K potentiometer. The stand­
ard cell was frequently checked against the laboratory 
standards. Thermometers were standardized against a 
calibrated platinum resistance thermometer. The tem­
peratures were probably accurate to =*=0.03°.

Experimental R esults

The electromotive forces obtained in the best 
runs are recorded in Table II. These values were 
fitted to the quadratic equation

E t =  £25 -f  a(t -  25) +  b(t -  25)2 (2)
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by the m ethod of Harned and Nims.1516 The 
electromotive forces a t 25° a t round molalities 
were read from a large scale plot of E  versus log m. 
These values are recorded in Table I I I  with the 
smoothed a  and b constants.

T a b l e  I I I

C o n sta n ts  of E quation  (2 )
m E 25 a X 106 b X 106

0.002 0 .8 3 8 4 5
.0 0 3 .82360
.0 0 5 .80556 241 - 3 . 6 8
.0 0 7 .79392 206 - 3 . 6 4
.0 0 8 .78930 193 - 3 . 6 2
.0 1 .78150 169 - 3 . 5 5
.0 2 .75780 96 - 3 . 3 9
.03 .74395 55 - 3 . 2 8
.0 5 .72654 3 - 3 . 1 3
.0 7 .71502 -  31 - 3 . 0 2
.1 ..7 0 2 5 6 -  67 - 2 . 9 1
.2 .67683 - 1 3 9 - 2 . 6 4
.5 .63765 - 2 3 3 - 1 . 8 9
.7 .6 2 0 1 8 - 2 5 6 - 1 . 3 1
.8 .61 2 9 5 - 2 6 3 - 1 . 0 9

E° 25 ao X 106 bo X 106
£ ° : 0 .6 1 0 5 5 - 4 2 8 - 3 . 9 1

The Standard Potential of the Cell
The electromotive force of cell (1) may be 

represented by the equation
E  =  E° -  2.3026(RT/2F) log aZni2 =

E 0 — k log 4m3 T=i=3 (3)

in which E °  is the standard potential of the cell, 
E  the observed electromotive force, aZnl2 the ac­
tivity of zinc iodide in a solution of molality m, k 
equals 2.3026(i?r/2F) and y ± is the stoichiomet- 
rical activity coefficient of zinc iodide.

The evaluation of E °  m ay be accomplished, as 
pointed out by Hitchcock,17 by the substitution 
of the Debye-Hückel limiting law

—log = u 'y /c  +  Pc — u r y/m d  +  Pmd (4)

in the right-hand term of equation (3) and extra­
polating this function of the original electromotive 
forces to zero concentration, bearing in mind 
that in dilute solutions c, the molar concentration, 
is very nearly equal to md, where d is the density 
of the solution. The expression for E 0/, the ap­
parent standard potential, then becomes 
£ 0' =  £0 _J_ 3kPmd = E  +  k log 4 +

3k log m — 3k u 'y /m d  (5)

(15) Harned and Nims, T h i s  J o u r n a l , 54, 423 (1932).
(16) The average deviations of the observed electromotive forces

at the eight temperatures from the quadratic equation were of the
order of 0.02-0.05 mv. In no case was the average deviation greater 
than 0.1 mv.

(17) Hitchcock, i b id . ,  50, 2076 (1928).

in which u r is the limiting slope of the Debye- 
Hückel theory, varying inversely as (D T ) z/\  
where D  is the dielectric constant of the solvent18 
and T  is the absolute temperature. P  is an em­
pirical constant. Equation (4) is valid only at 
extremely low concentrations of zinc iodide.

Scatchard and Tefft have shown19 tha t the in­
complete dissociation of the intermediate ion, 
M X +, of a bi-univalent salt causes a hump in the 
plot of E 0/ —E °  against c /2. By the matching of 
theoretical plots constructed for various values 
of K%, the dissociation constant of the intermediate 
ion, with the plot of experimental data it  is pos­
sible to obtain an estimate of the second dissocia­
tion constant of the salt.20 The character of the 
zinc iodide results when treated in this manner 
indicated a high degree of dissociation, with a 
constant greater than 10 for the Z n l+ ionization 
process. Therefore, in the further treatm ent of 
the results complete ionization was assumed.

The activity coefficient in equation (3) may be 
represented with somewhat more accuracy by the 
Hückel equation21

—log y  =t = -  “  V I Ï —  + B c -  log (1 +  0.054m) (6')
1 +  A  V 3c

or, less exactly

- lo g  7 * = ,, * + s v  (6)
1 +  A v  fj.d

where /z is the ionic strength, ju, =  Yhmizi 2/^  ~  3m, 
u is a constant related to u ' of equation (4) by the 
expression, u' =  u ^ /3, B  and B "  are empirical 
constants and

A =  Ka (7)

K  is a quantity varying as (D T)~~1/2 and a is the 
mean distance of approach of the ions. This ion 
size parameter for a highly dissociated electrolyte 
is independent of tem perature over the ordinary 
range of measurement.14,22

Since 3k log (1 +  0.054m) amounts only to 
0.09 mv. for m =  0.05, the highest concentration 
employed in obtaining E°< the omission of the 
third term on the right of equation (6') is of no ap­
preciable influence on the course of the extrapola­
tion. Combining equation (3) with equation (6) 
gives

(18) The equation of Wyman, Phys. R ev ., 35, 623 (1930), was used 
in obtaining D  at the eight temperatures.

(19) Scatchard and Tefft, T h i s  J o u r n a l , 52, 2272 (1930).
(20) Harned and Fitzgerald, ib id ., 58, 2624 (1936).
(21) Hückel, Physik. Z., 26, 93 (1925).
(22) Harned and Ehlers, T h i s  J o u r n a l , 55, 2179 (1933).
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£ 0' = £« +  B'ud =  £  +  h log4 +

Sk log m Skti x^jid 
1 -j- A V  fid

(8)

where B' == 3*B'.
Values of E 0/ were calculated by equation (8) 

and were extrapolated to zero ionic strength to ob­
tain E °. Figure 1 shows the extrapolations a t the 
eight temperatures. The values of the various

fid.
Fig. 1.—Extrapolation functions for 

cell (1). Circles represent plots of E°f 
according to equation (8). Crosses 
represent E°f according to equation 
(5). Diameter of circles, 0.4 mv.

parameters of Hückel’s equation are listed in 
Table IV, together with the a values th a t best 
fitted the experimental results. Approximate

T a b l e  IV
Parameters o f  E quations (6 ) and (7 )

a  X 108
t u - B " K  X 10-8 {cm .)

5° 0.9785 0.113 0.325 6.09
10 .9866 .111 .326 6.07
15 .9944 .109 .327 6.05
20 1.003 .107 .328 6.04
25 1.012 .105 .329 6.02
30 1.022 .103 .330 6.00
35 1.032 .102 .331 5.98
40 1.043 .100 .332 • 5.96

densities of the zinc iodide solutions were obtained 
from “International Critical Tables.”23

(23) “ Internation al C ritical T ab les,” M cG raw -H ill Book Co., 
Inc., N ew  Y ork, N . Y ., 1928, V ol. I l l ,  p. 65.

The crosses of Fig. 1 indicate E ° f points a t  25° 
calculated by equation (5), and the broken line 
has been drawn to intersect the equation (8) plot 
a t jit =  0. I t  is evident th a t the extrapolation 
with the use of the Debye-Hückel limiting law is 
rather uncertain. The E °  obtained by the use of 
the extended equation, however, is thought to be 
quite reliable.

The standard potentials of cell (1) may be ex­
pressed by the equation

Et = E 2°5 +  ao(t ~  25) +  bQ(t -  25)2 (9)
with an average deviation of 0.03 mv. The nu­
merical values of the constants of this equation 
appear a t the bottom  of Table III.

Standard Potentials of Zinc Electrodes
In the second and third columns of Table V are 

listed the standard potentials, E ° ,  of the zinc- 
silver iodide cell a t 5° intervals from 5 to 40° 
The potentials of the electrode, Zn-Hg (2-phase) /  
Zn++(a =  1), are represented by E °"  and are 
given in the fourth and fifth columns. These 
values were computed by subtracting the standard 
potentials of the hydrogen-silver iodide cell11 
from the standard potentials of cell (1) a t corre­
sponding temperatures. For the former cell,

Table V
Standard Potentials

Zn-H g/Znl2(a = 1)/Agl-Ag, E° 
Zn-H g/Zn++(a = 1), H+(a -  1 ) /E 2, £°"

, °c. E» E»
(E q. 9)

E 0"
(E q. 11)

5 0.6176 0.61755 0.76472 0.76462
10 .6161 .61609 .76415 .76417
15 .6145 .61444 .76370 .76371
20 .6126 .61259 .76322 .76323
25 .6105 .61055 .76275 .76274
30 .6083 .60831 .76226 .76223
35 .6059 .60588 .76176 .76171
40 .6033 .60325 .76117 .76117

Owen has given the equation
jE°h i  = -0.15219 -  328 X 10~6(/ -  25) -

3.6 X 10~6(* -  25)2 (10)

Subtraction of this equation from equation (9)
gives
E Q" =* E \ n„He/zn++ = 0.76274 -

0.000l(t -  25) -  0.00000031(/ -  25)2 (11)
Since Clayton and Vosburgh24 have shown tha t 
the electromotive force of the cell, Z n(s)/Z n++/-  
Zn-Hg (5%), is zero, it is evident tha t E ° "  like­
wise represents the standard potentials of the zinc 
metal electrode.

(24) C layton  and V osburgh, T h i s  J o u r n a l , 58, 2093 (1936).
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Recorded standard potentials for the zinc amal­
gam electrode do not agree well. Shrawder, 
Cowperthwaite and La M er25 computed the po­
tential of this electrode from the standard poten­
tial of the zinc amalgam-lead sulfate cell14 and 
an E °  for the lead amalgam-lead sulfate electrode26 
finding a value of 0.7614 v. a t 25°.

From measurements of the cell
Zn-Hg (2-phase)/ZnCl2 (ra)/AgCl-Ag (12)

a t 25° and accepted data on the Ag-AgCl elec­
trode, Scatchard and Tefft19 found a zinc amal­
gam electrode potential of 0.7610 v., while Brüll27 
calculated a value of 0.7596 v. from electromotive 
forces of zinc amalgam-mercurous chloride cells 
with zinc chloride electrolytes. The low result 
of Brüll can be attributed largely to the use of 
too high a calomel electrode potential (0.2700 v.) 
for the computation. Gerke28 and Randall and 
Young29 agree th a t the mercury-mercurous chlo­
ride electrode is 0.0455 v. more positive than the 
silver-silver chloride electrode, which has a value 
of 0.2224 v. a t this tem perature.22 Subtraction of 
0.2679 v. from the standard potential of Br fill’s 
cell gives 0.7617 v. for the potential of the zinc 
amalgam electrode.

The E °  of Scatchard and Tefft, and of Brüll as 
well, was obtained by the Hitchcock method, using 
an extrapolation function similar to equation (5). 
Since the Hückel equation gives a much more valid 
representation of the activity coefficient of zinc 
chloride than does the limiting law in solutions 
more concentrated than 0.005 M> it seemed worth­
while to extrapolate the results with the use of 
equation (8). The circles of Fig. 2 represent E 0' 
values of Scatchard and Tefft, while the crosses 
indicate values of the quantity E°' — 0.0455 cal­
culated from Bm ll’s electromotive forces. The 
broken line again shows the course of the Hitch­
cock extrapolation. An apparent ionic diameter 
of 5.4 A. made equation (8) fit the results to best 
advantage. Triangles represent E of values when 
the param eter a  is 4.0 A., and dots were calcu­
lated for a =  6.1 A. Inspection of E 0' points 
computed with the three different a parameters 
shows th a t the /* =  0.13 point lies about 1 mv. too 
high. W ith this exception, the results of Scatch­
ard and Tefft between 0.007 and 0.1 m give an

(25) Shrawder, C ow perthw aite and L a M er, T h is  J ournal , 56, 
2348 (1934).

(26) Shrawder and C ow perthw aite, ib id . ,  56, 2340 (1934).
(27) Brüll, G azz. ch im . i ta h , 64, 261 (1934).
(28) Gerke, T h is  Jo ur n a l , 44, 1684 (1922).
(29) R andall and Y oung, ib id ., 50, 989 (1928).

0.985

0.980

>
^  0.975

0.970

0.965

0.09 0.18 0.27
lid.

Fig. 2.—Extrapolation of electromotive forces of 
cell (12) to zero ionic strength at 25°. Crosses repre­
sent E°f — 0.0455 computed from measurements of 
Brüll.27 Dots, circles and triangles represent E°f 
from data of Scatchard and Tefft.19 Lower points 
were calculated by equation (5), upper points by 
equation (8) using a = 6.1 A. (dots), *5.4 A. (circles) 
and 4.0 A. (triangles). Diameter of circles, 0.5 mv.

unambiguous straight line extrapolation to an 
£° of 0.9850 v . ; the three results of Brüll in the 
same range of concentration lie about 0.5 mv. 
higher. Below 0.007 m the E 0' values of both in­
vestigations show a decrease. Scatchard and 
Tefft observed19 the decreasing electromotive 
force of cell (12) when air was allowed to come 
in contact with the amalgam. Although imper­
fect exclusion of oxygen from the dilute solutions 
would explain the drop in E ° ' t it is possible that 
failure of the cells to attain  equilibrium conditions 
during the period of measurement was responsible.

I t  seems likely tha t Scatchard and Tefft, in 
extrapolating to 0.9834 v., placed undue weight 
upon a low 0.003 m (p =  0.009) point. On the 
other hand, the extrapolation to 0.9850 v. by 
equation (8) places considerable weight on the 
three next higher concentrations, g =  0.023, 
0.037 and 0.064. These points, however, repre^ 
sent electromotive force measurements within 
the optimum concentration range of zinc chloride.

Figure 2 makes it seem probable th a t the stand­
ard potential of cell (12) a t 25° lies between
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T a b l e  VI
A c t i v i t y  C o e f f i c i e n t s  o f  Z i n c  I o d i d e

m 76 710 716 720 726 730 735 740
0.002 0.851

.003 .833

.005 0.808 0.803 0.802 0.800 .799 0.797 0.796 0.793

.007 .782 .776 .775 .774 .772 .770 .768 .765

.008 .772 .767 .765 .763 .761 .759 .757 .754

.01 .757 .751 .750 .748 .746 .744 .741 .738

.02 .701 .696 .694 .692 .690 .687 .684 .680

.03 .671 .666 .664 .661 .659 .655 .652 .648

.05 .634 .628 .627 .624 .621 .617 .613 .609

.07 .611 .606 .604 .601 .598 .594 .590 .585

.1 .592 .587 .585 .582 .578 .574 .570 .564

.2 .581 .575 .572 .569 .564 .559 .553 .546

.5 .650 .643 .638 .631 .624 .614 .604 .593

.7 .740 .730 .723 .713 .701 .687 .672 .656

.8 .787 .775 .766 .754 .740 .724 .706 .687

0.984.5 and 0.9852 v. and, consequently, that the 
zinc amalgam electrode potential has a value lying 
between 0.7621 and 0.7628 v. This conclusion is 
in satisfactory accord with the value of 0.7627 v. 
obtained in this investigation.

Activity Coefficients
The stoichiometrical activity coefficients of 

zinc iodide have been calculated by equation (3) 
and are given in Table VI.

Fig. 3.—Logarithm of the stoichio­
metrical activity coefficients of zinc iodide, 
barium chloride and cadmium iodide as 
a function of the square root of the 
molality. The Debye-Hückel limiting 
slope is indicated by the broken line.

From an inspection of the slopes of the extrapo­
lation plots of Fig. 1 it is clear th a t B '  of equation
(8) changes little with the temperature and has a 
value of —0.0093. The corresponding B "  values

of equation (6) have been evaluated by dividing 
this quantity by 3k a t each tem perature and are 
given in the third column of Table IV. Equation
(6), with the use of the parameters given in Table 
IV and a d value of unity, represents the activity 
coefficient of zinc iodide over the entire range of 
molality studied with an accuracy better th an  1%.

In Fig. 3 is plotted log y± a t  25° against mx/\  
Plots of the barium chloride activity coefficients 
as determined by Tippetts and Newton30 and of 
the cadmium iodide results of Bates and Vos- 
burghla have been included for comparison. The 
broken line indicates the Debye-Hückel limiting 
slope. The activity of zinc iodide in solution is 
somewhat greater than th a t of barium chloride a t 
the same molality and is considerably greater than 
th a t of the slightly dissociated cadmium iodide.

Relative Partial M olal H eat Content

The partial molal heat content (heat of transfer) 
relative to an infinitely dilute solution of zinc 
iodide was computed from the tem perature co­
efficients of electromotive force by the use of the 
Gibbs-Helmholtz equation
U  =  H2 -  Hi = AH -  AH0 =

- » * [ £ - 2 * - r ( g )  +  r ( g ! - ) ]  (14)

W ith the substitution of t =  T  — 273.1, the 
quadratic equations (2) and (9) were made to ex­
press the variation of electromotive force (or 
standard potential) as a function of absolute tem ­
perature :

E t = A + B T + C T *  (15)
E"t =  Ao +  B0T  +  C0T* (16)

These relationships are valid only between T  =
(30) T ip p etts  and N ew ton , T h is  Jo u r n a l , 56, 1675 (1934).
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278.1 and 313.1°K. Equations (15) and (16) 
were substituted in equation (14), and the indi­
cated differentiation was performed. Since n — 2 
for zinc iodide, the expression becomes
U  =  - 2 F (A  - Ao) +  2F (C -  C,)T*

= a + (3T2 (17)

Equation (17) is the equation of Harned and 
Thom as.31 Values of a  and @ for zinc iodide solu­
tions from 0.005 to 0.8 m are given in Table VII.

T a b l e  VII
C o n s t a n t s  o f  E q u a t i o n s  (17) a n d  (19). Z2 a n d  

Cp -  C°P

m — a 13 X 104 (1 .2)298 (Cp 
(calories) -Cj»)!

0.005 739 106 204 6
.007 848 125 259 7
.008 895 134 294 8
.01 1152 166 324 10
.02 1719 240 413 15
.03 2095 291 488 18
.05 2623 360 576 22
.07 3009 411 640 25
.1 3381 461 720 28
.2 4291 586 917 35
.5 6852 932 1432 56
.7 8740 1200 1922 72
.8 9405 1301 2160 78

Figure 4 is a plot of Z,2 against m 1/2 a t 5, 15, 25 and 
40°. The broken line shows the Debye-Hückel 
limiting slope for Z,2 a t 25°

L2 = 3041 c1/  2 (18)

Fig. 4.—The relative partial molal 
heat content, L2> as a function of the 
square root of the molality. The 
broken line represents the limiting 
slope a t 25°.

Unfortunately, no extensive calorimetric de­
terminations of the heat contents of zinc iodide 
solutions have been made, and no estimate of the 
accuracy of the other quantities derived from the 
electromotive force data can be obtained from that 
source.

Relative Partial Molal Specific H eat

The values of the relative partial molal specific 
heat of zinc iodide were calculated by the equa­
tion

Cp — Cl = ( H 2)^ = 2 PT (19)

The change of Cp — Cp with temperature is 
small in the dilute solutions and amounts to bu t 
0.5 calorie per degree a t 0.8 m. The Z,2 and Cp — 
C l  values for zinc iodide solutions a t 25° are 
given in Table VII. The latter values, computed 
from second derivatives of the experimental re­
sults, must be considered as only approximate.

Fig. 5.—Relative partial molal specific 
heat a t 250 as a function of the square 
root of the molality. Circles represent zinc 
iodide; crosses are for barium chloride, 
unbroken line for sodium sulfate. The 
broken line shows the limiting slope.

In Fig. 5, Cp — C l  for zinc iodide is compared 
with the relative partial molal specific heat of 
sodium sulfate, computed by Randall and Ros­
sini32 from calorimetric data. The crosses repre­
sent values of the same quantity for barium chlo­
ride calculated by the author from the specific 
heats given by Richards and Dole.33 The lim it­
ing slope of the Debye-Hückel theory is indicated 
by the broken line.

Grateful acknowledgment is made of the kind 
assistance of Professor Herbert S. Harned.

(32) R andall and R ossin i, ibid., 51, 323 (1929).
(33) R ichards and D ole, ibid., 51, 794 (1929).(31) H arned and Thom as, T h is  J o u r n a l , 58, 761 (1936).



2990 Ralph H. M üller and John F. Petras Vol. 60

Summary
1. Electromotive force measurements of the 

cell
Zn-Hg (2-phase)/ZnI2 (m)/AgI-Ag 

have been made a t 5° intervals from 5 to 40° and 
a t molalities of zinc iodide from 0.005 to 0.8.

2. The standard potential of the cell has been 
evaluated, and from it the electromotive forces of 
the hypothetical cells

Zn (s)/Zn++ (a = 1), H+ (a = 1)/H2, and 
Zn-Hg (2-phase)/Zn++(a = 1), H + (a  = 1)/H2

have been computed from 5 to 40°.
3. Calculations of the stoichiometrical activity

coefficient, relative partial molal heat content and 
relative partial molal specific heat of zinc iodide 
in aqueous solution have been made.

4. Zinc iodide has been shown to be a normal 
bi-univalent electrolyte in aqueous solutions more 
dilute than 0.8 molal. Whereas the abnormalities 
of incomplete dissociation and complex ion forma­
tion indicated by transference and conductivity 
studies of strong zinc iodide solutions cause pro­
found changes in the behavior of the salt in the 
concentrated range, they are of inappreciable in­
fluence below 0.8 m.
N e w  H a v e n , C o n n . R e c e i v e d  A u g u s t  22, 1938

[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r i e s  o f  W a s h i n g t o n  S q u a r e  C o l l e g e , N e w  Y o r k  U n i v e r s i t y ]

A Rapid Method for Traces of Metals by the Dropping Mercury Electrode1
B y R a lph  H. M ü ller  and  J o hn  F . P etr a s

Introduction
In developing and testing the cathode ray tube 

polarograph2 the authors required some means for 
obtaining the conventional Heyrovsky current- 
potential curves. I t  is obvious th a t these can be 
obtained manually and indeed the earliest studies 
were made in this fashion. I t  was to relieve the 
tedium of this procedure th a t Heyrovsky de­
veloped the automatically recording polarograph. 
The polarograph has the further advantage of pro­
viding a permanent record. On the other hand, 
the “m anual” curves may be obtained with rela­
tively inexpensive and commonly available equip­
ment. The marked symmetry of the curves at 
once suggests a simple and rapid increment 
method for determining the concentration of a 
given ion.2a The object of this paper is to dem­
onstrate the validity of the increment method and 
to illustrate its applicability.

Apparatus
It is common knowledge that a potentiometer will de­

liver at its e. m. f. terminals the potential which is set on 
the dials. In our work a Leeds and Northrup student-

(1) Presented before th e  M icrochem ical D ivision  of the American  
Chem ical Society , M ilw aukee, W isconsin , M eeting, Septem ber, 1938.

(2) R . H . M üller, R . L. G arm an, M . E . Droz and J. F . Petras, 
In d . E n g . C h em ., A n a l.  E d . ,  10, 339 (1938).

(2a) A fter th is  paper was su b m itted  for publication the authors 
learned of sim ilar work b y  Petering and D aniels in which the incre­
m ent technique has been applied  to  th e  m icro-analysis of oxygen. 
Their application  undoubted ly  precedes th is  contribution, and we 
regard our work as a general confirm ation of th e  valid ity  of the in ­
crem ent principle. T he senior author is  indebted to  Professor D ani­
els for helpful discussion and exchange of opinions a t th e  M ilwaukee 
m eeting and subseq uently  a t his laboratory in  M adison.

type potentiometer was used to deliver the desired poten­
tials. The working current of the potentiometer was bal­
anced against a standard cell in the usual manner. The 
e. m. f. terminals were connected to the electrode vessel in 
series with a wall-type galvanometer L and N Type P, 103 
megohm sensitivity, resistance 126 ohms, period 8.9 sec. 
The latter was used in conjunction with an Ayrton shunt 
carefully adjusted to provide the critical damping resist­
ance. The suspension was turned so that readings could 
be taken over more than half the scale length. The entire 
assembly was calibrated for linearity of response and used 
over that range. The electrode was of the type commonly 
used in polarographic work,3 and consisted of a small 
Erlenmeyer flask with a platinum wire inseal for making 
connection with the mercury anode, and a bubbler inseal 
for flushing the contents of the vessel with hydrogen. The 
capillaries for the dropping mercury cathode were hand 
drawn from 1-mm. capillary tubing. They were graded 
for suitable lumen by examination under a low power 
microscope fitted with a micrometer ocular. The vessel 
was also provided with a salt bridge communicating with a 
saturated calomel electrode. In this way the anode poten­
tial could be measured. A switching arrangement en­
abled the operator to check the anode potential with the 
potentiometer. The mercury dropping rate was con­
trolled by the pressure unit previously described.2 I t was 
found to be far more convenient and flexible.

Solutions
The solutions used in this work were prepared from re­

agent quality chemicals without further purification. 
Eastman purified de-ashed gelatin was added to all solu­
tions to give a final concentration of 0.2%. A wide 
choice of addition agents is feasible. In routine work,

(3) J. H eyrovsk y , in  W. B öttger, “ P hysikalische M ethoden  der 
chem ischen A n a lyse ,” A kadem ische V erlagsgesellschaft m . b. H ., 
L eipzig, 1935; H ohn, “ C hem ische A nalysen m it dem  Polarogra- 
p h en ,” V erlag von  Julius Springer, Berlin, 1937.
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common glue has been found satisfactory by some in­
vestigators. A fairly complete list of suitable supporting 
solutions is given in Holm's monograph. The indifferent 
electrolyte which was used in each case is indicated in the 
appropriate place. Oxygen was removed from all solu­
tions just before use by bubbling pure hydrogen through 
the vessel. The formation of persistent bubbles due to 
the gelatin content was very annoying, but it was elimi­
nated completely by the addition of a trace of caprylic 
alcohol. We were agreeably surprised to note that neither 
the dropping rate nor values of the potentials were ad­
versely affected.

Experim ental Results

A typical current-voltage curve is shown in 
Fig. 1. In this case equal amounts of cadmium

0 0.4 0.8 1.2 1.6 2.0
Potential, volts.

Fig. 1.—0.001 M  Zn(N03)2, 0.001 M  Cd(N03)2,
0.1 M  KC1, 0.2% gelatin.

and zinc nitrates were used with 0.1 M  potassium 
chloride as the indifferent electrolyte. At each 
applied potential the galvanometer deflections are 
pulsating due to the dropping of the mercury at 
the cathode. The recorded values represent the 
maximum “ throw” or excursion of the galvanome­
ter. These are highly reproducible and it was 
rarely necessary to observe more than two or 
three “throws.” The “Halbwellen” potential, de­
fined as tha t potential on the curve corresponding 
to one-half the distance between the horizontal 
plateaus, is indicated in Fig. 1, for each ion. From 
each potential the anode correction of 0.04 v. was

subtracted, yielding Cd =  —0.64 v., and Zn =  
— 1.07 v.

Figure 2 shows a family of curves obtained in 
this manner for cadmium at various concentra­
tions. I t  is customary in polarographic work to 
draw the best straight line through each plateau 
and then estimate the difference in height (A /). 
Alternative schemes for estimating the correct 
wave height are discussed in the above mono­
graphs and in the paper by Borcherdt, Meloche 
and Adkins.4 Due to the marked symmetry of 
the curves, it would seem th a t the current values 
obtained for two potentials more or less equidistant 
from the characteristic “Halbwellen” potential 
would yield a AI  value which is equally reliable.

Fig. 2.—Concn. CdCl2: A, 30 X 10“5 
M; B, 27 X ÏO"6 M; C, 23 X 10~6 M;
D, 19 X 10"5 M; E, 15 X 10“5 M; F,
11 X 10~5 M; G, 7.5 X 10~5 M; H,
4.0 X 10“5 M. All 0.1 M  BaCl2, 0.2% 
gelatin.

A cross plot of Fig. 2 is shown in Fig. 3. By 
inspection it was decided to select 0.6 and 0.8 v. 
For each concentration of cadmium the difference 
in current obtained a t 0.8 and 0.6 v. was interpo­
lated. These AI  values were plotted against the

(4) G. F . Borcherdt, V. W . M eloche and H . A dkins, T h is  J o u r ­
na l , 59 2171 (1937).
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Concn, Cd, M  X 104.
Fig. 3.—Cross plot of data in Fig. 2, il­

lustrating linearity obtained by the incre­
ment method.

concentration of cadmium. W ith one exception 
the points lie closely on a straight line. This 
represents the worst condition for checking the 
relationship, in th a t considerable time elapsed in 
taking the whole family of curves. Succeeding 
runs with the simplified technique of merely meas­
uring the respective currents for applied poten­
tials of 0.6 and 0.8 v., amply confirmed this point.

A typical example is shown in Fig. 4. In this 
and all subsequent runs, a titration procedure was 
used to change the concentration. Specifically 
(Fig. 4), the electrolyte contained 0.1 M  barium 
chloride as the indifferent electrolyte, 0.2% gela-

0 4 8 12 16
Concn. M  X 104.

Fig. 4.—Upper curve: 0.01 M  CdCl2 in 
0.1 M  BaCl2 +  0.2% gelatin titrated into 
0.1 M  BaCl2 +  0.2% gelatin. Lower 
curve: 0.01 M  ZnCl2 in 1.0 M  KOH +  
0.2% gelatin titrated into 1.0 M  KOH +  
0,2% gelatin.

tin and to it  were added from a microburet suc­
cessive portions of 0.01 M  cadmium chloride in 
0.1 M  barium chloride containing 0.2% gelatin. 
The final concentrations of cadmium ion were cor­
rected for the small change in total volume.

The method is quite satisfactory for traces of 
one ion in the presence of a  large amount of other 
ions, provided the latter are reduced a t higher po­
tentials, and further th a t the interval between the 
respective potentials is great enough. In  general 
the same limitations th a t apply to polarographic 
methods apply here, and certain cases can only be 
treated after preliminary separation or after con­
version to suitable complex ions, etc.
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0 4 8 12 16

Concn. Cd, M  X 104.
Fig. 5.—Traces of Cd in a large amount 

of zinc: 0.01 M  Cd(N03)2 in 0.1 M  
ZnCl2 +  0.2% gelatin titrated into 0.1 M  
ZnCl2 +  0.2% gelatin.

Figure 5 illustrates the results for small amounts 
of cadmium in the presence of a large b u t constant 
amount of zinc. I t  will be observed th a t the 
slopes for the AJ-concn. curves for C d++ ion in 
Fig. 4 and Fig. 5 are quite different. The actual 
slope depends upon the size of the mercury drop, 
the dropping rate, the concentration and nature 
of the indifferent electrolyte, and the galvanome­
ter sensitivity. In  a given run these factors are 
constant. To the extent th a t they might be re­
produced in subsequent runs, the slopes would be 
correspondingly similar. For routine work this 
would seem to be a source of great trouble and in­
convenience. This is a general limitation of all 
existing polarographic methods; they all assume 
th a t a preliminary calibration has been made 
under conditions closely approximating the in­
tended analysis.

I t  is always possible, however, to include within 
the solution of the indifferent electrolyte a suitable 
“indicator” ion in known amount, preferably one
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which is not likely to be present in the “unknown.” 
The indicator ion may then be used to evaluate the 
prevailing constants of the apparatus, thus fur­
nishing a factor for the observed slopes.

Figure 6 shows results obtained for lead in 
strong alkaline solution. A complete curve for 
lead is shown merely to illustrate the choice of the 
two symmetric potentials which were selected for 
the analysis by the increment method. The ad­
joining curve shows the AI  values as a function of 
lead concentration.

0 0.4 0.8 1.2 1.6

32

24

16

8

0

<1

b
a

Concn. Pb, M  X 104.
Fig. 6.—Upper curve: typical current-

voltage curve for lead in alkaline solution. 
Lower curve: increment method, 0.01 M
Pb(N 03)2 in 1.0 M  KOH +  0.2% gelatin 
titrated into 1.0 M  KOH + 0 . 2 %  gelatin.

Figure 4 is the incremental plot as a function of 
zinc concentration in alkaline solution and Fig. 7 
shows the behavior of small amounts of lead in the 
presence of a large bu t constant amount of zinc, 
again in alkaline solution.

Discussion
The increment method which has been sug­

gested for the evaluation of current-potential 
curves for the dropping mercury electrode has 
been shown to be reliable for three commonly oc­
curring ions and mixtures of the same in neutral 
and alkaline solutions. In  principle it is exactly 
similar to the practice of evaluating curves which 
have been recorded on a polarograph. I t  is ex­
tremely simple and rapid and merely assumes a 
reasonable degree of symmetry in the curve. Its

32

24

1 16Uu
o

8

0
0 4 8 12 16

Concn. Pb, M  X 104.
Fig. 7.—Traces of Pb in a large amount 

of zinc (alkaline solution): 0.01 M  Pb- 
(N03)2 +  0.1 M  Zn(N03)2 in 1.0 M  KOH 
+  0.2% gelatin titrated into 0.1 M  
Zn(NOa)2 in 1.0 M  KOH +  0.2% gelatin.

applicability can be ascertained very quickly in any 
case. For cases in which the deposition potentials 
are too close, difficulties will be encountered to 
the same extent th a t they are in the conventional 
method. The use of gelatin or related substances, 
and the de-oxygenation by a stream of hydrogen 
are essential to success; the well-defined plateaus 
are largely dependent upon these factors.

For anyone slightly acquainted with electrical 
instruments, it  will be apparent th a t a good po­
tentiometer is not essential for this method. Any 
simple voltage divider with suitable means for 
adding and subtracting the required v.’s will suf­
fice. In  this general investigation we retained 
the more elegant arrangement because of its 
greater convenience and flexibility.

Summary
1. Current-potential curves may be obtained 

from the dropping mercury electrode with very 
simple equipment.

2. The marked symmetry of these curves sug­
gests a simple increment method in which the 
change in current is noted for two applied poten­
tials more or less equidistant from the character­
istic “Halbwellen” potential. The current incre­
ments are a linear function of the concentration 
of the given ion.

3. The presence of other ions does not interfere 
with this relationship to any greater extent than 
it does with conventional polarographic methods.

4. The method has been illustrated with lead, 
zinc and cadmium ions, and pairs of these in neu­
tral and alkaline solution.
N e w  Y o r k , N .  Y .  R e c e i v e d  A u g u s t  19, 1938
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[ C o n t r i b u t i o n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  P h y s i c a l  C h e m i s t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 406]

The Heat Capacity of Potassiuih Sodium Tartrate Tetrahydrate from 15 to 340°K .1

B y  J. F . G. H icks, Jr .,2 and  J. G ilbert  H ooley3

The heat capacity of Rochelle salt (KNaC-JB -̂
06-4H20) in the regions about the Curie points 
(+24 and —18°) is of interest in correlating the 
remarkable dielectric properties of this compound.4

The present investigation was carried out at the 
suggestion of Professor Hans Mueller and was de­
signed to cover not only the temperature region 
—30 to +30°, but the entire range at our dis­
posal. Mueller,5 by means of his phenomeno­
logical theory of Rochelle salt behavior, was able 
to calculate approximately the change in heat ca­
pacity at the upper Curie point. His figure,6 
Ac^l.5 X 105 ergs/ cc./degree^!).5 cal./mole/ 
degree is rather too small to be positively shown 
by our measurements. The heat capacity of the 
salt at the upper Curie point where our experimen­
tal accuracy is 0.5%, is 92.5 cal./mole/degree. 
On the other hand, Kobeko and Nelidow7 and 
Rusterholz8 report a sharp discontinuity in the 
heat capacity-temperature curve at 26°. In 
both of these investigations the observed rise in 
heat capacity above the normal is about 5%.

Material.—The salt was of c. p . reagent quality and 
contained less than 0.01% impurities. It was allowed to 
stand, being mixed frequently, for two weeks at room tem­
perature in a desiccator over 40 wt. per cent, sulfuric acid 
(vapor pressure 13.5 mm.) to ensure the presence of the 
single solid phase, KNaCd^Oe^ILO.9 Subsequently, it 
was found that the material at our disposal did not re­
quire this treatment.

Analysis for water by loss of weight in vacuum (^10"4 
mm. and 180 to 200°) showed 25.52 and 25.49%; theo­
retical, 25.54. For purposes of analysis, we were unable to 
drive off more than 3.8 of the 4 moles of water by heating 
in a drying oven at 130 ° for one week, but found that condi­
tions under which the tartrates themselves exhibited incipi­
ent decomposition were necessary to remove the last bit of 
water.

(1) Low Temperature Studies, No. 4.
(2) Present address: Corning Class Works, Corning, New York.
(3) Submitted in partial fulfilment of the requirements for the 

degree of Doctor of Philosophy.
(4) For a review of recent work, see Staub, N attw wissenschaf ten, 

23, 728 (1935). Other substances behaving similarly are listed by 
Busch, H elv.  Phys. Acta, 10, 261 (1937).

(5) Mueller, Phys. Rev., 47, 175 (1935).
(6) Mueller, ibid., 45, 736 (1934). This value is, of course, de­

pendent upon the Lorentz factor. If this factor be three times as 
great as that assumed in the calculation, the change in heat capacity 
should have been detected.

(7) Kobeko and Nelidow, Phys. Z. Sowjetunion, 1, 382 (1932).
(8) Rusterholz, Helv. Phys. Acta, 8, 39 (1935).
(9) Lowry and Morgan, T h i s  J o u r n a l , 46, 2192 (1924).

Analysis for sodium plus potassium by ignition and con­
version to the chlorides showed the sample to be 99.98 
and 100.06% Rochelle salt.

A solution containing 20.0 g. of Rochelle salt per 100.0 
ml. of solution gave [<y]25d +22.2° ml./gram decimeter.

All measurements were made on a single calorimeter 
loading of 88.760 g. in vacuo, or 0.31459 mole, the molecular 
weight of KNaC4H406-4H20  taken as 282.14.

Method.—The apparatus, method of measurement, and 
calorimeter all have been described in an earlier paper of 
this series.10 The temperatures were measured by means 
of the platinum-rhodium resistance thermometer-heater 
having the laboratory designation R197. It had been 
calibrated previously against a helium gas thermometer,11 
and the ice-point resistance showed no appreciable de­
parture from its calibration value.

In loading the calorimeter, special precautions were 
taken to avoid any decomposition arising from heating 
the .salt above 40°.12 The two ring seals of soft solder 
joining the monel lid to the monel collars of the calorimeter 
barrel10 were made while the calorimeter and weighed con­
tents were immersed to within 15 mm. of the top in ice and 
water. The solder was then flowed on as rapidly as pos­
sible. In this manner, a tight seal could be made without 
the salt ever attaining the temperature of 15 °. However, 
the contents could not be recovered without decomposition. 
Prior to the above operation, several centimeters of thin- 
walled nickel-silver tubing had been sealed to the bottom 
of the empty calorimeter and the end of the tube closed. 
After soldering the lid to the barrel, the free end of the 
tube was opened, cemented to the vacuum line, the calo­
rimeter and its contents cooled to 80 °K., and exhausted. 
After several flushings with pure helium, sufficient helium 
was finally admitted to exert a pressure of one atmosphere 
at room temperature. The calorimeter was allowed to 
warm, the tube clipped and soldered, and the unit sus­
pended in the apparatus.

The e. m. f .’s were read on an Eppley microvolt potentio­
meter having a range of one-ninth volt to one microvolt on 
the dials.

The calorie used in this work is defined equal to 4.1833 
int. joules. The absolute temperature of the ice-point is 
assumed to be 273.19°.

Heat Capacity Measurements.—The data are 
presented in chronological order in Table I. Se­
ries I has been omitted because of the large error 
in reproducibility of these points. The inaccura­

a t»  H ic k s ,  ibid., 60, 10 0 0  ( 1 9 3 8 ) .
( 1 1 )  B lu e  a n d  H ic k s ,  ibid., 59, 1 9 6 2  ( 1 9 3 7 ) .
( 1 2 )  L o w r y  a n d  M o r g a n 9 a n d  v a n  L e e u w e n , Z . p h y s ik . Chem.., 

23, 3 3  ( 1 8 9 7 ) ,  o b se rv e d  t h a t  th e  v a p o r  p re ssu re s of R o c h e lle  s a lt  a t  
lo w er te m p e ra tu r e s  w ere n o t  r e p r o d u c ib le , if  a t  a n y  p re v io u s  t im e  
th e  s a lt  h a d  b een h e ld  a b o v e  4 0 ° .  L o w r y  a n d  M o r g a n  d o n o t  sta te  
th e  c o m p o s it io n  of th e  o th e r s o lid  p h a se  in  e q u il ib r iu m  w it h  R o c h e lle  
s a lt  a n d  w a te r v a p o r  w hen re p r o d u c ib le  v a p o r  p re ssu re s a re  o b ta in e d .
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cies were traced to a poor contact in one of the 
potentiometer dials and the defect was remedied 
before observations labelled Series II.

T a b l e  I
Cp in cal. Cp in cal. Cp in cal.
m ole-1 mole -1 mole -1

T , °K. degree-1 T, °K. degree -1 T, °K. degree-1
Series II 246.64 80.59 26.28 6.03

59.93 24.29 248.86 81.31 29.04 7.23
63.85 26.08 250.98 82.01 31.72 8.61
69.06 28.24 253.12 81.96 34.04 9.88
73.06 30.39 255.27 82.38 36.75 11.16
77.07 31.51 252.56 81.83 40.28 13.20
81.08 33.92 254.70 82.21 43.97 15.25
85.00 35.37 256.78 83.26 47.81 17.39
88.74 36.68 259.08 83.80 52.15 19.94
92.42 38.13 265.16 85.07 56.68 22.08
96.09 39.07 270.38 85.80 61.06 24.67
99.98 41.03 275.60 87.06 65.24 26.89

103.94 41.76 280.10 88.63 69.74 28.93
107.53 43.72 286.80 89.82 74.61 31.28
111.51 44.98 293.01 91.60 Series V
115.97
120.47
125.05

46.70
48.06
48.91

296.48
298.72
300.94

92.23
92.98
92.40

244.19
246.32
248.54

79.58
80.17
80.83

130.04
134.19

50.22
51.73 Series III 251.08

252.06
81.44
81.73

139.22 53.34 246.13 78.73 254 23 82.33
144.22 54.54 245.76 80.37 256.34 82.73
149.29 56.25 248.32 80.57 258.39 83.07155.67 57.81 250.91 81.50 258.62 83.56161.33 59.49 253.45 82.01 261.30 83.60
167.20 61.42 255.89 82.56 263.71 84.90
173.04 62.91 258.32 83.92
178.84 64.73 263.60 84.56 Series VII
184.89 66.02 267.35 84.96 244.73 80.36
187.11 66.75 287.90 89.96 300.11 93.07
192.96 68.08 292.74 91.63 303.72 94.20
201.10 69.96 295.70 91.72 307.41 95.16
210.54 72.45 298.15 92.59 311.00 95.59
217.36 73.79 299.90 93.43 314.49 96.80
223.66 75.55 302.15 91.79 317.94 98.97
229.89 77.13 321.35 100.76
226.08 76.13 Series IV 324.67 104.07
232.36 77.41 16.72 3.31 323.33 99.93
238.82 78.83 18.95 2 .98 326.57 107.07
243.42 79.77 21.14 4.04 332.87 191.35
244.29 76.10 23.62 4.74 335.25 188.24

Before Series II, the calorimeter was held for
two weeks at 80°K. and between Series II and 
III, the calorimeter was cooled directly to hydro­
gen temperatures and was below 80°K. for about 
two days during the course of Series IV measure­
ments. I t was then allowed to warm up slowly 
over a period of four days to 245°K. where it was 
held for six days. Series V data were then taken. 
Following these runs the calorimeter was immedi­
ately cooled to 240°K. and held just below 250°K. 
for one week after which Series VI observations

were made. Thereafter, Series VII and the heat 
of transition were measured; these required three 
days. It is evident from the data that the variety 
of thermal treatments produced no effect on the 
heat capacity below 310°K.

The data of Table I are shown graphically in 
Fig. 1 . The data of Series III and V are dis­
placed, but all three curves are identical. The 
three dots are from Wilson’s13 work; his straight 
line is indistinguishable from that portion of our 
curve when the data are plotted on this scale. 
Figure 2 is a deviation plot with ordinate the ob­
served heat capacity minus that calculated from 
the straight line, Cp = 0.300T + 7.00. The 
lengths of the vertical lines represent 0.5% of the 
total heat capacity at that temperature. The 
upper curve in Fig. 2 is the portion of the devia­
tion curve from 240 to 300°K. replotted on a 
larger scale abscissa so that the experimental 
points can be distinguished.

The measurements of Series VI are listed in 
Table II and plotted in Fig. 3. They represent 
relative total heat capacities of the full calorime­
ter in the neighborhood of the lower Curie tem­
perature. Each heating period was made through 
approximately a 0.3° interval with the shield sur-

T a b l e  II T a b l e  III

T, °K.
Cal.

degree -1 T, °K.

Cp in cal. 
mole-1 

degree -1
Series VI 15 1.50

249.18 55.16 20 3.40
249.63 55.01 25 5.47
250.07 54.83 30 7.71
250.50 55.09 35 10.30
250.97 54.89 40 12.96
251.42 55.10 45 15.70
251.85 54.75 50 18.56
252.29 55.36 60 24.17
252.78 54.48 70 29.08
253.17 55.39 80 33.40
253.60 55.34 90 37.17
254.05 55.18 100 40.71
254.50 55.17 120 47.36
254.98 55.41 140 53.56
255.40 54.98 160 59.47
256.07 55.59 180 64 92
256.82 55.54 200 69.77
257.28 55.61 220 74.54
257.71 55.67 240 79.10
258.15 55.15 260 83.57
258.59 55.58 280 88.30
259.04 55.77 300 93.00
259.48 55.35 310 95.86

320 99.96
(13) A. J. C. Wilson, Doctor’s Dissertation, M. I. T. Physics 

Department, 1938.
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rounding the calorimeter maintained within =±=0.2 ° 
of the calorimeter and the temperature of both 
rising at the same rate. The calorimeter tem­
perature was measured by means of the attached 
thermocouple, the resistance thermometer not 
being used as such in these measurements. The 
data fall on a straight line within experimental 
error.

200
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240

150 200
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Fig. 1.—O,. this research; 0 , Wilson’s curve.

Our data in their final form cannot be inter­
preted as suggesting a small anomaly at the lower 
Curie point as was stated previously.14 The two 
low points around 245°K. and those two around 
300°K. cannot be accounted for, but repeat de­
terminations in these regions have 
fallen on the curve. Within ex­
perimental error, no discontinuities 
in the heat capacity-temperature 
curve are apparent at either the 
upper or lower Curie points. The 
accuracy of measurement is about 
that reported earlier with this appa­
ratus,10 viz., 0.3% from 40°K. to 
room temperature and correspond­
ingly lower outside this region.

Table III lists molal heat capaci­
ties at even temperatures as read 
from the smoothed deviation curve 
reproduced in Fig. 3.

Heat of Transition.—The transi­
tion (presumably decomposition 
into the mixed hydrated tartrates 
and their saturated solution) occurs 
sharply at 328.78°K. (55.6°C.)
single measurement of the heat 
yielded 10,218 cal. per mole absorbed. Because

(14) Wilson, Hicks and Hooley, Phys. Rev., 54, 87 (1938).

of the rapidly increasing slope of the curve just 
below 328.8°K., the method of arriving at 10,218 
cal. per mole is somewhat arbitrary. However, 
10,820 cal. is the measured amount of heat re­
quired to raise one mole of Rochelle salt from 
328.14 to 331.62°K. In the absence of check 
determinations, it is difficult to assign a probable 
error to this figure, but it is believed to be good to 

± 2 0  cal.
Two and one-half hours were re­

quired to heat the calorimeter through 
the transition and during that period 
the maximum variation of the calo­
rimeter thermocouple was 0.15°. At 
each end of the heating period, the 
calorimeter surface was 0.15° hotter 
than at the middle of this period; 
while during the middle two-thirds 
of the transition, the thermocouple 
did not vary by more than 0.02°.

The transition temperature has 
been reported by others to lie be­
tween 54 and 59 ° .15

Discussion.—The disagreement of 
our data with those of the European workers, and 
the excellent accord with Wilson’s13 work, have al­
ready been reported.14 However, at 22°, the data 
of this research agree well with those of Kobeko and 
Nelidow7 but are 11% lower than those of Ruster-

T, °K.
260 280 300

300 350
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Fig. 2.—O, Series II

=*=0.05°. A 
of transition

160 
T, °K.

+, Series III; 0 , Series IV and VII; <§>, Series V.

holz ;8 while our values and Wilson’s13 agree within 
0.3% over the temperature interval covered by 
Wilson. We believe that if any discontinuities

(15) “ I. C. T .,” Vol. I l l ,  p. 374.
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in specific heat exist below the melting 
point and above 15°K., they are less 
than 0.5%, about ten times less than 
the one reported by Kobeko and 
Nelidow and Rusterholz8 at the upper 
Curie temperature. We are unable 
to reconcile the previous data with 
our own.

Additional determinations of the 
heat capacity between 310 and 328°K. with a wide 
variation in the thermal treatment of the sample 
would settle the question of whether or not the 
large slope is a characteristic of the pure salt or 
due to its slow decomposition. The work of Lowry 
and Morgan9 and others15 indicates decomposition, 
while Mueller5 found that a Rochelle salt crystal 
could be annealed for several hours at 45° without 
impairing its “Seignette electric” properties. Be­
cause of the possibility of decomposition, the pres­
ent sample was heated without repetition of meas­
urements from 310 to 340°K. Our apparatus is not 
well suited to repeated loadings and maintaining 
the calorimeter at constant temperature in this re­
gion for periods of many hours. I t is therefore not 
improbable that our curve between 310 and 328°K. 
is dependent upon the history of the sample.

A complete study of the ternary system sodium 
tartrate, potassium tartrate, water with special 
emphasis on the Rochelle salt composition would 
be desirable. Although it is stated in the “Inter­
national Critical Tables” 15 that the transition at 
ca. 54° consists in the decomposition into sodium 
and potassium tartrates, both present as the di­
hydrates, we infer from the vapor pressure meas­
urements undertaken by Lowry and Morgan9

250 252 254 
T, °K.

Fig. 3.—Series VI.

256

that ^CéHéOe^A^O is the potassium salt to be 
expected.

It would be of interest to measure the heat ca­
pacities of other “Seignette electric” substances 
such as NH4H2ASO4 and KH2P0414 to discover 
whether a marked gradual rise occurs just above 
the upper Curie point. In these cases no com­
plications rising from decomposition would be 
encountered. It is also possible that the change 
in heat capacity of these salts at their Curie 
points would be a larger percentage of the total 
and therefore more susceptible to detection.

Summary
The heat capacity of Rochelle salt from 15 to 

340°K. has been measured. A single measure­
ment of the heat of transition at 328.78°K. 
(55.6°C.) has been made. The transition is 
sharp. No discontinuous changes in heat ca­
pacity were observed at the Curie points. The 
observations at the upper Curie point are in con­
flict with those reported by Kobeko and Nelidow 
and Rusterholz. The desirability of further in­
vestigations on Rochelle salt and other “Seignette 
electric” compounds has been pointed out. 
Cambridge, Mass. R eceived September 22, 1938
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The ultracentrifuge is any centrifuge of low or 
high power in which convection does not occur, 
and in which it is possible to measure any redis­
tribution of the contents. It has become one of 
the most important tools for investigations in 
colloid systems, non-aqueous systems, immunol­
ogy, biochemistry, and even in simple molecular 
solutions. It is therefore gratifying that simple 
air-driven spinning tops have now been developed 
as ultracentrifuges, at such low cost that they 
may be made available in every laboratory. The 
very great advantage of these opaque ultracen­
trifuges is that they possess no optical system and 
require no accessories other than those every­
where to be found. They yield accurate results. 
Direct analysis is made by any appropriate 
physical, chemical or biological method.

The time would seem to be approaching when 
experiments with the ultracentrifuge may be in­
cluded in practical courses in biochemistry, col­
loid and physical chemistry.

The essential feature of our ultracentrifuges is 
the immobilization of the liquid, usually between 
horizontal surfaces placed sufficiently close to­
gether that friction inhibits convection.1 Else­
where1 we have reviewed the methods adopted 
by other investigators and also have pointed out 
the great possibilities of the original one-piece 
spinning top.

The present communication describes a simple 
opaque ultracentrifuge of general applicability.

Two problems had to be solved: first, the de­
sign of a liquid-tight rotor, and, second, the de­
sign of suitable immobilizing inserts to place in 
the rotor.

The Two-Piece Rotor with Tight Seal

The rotor, shown in Fig. 1, consists of two pieces made 
of 4 UMA steel, a chrome manganese alloy made by the 
Republic Steel Corporation. The steel is oil-quenched 
from 1525°F. and drawn at 850°F. after making up. 
The top part, A, is 32.5 mm. in outside diameter and 11.5 
mm. high. Its inner well into which the various inserts

(1) McBain and O’Sullivan, T h is  J o urn al , 57, 780 (1935), last 
paragraph 4a and 4b; McBain and Stuewer, Kolloid-Z., 74, 10 
(1936); McBain and Tostado, T h is  J o ur n a l , 59, 2489 (1937); 
McBain, Science, 87, 93 (1938); 15th Colloid Symposium, Cam­
bridge, J. Phys. Chem., 42, 1063 (1938).

for immobilization are fitted is 28 mm. in diameter and 9 
mm. deep.

The shell A screws into the rotor cone B to a depth of 4 
mm. Thus in the centrifugal field, when the rotor is as­
sembled, the thinner longer annular walls of the upper 
part bend elastically outward, engaging still more tightly 
into the lower part. The angle of the cone walls is 100°. 
The largest diameter is 38 mm. A cylindrical space 14 
mm. in diameter is cut in the bottom of the cone, with 
screw threads to fit onto a holding jig arid handle serving as 
a wrench for assembling the rotor, the upper shell being 
held by a strap wrench, or better a split ring tightened by a 
screw and held in a vise. In experiments of longer dura­
tion the screw threads should be kept dry, or be oiled to 
avoid rusting or seizing. The flutes or grooves in the 
conical walls of the rotor cone against which the driving air 
is directed are cut with one side vertical, the other sloping, 
and are about 8-10 mm. long. All threads on the rotor 
are 32 per inch (2.54 cm.).

The degree of polish on the rotor greatly affects the 
speed. It was found that, after a high polish had been 
obtained, keeping the rotor in any convenient oil, or 
petroleum ether, was effective in preserving the polish. 
If kept in oil, the rotor was washed with petroleum ether 
before use. The insides of both parts of the rotor are 
made indifferent to the materials studied by several coats of 
Bakelite lacquer, applied unthinned, allowed to dry in air 
for forty-five minutes and then baked at 135° for thirty 
minutes. In applying the lacquer care must be taken that 
none of the lacquer touches the lower edge of the upper 
part of the rotor that will make contact in the joint. 
This Bakelite coating must be replaced whenever damaged 
in any way.

Assembly of the Rotor.—To achieve a seal which is al­
ways leak proof, even in petroleum systems, a pliofilm or 
other plastic disk C, shown in Fig. 1, a loose metal disk 
D, 0.020 in. (0.5 mm.) thick, and a loose metal ring E, 
0.0125 in. (0.3 mm.) thick, are used. The pliofilm, 250 
gage P5A supplied by Goodyear Rubber Company, or 
even cellophane, is initially cut slightly larger than the 
outer diameter of the top part of the rotor. The rotor E 
assembled upside down. After the insert is placed in the 
upper shell, the plioform disk is put in place. Then while 
holding the cellophane by one edge, the metal disk is 
gently slid over the top of it, squeezing out the excess 
liquid. After the metal disk is carefully centered, the 
cellophane is trimmed to exact size with a razor blade. 
The metal ring is then put in place and the rotor cone 
screwed on. This seal has been shown to be perfectly 
tight, the filled rotor weighing the same within ±0.0001 g. 
before and after a run of many days. One or more grooves 
are sometimes cut the entire way around the bottom sur­
face of the top half of the rotor, allowing the pliofilm 
gasket to be forced into the depressions and possibly 
making the seal even more ideal.
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Fig. 1.—Cross section through rotor 
showing: A cover, B rotor cone, C
film of plastic material, D loose metal 
disk, and E loose metal washer to 
facilitate slipping when assembling.

The Stator.—The stator, A, shown in Fig. 2, is made of 
Duralumin 17ST with a brass insert at the top edge of the 
inner walls for longer wear. The cone walls make an angle 
of 90°. The thickness of the walls may vary, being usually 
from about 2 to 4 mm. The air ports are so placed that 
they will strike at approximately the mid-point of the 
grooves or flutes cut in the lower part of the rotor. It is 
essential that the grooves do not reach the outer edge of the 
stator cone. The orientation of the air ports may be de­
scribed by two angles, the angle with the horizontal plane 
through the center of the outlet of the air port and the 
axis of the stator being 35°, and that with the vertical 
plane 65°. Six to twelve of these air ports may be cut at 
equal distances apart around the stator.

Fig. 2.—Simple form of stator showing: A 
the stator, B the manifold or air box, and C the 
steadying disk; also cross section of an air-jet 
and a brass inset to minimize chance wear on 
upper part of cone.

The stator is held in the manifold or air box B with a disk 
C placed in the joint. This assembly is placed in a metal

guard, the disk C being steadied by sponge rubber (that 
used for bath mats has been found most convenient) to 
dampen vibration, and the central air inlet of the manifold 
connected to the air supply by means of heavy pressure 
tubing securely clamped on.

The manifold was also made of 17ST Duralumin. Its 
walls are about 2 mm. thick, the angle of the conical walls 
being 90°. The supporting disk was made of Duralumin, 
or Bakelite, or any convenient metal or fiber.

Whereas the stator shown in Fig. 2 is usually satisfactory, 
the form shown in Fig. 3 is sometimes better, especially 
for taller rotors, since adjustment of the air sucked in 
through the central tube (partly closed) with a thin rubber 
tube and screw clamp prevents “blooping” and sometimes 
increases the speed by 10% for a given pressure of driving 
air. The latter is fed in through the side tube.

Fig. 3.—Alternative stator with adjustable 
central inlet for allowing air partially to re­
lieve the vacuum below the rotor.

Temperature Control
The temperature control of these opaque ultracentrifuges 

is unique in that it is positive and is as accurate as a ther­
mostat. It is that designed for the McBain-O’Sullivan 
transparent ultracentrifuge2 and consists simply of passing 
the constant pressur e driving air through a copper coil im­
mersed in a thermostat at any desired temperature. The 
rotor maintains itself at the temperature of the slip­
stream.

The Immobilizing Inserts
While for measurement of sedimentation equilibrium it 

does not matter what the size or shape of the container for 
the liquid may be, provided 
that convection is suppressed 
and that no mixing occurs, 
before the samples are with­
drawn for analysis, the addi­
tional conditions for sedimen­
tation velocity are more strin­
gent. In the first place, the 
radial movement of the sedi­
menting particles in the line of the centrifugal force must

(2) McBain and O’Sullivan, T h is J o u rn al , 57, 2^31 (1935).

Fig. 4.—Insert consisting 
of piles of disks for general 
use in sedimentation velo­
city or equilibrium.
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be unobstructed. This is achieved by using horizontal 
surfaces unobstructed over the complete range of 360°, 
utilizing circular disks or annular washers spaced uniformly 
apart by others of different diameter.

In the second place, the mechanical baffles must be so 
far apart that there are no wall effects upon the motion of 
the particle. Spaces 0.08 mm. wide are 20,000 times the 
diameter of the smaller proteins. Experience has shown 
that the sedimentation velocity observed within these 
spaces is the same as that given by the transparent ultra­
centrifuges. Much wider spacings are probably satisfac­
tory, certainly so for the more viscous petroleum systems. 
Narrower spacings have not yet been studied.

A further requirement for the mechanical baffles is that 
they must be of material, such as plastic or metal, that will 
not flow in the centrifugal field. For this reason pure 
silver, platinum, or monel metal are satisfactory for smaller 
diameters, but must be replaced by stainless steel or coin 
silver or platinum-iridium for diameters approaching 
three centimeters. The insert if made of metal should be all 
of one kind of metal to avoid electric couples.

Insert 1, Generally Useful for Velocity or Equilibrium.— 
The liquid to be studied may be immobilized most simply 
by using as insert a central pile of disks, alternately wide 
and narrow with a larger disk just fitting inside the rotor 
at top and bottom to keep them central. A vertical axial 
pin runs through the central solid pile of metal, holding it 
together. The axial pin may be replaced by a screw per­
mitting a change of the spacing pieces to obtain a wider 
sedimenting column.

This insert as used for the present measurements is 
shown diagrammatically in Fig. 3. The disks are made 
of coin silver (or stainless steel), the larger ones of metal 
0.004" (0.102 mm.) thick, the smaller ones 0.003" (0.076 
mm.) thick. The larger disk at top and bottom was of metal 
0.030" (0.762 mm.) thick. The insert is made so that it 
just fills the space left in the top section of the rotor, as 
many disks being used as can be fitted in. A convenient 
diameter for the larger disks is 24.6 mm. and 13.6 mm. for 
the smaller ones. To make it possible to obtain for analy­
sis a sample at the bottom of the sedimenting column 
without disassembling the rotor, a hole 1 mm. square is cut 
on opposite sides of the larger top disk of the insert, 
matching holes being cut in the bottom disk. A sample is 
then taken with a hypodermic pipet or syringe after the 
rotor is stopped.

A convenient method of filling the baffles with the solu­
tion to be studied is to place them in a small metal case 
filled with solution and placed in an ordinary centrifuge 
for a few minutes. Preliminary work on various non- 
aqueous solvents and stainless steel (-18-8-) baffles has 
given excellent results in filling by capillarity.

Insert 2, for Monodisperse Sedimentation Equilibrium 
Only.—This is fully described by McBain and Tostado,1 
the immobilized sedimenting liquid lying between hori­
zontal annular washers of coin silver spaced at uniform 
known distances apart by using alternately narrow and 
wide washers. Convection is permitted in the liquid in 
contact and in equilibrium with the innermost part of the 
sedimentation column. Analysis of this liquid before and 
after gives the molecular weight of any monodisperse 
substance. For sucrose 341 was found (theoiy, 342).

A window1 is a convenience but by no means a necessity. 
It is obvious that the same method of calculation of sedi­
mentation equilibrium is applicable to Insert 1, which is 
also generally more convenient.

Insert 3, for Equilibrium Only, Including Polydisperse 
Systems.—This is a modification of 2, permitting analysis 
of the liquid above and below the sedimenting column, 
especially for use in polydisperse systems. Here the an­
nular washers are all alike and are merely piled loosely 
upon each other. They are kept centered by perforated 
buttresses or bosses, or by pillars, on the container. 
The rotor is stopped for analysis, and the liquid from the 
middle and the exterior withdrawn at approximately the 
same rate to avoid mixing.

Other Inserts.—Several other inserts have been de­
signed and briefly referred to,1 and they will be described 
in more detail when the corresponding measurements are 
published.

The Sedimentation Velocity of Egg Albumin
Salt-free isoelectric egg albumin was prepared 

by Dr. Eloise Jameson, who followed Hopkins 
and Pinkers’ method, using acetic instead of sul­
furic acid. The material was twice crystallized 
and furnished us in a more or less solid form mixed 
with ammonium sulfate. This sample was di­
alyzed in running distilled water during the day­
time and set aside overnight in the refrigerator in 
distilled water saturated with toluene. The first 
batch dialyzed was in the process perhaps a day 
and a half, at the end of which it gave no test for 
sulfate with barium chloride. The second batch 
was dialyzed in a similar manner but the process 
lasted about two and a half days, after which it 
gave no test for sulfate. The first batch tested 
1.36% egg albumin as first prepared and was used 
only on run 1. Most of it was wasted in at­
tempts to fill the baffles by capillarity. The 
second batch tested 5.4%. Portions of this were 
diluted and used in all the remaining runs. One 
portion approximately 1% was used on runs 
2-8 inclusive, and another similar portion was 
used in runs 9-15 inclusive. All 15 runs on egg 
albumin were completed well within a month 
after the samples had been prepared.

Concentrations were determined refractomet- 
rically. The refraction of proteins (at least in 
the concentrations and concentration range stud­
ied) follows a linear law. The relation is given by 

(n — ni) = ac
where (n — ni) is the difference in refractive index 
of the solution and solvent, c is the grams of pro­
tein per 100 cc. of solution, and a the constant 
giving the change in refractive index of solvent 
on the addition of 1% protein. As to the nu­
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merical value of a for egg albumin in 0 to 2% 
solutions, Haas3 obtained a value of 0.00177 ± 
0.00006 with a Pulfrich refractometer. Barker4 
using a Zeiss dipping refractometer obtained a 
value of 0.001851 =*= 0.000020, and this result 
was used.

In assembling, care was taken to avoid en­
trapping air bubbles. Any liquid that was in the 
threads was wiped off before the rotor cone was 
screwed on. The assembled rotor was weighed 
before and after the run. This was a check not 
only upon the completeness of the filling, but also 
a proof that no evaporation occurred. The small 
volume of liquid above and below the insert was 
included in calculations in the outer non-immo- 
bilized liquid. Whether it was immobilized or 
not during the run was of no consequence for it 
ran together with the rest of the non-immobilized 
liquid when the rotor was taken apart for sam­
pling.

The rotor was started at approximately 20 
lb. (1.3 atm.) pressure and gradually speeded up 
to about 2000 r. p. s. This is easily done within a 
minute. In stopping the rotor, the pressure is 
gradually reduced to 20 lb., after which it was 
allowed to remain there and by placing the fingers 
around the rotor and exerting a slight pressure 
it was stopped quite smoothly. An estimated 
correction for the time in starting and stopping 
was made. An essential detail in stopping is 
not to allow the last few revolutions to end too 
abruptly. If this happens the non-immobilized 
liquid may have a tendency to swirl into the im­
mobilized space and displace some of this liquid. 
However, only a moderate amount of care in this 
respect is needed.

Method of Calculation.—In the opaque ultra­
centrifuge all that is measured is the number or 
weight of molecules or particles that pass through 
a given radius during a given time. In complete 
contrast to the requirements for the transparent 
ultracentrifuge, it is a matter of indifference 
whether or not a boundary is formed or whether 
it is sharp or blurred by diffusion, as long as its 
influence does not extend to the external radius 
of the immobilizing disks.

Two methods of calculation were used. The 
first is a relation given by Tiselius, Pedersen, and 
Svedberg5 requiring a knowledge of the initial 
concentration of the solution.

(3) Haas, J. Biol. Chem., 35, 119 (1918).
(4) Barker, Dissertation, Stanford University, 1933.
(5) Tiselius, Pedersen, and Svedberg, Nature, 140, 848 (1937).

•s(obsdj -
where co = angular velocity = 2 tt (r. p. s.), t is the 
time in seconds, A is the change in amount of 
substance above or below the level at which the 
separation is made, x is the distance in centi­
meters of this level from the center of rotation 
(radius of larger disks), q is the cross-sectional 
area of the cell at this level, and Cq is the original 
concentration within the cell, co, t, x, and q are 
obtained readily from the dimensions of the 
baffles and observations during the run. c0 is 
determined by analysis. The density of the 
dilute solutions used was considered unity within 
the experimental error. A in grams is then 
given by the following relation 

\nt -  m\ Vi 
0.00185 100

where % and are the refractive indices of the 
final and initial samples of outer liquid, respec­
tively, and Vi is the volume of the outer con­
vening liquid.

After sampling the outer liquid, the rotor was 
thoroughly cleaned and dried. The excess solu­
tion on the outside of the baffles was wiped off. 
The rotor was then reassembled and allowed to 
spin for a minute or so to force out the liquid in 
the baffles to give a second sample. Then a 
similar formula was applied to the change in con­
centration of the immobilized liquid.

The second method involves calculation of the 
theoretical position of the idealized boundary 
within the immobilized liquid, as if there were no 
effect of diffusion. Here the boundary will be 
at a position x2 between the radii a and b of the 
smaller and larger disks, respectively. The aver­
age concentration c2 as measured over the whole 
of the immobilized liquid, V2y between the radii 
a and b is determined by direct analysis of that 
liquid. It is likewise determinable by analysis 
of the outer convective liquid ch of total volume 
Fi, for

.  (Vi +  V2)c0 -  Vi ci
------------ Vi--------

where c0 is the original uniform concentration.
Since the concentration decreases with time 

in centrifugal sedimentation, the concentration 
ct at the time t beyond the sedimenting boundary 
x2 is related to the original concentration c0 by 
the equation

a2
Ct =  — 2 Co x22

but the total volume of the immobilized liquid
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Table I
Sedimentation Velocity of Isoelectric E gg Albumin in Water 

(Method of Calculation 1)

Ran
vSpeed, 
r. p. s.

Time,
sec.

Temp.,
°C.

in — n h2o) X 105 
Initial Final A, g.

^obstl.
X 10»

Correction
factor 520 X HP3

11—outer® 1855 4680 20.5 174 248 0.0056 3.73 0.988 3.69
12—outer 1920 4740 23.0 173 255 .0062 3.96 ' .926 3.67

—inner 53 .0058 3.61 3.34
13—outer 1953 3930 20.5 178 245 .0051 3.44 .988 3.41

—inner 67 .0053 3.66 3.62
14—-outer 1997 4440 22.4 175 256 .0061 3.79 .940 3.56

—inner 52 .0059 3.62 3.40
15—outer6 1950 4140 20.5 178 258 .0056 3.69 .988 3.65

—inner 56 .0058 3.94 3.89
Average s2o from outer liquid 3.60 
Average s2o from inner liquid 3.56 

Average 3.58 X 10~13
a No sample from inner liquid was taken. 6 In this run a metal disk was placed in the rotor to fill up the space be­

tween the top of the baffles and the pliofilm disk. In the other runs this space was taken up by solution. Volume of 
liquid in outer space in this run was 1.29 cc.

below the boundary is proportional to b2 — x<j2. 
Therefore the total amount of material present at 
the time t is proportional to

cQ(b2 — x22) a2/x 22 — c2{b2 — a2) 
where c2 is again the average concentration that 
is measured over the whole of the immobilized 
liquid. From this equation the position of the 
boundary

x2 = Vb*H /(P  +  H)
where II  is a2/ (b2 — a2), and P = c2/ cq.

The sedimentation constant
— _iL — 2.303 (log X2 — log a) 

dt o)2x 39.48 (r.p.s.)21
Results were given the usual correction of mul­
tiplying the observed value of s by

JL x 1 ~ Fp2o 
7720 1 — Vp

where rj and t)2q are the viscosities of the solvent and 
of pure water at the observed temperature and 
at 20°, respectively, and p and p20 are the corre­
sponding densities. V for egg albumin is taken 
as 0.749.

The following are the numerical constants of 
the cell used: Vx = 1.40 cc., F2 = 0.89 cc., a =
0.797 cm., b= 1.20 cm., I I  = 0.789, q = 2.626cm.2.

The Results.—The results are given in Tables I 
and II as calculated by methods 1 and 2, respec­
tively, for runs 11 to 15 in which temperature 
control was used. It should be noted that in 
method 1 the concentration is explicitly derived 
from the refractive index, whereas in method 2 
the observed increment of refractive index is used 
directly with no reduction to concentration.

Table II
Sedimentation Velocity of Isoelectric E gg Albumin 

in Water
(Method of Calculation 2)

Run P Xi ^bsd. X 1 0 1 3 520 X 1013

11—outer 0.329 1.008 3.70 3.66
12—outer .252 1.047 3.92 3.63

—inner .306 1.019 3.56 3.30
13—outer .410 0.975 3.40 3.36

—inner .376 0.987 3.62 3.58
14—outer .276 1.033 3.71 3.43

—inner .297 1.023 3.57 3.36
15—outer .347 1.000 3.65 3.61

—inner .315 1.014 3.88 3.83
Average s2o from outer liquid 3.55 
Average s2o from inner liquid 3.52

Average 3.54 X 10~13

Summary
1. Simple opaque ultracentrifuges capable 

of measuring sedimentation velocity or equilib­
rium in all systems with accuracy are described. 
They require no optical accessories, and run at 
constant temperature if the driving air passes 
through a thermostat.

2. A simple two-piece rotor with liquid-tight 
seal is used with any suitable immobilizing insert 
of which several are described.

3. The sedimentation velocity of egg albumin 
in water at p H  4.63 was measured as s20 = 3.56 
X 10“13 in agreement with Svedberg’s most re­
cent result6 3.55 X 10“13.
Stanford University, Calif.

Received September 6, 1938

(6) Svedberg, Ind . Eng. Chem., Anal. Ed., 10, 125 (1938).
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The Relative Stability of Aromatic and Aliphatic Monoglycerides

B y  B. F. D a u b e r t  a n d  C. G. K i n g

Since the early investigations of Fischer1 and 
associates, it has been evident that aliphatic /3- 
monoglycerid.es tend to rearrange to the corre­
sponding a-isomers, but there has been very little 
information available concerning the factors that 
accelerate the change, or concerning the relative 
ease of migration of the acyl group in aromatic /3- 
mono esters.

Helferich and Sieber2’3 prepared the /3-mono­
benzoate of glycerol from a,a '-di- (triphenyl­
methyl) ̂ -/3-benzoylglycerol by treatment with 
hydrogen bromide in glacial acetic acid, appar­
ently with no evidence of migration. Bergmann 
and Carter4 reported no shift of the /3-monobenzo­
ate, during treatment with anhydrous hydrogen 
chloride for drying. Hibbert and Carter,5 how­
ever, observed a rearrangement of the /3-mono­
benzoate, /3-^-bromobenzoate, and /3-£-nitrobenzo- 
ate to the a-isomers in 0.025 N  hydrochloric acid 
during hydrolysis of the benzylidene compounds 
in 50% alcoholic solution at 80°. Jackson and 
King6 observed a complete /3- to a-shift of the 
palmityl group at temperatures as low as —30° 
when removing (hydrogen bromide in acetic acid) 
the triphenylmethyl group from the a-trityl ether 
of 1,2-dipalmitin. In agreement with Helferich 
and Sieber, however, no shift was observed when 
the ether group was hydrolyzed from analogous 
aromatic esters by the use of cold hydrogen 
bromide-acetic acid solution. Stimmel and King7 
found that /3-monopalmitin rearranged quanti­
tatively to the a-isomer on standing for twenty- 
four hours at room temperature in an alcoholic solu­
tion of 0.05 N  hydrochloric acid or 0.1 N  am­
monium hydroxide. A number of important ob­
servations concerning changes in the molecular 
structure of /3-glycerides have been made by Ver­
kade and associates8 and by Fairbourne.9

During the course of the present investigation,
(1) Fischer, Ber., 53 1621 (1920).
(2) Helferich and Sieber, Z. physiol. Chem., 170, 31 (1927).
(3) Helferich and Sieber, ibid., 175, 311 (1928).
(4) Bergmann and Carter, ibid., 191, 211 (1930).
(5) Hibbert and Carter, T h is J o ur n a l , 51, 1601 (1929).
(6) Jackson and King, ibid., 55, 678 (1933).
(7) Stimmel and King, ibid., 56, 1724 (1934).
(8) Verkade, Van der Lee and Meerburg, Rec. trav. chim., 56, 365, 

613, 716 (1937); Verkade and Van der Lee, Proc. R.oy. Soc. Amster­
dam, 37, 812 (1934).

(9) Fairbourne, J . Chem. Soc., 369 (1930).

in addition to studying the /3- to a-changes in 
molecular structure, a-monopalmitin, and glyc­
erol a-/>-bromobenzoate were prepared with good 
yields, using 1,2-benzylidene glycerol as a very 
satisfactory intermediate for a-ester synthesis. 
Since the 1,2-type compound is the dominant one 
obtained by direct condensation, the method is a 
valuable one to follow in parallel with /3-glyceride 
syntheses.

Experimental
Preparation of Esterified Acetals.—1,3-Benzylidene 

glycerol was prepared essentially by the method of Hibbert 
and Carter,5 and purified by crystallization first from a 
mixture of benzene and heptane (1:1), and then from
water.

2-Palmityl-l,3-benzylidene glycerol, m. p. 63.5°, was 
prepared by the method of Bergmann and Carter.4 2-p- 
Bromobenzoyl-l,3-benzylidene glycerol, m. p. 146°, was 
prepared by the method of Hibbert and Carter.6

The benzene-heptane solution remaining after the 
separation of 1,3-benzylidene glycerol was treated with an 
excess of silver hydroxide, shaken intermittently over a 
period of twelve hours, and suction filtered. After remov­
ing the benzene and heptane, the oily residue was fraction­
ally distilled at 2 mm., the 1,2-benzylidene glycerol boiling 
at 139-141 °.

To 5 g. of 1,2-benzylidene glycerol there was added 10 
cc. of dry pyridine, followed by the slow addition of 7.6 g. 
of palmityl chloride. After allowing the mixture to stand 
for thirty minutes, 400 cc. of ice water was added to remove 
most of the pyridine. The acetal of the /3-ester separated 
as a white solid. After washing with ice water until free 
from pyridine, and drying in a vacuum desiccator, the 1- 
palmityl-2,3-benzylidine glycerol was crystallized from 
absolute alcohol, m. p. 34.5°, yield 10 g. (86%).

Anal. Calcd. for CaeHaAt: C, 74.79; H, 10.12. 
Found: C, 74.57, 74.48; H, 10.06,10.08.

Bergmann and Carter prepared the same compound by 
condensing a-monopalmitin with benzaldehyde (m. p. 
35°).

l-£-Bromobenzoyl-2,3-benzylidene glycerol, m. p. 73°, 
was prepared from 1,2-benzylidene glycerol as described 
by Hibbert and Carter (m. p. 72°).

a-Monopalmitin and glycerol a-^-bromobenzoate were 
prepared from the above esterified acetals by the following 
method, given in detail for a-monopalmitin. Concen­
trated hydrochloric acid (25 cc.) was added, with cooling, to 
8 g. of l-palmityl-2,3-benzylidene glycerol dissolved in 20 
cc. of ether. The a-monopalmitin separated as a white 
solid, upon the addition of 400 cc. of ice water. It was 
washed free of acid, dried in a vacuum desiccator, and 
crystallized from ether several times, m. p. 77°; yield, 7 g. 
(87%).
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Preparation of /3-Monoglycerides.—/3-^-Bromobenzoate 
and /3-monopalmitin were prepared by reduction of the 
corresponding esterified acetals essentially by the method 
of Bergmann and Carter, except that in the former case 
ethyl acetate was used as the solvent. It was found, as 
reported by Stimmel and King, that 0.5 g. of palladium 
black was sufficient for the reduction of approximately 10 
g. of the esterified acetal.

The /3-/>-bromobenzoate (new) was crystallized twice 
from ethyl acetate, then from a 1:1 mixture of ether and 
petroleum ether, as short, colorless, prismatic crystals, m. 
p. 95.2°; yield, 79.2%.

Anal. Calcd. for CioHnCbBr: Br, 29.06. Found: Br, 
29.01,29.15.

Migration of Acyl Groups.—^-Monopalmitin (0.5 g.) 
was dissolved in 20 cc. of alcoholic hydrochloric acid of the 
desired normality. After standing for twenty-four hours 
at room temperature (22-25°), the solution was cooled 
until essentially complete crystallization occurred. The 
crystals were suction filtered and dried in a vacuum desic­
cator for twenty-four hours, after which the melting points 
were determined. The same procedure was followed with 
alcoholic ammonium hydroxide. The j3-£-bromobenzoate 
was recovered quantitatively from ether-petroleum ether 
after removal of the original alcohol under reduced pres­
sure.

Melting Point of Recovered /3-Monopalmitin (m. p. 68.5 °) 
(m. p. of «-Monopalmitin, 77°)

Hydrochloric Acid
Norm ality, A  0 .1  0 .0 5  0.025 0 .01  0.0067 0.005
M . p. of prod., °C. 77 77 66-73 51-73 50-70 68 .5

Ammonium Hydroxide
Norm ality, A  0 .1  0 .0 5  0.025 0.0125 0.01
M . p. of prod., °C. 77 62-68 61-62 62-65 68.5

Melting Point of Recovered /3-^-Bromobenzoate (m. p.
95.2°) (m. p. of «-^-Bromobenzoate, 74.5°)

Hydrochloric Acid
N orm ality , A  0 .1  0 .0 5  0.025 (No change with dilu-
M. p. of prod., °C. 74 .5  95 .1  95 .2  tions up to 0.005 A)

Ammonium Hydroxide
Normality, A  0 .1  0 .0 5  0.025 (No change with dilu-
M. p. of prod., °C. 7 4 .5  9 5 .2  95 .2  tions up to 0.005 A)

To check the effect of moderate heating, melting point 
tubes were filled partially with /3-monopalmitin and fi-p- 
bromobenzoate, and the tubes placed in an oven for periods 
of one, twelve, and twenty-four hours at approximately 7 0 
above their melting points. After removal from the oven 
all of the tubes were kept at room temperature for twelve 
hours to permit recrystallization. Neither compound 
changed sufficiently to alter the melting point within one 
hour, but both compounds showed a marked drop in melt­
ing point after twelve hours. Neither compound changed 
completely to the «-isomer on prolonged heating.

Preparation of Triglycerides.—l-^-Bromobenzoyl-2,3- 
dipalmitin, m. p. 68.8°, was prepared from palmityl chlo­
ride and the above «-^-bromobenzoyl ester.5

Anal. Calcd. for C^IbiOeBr: Br, 10.63. Found: Br, 
10.59, 10.51.

The symmetrical isomer, 2-^-bromobenzoyl-1,3-dipal- 
mitin, m. p. 50°, was prepared both from the symmetrical

dipalmitin and from the /3-p-bromobenzoyl ester by esteri­
fication with the corresponding acyl halide. The two 
isomers afford another illustration of the reversal of melting 
point relationship between symmetrical and unsymmetri­
cal mixed triglycerides, in comparing aromatic esters with 
aliphatic esters. In our experience with the latter type, 
the symmetrical isomers always had the higher melting 
point.

Anal. Calcd. for C^EtuOeBr: Br, 10.63. Found: Br, 
10.54, 10.66.

Solubilities.—It is of interest to note from the data in 
Table I that the aromatic and aliphatic monoglycerides 
are reversed in their solubility ratios for «- and /9-isomers. 
In the former case (aromatic) the /3-form is less soluble, but 
«-monopalmitin is less soluble than /9-monopalmitin. In 
an earlier investigation10 it was found that the unsym­
metrical mixed triglycerides of aliphatic acids were dis­
tinctly more soluble than the higher melting symmetrical 
isomers.

T a b l e  I
S o l u b il it ie s  o f  M o n o g l y c e r id e s

Compound Solvent

Temp.,
±0.01°

C.

Soly., 
g. per 

100 ml.
«-^-Bromobenzoate Ether 26 3.50
/9-^-Bromobenzoate Ether 26 3.02
«-^-Brornobenzoate Alcohol 26 16.05
/3-^-Bromobenzoate Alcohol 26 4.41
«-Monopalmitin Ether 25 2.75
/9-Monopalmitin Ether 25 11.15

Summary
The use of 1,2-benzylidene glycerol as an inter-

mediate for the synthesis of a-monoglycerides 
was found to be satisfactory for both aliphatic 
and aromatic esters.

Tenth normal hydrochloric acid and ammonium 
hydroxide in alcoholic solution caused both aro­
matic and aliphatic monoglycerides to undergo a 
complete shift from the beta to the alpha position 
in a short time at room temperature. In more 
dilute acid or alkali, however, a marked contrast 
between aromatic and aliphatic /5-esters was 
evident: iV/150 hydrochloric acid and N /80 
ammonium hydroxide were about as effective 
upon an aliphatic ester (/3-monopalrnitin) as N /20 
hydrochloric acid and iV/15 ammonium hydroxide 
were upon an aromatic ester (/3-^-bromobenzo- 
ate).

Neither aromatic nor aliphatic /5-esters ex­
hibited a shift to the oj-isomer when held at 7° 
above their melting points for one hour in the dry 
state.

The symmetrical and unsymmetrical p-hromo- 
benzoyldipalmitins afford another example of a 
mixed aromatic symmetrical isomer having a

(10) Robinson, Roche and King, T h is  J o ur n a l , 54, 705 (1932).
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lower melting point than the unsymmetrical iso­
mer, a reversal of the relationship for analogous 
aliphatic esters.

The|aromatic|/3-monoglyceride was less soluble

and had a higher m. p. than the a-isomer, in con­
trast to the reverse relationship for a- and 13- 
monopalmitins.
Pittsburgh, Penna. Received September 26, 1938

[C o n t r ib u t io n  No. 142 f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m ic a l  E n g in e e r i n g , t h e  U n iv e r s it y  o f
T e x a s ]

The Synthesis of Colored Derivatives of Nirvanol

B y James J. Spurlock1 with H enry R. H enze

Reports are to be found in the literature of 
attempts to synthesize colored compounds of 
pronounced physiological activity. Rising2 and 
collaborators have extended this type of investi­
gation to the field of barbituric acid derivatives 
and have produced, from phenobarbital, mono- 
and dis-azo dyes in which the chromophoric 
grouping is attached to a phenyl radical linked to 
the 5-carbon atom of the barbituric acid nucleus. 
Buck3 has attacked the same problem from a 
different angle by producing azo dyes in which the 
chromophore is attached to a phenyl grouping 
which replaces hydrogen linked to a nitrogen 
atom in the 1-position of the nucleus.

The definite structural similarity of barbituric 
acid (I) and hydantoin (II) is well known, as is

(3)

(2)
(1)

HN----- CO (4)
I I

OC
I

H N -

CH2 (5) 

-CO (6)

(3) HN---- CO (4)

(2) OC

(1) HN---- CH2 (5)
II

also the close analogy in the existence of com­
pounds derived from substitution of identical 
groupings for the hydrogen atoms in the 1-, 3- 
and 5,5-positions of both heterocycles. Likewise, 
in at least one instance, substitution of ethyl 
and phenyl for the hydrogens attached at the 
5,5-positions in both nuclei has produced useful 
sedatives, namely, phenobarbital (III) and nir­
vanol (IV), respectively. It seemed of interest,

H N -
I

OC
I

H N -

-CO
c /

-CO

C2H5

€ 6H5

III

HN----- CO

OC
I

H N - <
C2H5

c«h 5
IV

(1) Presented before the Division of Medicinal Chemistry at the 
95th meeting of the American Chemical Society, April 18 to 21, 1938, 
at Dallas, Texas.

(2) (a) Rising, Shroyer and Stieglitz, T h i s  J o u r n a l , 55, 2818 
(1933); (b) Pierce and Rising, ibid., 58, 1361 (1936).

(3) Buck, ibid., 59, 1249 (1937).

therefore, to attempt to convert nirvanol into 
azo dyes whose pharmacological properties might 
be studied subsequently.

Nirvanol was nitrated and yielded a material 
whose behavior during recrystallization indicated 
it to be a mixture, and a pure mononitro deriva­
tive was not obtained even after ten recrystalliza­
tions. Although this mixture could be reduced 
catalytically, fractional crystallization proved 
to be unsatisfactory as a means of separating 
the isomeric amines formed.

Since the structure of these products, obtained 
from nirvanol by nitration and subsequent reduc­
tion, was uncertain, it appeared best to approach 
this problem from simpler compounds of estab­
lished structure. Following the nitration of 
propiophenone, the meta derivative4 was sepa­
rated readily from its alkali-insoluble isomers 
and converted into 5-m-nitrophenyl-5-ethylhy- 
dantoin by means of the procedure of Bucherer.5 
In turn, the nitrated hydantoin was reduced in 
the presence of the Adams catalyst, the antici­
pated m-amine crystallizing from water as a mono­
hydrate.

The 5-m-aminophenyl-5-ethylhydantoin has 
been diazotized and coupled with /3-naphthol, 
/3-naphthylamine, dimethylaniline and G Salt, 
respectively, to form azo compounds. The dyes 
derived from /3-naphthylamine and from di­
methylaniline dye wool and silk from either acid 
or alkaline solution; that derived from 2-naph- 
thol-6,8-disulfonic acid dyes only from acid solu­
tion. The azo derivative of /3-naphthol possesses 
no dyeing properties from either alkaline solution 
or glacial acetic acid solution.

Experimental
Nitration of Phenylethylhydantoin.—Phenylethylhydan- 

toin was prepared according to the method of Bucherer5
(4) Comanducci and Pescitelli, Gazz. chim. Hal., 36, II, 787 (1906).
(5) Bucherer and Lieb, J . prakt. Chtm., [2] 141, 5 (1934).
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and was dissolved in coned, sulfuric acid, cooled to —10° 
and nitrated with fuming nitric acid. After pouring into 
water, separating and drying the solid was twice recrystal­
lized from alcohol; the yield represented 84% of the 
theoretical. After ten additional recrystallizations, the 
product, still not homogeneous, was reduced catalytically 
and yielded a mixture which could be fractionated by tedi­
ous recrystallization. The amines could be diazotized and 
coupled with 0-naphthol forming a mass of deep red-colored 
crystals; analysis of the latter indicated that the hydantoin 
nucleus is stable toward diazotization and coupling.

Preparation of m-Nitrophenyl Ethyl Ketone.—One hun­
dred twenty cc. of coned, sulfuric acid was placed in a 500- 
cc. three-necked flask fitted with a mechanical stirrer, 
dropping funnel and thermometer so placed that the bulb 
was immersed in the liquid in thfe flask. The acid was 
cooled to — 5° and 26.8 g. (0.20 mole) of phenyl ethyl ke­
tone was added during a period of ten minutes. There 
was then added, during a period of six minutes, a cooled 
mixture of 15 cc. of coned, sulfuric acid and 19.65 g. (0.22 
mole) of 70% nitric acid. The temperature was at no 
time allowed to rise above 4°, and during most of the time 
it remained below 0°. The mixture was stirred for five 
minutes and poured over about 400 g. of cracked ice in a 
beaker. The oily mixture was allowed to come to room 
temperature and was then extracted three times with ether 
and the extracts washed with a 5% aqueous solution of 
sodium bicarbonate until the aqueous layer was no longer 
colored. This treatment removed the alkali-soluble iso­
mers. The ether layer was washed with water, dried and 
the ether removed by evaporation on a steam cone. The 
resulting oil was dissolved in hot benzene, and petroleum 
ether then added until the solution began to cloud. Six 
and seven-tenths grams of light yellow crystals, m. p. 
97-100°, was obtained, and, in addition, 7 g. of unreacted 
ketone was recovered. Based on the quantity of ketone 
which reacted, the yield of m-nitrophenyl ethyl ketone was 
25%. Further recrystallization gave a product melting 
at 99-100° (corr.) as compared with 98° reported by 
Comanducci and Pescitelli,4 and 100° recorded by Barry.6

Preparation of 5-ra-Nitrophenyl-5-ethylhydantoin.— 
This compound was prepared by the method of Bucherer,5 
i. e., by the interaction of ammonium carbonate, alkali 
cyanide and ketone. Two grams (0.011 mole) of w-nitro- 
phenyl ethyl ketone (m. p. 99-100°), 1.0 g. (0.015 mole) 
of potassium cyanide and 4.0 g. (0.035 mole) of ammonium 
carbonate were placed in a 125-cc. flask together with 20 
cc. of 95% ethyl alcohol and 10 cc. of water. The flask 
was fitted with an air condenser and the mixture heated 
at a temperature of 58-60° for a period of ten hours. The 
flask was shaken at intervals in order to facilitate solution 
and reaction of the ketone. At the end of this time the 
condenser was removed and the temperature raised to 85° 
in order to decompose the excess of ammonium carbonate 
and to evaporate much of the alcohol. After half an hour, 
15 cc. of water was added, the solution cooled, acidified 
with dilute hydrochloric acid and filtered. After washing 
with water and drying, 2.7 g. of material, melting at 210- 
213°, was obtained. Recrystallization from dilute alcohol 
yielded 2.2 g. of white crystals melting at 219-220° (corr.); 
this amount represents a yield of 80% of the theoretical.

Anal. Calcd. for CiiHnN30 4: C, 53.01; H, 4.45;
N, 16.86. Found: C, 53.10; H, 4.36; N, 16.94.

Preparation of 5-w-Aminophenyl-5-ethylhydantoin.—
Four grams (0.016 mole) of 5-m-nitrophenyl-5-ethylhy- 
dantoin was suspended in 200 cc. of acetone and reduced 
catalytically in the presence of the Adams catalyst at 
room temperature and about one atmosphere pressure, the 
reduction being complete in two hours. The acetone was 
removed on a steam cone and the resulting residue crys­
tallized from water, yielding 2.7 g. of light yellow crystals 
melting at 82-83° (corr.); on further heating the fused 
mass lost water at about 120°, solidified, and remelted at 
165-166° (corr.).

Anal. Calcd. for CiiHi3N30 2.H20: C, 55.68; H, 6.37;
N, 17.71. Found: C, 55.62; H, 6.54; N, 17.59.

Since the results of analysis of this compound indicate 
a monohydrate, the yield based on the amount of mono­
hydrate theoretically obtainable is 71%. The hydrate 
was found to be somewhat unstable at room temperature 
and was dried in vacuo at 100° under 3 mm. pressure to 
obtain the anhydrous form; m. p. 165-166° (corr.).

Anal. Calcd. for CnHi3N30 2: C, 60.26; H, 5.98; N, 
19.17. Found: C, 60.51; H, 5.98; N, 19.13.

Preparation of 5-/3-Naphthol-w-azophenyl-5-ethyl- 
hydantoin.—One gram (0.004 mole) of 5-m-aminophenyl-
5-ethylhydantoin was dissolved in a mixture of 5 cc. of 
coned, hydrochloric acid and 50 cc. of water and cooled to 
— 5°. Thirty-five hundredths gram (0.005 mole) of sod­
ium nitrite was dissolved in 15 cc. of water, the solution 
cooled and added to that of the amine. The resulting 
solution of the diazonium salt was then added to 0.70 
g. (0.005 mole) of /3-naphthol dissolved in 100 cc. of ethyl 
alcohol. The mixture became light orange in color and 
on the addition of 10 g. of hydrated sodium acetate, dis­
solved in 25 cc. of water, a bulky orange-red precipitate 
formed. The product was allowed to stand for six hours 
before being filtered and recrystallized from acetic acid. 
The compound crystallized in bright red needles melting 
at 276-277° (corr.) with slight decomposition. A yield 
of 1.05 g., representing 67% of the theoretical, was ob­
tained. The azo compound is very easily soluble in dilute 
alkali with the formation of a deep red color, is slightly 
soluble in glacial acetic acid, very slightly soluble in eth­
anol and insoluble in water.

Anal. Calcd. for C2iH18N40 3: C, 67.37; H, 4.85; N, 
14.96. Found: C, 67.31; H, 4.66; N, 15.00.

Preparation of 5-/3-Naphthylamine-w-azophenyl-5- 
ethylhydantoin.—One gram (0.004 mole) of 5-m-amino 
phenyl-5-ethylhydantoin was dissolved, as before, in a 
.solution of 5 cc. of coned, hydrochloric acid and 50 cc. of 
water, and cooled to —5°. There was then added the 
cooled solution of 0.35 g. of sodium nitrite in 20 cc. of 
water. After five minutes 0.3 g. of urea was added to the 
solution of the diazonium salt and the mixture allowed to 
stand for fifteen minutes, during this time some gas forma­
tion was noted. The solution was then added to one of
O. 76 g. (0.005 mole) of /3-naphthylamine in 100 cc. of ethyl 
alcohol. The solution became yellow in color, and upon 
the addition of 10 g. of crystalline sodium acetate, as 
before, an orange precipitate formed. The reaction mix­
ture was allowed to warm slowly to room temperature and(6) Barry, Ber., 6, 1007 (1873).
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was heated finally at 55° for five hours, cooled and filtered. 
Recrystallization from ethanol and ethyl acetate resulted 
in 1.21 g. of orange needles, a yield of 77%. On slow 
heating these needles sinter at 220°, then show no further 
change until they melt at 247-248° (corr.). When the 
crystals are placed in a bath at a temperature slightly below 
220°, they melt at 220-221° (corr.), resolidify and melt 
again at 247-248° (corr.). The azo compound is soluble 
in coned, hydrochloric acid to form a deep red solution 
and in alkali to yield a bright orange solution. Also, it is 
slightly soluble in ethanol and in ethyl acetate, but insol­
uble in water.

A nal Calcd. for C2iHi9N50 2: C, 67.55; H, 5.13; N,
18.76. Found: C, 67.48; H, 5.33; N, 18.80.

Preparation of 5-Dimethylaniline-m-azophenyl-5-ethyl- 
hydantoin.—One gram (0.004 mole) of 5-w-aminophenyl-
5-ethylhydantoin was diazotized as before, with addition 
to the solution of diazonium salt derived from 0.56 g. 
(0.46 mole) of dimethylaniline dissolved in 1 cc. of coned, 
hydrochloric acid and 20 cc. of water. An orange precipi­
tate formed on the addition of 10 g. of hydrated sodium 
acetate. The mixture was allowed to warm to room 
temperature, was filtered and the solid crystallized from 
ethanol and then from ethyl acetate. One and eleven- 
hundredths grams of light orange needles melting at 233- 
235° was obtained, or 75% of the theoretical yield. The 
azo dye is soluble in dilute hydrochloric acid, somewhat less 
soluble in dilute alkali, slightly soluble in ethanol and ethyl 
acetate and insoluble in water.

A nal Calcd. for Ci9H2iN50 2: C, 64.93; H, 6.02; N, 
19.93. Found: C, 64.94; H, 5.92; N, 19.89.

Preparation of 5- [2-Naphthol-6,8-disulf onic acid-w- 
azophenyl ]-5-ethylhydantoin.—Three grams (0.013 mole) 
of 5-m-aminophenyl-5-ethylhydantoin was diazotized 
using 1 g. of sodium nitrite and to the solution was added 
7 g. of G Salt dissolved in 50 cc. of water. No appreciable 
color change was noted until the solution was made alkaline 
with sodium hydroxide, after which it gradually became 
deep red in color. The reaction mixture was allowed to 
stand for twenty-four hours at 0°, when an unsuccessful 
attempt was made to salt-out the sodium salt through 
addition of sodium chloride. Six grams of barium chloride 
dissolved in 20 cc. of water was added and the solution 
allowed to stand for twenty-four hours, during which time 
orange material separated from solution. The solid was fil­
tered and recrystallized from water, 4.15 g. of product being 
obtained. Analysis of this material, dried at room tem­
perature, indicated it to be the octahydrated barium salt; 
on this basis the yield represented 40% of the theoretical.

A nal Calcd. for C2iHi6N409S2Ba.8H20: Ba, 16.88; 
S, 7.88; N, 6.89. Found: Ba, 16.91; S, 8.13; N, 7.76.

The free sulfonic acid, obtained by decomposing the 
barium salt with the calculated amount of sulfuric acid, 
is very soluble in water; the aqueous solution is colored 
deep red by alkali and orange by acid. Because of its 
extremely hygroscopic nature it was not possible to prepare 
the disulf onic acid in a state of analytical purity.

Summary
Colored meta-azo derivatives of nirvanol have 

been synthesized.
A u s t i n , T e x a s  R e c e iv e d  A u g u s t  5, 1938

[C o n t r ib u t io n  f r o m  t h e  A v e r y  L a b o r a t o r y  o f  C h e m is t r y  o f  t h e  U n iv e r s it y  o f  N e b r a s k a ]

The Mutarotation of (/-Galactose1

B y B . Clifford H endricks and R obert E. R undle

The mutarotation of d-galactose has received 
more attention than other sugars in recent years2"6 
due to its reaction being other than the traditional 
first order type.

Two groups4,6 of investigators have developed 
independently what might be termed a three- 
sugar postulate. In the language of one group7 
‘‘our method of analysis enables us to calculate: 
(1) the proportions of these sugars in the final 
equilibrium mixture; (2) the velocity coefficients 
of the four unimolecular actions by which they are

(1) Presented at the Joint Program of the Division of Organic 
Chemistry and the Division of Sugar Chemistry and Technology at 
the ninety-sixth meeting of The American Chemical Society, Milwau­
kee, Wisconsin, September 8, 1938.

(2) Lowry, J . Chem. Soc., 85, 1570 (1904).
(3) Hudson and Yanovsky, T h is  J o u r n a l , 39, 1013 (1917).
(4) Riiber and Minsaas, Ber., 59, 2266 (1926).
(5) Worley and Andrews, J . Phys. Chem., 32, 307 (1928).
(6) Smith and Lowry, J . Chem. Soc., 666 (1928).
(7) Lowry and Smith, J . Phys. Chem., 33, 7-21 (1929).

converted into one another; and (3) the approxi­
mate rotatory power of the unknown intermedi­
ate sugar.” The constants thus deduced by 
these two groups, however, do not agree. Riiber 
and co-workers made their deductions from dila­
tometer studies of d-galactose mutarotations 
while Lowry and his assistants derived theirs 
from polarimetric data.

One of the authors8 has shown that the con­
stants reported by Lowry can be used to compute 
the rotations of “thermal-mutarotations” and of 
predetermined proportions of «-(/-galactose and 
/W-galactose mixtures. The computed data are 
shown to agree with the observed values made by 
Isbell and Pigman9 in a very satisfactory way 
while calculations made for the same conditions

(8) Rundle, Thesis, University of Nebraska, 1938.
(9) Isbell and Pigman, Bur. Standards J .  Research, 18, 141 (1937).
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using the Riiber constants do not at all follow the 
observed data. Neither of the two groups re­
ferred to presumes to state the nature of the third 
or “labile” sugar of the system.

A recent paper10 proposes a pyranose-furanose 
interconversion as a part of the mechanism of the 
complex mutarotation of sugars. If such a trans­
formation were essential in the rotations of a 
greater complexity than first order changes it 
would follow that tetramethyl hexoses would 
never show other than first order mutarotation. 
This paper reports a study of the mutarotation of 
tetramethyl a-i-galactopyranose.

The tetramethyl ct-d-galactopyranose was pre­
pared as indicated in another communication.11 
The constants of the sugar were: initial rotation 
[ a ] 25D 146.0, ra]°D 150.5; equilibrium rotation 
[ o:]25d  112.1°, \ oi] d  119.9°; and melting point
70.5-71.5°.

The polarimetric measurements were made 
with a Goerz instrument, which could be read to 
0.01°, using a two-decimeter glass metal-jacketed 
tube. The light was from a General Electric 
sodium arc lamp. The temperature was con­
trolled by pumping water from a bath maintained 
to a =*=0.1° constancy at the higher temperature. 
The lower temperature was controlled by a water- 
alcohol mixture circulated through the tube jacket 
and a salt-ice bath with a temperature constancy 
of =*=0.2°. The usual method of preparing the 
sugar solutions was used, care being exercised 
that volumetric flasks, water and tubes were at 
correct temperature during the time for dissolving 
the sugar. The “thermal mutarotation” proce­
dure of Isbell and Pigman12 was modified. The 
equilibrium solution was poured into a pre-cooled 
flask, placed in an ice-bath and shaken until the 
solution reached 0.0°, after which it was placed in 
a cold tube. This operation never took more 
than five minutes.

The authors consider the rotation velocity con­
stant, ki +  k2, calculated as indicated elsewhere,9 
a means of recognizing departure from the first 
order type of mutarotation, hence its inclusion in 
the tables which follow.

Results listed in Tables I, II and III are 
representative samples of several runs for each 
type of experiment. Data from other experiments 
were consistent with those given above. The

(10) Isbell and Pigman, B u r . Standards J .  Research, 20, 775 (1938).
(11) Hendricks and Rundle, T h is  J o ur n a l , 60, 2563 (1938).
(12) Isbell and Pigman, Bur. Standards J .  Research, 16, 553 

(1936),

T a b l e  I
M u t a r o t a t io n  o f  T e t r a m e t h y l  « -^ -G a l a c t o s e  a t  25° 

0.8033 g. of sugar in 25 ml. of water
Time, 

min. and 
sec.

Rotation
obsd.

(kl +  k2) X 
104 

calcd.
6'15" 11.28
7'15" 11.23
8'15" 11.16 138
910 ' 11.11 125

1015" 11.06 115
12'30" 10.93 119
14'0" 1 0 .8 6 117
17'20" 10.70 117
18'50" 10.64 116
22'55" 10.46 117
25'0" 10.39 121
3215" 10.13 117
39'55" 9.91 120
49'20" 9.70 120
57'30" 9.56 119
78'30" 9.26 126
9115" 9.20 125
97'30" 9.19 126

117'5" 9.09 126
141'0" 9.04 Av. 121
18Q'0" 9.01

CO 9.00

T a b l e  II
M u t a r o t a t io n  o f  T e t r a m e t h y l  « -^ -G a l a c t o s e  a t  0.0°

1.0007 g. of sugar in 25 ml. of water
Time, 

min. and 
sec.

Rotation
obsd.

‘ (ki +  ki) 
X 106 
calcd.

815" 12.03
9'35" 12.01

22'40" 11.93 1114
4010" 11.84 1043
41'30" 11.80 1239
56'50" 11.73 1133
7810" 11.64 1057

11210" 11.56 875
162'30" 11.35 909
212'0" 11.13 972
244'0" 11.06 926
357'0" 10.82 850
521'0" 10.37 961
581'0" 10.32 917

1426'0" 9.74 867
OO 9.60

deviations of these values from the first order rate 
are smaller than for the unmethylated a-d-galac- 
tose and for the 25° temperature the deviations 
practically disappear. The suggested deviations 
of the rotation-time observations at 0.0° are 
supported by the “thermal mutarotation” meas­
urements, though, unfortunately, in that study 
the change of rotation is so small that the ex­
perimental error is magnified in the calculated 
velocity constants. Even so it is relatively less
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T a b l e  III
Thermal M utarotation of Tetramethyl «-^-Galac­

tose from 25 to 0.0°
0.7514 g. of sugar in 20 ml. of water

Time, 
min. and 

sec.
Rotation

obsd.

(fei +  kt) 
X 106 
calcd.

9'15" 8.73
10'15" 8.74
37'40" 8.78 2040
74'0" 8.81 1622

157'0" 8.88 1631
397'0" 8.92 866
638'0" 8.97 826

1406'0" 9.05 872
1408'0" 9.04 745

00 9.07

than the difference between the velocity constants 
of the first and second parts of the reaction and 
the consistent nature of this difference of the vari­
ous determinations is such that the authors con­
sider it a real difference.

The tetramethyl ce-d-galactopyranose cannot 
have a furanose ring since the fourth carbon is 
methylated. In consequence if the differences 
in the mutarotation velocity constants of Tables 
II and III are real, then the complex mutarota­
tion of tetramethyl a-d-galactose cannot require 
a galactofuranose as one of the sugars in the inter­

conversion. This does not imply, however, that 
galactofuranose may not be involved in the com­
plex mutarotation of unmethylated ^-galactose.13

Summary
The mutarotations of solutions of tetramethyl 

af-d-galactopyranose have been studied for 25 and 
0°. Velocity constants for the first part of the 
mutarotation at 0.0° show slightly but consist­
ently higher values than for changes nearer the 
equilibrium.

“Thermal mutarotation” for tetramethyl a- 
d-galactopyranose for a 25 to 0° change has been 
investigated. The rotation constant, fe +  fe, is 
consistently larger at the first than at the last of 
the change by an amount which is considered in 
excess of the experimental error.

It is suggested that the assumed pyranose- 
furanose interconversion as a part of the mecha­
nism of complex mutarotation can hardly be per­
fectly general.

(13) Diacetone mannose has been reported by Irvine and Skinner 
[ / .  Chem. Soc., 1095 (1926)] as having a complex mutarotation. 
The authors repeated their work at 17° and found agreement with 
that report. The changes in specific rotation go from 9 to —3° 
back to 1°. This change hardly could be attributed to a pyranose- 
furanose interconversion.

L in c o l n , N e b r a s k a  R e c e iv e d  S e p t e m b e r  6, 1938

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

Studies of Cellulose Hydrolysis by Means of Ethyl Mercaptan. I l l1

B y  M. L. W olfrom and John C. Sow den2

Previous publications3 from this Laboratory 
have described a study of the course of hydroly­
sis of the cellulose molecule. The method con­
sisted of allowing a solution of high viscosity 
cotton linters in fuming hydrochloric acid to hy­
drolyze at 16° and following the course of hy­
drolysis by mercaptalation with ethyl mercaptan 
at various time intervals. Sulfur analyses on the 
resulting mercaptalated hydrolyzed celluloses 
then gave an estimate of their average molecular 
size. Cuprammonium viscosity measurements 
on the non-mercaptalated hydrolyzed products, 
isolated after corresponding periods of hydrolysis

(1) Presented before the Division of Organic Chemistry at the 
96th meeting of The American Chemical Society, Milwaukee, 
Wisconsin, September 8, 1938.

(2) Du Pont Cellulose Research Fellow.
(3) M. L. Wolfrom and Louis W. Georges, T h is  J o urnal , 59, 

282 (1937); M. L. Wolfrom, Louis W. Georges and John C. Sowden, 
i b i d 60, 1026 (1938).

in the fuming hydrochloric acid, were also em­
ployed to estimate the average chain lengths by 
application of the formula of Kraemer and Lan­
sing.4 A comparison of the average molecular 
sizes as determined by the two methods was thus 
available.

The studies at 16° indicated that the sulfur 
analytical method gave appreciably lower values 
for the chain lengths than those calculated from 
cuprammonium viscosity data, for hydrolyzed 
products of above 100 glucose units in size. Thus, 
it is of interest to study further the earlier stages 
of the hydrolysis, in order to determine the nature 
of this difference in chain lengths as calculated 
by the two methods for products having degrees 
of polymerization greater than 100 glucose units.

(4) E. O. Kraemer and W, D, Lansing, J . Phys. Chem., 39, 164 
(1935),
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In the work herein reported, the course of hy­
drolysis of the same sample of cotton linters pre­
viously studied was followed during the first eight 
and one-half hours in fuming hydrochloric acid at 
0°. The lower temperature resulted in a much 
slower rate of hydrolysis than that previously ob­
served at 16°, and the products isolated had 
average chain lengths in the range of 100 to 300 
glucose units.

A cuprammonium viscosity measurement on 
a sample of our stock of high viscosity cotton 
linters showed that no degradation had occurred 
during storage. In order to assure comparable 
conditions in the preparation of the mercapta- 
lated and non-mercaptalated products, a stock 
solution of the linters in the fuming acid was pre­
pared at 0° and divided into two equal parts. 
An excess of ethyl mercaptan, to provide con­
tinuous mercaptalation of the hydrolyzed cellu­
loses, was added to one part and the hydrolysis 
allowed to progress at 0°. Simultaneous re­
moval and neutralization of samples from the two 
hydrolysis mixtures at various time intervals then 
resulted in mercaptalated and non-mercaptalated 
products which had been subjected to comparable 
hydrolytic conditions in the fuming acid.

As in the previous studies at 16°,3 ash analyses 
were made on the washed products to determine 
their sodium chloride content. Precise sulfur 
analyses were then made on the mercaptalated 
hydrolyzed products by the Parr bomb method 
and the viscosities of both the mercaptalated 
and non-mercaptalated hydrolyzed products were 
determined in cuprammonium solution at a con­
centration of 0.1%. These data are recorded in 
Tables II and III. Due to the opacity of the 
hydrolysis mixture at 0°, it was impossible to 
follow the course of the hydrolysis polarimetri- 
cally. Thus, the time of addition of the fuming 
hydrochloric acid to the linters was taken as the 
zero time of the hydrolysis.

The copper numbers (Hagglund-Bertrand) of 
the mercaptalated and non-mercaptalated hy­
drolyzed celluloses were determined and are re­
corded in Table IV. No explanation is yet at 
hand for the fact that the mercaptalated products, 
which would be expected to have a zero copper 
number, exhibit a low but definite reducing power. 
The original cotton linters were found to have a 
very low reducing power, as evidenced by a cop­
per number of approximately 0.2.

In Table I are recorded the degrees of poly­

merization in glucose units, calculated from 
cuprammonium viscosity data by the formula of 
Kraemer and Lansing,4 for both the mercaptalated 
and non-mercaptalated hydrolyzed celluloses, and 
also those calculated for the mercaptalated prod­
ucts from sulfur analytical data. The degrees 
of polymerization, as calculated from viscosity 
data, show fair agreement, the values for the 
mercaptalated products tending to be approxi­
mately twenty glucose units greater than those 
for the non-mercaptalated products.

T a b l e  I

D e g r e e  o f  P o l y m e r iz a t io n  (D. P .)  in  G l u c o s e  U n it s  o f  
M e r c a p t a l a t e d  a n d  N o n -m e r c a p t a l a t e d  H y d r o l y z e d  
Ce l l u l o s e s  C a l c u l a t e d  f r o m  S u l f u r  A n a l y s e s  a n d  

C u p r a m m o n iu m  V is c o s it y  D a t a

Time of hydrolysis, 
min."

Mercaptalated products 
D. P. by D. P. by 

S content viscosity

Non-mercap­
talated 

products 
D. P. by 
viscosity

270 190 276 260
310 1486 255 233
350 104 228 229
390 87 226 206
430 95 218 196
470 10T 204 187
510 98ö 198 174

a Initial time taken as time of addition of acid to the 
cellulose.

b The results of two closely agreeing sulfur analyses (see 
Table II) were averaged and the D. P. calculated from this 
average.

The average degrees of polymerization of the 
mercaptalated product mixtures as calculated 
from their sulfur content are definitely lower than 
those of the corresponding non-mercaptalated 
products as calculated from cuprammonium vis­
cosity data. The degree of polymerization calcu­
lated from sulfur analytical data on a non- 
homogeneous mixture constitutes a number 
average and would thus be expected to be some­
what lower than that calculated from cupram­
monium viscosity based on ultracentrifuge meas­
urements, which represents a weight average (4). 
This difference will not be appreciable if the 
degrees of polymerization of the components of 
the mixture do not extend over a wide range.

In the calculation of the average degree of 
polymerization (D. P.) from the sulfur analyses, 
the assumption is made that all free reducing 
groups have reacted completely to form thio- 
acetals (mercaptals). Any correction of the 
data for incompleteness of reaction or for the 
reaction resulting in the formation of thioglyco-
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sides instead of thioacetals, would lead to still 
lower degrees of polymerization as calculated 
from the sulfur content. The presence of ad­
sorbed ethyl mercaptan would lead, however, to 
a calculated degree of polymerization that was 
too low. The absence of adsorbed ethyl mer­
captan in the products analyzed was accordingly 
demonstrated. Several of the samples were 
analyzed before and after extensive drying at 
56.5° in high vacuum. Also, one mercaptalated 
product was analyzed before and after prolonged 
soaking in absolute ethanol. Neither of these 
treatments, which would be expected to remove 
any adsorbed ethyl mercaptan, had any appre­
ciable effect on the observed sulfur content.

The relationship between the degrees of poly­
merization by the two methods with increasing 
time of hydrolysis is shown in Fig. 1. The dif­
ference in the values obtained by the two meth­
ods, which was observed in the range of products 
of 100 to 200 glucose units in size during the 
previous work at 16°,3 apparently does not tend 
to increase in the range of degraded celluloses 
from 200 to 300 glucose units in size. The na­
ture of the curves in Fig. 1 is such that extra­
polations to zero time cannot be made on the 
basis of the data at hand.

Experimental
Cellulose Characterization.—The degree of polymeriza­

tion of our stock cotton linters5 was redetermined by 
measuring the viscosity of a 0.1 % solution in cupram­
monium solvent and applying the formula of Kraemer and 
Lansing:4

Average time of flow, solution 402.5 sec. at 25°
Average time of flow, solvent 184.9 sec. at 25°

D. P, 2023

This compares with the values 1980 and 2008 found for the 
same stock in the previous work.3

Hydrolysis and Mercaptalation of Linters.—The cotton 
linters (75.0 g., moisture-free basis) in a glass-stoppered 
bottle at 0° were treated with fuming hydrochloric acid 
(1500 cc.,‘ dn4 1.205; % HCl, approx. 41) previously 
cooled to 0°. The mixture was maintained at 0° with 
occasional shaking. After three hours the resulting 
opaque, homogeneous mixture was equally divided 
and placed in two 1-liter, 3-necked flasks at 0°, equipped for 
rapid mechanical stirring and for rapid removal of samples 
through a delivery tube. One flask contained well- 
purified ethyl mercaptan (100 g.) at 0° to provide con­
tinuous mercaptalation of the degraded cellulose as the 
hydrolysis progressed. The two mixtures were stirred 
rapidly and maintained at 0° throughout the duration of

(5) Supplied through the courtesy of the Hercules Powder Com­
pany.

Fig. 1.—Rate of change of degree of 
polymerization (D. P.) of cellulose (4%) 
with time of hydrolysis by fuming hydro­
chloric acid (J164 1.205) at0°: O, D. P. by
cuprammonium viscosity; □, D . P. by sulfur 
content.

the hydrolysis. After two hundred and seventy minutes of 
hydrolysis, samples of approximately 85 cc. were with­
drawn simultaneously every forty minutes from each 
flask. The samples were withdrawn to calibrated bottles 
by application of suction and immediately poured, with 
stirring, into separate mixtures of sodium bicarbonate 
(96 g.) and water (300 cc.). In this way, seven samples 
each of mercaptalated and non-mercaptalated hydrolyzed 
celluloses were obtained, the time of contact with the 
fuming acid varying from 270 to 510 minutes. The prod­
ucts were collected and washed in the manner described 
in our previous work.3

T a b l e  II
M e r c a p t a l a t e d  P r o d u c t s  f r o m  C o tt o n  L in t e r s  (c, 
5 G. p e r  100 Cc. S o l n .) in  F u m in g  H y d r o c h l o r ic  A cid  

(<Z164 1.205) a t  0°

Time 
of hy­

drolysis; 
min.a

%
ash,

, as 
NaCl

Mercaptal­
ated prod­
uct from 
4.25 g. 

cellulose 
wt., g.b % vS

Cuprammonium 
viscosity, 

25°, c : 0.1, 
time of flow 

in sec.
Soln. Solvent

D. P.
by
vis­

cosity
270 5.29 3.62 0.210** 204.4 183.8 276
310 5 .14 3.51 .270'* 0.272 203.4 184.4 255
350 4.97 3 .60 .384'* 201.1 184.2 228
390 5.67 2 .4 2 c .461<* 202.0 185.2 226
430 4 .24 3.55 .419** 201.4 185.2 218
470 4 .45 3.37 .441** .354 200.3 185.2 204
510 4 .30 3.42 .431 .386e 199.5 184.9 198

a See footnote a, Table I. 6 Calculated on vacuum- 
dried (63°) and sodium chloride free basis. c Part of prod­
uct lost mechanically during washing operations. d Sam­
ple previously dried sixteen hours at 56.5° and 0.001 to 
0.0005 mm. 6 Sample previously soaked seven days in 
absolute ethanol.
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T a b l e  III
N o n -m e r c a p t a l a t e d  P r o d u c t s  fr o m  C o tt o n  L in t e r s  
(c, 5.0 G. p e r  100 Cc. S o l n .) in  F u m in g  H y d r o c h l o r ic

Acid (d 164 1.205) a t  0°

Time 
of hy­

drolysis, 
min.®

%
ash,
as

NaCl

Product 
from 

4.25 g. 
cellulose, 
wt., g.&

Cuprammonium
viscosity,

25°, c : 0.1, 
time of flow in sec. 
Soln. Solvent

D. p.
by

vis­
cosity

270 7.93 4.41 203.1 183.8 260
310 5.70 4.18 201.0 183.8 233
350 7.71 4.12 201.9 184.9 229
390 6.84 4.13 200.5 185.2 206
430 6.54 4.05 199.7 185.2 196
470 6.37 4.09 199.0 185.2 187
510 5.47 3.63° 197.7 184.9 174

a See footnote a, Table I. 6 Calculated on vacuum-
dried (63°) and sodium chloride free basis. c Part of 
product lost mechanically during washing operations.

Ash and Sulfur Analyses.—The ash content of 
the mercaptalated and non-mercaptalated hy­
drolyzed celluloses was determined by ashing 
0.3- to 0.4-g. samples with 2 cc. of concentrated 
sulfuric acid in platinum crucibles. The results 
were calculated in terms of sodium chloride and 
are recorded in Tables II and III.

The sulfur analyses were performed by the Parr 
bomb method in the manner described in the pre­
vious publications.3 In the present work, some­
what larger samples were employed for the sulfur 
determinations, however. Two samples of ap­
proximately 0.5 g. each, on an ash free, moisture 
free basis, were, fused separately and then dis­
solved in the same solution for precipitation of 
the barium sulfate.

From the sulfur analyses, the degree of poly- - 
merization in glucose units was calculated from 
the approximation

100 X 2S 40 
' %S X C6H10O5 %S

The sulfur content of the various mercaptalated 
products is recorded in Table II, and the degrees 
of polymerization calculated from these data, in 
Table I.

Cuprammonium Viscosities.—The viscosities 
of the mercaptalated and non-mercaptalated hy­
drolyzed celluloses were observed in cupram­
monium solution6 at 25 =*= 0.03° as described 
previously.3 In all instances, a concentration of 
0.1% was employed. The constants of the 
Ostwald type viscometer used were given in the 
former publications.3

From the viscosity measurements, the degree 
of polymerization in glucose units was calculated

(6) Prepared according to the standards of the Cellulose Division 
of the American Chemical Society.

by the formula of Kraemer and Lansing.4 The 
results are tabulated in Tables I, II, and III.

In order to determine the effect of marked 
non-homogeneity on the degree of polymerization 
(D. P.) as determined by cuprammonium vis­
cosity, the following experiments were performed. 
A mixture consisting of 49.1% of a hydrolyzed 
cellulose product of observed D. P. 266 and 
50.9% of observed D. P. 181 gave an observed
D. P. of 226 (calcd. by weight average, 223; 
calcd. from theoretical sulfur content, 215). A 
mixture consisting of 40.8% of the hydrolyzed 
cellulose product of observed D. P. 266 and 59.2% 
anhydrous glucose gave an observed D. P. of 108 
(calcd. by weight average, 109).

Copper Numbers.—The copper numbers of the 
mercaptalated and non-mercaptalated products 
were determined by the Hagglund-Bertrand7 
method. Samples of 0.3 to 0.5 g., on an ash 
free, moisture free basis, were employed. The 
results are recorded in Table IV.

The copper number of the stock cotton linters, 
used as starting material, was also determined, 
in duplicate. A copper number of approxi­
mately 0.2 was observed for the original linters.

T a b l e  IV
C o p p e r  N u m b e r ® (H a g g l u n d - B e r t r a n d ) o f  M e r ­

c a p t a l a t e d  a n d  N o n -m e r c a p t a l a t e d  H y d r o l y z e d  
C e l l u l o s e s

Time of 
hydrolysis,min b

Mercaptalated 
products, 

copper no.c

N  on-mercaptalated 
products, 

copper no.c
0 0.2^

270 0.90 5.26
310 1.03 5.96
350 0.49 6.75
390 1.27 7.64
430 0.58 7.89
470 .59 7.59
510 .50 8.12

® Copper no. is grams of copper reduced from cupric to 
cuprous state by 100 g. of sample. h See footnote a , 
Table I. c Calculated to a moisture free and sodium 
chloride free basis. d Original linters.

The authors are indebted to E. I. du Pont de 
Nemours and Company, Inc., for the fellowship 
grant which made this research possible.

Summary
1. High viscosity cotton linters have been 

hydrolyzed with fuming hydrochloric acid at 0° 
in the presence of an excess of ethyl mercaptan. 
The resulting mixtures of mercaptalated hy­
drolyzed celluloses were isolated at various time

(7) E. Hagglund, Cellulosechemie, 11, 1 (1930).
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intervals during the first eight and one-half hours 
of the hydrolysis.

2. Corresponding non-mercaptalated hydro­
lyzed celluloses were prepared under exactly simi­
lar conditions, except that the ethyl mercaptan 
was omitted.

3. Sulfur analytical data indicated that the 
average degrees of polymerization of the mercap­
talated products varied from 190 glucose units 
after 270 minutes to approximately 100 glucose 
units after 510 minutes.

4. The degrees of polymerization calculated, 
according to the formula of Kraemer and Lansing,

from the cuprammonium viscosity data for the 
corresponding non-mercaptalated hydrolyzed cel­
luloses were consistently higher than those cal­
culated from the sulfur analytical data, and varied 
from 260 glucose units after 270 minutes to 174 
glucose units after 510 minutes.

5. The mercaptalated hydrolyzed celluloses 
showed low but definite copper numbers, varying 
from 0.5 to 1.3. The non-mercaptalated cellu­
loses had copper numbers increasing in value with 
increasing time of hydrolysis, and ranging from
5.3 to 8.1.
C o l u m b u s , O h io  R e c e iv e d  O c t o b e r  8, 1938

[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  D e p a r t m e n t , C a l if o r n ia  F r u it  G r o w e r s  E x c h a n g e ]

The B itter Constituents of Navel and Valencia Oranges

B y  R a l p h  H . H ig b y

The production of oranges in California is 
largely of two varieties, the Valencia, a seeded 
summer orange, and the Washington Navel, a 
seedless winter ripening variety. The Valencia 
and Navel are equally good for general use but 
the juice from this latter variety is not used ex­
tensively for canning or for the manufacture of 
other juice products because of the bitter taste 
and astringency which develops in the juice when 
it is allowed to stand exposed to air, or when it is 
pasteurized. The degree of bitterness is largely 
dependent upon the maturity of the fruit, most 
pronounced in early season, but usually disap­
pearing entirely with warm weather in March 
and April. Bitterness is found also in the juice 
of unripe Valencia oranges, but never in fruit of 
this variety which has reached commercial ma­
turity.

Although the presence of a bitter constituent 
in the edible portion of the Navel orange has long 
been recognized, no record of its isolation or iden­
tification has appeared in the literature. Narin- 
gin, the bitter glucoside of grapefruit has long 
been known, it is commercially available and its 
properties and structure are fairly well established.

The bitter substances of citrus seeds have also 
been investigated rather extensively. As early as 
1841, Bernay1 isolated a strongly bitter substance 
from the seeds of several varieties of citrus (C. 
Aurantium Risso, C. Limonum Risso, and C.

(I) Bernay, A n n ., 40, 317 (1841).

Bigardia Loisl.) which he named limonin and 
erroneously thought to be an alkaloid. Since 
that time, various other workers, C. Schmidt,2 
Paternó and Oglialoro,3 and Peters and Frerich,4 
have prepared this substance and made some 
study of its properties. In a recent publication, 
Roller and Czerny5 have reported the results of 
a rather comprehensive investigation of limonin, 
from orange seeds, and have announced the iso­
lation of a second bitter substance, from the same 
source, which they have named isolimonin. 
Shortly thereafter Feist and Schulte6 separated 
what was thought to be a third bitter substance 
from lemon seeds, calling it citrolimonin. Simi­
larity in equivalent weight and specific optical 
rotation have led Roller and Czerny7 to believe 
that limonin and citrolimonin are identical de­
spite a considerable discrepancy in the reported 
melting point.

As one part of a research program directed 
toward the commercial utilization of Navel orange 
juice, a study has been made of the bitter con­
stituents of the orange, particularly those con­
tained in the edible portion. Bitter crystalline 
substances have been extracted from the pulp 
of the Navel orange, and from both pulp and seeds 
of the Valencia orange. These substances have

(2) C. Schmidt, ibid., 51, 388 (1844).
(3) Paternó and Oglialoro, Ber., 12, 685 (1879).
(4) Peters and Frerich, Arch. Pharm., 240, 661 (1902).
(5) C. Roller and H. Czerny, Monatsh., 67, 248-268 (1936).
(6) R . Feist and H. Schulte, Ber., 69, 1322 (1936).
(7) C. Roller and H. Czerny, Monatsh., 70, 26-29 (1937).
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been purified and many of their properties deter­
mined.

Experimental
Isolation and Properties of the Bitter Principle of the 

Navel Orange.—By shaking out portions of bitter Navel 
orange juice with relatively immiscible solvents it was 
found that the bitter constituent could be extracted in 
benzene, toluene, butyl or amyl alcohol, butyl or isopropyl 
acetate or chloroform. It was not extracted by petroleum 
ether, gasoline or limonene. In most cases the carotenoid 
pigment was extracted with the bitter. Since petroleum 
ether readily dissolves the pigment, extraction in benzene, 
and treatment with petroleum ether offered a suitable 
means of separation.

About 22 kg. of immature Washington Navel oranges, 
picked November 1st, were peeled to remove the flavedo, 
and the peeled fruit ground in a food chopper. The mix­
ture of albedo, pulp and juice was covered with thio­
phene-free benzene, stirred thoroughly and allowed to 
stand for sixteen hours at room temperature. The ben­
zene and juice were separated from the pulp by pressing, 
and the benzene separated from the juice by decantation. 
The comparatively dry pulp was reëxtracted with ben­
zene, the benzene fractions combined, washed with water 
to remove acid, and filtered. After concentration to a 
volume of about 500 ml., the bitter substance was precipi­
tated by the addition of three volumes of petroleum ether. 
The amorphous precipitate was filtered off, dissolved in a 
mixture of equal parts of alcohol and benzene, evaporated 
to small volume, and allowed to crystallize. The crystals 
obtained were rather large colorless needles.

Several methods of purification were used.
1. Solution in acetone and precipitation by dilution 

with water produced shining square plates, melting at 
240-24208 with evolution of gas.

2. Solution in dilute alcoholic alkali and precipitation 
by acidification with dilute hydrochloric acid produced 
colorless needles, m. p. 259-261° with decomposition.

3. Solution in hot alcohol and recrystallization by 
partial evaporation and cooling produced shining rhombic 
plates, m. p. 262-264° with decomposition.

The final purification of the bulk of the material was by 
successive application of all three methods in the order 
named. Variations in the melting point with method of 
crystallization may be due to the presence of water of crys­
tallization, although this is not indicated by drying the ma­
terial in air for sixteen hours at 105°.

The crystals resulting from this treatment were almost 
completely insoluble in water, slightly soluble in alcohol 
and benzene, moderately soluble in chloroform and easily 
soluble in acetone. The taste of these crystals is not bitter 
due to insolubility, but when dissolved in a little alcohol 
and diluted with water, the solution is approximately 75% 
as bitter as a similar solution of quinine sulfate.

Tests on the pure substance were negative for nitrogen, 
halogen, sulfur, and for phenol, aldehyde and ketone 
groups. A negative Molisch test showed that it was not a 
glucoside. It reduced Fehling’s solution with boiling, and

(8) All of the melting point determinations reported here were 
made in open tubes, using a 360° thermometer, calibrated for 70- 
mm. immersion, which had been checked and found correct at 285°.

formed a yellow osazone, m. p. 221-225°, indicating car­
bonyl groups. A negative Zeisel test showed no alkoxyl 
groups, and failure to brominate indicated a probable 
absence of aliphatic double bonds. In neutral alcohol the 
bitter substance was non-acidic, and not titrable with a 
0.1 N  sodium hydroxide in the cold. Saponification with 
an excess of alkali in alcoholic solution gave a typical 
lactone titration.

The saponification values were obtained by dissolving 
the substance in 25 ml. of neutral alcohol, adding 10 ml. of 
0.1004 N  sodium hydroxide, refluxing on a hot-plate for 
two hours, and then titrating the excess alkali. The re­
fluxing was then repeated with 5 ml. additional alkali to be 
sure the reaction was complete. A blank determination 
was run in parallel. Molecular weight was calculated as 
two equivalents. The molecular weight was also deter­
mined from depression of the melting point, using the 
method of Rast, as modified by Smith and Young.9 
Optical rotation of the pure compound was measured in a 
200-mm. tube containing 0.2 g. of substance made up to 
25 ml. with anhydrous acetone.

Anal. Calcd. for C26H3o08: C, 66.35; H, 6.43; O, 
27.22; mol. wt., 470. Found: C, 66.62; H, 6.24; O 
(by diff.), 27.14; equiv. wt. (by NaOH titration), 226, 227; 
mol. wt. (f. p. in camphor), 467, 477. Optical rotation: 
0.2 g. in 25 ml. of acetone in 200 mm. tube, rotation 
— 1.784°, giving specific rotation at 22° as —111.5°. 
Roller and Czerny report the following values for iso- 
limonin from orange seeds—calcd. for C23H28O7: C, 66.31; 
H, 6.78; mol. wt., 416. Found: C, 65.92, 66.25; H, 6.87,
6.83. The melting point was 264° in an evacuated tube.

Lacking further information, it is impossible to state 
definitely that our substance is identical with the iso- 
limonin of Roller and Czerny, but the similarity of melting 
point makes this strongly probable. Our own data indi­
cate that the substance is isomeric with limonin, having 
the same molecular weight and empirical formula. A 
higher carbon content is shown than that reported by 
them, corresponding with the formula C26H30O8 which 
Feist and Schulte have suggested for citrolimonin. The 
compound contains two lactone groups.

Location of the Bitter Constituent in the Fruit.—From 
the standpoint of commercial utilization, the location of 
the bitter principle in the fruit is of considerable impor­
tance. To determine this, a dissection was made of 
moderately green Navel oranges. Three types of tissue 
were carefully prepared. These were: (1) the albedo, free 
from flavedo, and the major veins, which lie next to the 
section covering; (2) center fibrovascular bundle and white 
material of the same nature surrounding the Navel, free 
from section covering; (3) section covering free from 
albedo.

These portions were extracted with acetone, most of the 
acetone boiled off, and the residue diluted with water. 
Slight dilution brought down a copious precipitation of 
hesperidin, which was filtered off, before more water was 
added for tasting. All three extractions were extremely 
bitter. It appears that the bitter principle occurs in the 
albedo, in the center bundle and in the veins of the 
carpellary membrane.

(9) J. H. C. Smith and W. G. Young, / .  Biol. C h e m 75, 289-298 
(1927).
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Since the juice from Navel oranges becomes bitter only 
after rupture of the cell structure, and then only after 
standing or heating, the existence of the bitter-forming 
substance in the juice itself is improbable. Tests were 
made in which the juice was extracted by burring, then 
screened immediately through a 70-mesh screen to remove 
broken cell tissue, and heated to 70° for fifteen minutes to 
develop the bitterness. Under these conditions the 
screened juice from immature fruit became slightly bitter, 
while samples containing pulp were intensely bitter. Ap­
parently the momentary contact with the broken cell 
tissue was sufficient to extract some of the bitter-forming 
substance into the screened juice.

Since the juice was not bitter when first extracted, it is 
apparent that an easily water-soluble non-bitter parent 
substance must exist in the comparatively neutral albedo 
and section covering, which upon contact with the juice is 
extracted, and in this acid medium is then slowly converted 
to the intensely bitter lactone.

The acetone extraction of albedo from completely ma­
ture Navel oranges gave an extremely heavy yield of 
hesperidin, but no bitter substance. Hence, disappear­
ance of the bitter substances in the fruit can be determined 
by acetone extraction of these portions. Until the pulp 
and albedo become free from bitterness, the immediate 
separation of pulp from the extracted juice is of pri­
mary importance in the production of non-bitter Navel 
juice.

Acid Hydrolysis of Navel Isolimonin.—One gram of the 
pure Navel isolimonin was dissolved in 50 ml. of acetone, 
10 ml. of 6 N  hydrochloric acid added and refluxed on the 
steam-bath for six hours. Lead carbonate was added to 
neutralize the acid, and the resulting precipitate filtered 
off. The acetone filtrate was evaporated to small volume, 
diluted with water and again heated. A crystalline pre­
cipitate came down, leaving an opalescent solution. The 
crystals were filtered off, and the filtrate allowed to stand. 
Overnight a white amorphous substance precipitated 
which was filtered off. Further evaporation of the filtrate 
and cooling gave nothing but a small additional quantity 
of the amorphous material.

This amorphous substance was purified by solution in 
benzene, and precipitation with petroleum ether, and sev­
eral reprecipitations from hot water. From petroleum 
ether it separated in waxy lumps, and from ethyl ether by 
evaporation, it came out as a shining brittle brownish 
glass. This substance was readily soluble in alcohol and 
benzene, and moderately soluble in hot water, very slightly 
soluble in cold. From hot water it separated out upon 
cooling as cream colored, highly refractive globules, which, 
under the microscope, gave the water suspension the ap­
pearance of an oil in water emulsion. Water solutions 
were intensely bitter. It was distinctly more acidic 
than the other bitter substances, being partially titrable 
with 0.1 N  sodium hydroxide in the cold. The substance 
recovered from water, after drying for two days at 45°, 
sintered with gas evolution at 139-140° to form a brownish 
wax, which melted at 175-177°. Titration gave an equiva­
lent weight of 240. This figure and the melting point 
correspond exactly with those of hexahydrolimoninic acid, 
as reported by Koller and Czerny, who obtained this sub­
stance by the hydrogenation of limonin. The substance

was found to be optically active, showing a specific rota­
tion of —70° in acetone.

The crystalline substance was purified in the same man­
ner as the Navel isolimonin. From hot alcohol it sepa­
rated in colorless shining hexagonal leaflets, which melted 
at 292° with decomposition. From the appearance, 
crystalline structure, and high melting point, it was 
thought probable that this substance was limonin, as de­
scribed by Koller and Czerny. Further identification is 
made in the following portion dealing with the bitter 
constituents of the Valencia orange.

Isolation of Bitter Substances from Valencia Oranges.— 
Approximately 11 kg. of green Valencia oranges were 
peeled to remove the flavedo, which was discarded. The 
fruit was then halved and burred to remove the juice, 
which was immediately screened to take out the pulp. 
Seeds were removed from the pulp by coarse screening, 
after which the pulp was mixed with the white albedo and 
ground in a food chopper. The seeds were similarly 
ground to an oily paste. Seeds, juice and pulp were 
then separately extracted with benzene, the extracts 
evaporated to small volume, and precipitated with pe­
troleum ether. A good yield of an apparently amorphous 
white bitter substance was obtained from the pulp, a 
moderate yield fiom the seeds, but none from the juice, 
which yielded only a non-bitter brownish wax.

The bitter precipitates from the pulp, and from the 
seeds, were purified separately by the methods which were 
used for the purification of the Navel isolimonin. Both 
fractions crystallized from hot alcohol in thin hexagonal 
leaflets, m. p. 290° with decomposition. It was evident 
both from appearance and from the melting points that 
these two fractions were identical, and that they were 
also identical with the crystalline substance which had 
been obtained by the acid treatment of the Navel iso­
limonin. A mixed melting point of 291-292° for these 
three fractions establishes their identity beyond question. 
The solubility was similar to that of isolimonin, except for 
somewhat greater solubility in benzene. Water-alcohol 
solutions were intensely bitter.

Like isolimonin this substance formed water-soluble 
sodium salts with alcoholic sodium hydroxide, and was 
precipitated in its original form when the solution was 
acidified. Analysis of the three fractions separately 
showed equivalent weights by saponification of 229, 230, 
and 231. Determined molecular weights were 445, 449, 
and 468, respectively. Two lactone groups are indicated.

Limonin, as described by Koller and Czerny, crystallizes 
in thin shining rhombohedral leaflets, melting at 280° 
with decomposition. Titration gives an equivalent weight 
of 235, and two lactone groups are indicated. Feist and 
Schulte report that citrolimonin crystallizes in thin shining 
leaflets, m. p. 304°. From the combustion analysis the 
formula was calculated as C26H3o08 (molecular weight 470), 
and by titration two lactone groups were indicated. It 
seems highly probable, as admitted by Koller and Czerny, 
that these investigators are dealing with the same sub­
stance.

The existence of the substance isolated by us as the 
major bitter constituent of the orange seed, is good evi­
dence that it is actually limonin. This is confirmed by the 
crystalline form, by the melting point, which falls midway
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between the temperatures reported by the above workers, 
and by its solubility and chemical properties.

Formation of Non-bitter Salts.—By the saponification 
procedure which was used for the determination of equiva­
lent weight, all the bitter substances formed easily water-­
soluble non-bitter sodium salts. Acidification with dilute 
hydrochloric acid reprecipitated the original substance. 
Further experimentation showed that Navel isolimonin was 
capable of forming similar salts with calcium, barium or 
magnesium hydroxide, calcium and barium chloride, and 
with triethanolamine. Because of scarcity of material, 
limonin and hexahydrolimoninic acid were tested only 
with sodium hydroxide.

To determine at what pH  values the transition from the 
non-bitter salt to the bitter lactone took place, several 
series of samples were prepared containing 10% sugar, 1% 
citric acid, and 0.008% of the Navel isolimonin, which 
had been previously treated with sodium hydroxide to con­
vert it to its tasteless form. Various amounts of sodium 
hydroxide were added to neutralize a portion of the acidity 
in each sample, producing a series of varying pH. These 
samples were heated for one hour on the steam-bath, 
cooled, tasted, and pH  values determined. Bitterness 
developed in all samples having a pH  value below 6.00. 
A similar series prepared from the bitter lactone instead 
of the salt showed that an excess of alkali was necessary 
to convert the lactone to the tasteless salt. Repetition of 
these tests using calcium salts instead of sodium gave 
similar results.

Discussion
The comparative analytical data obtained on 

the various bitter substances which have been 
prepared in this study are shown in Table I, to­
gether with the corresponding values reported by 
Koller and Czerny, and by Feist and Schulte for 
the similar bitter substances isolated by them.

A consideration of these values leaves little 
doubt that the Navel bitter constituent, which we 
have called isolimonin, is a true isomer of the 
citrolimonin described by the last-named workers. 
This is shown by apparent identity in equivalent 
weight, molecular weight and empirical formula. 
Koller and Czerny have not yet published suffi­
cient data regarding the isolimonin obtained by 
them to make it entirely certain that these two 
substances are the same, but agreement in melt­
ing point makes it highly probable.

Navel isolimonin is precipitated in somewhat 
different form by dilution of an acetone solution 
with water. The crystals obtained in this way 
have a lower melting point and apparent molec­
ular weight than those from hot alcohol, and are 
probably a hydrated form of the lactone. No 
tests have been made to determine whether this 
is actually the hydroxy acid or whether the differ­
ences in melting point and apparent molecular
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weight are merely due to the presence of water of 
crystallization.

From the analytical data it seems certain that 
the citrolimonin of Feist and Schulte is identical 
with the crystalline substance which we have pre­
pared from Valencia orange seeds, from Valencia 
orange pulp, and by treatment of the Navel iso­
limonin with dilute hydrochloric acid. Since 
Koller and Czerny recently have acknowledged 
the likelihood that the limonin isolated by them 
is identical with citrolimonin, advancing as evi­
dence the fact that by titration they obtained a 
molecular weight of 470, which corresponds with 
the formula C26H3o08 as suggested by Feist and 
Schulte, it seems reasonable to assume that these 
substances are identical. The discrepancy in 
melting point can be attributed to difference in 
method, and perhaps to the degree of purity of the 
material used. Koller and Czerny performed 
all of their melting point determinations in evac­
uated tubes, Feist and Schulte used the micro­
melting point apparatus of Kofler, while the 
writer used the regular open tube method. The 
variation in nomenclature by these investigators 
is unfortunate, tending to promote confusion. 
For this reason, it seems logical to eliminate the 
name “citrolimonin/’ referring to this compound 
as limonin, as originally proposed by Bernay.

From a comparison of the physical character­
istics, the melting points, and equivalent weights, 
there can be little doubt that the apparently amor­
phous substance which was obtained by the acid 
treatment of isolimonin is identical with the hexa- 
hydrolimonic acid which Koller and Czerny pre­
pared by the hydrogenation of limonin. Data ob­
tained by them indicated that this substance was 
formed by the addition of six hydrogen atoms and 
one molecule of water to the limonin molecule to 
give an empirical formula of C23H34O8 for the 
hexahydrolimoninic acid. Accepting their re­
vised views regarding the formula for limonin 
(C26H3o0 8) this addition would bring the empirical 
formula for hexahydrolimoninic acid to C26H3809. 
This is difficult to understand, since this sub­
stance also resulted from the treatment of iso­
limonin with?hydrochloric acid.

The relationship between these three bitter 
substances is not clear. Although limonin has 
been known and subjected to investigation for 
almost a century, no structural formula for the 
substance has as yet been advanced. Recent 
workers agree that the substance contains two

lactone groups, and Koller and Czerny point out 
a probable analogy of structure with columbin, 
and hence with the strophanthic and crotonic 
substances, but this has not been definitely es­
tablished.

For isolimonin Koller and Czerny have sug­
gested a formula C23H28O7 containing two active 
hydroxyl groups, and differing from limonin only 
in degree of hydrogenation. The substance which 
we have designated as Navel isolimonin, with an 
identical melting point, corresponds more nearly 
with the formula for limonin, C26H3o0 8, indicating 
that these substances differ only through some 
rearrangement in the molecule. Hexahydroli­
moninic acid apparently results from the splitting 
of one of the lactone rings and the formation of a 
carboxyl group. The scope of our present project 
does not include further investigation of the struc­
ture and relationship of these bitter substances.

It has been shown that the bitter substances 
of the pulp and peel of the orange are either 
identical with or closely related to the previously 
isolated bitter constituents of the seeds. In the 
edible portion of the fruit these substances ap­
parently occur in easily water-soluble, non-bitter 
form. Hydrolysis to the bitter lactone takes place 
slowly in the acid juice, or in water with heating.

The nature of the non-bitter parent substance 
has not been investigated. Hall10 hypothesized 
that hesperidin occurred in the fruit as an easily 
hydrolyzed complex, containing in addition glu­
cose, and a third substance. I t seems possible 
that this substance may be isolimonin.

In the Valencia orange the bitter-forming con­
stituent apparently exists in less soluble form 
than in the Navel, since the juice, even from im­
mature fruit, is not prone to become bitter.

It is hoped that in the near future an investi­
gation can be made regarding the nature of the 
non-bitter parent substance in both Navel and 
Valencia oranges, its probable function in the 
plant, and the end-products of its natural enzymic 
hydrolysis.

Acknowledgment.—The writer wishes to ex­
press his appreciation to his co-workers, Dr. E. F. 
Bryant and Mr. R. L. Logg, for their aid in the 
analysis and isolation of these bitter substances.

Summary
The bitter principle of the Navel orange has 

been isolated and identified as isolimonin, a
(10) J. A . Hall, T h is  J o u r n a l , 47, 1191 (1925).
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previously reported constituent of orange seeds. 
This substance occurs in the albedo, the center 
fibrovascular bundle, and in the section covering 
of the fruit, in non-bitter water-soluble form. 
When these tissues are ruptured it is extracted 
into the juice, where it is slowly converted to the 
intensely bitter lactone form. It is shown that 
this substance has a higher molecular weight than 
that previously reported, corresponding to the 
formula C26H3o08. It is apparently an isomer of 
limonin, and of citrolimonin. The probable 
identity of these last named substances is dis­
cussed.

Limonin, which has heretofore only been re­
ported in the seeds of citrus fruit has been iso­

lated also from the pulp of the Valencia orange.
Both limonin and isolimonin form non-bitter 

water-soluble salts with alkali and alkaline earth 
metals, from which they are precipitated un­
changed upon acidification.

Treatment of isolimonin with dilute hydro­
chloric acid in acetone solution gave fractions of 
limonin, and of hexahydrolimoninic acid. This 
latter substance has been obtained previously 
only by the catalytic hydrogenation of limonin. 
It appears that limonin results from a molecular 
rearrangement in the isolimonin, and that hexa­
hydrolimoninic acid is produced by the splitting 
of a lactone ring, to form a carboxyl group. 
O n t a r io , C a l i f . R e c e iv e d  O c t o b e r  4, 1938

[C o n t r ib u t io n  fr o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  C o l u m b ia  U n i v e r s i t y ]

The Action of Chlorine Water on Some /3-Amyloses
By H a r r y  H. F l e t c h e r 1 

Introduction
Industrial technologists have known for over 

ten years that if chlorine water is mixed with a 
starch dispersion, the viscosity of the dispersion 
drops after ten to twenty minutes of treatment.3 
The appearance of this chlorine-treated starch, 
the optical rotation of its dispersion, and the blue 
color with iodine remain unchanged. Neverthe­
less, the viscosity drop indicates that the chlorine 
water probably has begun to break the starch 
particles into smaller ones,4,5 although this break­
down is still in too early a stage to be detected by 
other means. With two exceptions, the chemical 
and physical nature of the action of chlorine water 
on starch has not been investigated. Craik6 
found that the optical rotation of a potato starch 
dispersion gradually increased during several days’ 
contact with hypochlorous acid at room tempera­
ture. However, the optical rotation is not so

(1) Present address: U. S. Rubber Products, Inc., Gen. Labs., 
Passaic, N . J.

(2) The experimental work described herein was completed just 
before the death of Prof. Taylor in April, 1936. As the present au 
thor is no longer engaged in research on starch or related materials, 
he relinquishes this field with the hope that others will be interested 
in continuing this investigation.

(3) (a) W atson and Kent-Jones, U. S. Patent 1,519,014 (1924);
(b) Neumann and Kalning, Landw. Jahrb., 61, 305 (1925); (c) Neu­
mann and Kalmius, Rass. intern. A gr ., 444 (1926); (d) Staudt, Can. 
Patent 274,290 (1927); (e) Frey, U. S. Patent 1,897,251 (1933).

(4) Staudinger and Schweitzer, Ber., 63B, 2323 (1930).
(5) Hatschek, “Viscosity of Liquids,” D. Van Nostrand Co., Inc., 

N ew  York, 1928, pp. 196-201.
(6) Craik, / .  Soc. Chem.. Ind ., 43, 171 (1924).

a n d  T . C l in t o n  T a y l o r 2

sensitive to slight changes in the structure of the 
starch as is the viscosity. Recently Rassow and 
Lobenstein measured the viscosity decrease dur­
ing the reaction between potato starch and an al­
kaline hypochlorite solution.7 They noticed also 
that the dispersion became more acidic during the 
course of the reaction. This they attributed to 
oxidation of aldehyde groups to carboxylic acids 
with concurrent reduction of the hypochlorous 
acid to hydrochloric acid.

Rassow and Lobenstein determined the reduc­
ing power of their starch dispersions after alkaline 
treatment only. The work described herein ex­
tends it into acid regions. As will be shown 
later, the results obtained in solutions of pH less 
than 7 were, so far as we are aware, entirely new 
and unexpected.

Outline of Procedure
Rassow and Lobenstein used Fehling’s solution 

to measure the reducing power of their dispersions. 
As this reagent is not very satisfactory for rapid 
analysis,8 the recently standardized alkali-labile 
procedure was used in these new determinations.9 
When the hot alkaline digestion is omitted, the 
iodine consumption of the carbohydrate, deter­
mined and calculated in the usual manner, will be

(7) Rassow and Lobenstein, Kolloid Beihefte, 33, 179 (1931).
(8) Amick, J . Phys. Chem., 31, 1441 (1927).
(9) Taylor, Fletcher and Adams, Ind . Eng. Chem., Anal. Ed., 7, 

321 (1935).
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expressed in this paper as the “initial reducing 
value.”

Three requirements must be met if the first 
stages of the reaction between /3-amylose (used 
instead of starch because of its greater homo­
geneity) and any desired reagent are to be fol­
lowed quantitatively. (1) The reagent must act 
slowly; chlorine water and alkaline hypochlorite 
were used at 30°. (2) A simple process for stop­
ping the reaction quickly and completely must 
usually be devised; such a process will be given 
later in this paper. (3) Methods of magnifying 
and estimating slight physical or chemical changes 
in the carbohydrate must be employed; viscosity 
determinations were used for following physical 
changes, and the estimation of the “initial reduc­
ing value” and alkali-labile value was used for 
magnifying chemical changes in reducing power.

Outline of Experimental Results
By these means it was found that the reducing 

power and viscosity changed in two distinct ways 
depending on the pH of the halogen solution.

(1) In alkaline solutions (pH 10 or above) the 
reducing power of the /3-amylose decreased gradu­
ally from that of the untreated /Tamylose to 
substantially zero after several days’ contact 
with the hypochlorite. The viscosity was not 
affected.

(2) In a neutral or acid solution the reducing • 
power and viscosity changed in an entirely differ­
ent and hitherto unsuspected way. During the 
first few minutes after mixing any one of four 0- 
amylose dispersions with chlorine water almost 
nothing appeared to happen. The quiescent pe­
riod lasted for three or four hours unless a phos­
phate buffer was added in order to keep the pH 
near 7. In the presence of the buffer this period 
was shortened to two minutes. This inactive 
phase of the reaction was terminated in every case 
by a sudden, large change in the reducing power 
and viscosity. The reducing power, measured 
both as “initial reducing value” and as alkali- 
labile value, rose sharply. Simultaneously, the 
viscosity dropped markedly. Hatschek5 has 
pointed out that the viscosity of highly hydrated 
colloidal materials, such as starch or /3-amylose,10 
varies directly with particle size. Consequently, 
the close inverse relationship found between re­
ducing power and viscosity indicates strongly 
that the sensitivity of /3-amylose to chemical at-

(10) Kolkmeijer and Favejee, Z. K rist., 88, 226 (1934).

tack is at least partly dependent on its particle 
size. This point will be developed further.

After this sudden reaction was complete, the 
reducing power and viscosity of the unbuffered 
dispersions remained relatively constant through­
out thirty days’ further contact with chlorine 
water. However, the reducing power of the buf­
fered dispersions dropped gradually toward zero 
just as it did in the alkaline solutions mentioned 
above. The viscosity likewise was unaffected.

Theory of Reaction Mechanism
These changes in reducing power and viscosity, 

both in alkaline and in acid solution, can most 
easily be understood if we accept the micellar 
structure of starch proposed by Meyer and Mark11 
and elaborated by Taylor and Keresztesy.12’13

By using this concept of the starch micelle the 
action of chlorine water on /3-amylose in both alka­
line and acid solutions can be accounted for as the 
effect of one or more of three reactions—oxidation, 
disassociation and degradation.

In alkaline medium the major reaction is the 
oxidation of aldehyde groups to carboxylic groups. 
Hatschek’s correlation5 between viscosity and 
particle size, mentioned previously, leads us to the 
conclusion that there has been little disassociation 
of the micelle. Otherwise the viscosity would 
not have been found to remain constant through­
out the reaction.

In a neutral or slightly acid medium the reac­
tion possibly begins in the same manner as in an 
alkaline one: viz., oxidation of aldehyde groups. 
However, it seems necessary to postulate that the 
chlorine water acts in a second, and more impor­
tant, manner on the /Tamylose micelle. This 
reagent seems to catalyze the working of the water 
molecules between the glucoside chains, thereby 
swelling the micelle and putting it under strain. 
As long as this strain is less than that necessary to 
break the coordinate linkages, the micelle will re­
main intact. Further swelling causes the micelle 
to be ruptured abruptly into its constituent chains, 
uncovering the shielded aldehyde groups. This 
disassociation should, and does, cause the re-

(11) Meyer and Mark, "Der Aufbau der hochpolymeren organis- 
chen Naturstoffe,” Akademische Verlag., Leipzig, 1930.

(12) Taylor and Keresztesy, Ind . Eng. Chem., 28, 502 (1936).
(13) Throughout this paper the terms “disassociation” and "hy­

drolytic scission” will be used as they are by Taylor and Keresztesy. 
The term "degradation” will be used to refer to a shortening of the 
glucoside chains when we do not wish to distinguish between hydro­
lytic carbon-oxygen scission and carbon-carbon scission of a type 
similar to that proposed by Evans [Chem. Rev., 6, 28 (1929)] for the 
action of dilute alkali on glucose.
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during power to rise and the viscosity to drop.
Before disassociation the micelle is probably not 

subject to much degradation because the most 
sensitive portions of the chains, the aldehyde 
groups and the glucoside ether linkages, are 
shielded from attack. However, after the sudden 
separation of the particle into the individual 
chains, degradation should proceed much more 
easily. The extent of degradation can be found 
approximately by subjecting the dispersion, after 
treatment with chlorine water, to the standard 
procedures for hydrolyzing the carbohydrate to 
glucose14 and estimating it as such.15 Although it 
was found that the “initial reducing value” has 
no simple stoichiometric relation to the /3-amy­
lose, it can be used to estimate glucose quantita­
tively by means of the equation
C5Hn06CH0 +  I2 +  3NaOH---->-

CsHnOeCOONa +  2NaI +  2H20

The calculated “initial reducing value” for the 
glucose obtained from (CeHioOg)# is 163.3. If 
we assume with Hirst16 that the average chain

Fig. 1 —Action of alkaline hypochlorite solution on 
corn /3-amylose ground one week.

contains 25 glucose residues, and that every alde­
hyde group is oxidized to carboxylic acid before 
carrying out the hydrolysis to glucose, the “in-

(14) (a) Schulz and Steinhoff, Z. Spiritusind., 56, 63 (1933); 
(b) Taylor and Salzmann, T h is  J o urn al , 55, 264 (1933).

(15) Klein and Acree, Bur. Standards J . Research, 5, 1063 (1930).
(16) Hirst, Plant and Wilkinson, J . Chem. Soc., 2375 (1932).

itial reducing value” would drop approximately 
4% to 156.8. Any experimentally obtained 
value much lower than this figure can be explained 
only by assuming either that the chain length is 
less than that given by Hirst or that degradation 
has occurred The former assumption is con­
sidered to be untenable because Hirst’s exhaustive 
methylation experiments prove rather conclu­
sively that 25 is a minimal value which may pos­
sibly be considerably less than the true one.

Action of Alkaline Hypochlorite
A more detailed examination of our experimen­

tal results will now be made. In order to obtain 
these results it became necessary to devise a 
simple and rapid method of stopping all reaction 
at any desired time after mixing a water-dis­
persed /3-amylose with a standardized sodium 
hypochlorite solution at 30°. Our method con­
sisted in acidifying the solution with hydrochloric 
acid, followed by removal of most of the liberated 
chlorine as Cl2 with nitrogen. The last traces of 
hypochlorous acid were removed from solution 
by reaction with ethylene, the excess of which was 
in its turn removed by a second addition of hydro­
chloric acid and nitrogen. After neutralization 
and dilution to standard volume the viscosity, 
“initial reducing value” and alkali-labile value 
were measured.17

The manner in which these three properties 
changed during the reaction between a sodium 
hypochlorite solution of pH greater than 13 and a 
dispersion of corn /3-amylose ground for one week 
is easily seen from Fig. 1. Over thirty days’ time 
the “initial reducing value” and the alkali-labile 
value dropped gradually and smoothly toward 
zero, while the viscosity remained constant within 
the limits of precision of the experiment.18

It should be observed that the alkali-labile 
value always was greater than the “initial reduc­
ing value” of the same solution. The importance 
of this observation will be apparent later.

On hydrolyzing14 and estimating as glucose15
(17) So far as we are aware, the reaction between hypochlorous 

acid and ethylene has never before been used in quantitative analysis. 
The function of each reagent in this process will be given under 
“Experimental Details.”

(18) The variations in the viscosity were caused by the differences 
in the amount of hydrochloric acid used to stop the hypochlorite re­
action. As it seemed imperative that the freed chlorine and hypo­
chlorous acid be removed from solution as rapidly as possible in order 
to  eliminate the possibility of their reacting with the jS-amylose, the 
second addition of hydrochloric acid—5 cc. coned, acid— was made 
by graduated cylinder with no attem pt at high precision. The varia­
tions of the “initial reducing value” and alkali-labile value from the 
smoothed curves are of the expected order of magnitude.9
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the material remaining after reaction for thirty 
days at room temperature between /3-amylose and 
hypochlorite, the “initial reducing value” was 
found to be 90.2. This is only 55% of that cal­
culated for hydrolyzed (CöHioOö)* and only 58% 
of that calculated for hydrolyzed CeHnCVCCe- 
Hi0O5)23*C5H10O4-COOH, the acid we have as­
sumed would be formed from Hirst's glucoside 
chain containing 25 glucose residues.16

Another sodium hypochlorite solution of pH 10 
instead of pH 13 was mixed with aliquots of the 
same com /3-amylose dispersion and tested in the 
same way in order to find out whether this oxida­
tion-degradation reaction required a strongly 
alkaline medium. The “initial reducing value,” 
alkali-labile value and viscosity of these aliquots 
changed in a manner almost identical with those 
shown in Fig. 1, and the hydrolytic treatment in­
dicated that degradation took place to about the 
same extent.

Action of Chlorine Water on /3-Amyloses
However, as indicated previously, when the 

reaction between hypochlorite and /3-amylose was 
carried out in a medium more acid than pH. 7 the 
viscosity and reducing power changed in a very 
different manner. In order to study these 
changes in slightly acid solutions the experimental 
procedure was modified by bubbling chlorine gas 
through the dispersions for a few minutes each 
day until the reaction was to be quenched. The 
rest of the procedure was identical with that de­
scribed above.

The marked discontinuity of the viscosity, “ini­
tial reducing value” and alkali-labile value of a 
dispersion of corn /3-amylose (ground for two 
weeks) is strikingly shown in Fig. 2. It will be 
observed that a high “initial reducing value” is 
always associated with a high alkali-labile value 
and a low viscosity, showing that there is a close 
correlation between reducing power and particle 
size. It is impossible to show in Fig. 2 the course 
of the reaction after the first seven hours' contact 
between chlorine water and carbohydrate. The 
viscosity and “initial reducing value” were found 
to remain constant within the limits of the pre­
cision of the measurement up to thirty days' re­
action time, the final values being, respectively,
38.6 mg. of iodine per 100 mg. of sample and 8.97 
millipoises. The alkali-labile value dropped gradu­
ally from its peak of 59.5 to a final value of 38.7.

As it might be thought that the absence of so­

dium ion during this reaction of /3-amylose with 
chlorine water was responsible for the great dif­
ferences between Figs. 1 and 2 this experiment in 
acid medium was repeated in the presence of the 
same amount of sodium ion, as sodium chloride, 
which was used in the solutions of pH. 13. The 
viscosity and reducing power curves so obtained 
were similar to those of Fig. 2. The salt raised the 
viscosity of all the solutions to the same extent.

0 2 4 6
Hours.*

Fig. 2.—Action of chlorine water on corn ^-amylose 
ground two weeks.

A dispersion of /3-amylose from corn starch 
ground for one week behaved in a manner almost 
identical with that of the dispersion ground for two 
weeks except that the sudden change in magnitude 
of the viscosity and reducing power occurred one 
hour later—between two hundred and ten and 
two hundred and forty minutes after beginning 
to bubble chlorine into the dispersion. This 
agrees with the observation12 that grinding of 
starch for a time longer than one week continues 
to break it down in some way not yet well under­
stood.

Dispersions of /3-amylose from tapioca and po­
tato starches ground two weeks were also sub­
jected to the action of chlorine water under the 
same conditions. The tapioca /3-amylose be­
haved in the same manner as the corn /3-amylose 
shown in Fig. 2. The potato /3-amylose had a
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somewhat higher “initial reducing value” and 
alkali-labile value, and lower viscosity before 
treatment with chlorine water than the corn or 
tapioca. Furthermore, during the course of the 
reaction of chlorine water on potato /3-amylose 
these three properties changed less abruptly and 
less in magnitude.

Fig. 3.—Action of chlorine wa$er buffered by potassium 
phosphate on corn /3-amylose ground one week.

As all four of the /3-amylose dispersions men­
tioned above had considerable reducing power 
even after thirty days of contact with chlorine 
water—both the “initial reducing value” and al­
kali-labile value were between 30 and 40 in every 
case—it was thought probable that one or more 
of the products had stopped all reaction. Bunzel 
and Mathews19 have shown that hydrogen ion has 
exactly this effect on the reaction between glucose 
and chlorine water. Therefore, a potassium 
phosphate buffer of pH 7 was mixed with a /3- 
amylose dispersion from corn starch ground for 
one week. Table I shows to what extent the 
buffer held the pH constant. Solubility limita­
tions forbade the use of more buffer.

However, even this relatively minor change in 
pH between the buffered and unbuffered solutions

(19) (a) Bunzel and Mathews, T h is  J o urn al , 31, 464 (1909); 
(b) Bunzel, J . Biol. Chem., 7, 157 (1909).

T a b l e  I
p H  o f  /3-Am y l o se  and B u f f e r  S o l u t io n s  a f t e r  M ix in g  

with C h l o r in e

Material
No

chlorine

Chlorine
for

1 hour

Chlorine
for

5 hours

Chlorine
for

40 hours
/3-Amylose disper-

persion® 7.2 1.50 1.06
/3-Amylose disper-

sion +  buffer 2.49 2.08
a From cornstarch ground for one week, 4.000% by 

weight. 6 Another 25.00-ec. aliquot of the same /3-amylose 
to which had been added 4.36 g. of K2HPO4 and 1.22 g. of 
KH2PO4. A solution of the same quantities of these two 
salts in 25.00 cc. of distilled water had a pH  of 6.92.

of corn /3-amylose was sufficient to accelerate the 
chlorine water reaction tremendously and to 
drive it practically to completion in so far as re­
ducing power is a criterion.20 A comparison of 
Figs. 3 and 2 indicates this difference in a striking 
manner. (The change of grinding time of the 
corn starch from two weeks to one is insignificant 
as regards the contrast between Figs. 2 and 3.) 
The “initial reducing value” and alkali-labile 
value continued to drop, although less rapidly be­
cause the hydrogen ion concentration was rising, 
during reaction periods longer than forty hours, 
the final point shown in Fig. 3. The viscosity re­
mained almost constant. The three values after 
six hundred seventy-two hours of reaction time 
were, respectively, 3.0 and 9.7 mg. of iodine per 
100 mg. sample and 9.95 millipoises. Treatment 
of a portion of this sample with hot hydrochloric 
acid did not change the reducing values, indicating 
that degradation had been so complete that all the 
chains had been broken into fragments of less than 
six carbons.

It is not possible to say whether this degradation 
is hydrolytic or not. However, we tend toward 
the view that it proceeds largely by scission of car­
bon-carbon bonds, perhaps by some mechanism re­
lated to the “enolization” breakdown of glucose 
in the presence of alkali as postulated by Evans.21 
We feel that the observation that all the reactions 
between glucose19 or /3-amylose and chlorine 
water are decreased in velocity by the presence 
of acid lends weight to this viewpoint. Further-

(20) There is no indication that these changes in reaction rate 
and degree of conversion to material without reducing power are 
due solely to  the action of the phosphate as a buffer. Phosphate ion 
greatly catalyzes the breakdown of glucose by chlorine water or hypo­
chlorite to  products containing less than six carbons at the expense 
of the formation of gluconic acid [Bleyer and Braun, Biochem. Z  
180, 105 (1927); 183, 310 (1927); 199, 186 (1928); Bernhauer and 
Schön, ibid., 202, 159 (1928)]. Apparently no one has heretofore 
considered the possibility of an analogous action of phosphate ion on 
starch or /3-amylose.

(21) Evans, Chem. R bv., 6, 28 (1929).
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more, Table II shows that hydrochloric acid had 
almost no effect on the “initial reducing value’’ 
and alkali-labile value of a dispersion of corn /3- 
amylose ground for two weeks. This observation 
confirms that of Daish.2?

T a b l e  I I

A c t io n  o f  H y d r o c h l o r ic  A c id  o n  C o r n  /T A m y l o se  
G r o u n d  T w o  W e e k s

(Reaction time 43 hours at room temperature)
“ Initial

reducing Alkali-labile
value,” mg. value, mg.

iodine/100 mg. iodine/100 mg. 
Material sample sample

25.00 cc. 4.000% jö-amylose 7.1 39.9
Same +  1.00 cc. 0.1 M  HCl 6.0 37.8
Same +  1.00 cc. 1.0 AT HCl 6.0 38.6
Same +  1.00 cc. 13 M  HCl 5.7 37.3
Same +  5.00 cc. 13 AT HCl 9.6 43.0

Action of Chlorine Water on Glucose
The conclusions already drawn concerning the 

mechanism of the reaction between /3-amylose and 
chlorine water from the data presented above were 
deduced in part from a similar investigation of the 
reaction between glucose and chlorine water. It 
has been well established23 that glucose is attacked 
in two distinct ways by chlorine or bromine water, 
dependent on the presence or absence of other sub­
stances. In the presence of a weakly alkaline 
buffer, such as barium carbonate, glucose is oxi­
dized chiefly to gluconic acid without much car­
bon-carbon scission.24 In the presence of a strong 
base or phosphate ion, and in the absence of any 
reagent other than the chlorine water itself, glu­
cose is degraded completely into one- and two- 
carbon acids.19,23

From Fig. 4 it will be observed that glucose is 
converted gradually to products without reducing 
power, as indicated by the drop in the “initial re­
ducing value” and alkali-labile value. The vis­
cosity remained almost constant. Superficially 
these curves, are similar to those of Fig. 1, but, 
there is one fundamental difference. The “ini­
tial reducing value” of the glucose solutions is 
always higher than the corresponding alkali-labile 
value, whereas the “initial reducing value” of each 
/3-amylose solution is always lower than the corre­
sponding alkali-labile value. This agrees with

(22) Daish, J . Chem. Soc., 105, 2053 (1914).
(23) (a) Bleyer and Braun, Biochem. Z ., 180, 105 (1927); 183,

310 (1927); 199, 186 (1928); (b) Bernhauer and Schön, ibid,, 202,
159 (1928).

(24) (a) French Patent 635,603 (1927); British Patent 289,280 
(1927); British Patent 293,322 (1928); (b) Honig and Ruziczka, 
Ber. 63, 1648 (1930); (c) Isbell and co-workers, Bur. Standards 
J . Research, 8, 327, 614(1932); 10 ,337  (1933).

previous work14b and indicates that the material 
present after treatment of /3-amylose with alkaline 
hypochlorite or chlorine water cannot be glucose. 
Due to lack of space, Fig. 4 does not show the 
course of the reaction beyond the first seven hours 
with chlorine water. The ‘ ‘initial reducing value’ ’ 
and alkali-labile value continued to drop, al­
though more slowly, because, as already men­
tioned, the rising concentration of hydrogen ion 
tends to stop all reaction. The viscosity showed 
no trend. The final values after thirty days of 
treatment were: “initial reducing value” 20.9 
mg. iodine per 100 mg. sample, alkali-labile value
21.6, and viscosity 8.73 millipoises. The possibly 
fortuitous identity of the “initial reducing value” 
and the alkali-labile value suggests that there may 
be some close connection between the mechanism of 
the chlorine water reaction on glucose (or possibly 
/3-amylose) and the mechanism of the alkali-labile 
digestion. This possibility was not investigated.

Hours.
Fig. 4.—Action of chlorine water on glucose.

It was pointed out above that other workers 
have found that gluconic acid is not formed to any 
extent from glucose by chlorine water in the ab­
sence of other reagents. Table III substantiates 
this observation to the extent that it indicates 
that gluconic acid, if formed at all, is attacked in 
its turn. No attempt was made to follow this 
investigation further.
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T a b l e  III
A c t io n  o f  C h l o r in e  W a t e r  o n  ^ -G l u c o n ic  A cid"

Treatment

“Initial 
reducing 

value” mg.
iodine 

per 100 mg. 
sample

Alkali- 
labile 

value mg.
iodine 

per 100 mg. 
sample

None 1.5 1.8
2.5 hours chlorine water at

30° 29.1 19.6
25.0 hours chlorine water at

room temperature 25.9 20.8
"Prepared according to the directions of Isbell and 

Frush [Bur. Standards J. Research, 11, 649 (1933)], seeding 
with crystals furnished by Dr. Isbell; m. p. 125.7°, corr. 
It was dissolved in distilled water in a concentration of
4.000 g. per 100 cc. of solution just before use.

Experimental Details
Commercial whole starches were ground in a ball mill25 

for the designated periods of time and then dispersed in hot 
distilled water. The a-amylose was removed by electro­
phoretic separation,26 using platinum electrodes. Each 
dispersion was made up to 4.000 =*= 0.005 g. per 100 cc. of 
solution (determined by evaporating 50-cc. samples to 
dryness at 80 °, followed by three hours at 100 ° or to con­
stant weight). Toluene was added to prevent bacterial 
action.

For each determination 25.00 =*= 0.02 cc. of the disper­
sion, free from toluene droplets, was pipetted into a 250- 
cc. Drexel tall form gas wash bottle modified by sealing a 
tube containing glass beads onto the outlet in place of the 
regular exit tube to reduce loss by spattering to a negligible 
amount. All reactions lasting less than eight hours were 
carried out in a water-bath kept at 30.00 =*= 0.03°. Re­
actions of longer duration were done at room temperature 
in the dark. Chlorine was bubbled through the dispersion 
for forty minutes27 at 0.75 liter per minute (N. T. P.). 
More chlorine was added from time to time to be sure that 
an excess was always present. The reaction27 was stopped 
by the following procedure:

Operation

Rate of 
bubbling 
in liters 

per minute 
(N. T. P.)

Operation
time,
min.

Nitrogen cylinder connected 0.25
Nitrogen (A. R. Co.) bubbled 2.0 2.0
Cylinders interchanged 0.25
Ethylene (Ohio Chem. Co. 

anaesthesia) bubbled 1 .6 6.0
Cylinders interchanged and 

5.0 cc. coned. HCl added 0.5
Nitrogen bubbled 2.0 30.0

Total quenching time 39.0 
minutes (stop watch)

(25) Taylor and Beckmann, T h is  J o ur n a l , 51, 294 (1929).
(26) Taylor and Iddles, Ind . Eng. Chem., 18, 713 (1926).
(27) Reaction time is the period from the beginning of chlorine or 

hypochlorite addition to the beginning of the quenching process. 
In some cases it  is less than forty minutes. Nitrogen alone will not 
remove all of the chlorine (hypochlorite), giving low reducing 
values. If the hydrochloric acid is not added the ethylene will not 
be completely removed by the nitrogen in any reasonable length of 
time, giving high and less reproducible reducing values.

The dispersion was then neutralized to phenolphthalein 
(0.05% in 50% synthetic methanol) as quickly as possible 
with almost saturated sodium hydroxide solution, nitrazine 
yellow28 added and neutralization completed with 0.1 M  
hydrochloric acid.29 The solution was then made up to
100.0 cc., protected against bacteria with two drops of 
toluene, and kept in glass-stoppered bottles for analysis.

The alkaline hypochlorite solutions were made as fol­
lows: A. Fifty grams of sodium hydroxide in 250 cc. of 
distilled water was treated with excess chlorine with chil­
ling, and then 20 g. more sodium hydroxide was added. 
The solution was diluted to 600 cc. and kept in a “Nonsol,< 
bottle in the ice-box until used. Available chlorine— 
4.33 g. Cl/100 cc. solution30; pH—above 13 (with La- 
Motte Purple indicator).

B. Eighteen grams of sodium hydroxide and 40 g. of 
anhydrous sodium carbonate in 400 cc. of distilled watei 
were partly neutralized by 20 g. of chlorine with chilling. 
The solution was made up to 500 cc. and handled like 
“A.” Available chlorine—3.20 g. Cl/100 cc. solution. 
pH—9.7 (corrected for the effect of the potassium ion on 
the glass electrode).

5.00 cc. of one of these two hypochlorite solutions was 
added to the jö-amylose dispersion by pipet. To stop the 
reaction 2.0 cc. of concentrated hydrochloric acid was added 
just before beginning the nitrogen-ethylene procedure.

The viscosity was measured with an Ostwald viscometer 
having a time of outflow for distilled water of sixty to 
sixty-five seconds at 30.00 =*= 0.03 °. Each viscosity figure 
is the average of those obtained on at least two aliquots 
from the same sample. Each aliquot was run through the 
viscometer 5 or 6 times, a. d. 0.5-1.0%. The average 
readings of the two aliquots were within 2% of each other. 
The density determinations were made as directed by 
Findlay,31 using a pycnometer containing about 7 cc. of 
solution. Weighings were made to the nearest milligram, 
corrected for the buoyancy of air.

The alkali-labile determinations32 were made by the 
standard method9 except for two minor changes. (1) 
5.00-cc. aliquots of the carbohydrate solution (1.000 g. 
carbohydrate per 100 cc. solution) were pipetted into test- 
tubes with 5.00 cc. of standardized 0.2 N  sodium hydroxide. 
(2) During the first ten minutes of the alkaline digestion 
in boiling water the corks were removed from the test- 
tubes to allow the remaining ethylene or other volatile re­
ducing material to steam off. This procedure gave a 
smaller and more reproducible alkali-labile value for the 
blank determinations, and had no effect on the value for 
untreated jö-amylose.

(28) Wenker, In d . Eng. C h e m 26, 350 (1934).
(29) If the latter indicator is added earlier it  will be inactivated at 

the point where the concentrated alkali strikes the solution. Even  
without an indicator the solution can be approximately neutralized 
because it  turns darker yellow rather suddenly when made alkaline. 
This color change is reversible in acid.

(30) Treadwell and Hall, “ Analytical Chemistry,” John W iley and 
Sons, Inc., N ew  York, Vol. II, 1924, p. 568.

(31) Findlay, “ Practical Physical Chemistry,” 6th ed., Longmans, 
Green and Co., N ew  York, 1935, p. 72.

(32) As the ordinary determination of the alkali-labile value, 
in which 50-mg. samples of the starch or /3-amylose are weighed into 
the test-tubes, does not take into account the water content of 8-10%  
in most starches the values for untreated /3-amyloses reported in this 
paper are approximately 10% higher than comparable ones reported 
earlier.®
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The following blank values were subtracted from the ob­
served reducing values to correct for the non-removable
reducing material introduced by the nitrogen-ethylene
quenching process.

Solution

"Initial 
reducing 

value,” mg. 
iodine/100 mg. 

sample
Unbuffered chlorine

water 0 . 0 2  ±  0 .0 1
Chlorine water buff-

ered by phosphate 0.04 ±  0.01
Alkaline hypochlorite

solution 0 . 0 2  ±  0 .0 1

Alkali-labile 
value, mg. 

iodine/100 mg. 
sample

0.08 ±  0.02

0.05 =*= 0.01

0.08 ±  0.01

The hydrolysis of j8-amylose dispersions was carried out 
as follows: 5.00 cc. of the chlorine-treated solution con­
taining 1.000 g. of carbohydrate per 100 cc. of solution of 
pH  7 were pipetted into a Pyrex test-tube and mixed with 
5 cc. of 2 M  hydrochloric acid. The mixture was heated 
in a boiling water-bath for thirty-five minutes, cooled, al­
most neutralized with almost saturated sodium hydroxide 
solution and accurately neutralized with 0.1 N  alkali to 
nitrazine yellow. The “initial reducing value” was then 
determined as usual.

Acknowledgment.—The authors wish to thank 
Prof. J. M, Nelson, Dr. A. F. Knoll and Dr. C. O. 
Beckmann for their valuable assistance in prepar­
ing this paper. They are grateful also to Dr. H. 
B. Hardt for carrying out the pH measurements, 
using the glass electrode circuit of Ellis and Kiehl.33

(33) Ellis and Kiehl, Rev. Sci. Instruments, 4, 131 (1933).

Summary
1. The action of chlorine water and of alkaline 

hypochlorite on /3-amylose has been followed 
quantitatively throughout its course at room tem­
perature by measurement of the reducing power 
and viscosity of the /3-amylose.

2. In alkaline medium the reaction is pri­
marily an oxidation of the aldehyde groups at the 
ends of the glucoside chains, but is accompanied 
by some disintegration of the carbohydrate.

3. In acid medium the reaction proceeds dif­
ferently. After a short time during which no 
apparent reaction occurs there is a sudden rise in 
reducing power and simultaneous drop in vis­
cosity. If the acid generated during the reaction is 
neutralized this abrupt reaction is followed gradu­
ally by a complete breakdown of the carbohy­
drate to products without reducing action toward 
alkaline hypoiodite reagent.

4. These changes in the reducing power and 
viscosity can be explained easily by assuming that 
iö-amylose exists in the form of the micelle postu­
lated by Meyer and Mark.

5. A rapid method for the quantitative re­
moval of hypochlorous acid from aqueous solu­
tions has been described.
N ew Y ork, N . Y. Received April 5, 1938

[Contribution N o. 132 from the D epartment of Chemistry and Chemical Engineering, The University of
Texas]

Nitrogen Compounds from Petroleum D istillates. XII. Fractional Sulfiting of 
Bases and Fractional Degassing of their Acid Sulfites1,2

By Stiles M. Roberts and J. R. Bailey

Introduction
It is well known that acid sulfites of organic 

nitrogen bases dissociate on heating their aqueous 
solutions into base, sulfur dioxide and water.

Base H 2SO3 ---- Base -f* SO2 T  H2O
In this paper, there is described how, by em­

ploying the velocity of dissociation of acid sul­
fites at variable temperature levels, a process of 
“Fractional Degassing” has been developed which 
can be used to advantage in resolution or organic 
nitrogen base mixtures into component types.

(1) Presented before the Petroleum Division of the American 
Chemical Society, Dallas, Texas, April 19, 1938.

(2) "Sulfiting” implies conversion of bases to acid sulfites and 
"degassing” implies dissociation of the acid sulfites with the libera­
tion of free bases and sulfur dioxide.

This procedure is applicable especially to petro­
leum and coal tar base fractions.

As an experimental background for the process, 
a crude fraction of kero bases (kerosene bases) 
in the 270-280° boiling range was selected. Here 
have been isolated previously 2,3- and 2,4-di- 
methylquinoline,3 2,3,8-trimethylquinoline,4 2,4,-
8-trimethylquinoline,5 and a C16H25N naphthenic 
base.6

The 270-280° fraction of kero bases may be 
arranged in three different types.

(3) Burnard S. Biggs and J. R. Bailey, T h is  Jo u rn al , 55, 4141 
(1933).

(4) W. A. King and J. R . Bailey, ibid., 52, 1245 (1930).
(5) T. S. Perrin and J. R. Bailey, ibid., 55, 4136 (1933).
(6) W. C. Thompson and J. R. Bailey, ibid., 53, 1002 (1931).
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A B  C
Aromatics A C16H20N base, A complex mix- 

Two di- and two probably of naph- ture of unknown 
trim ethylquino- thenic structure composition and 
lines representing about

70% of this frac­
tion

The velocities of degassing at 33° of the A, B 
and C components are in the approximate order 
of 1:9:30. After degassing had practically ceased 
at this temperature level, it was continued by pro­
gressively raising the temperature of the sulfite 
brine. Around 80° evolution of sulfur dioxide 
stopped abruptly, although it was known that the 
component base acid sulfites degas readily at this 
temperature. The inhibition to degassing was 
revealed in that qualitative tests were negative for 
sulfites and positive for sulfates. This observa­
tion suggested that the oxidizing effect of aeration 
could be circumvented by carrying out degassing 
with the aid of inert gases such as nitrogen, car­
bon dioxide or natural gas. This forecast has 
been confirmed experimentally.

Fractional sulfiting, as shown in the Experi­
mental Part, is comparable in efficiency to degas­
sing and was tried on the same material as was 
used in the latter process. Since a combination 
of the two methods involves the use of sulfur di­
oxide in the first phase and its recovery in the 
second phase, an economical and practical cyclic 
method of resolution of base mixtures, without any 
consumption of chemicals, is presented.

Our results and the results of Axe and Bailey 
(see following paper) emphasize how cumulative 
extraction5 supplements in a favorable way sul­
fiting and degassing in processing petroleum base 
fractions of straight-run distillates.

Experimental Part
Degassing Acid Sulfites of the 270-280° Kero Base 

Fraction.—Into a mixture of 1 liter of bases and 3 liters 
of water sulfur dioxide is led until complete solution re­
sults. Through this solution cooled to 20°, air is passed 
at approximately 0.5 liter per minute until evolution of 
sulfur dioxide practically ceases. The bases which layer 
out as a supernatant oil were withdrawn in seven fractions 
ranging from 20 to 147 cc., as shown in Table I. The de­
gassing proceeded rapidly for some time and then slowed 
down progressively, as can be inferred from twenty-four 
hours being required for the separation of fraction 7 (20 
cc.). Fraction 8 required three hours of degassing at 50° 
and fraction 9 required six hours a t 80° when, due to a 
complete sulfite-sulfate conversion, the evolution of sulfur 
dioxide ceased.

From fraction 9 there separated 2 g. of a crystalline salt 
which yielded, on treatment with sodium hydroxide, 2,3,8-

T a b l e  I

D e g a ssin g  of  B a se s  of 270-280 ° B o iling  R a n g e
Temp, of Vol.,

Fraction brine, °C. cc. M25D
1 2 0 59 1.5132
2 2 0 105 1.5183
3 2 0 70 1.5214
4 2 0 147 1.5258
5 2 0 40 1.5263
6 2 0 32 1.5276
7 20 2 0 1.5281
8 50 96 1.5277
9 80 18 1.5281

Residual bases from sulfates 413 1.5303
Original bases 1000 1.5267

trimethylquinoline. The latter was identified by the 
usual comparison with an authentic sample.

The bases (413 cc.) recovered from the residual sulfate 
brine (fraction 9) were dissolved in 240 cc. of 6 N  hydro­
chloric acid and seeded with 2,3,8-trimethylquinoline 
hydrochloride. After eighteen hours in the ice-box, 12 g. 
of the pure hydrochloride had separated. This character­
istic salt is difficultly soluble in water as compared with the 
hydrochlorides of the associated kero quinolines.

The smeary residue obtained by evaporation of the fil­
trate was washed with five portions of hot acetone (total 75 
cc.) and the bases (n20d 1.5142) were recovered from the 
solvent. The acetone insoluble hydrochlorides yielded 53 
cc. of bases (n20d 1.5228) which were further processed 
through cumulative extraction.5

The n20d values, 1.5143 and 1.5501, of 22 cc. from the 
chloroform layer, and 30 cc. from the water layer, respec­
tively, emphasize the efficiency of cumulative extraction in 
combination with sulfiting and degassing.

Table II  comprises degassing data on the acid sulfite 
solutions of base fractions 1, 2 and 8 (Table I).

T a b l e  II

Source of Frac­
Degassing 
temp, of Bases liberated

acid sulfite tion brine, °C. Vol., cc. w20d

la 0 28 1.5086

A composite of 2a 0 25 1.5120
3a 20 25 1.5152fraction 1 and 

2. 4a 20 19 1.5175
5a 20 9 1.5208
6a 22 1.5300

lb 20 16 1.5197

Fraction 8 2b 20 13 1.5203
3b 20 25 1.5218
4b 42 1.5303

The residual fractions 6a and 4b underwent sulfite-
sulfate conversion. However, from 6a, there separated on 
standing a crystalline acid sulfite from which 7 g. of 2,3,8- 
trimethylquinoline was obtained. Here the residue, from 
the evaporation of the filtrate and leaching out the smeary 
residue with cold acetone, yielded an additional 3 g. of the 
same acid sulfite.

Fractional Sulfiting of the 270-280° Kero Base Frac­
tion.—One liter of bases was fractionally neutralized with 
100-cc. portions of 8% aqueous sulfurous acid under vigor-
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Total volume of bases from extract, cc. 
Fig. 1.—Sulfiting of crude base fraction.

ous agitation over ninety-minute periods. At the end of 
each extraction the aqueous layer was drawn off and the

bases were liberated. The results obtained are presented 
in Table III.

The recombinations, A, B and C, of the nine fractions 
corresponding to the three pronounced slopes in Fig. 1, 
were further processed through cumulative extraction by 
agitation for several hours of the base fractions, with 6 N  
hydrochloric acid and chloroform in the volume ratio of 
1:1:1.2, respectively. The results are presented in Table 
IV.

Since a crystalline hydrochloride separated from the 
aqueous layer of both B and C before liberation of the 
bases, the 25-cc. and the 17-cc. fractions were reconverted 
to the hydrochlorides with the result that 7 and 3 g., re­
spectively, of pure 2,3,8-trimethylquinoline as hydro­
chloride precipitated. The refractivity of the 66 cc. of 
non-aromatics from B approached tha t of the C16H25N 
base (n20d 1.5129). In order to confirm the presence of 
this substance, this fraction was converted to anhydrous 
hydrochlorides, smeary admixtures were leached out with 
cold acetone, and the crystalline residue was extracted

T a b l e  III
F r a c t io n a l  A cid  E x t r a c t io n  w it h  S u l f u r o u s  A c id

Vol. of bases from
Fraction extract, cc. » 20d

1 95 1.5322 \
2 160 1.5272 ƒ  A

3 130 1.5265 }
4 130 1.5265 [ B
5 1 2 0 1.5256 ]
6 125 1.5250 )
7 130 1.5186 \ C
8 70 1.5112 J

T a b l e  IV
C u m u l a t iv e  E x t r a c t io n  o f  B a s e s  F o ll o w in g  F r a c ­

t io n a l  A cid  E x t r a c t io n

Bases from water Bases from chloro- 
Vol. layer form layer

Combi- used, Vol., Vol.,
nation w20d cc. cc. W20D cc. nwD

A 1.5316 100 27 1.5721 73 1.5174
B 1.5258 100 25 1.5614 66 1.5120
C 1.5222 100 17 1.5624 82 1.5090

with 400 cc. of hot acetone. After filtering off the un­
dissolved hydrochlorides, the filtrate was concentrated 

to a small volume, whereupon 17 g. of 
practically pure CieH^N-HCl separated.

Determination of Dissociation Rates of 
Base Acid Sulfites.—In order to make a 
thorough study of the rate of dissocia­
tion of acid sulfites of nitrogen bases, a 
method was devised whereby solutions 
of the salts could be used even though 
there were present an undetermined ex­
cess of sulfur dioxide. This scheme was 
effected by consideration of the differ­
ence in the rate of evolution of sulfur 
dioxide during degassing from solutions 
containing (1) an insufficiency and (2) 
an excess of sulfur dioxide for salifica­
tion of the base.

Through 10 cc. of an aqueous solution 
of a weighed quantity of base in an excess of sulfurous acid 
a quantity of air is passed at a constant rate (see Fig. 2). 
The vapor from the aeration unit is led into the sulfur di-

Time, min.
Fig. 3.—Degassing rate of the CwHasN base acid 

sulfite.

Fig. 2.—Apparatus for determination of degassing rates.



3028 W. Nelson Axe and J. R. Bailey Vol. 60

0 25 50 75 100 125 150 175 200
Time, min.

Fig. 4.—Comparison of degassing rates of: (1) non-aromatic fraction,
(2) the C16H25N naphthenic base and (3) quinoline acid sulfites.

oxide absorber containing 40% potassium hydroxide. Two 
absorbers, operating alternately a t recorded intervals of 
time, are connected to the aeration unit through a two-way 
stopcock so that the rate of degassing can be followed 
without interruption. The absorbed sulfur dioxide is 
determined iodometrically. In a series of experiments in­
volving three different bases, the rates of sulfur dioxide 
evolution from, the aeration unit are deduced and plotted 
against time. At the inflection point of each curve, it is 
assumed, all of the excess sulfur dioxide—and only the 
excess—is removed, leaving behind only base acid sulfite. 
By shifting the time abscissa of the curve for each base so 
that the inflection points coincide, a composite set of 
curves follows whereby a comparison of the degassing 
rates is presented. Figure 3 shows the degassing rate of 
the C16H25N naphthenic base. Figure 4 derived from Fig. 
3, along with similar curves for quinoline and a complex

non-aromatic fraction (b. p. 270-280°), de­
notes the comparative degassing rates of 
their acid sulfites.

Summary

Experience has demonstrated that, 
by following the old beaten track in 
processing coal tar bases, which are 
essentially of aromatic character, not 
much progress can be expected in iso­
lation of the components of the far 
more complex straight-run petroleum 
base fractions.

In the present investigation, a new 
cyclic process of resolution is described 

which employs the reversible reaction
Sulfiting Degassing

(A) Base +  S02 +  H20  rfz»: (B) Base-H2S 0 3

In (A), fractional acid extraction and in (B), 
fractional acid-sulfite dissociation are involved.

It was beyond the scope of the present investi­
gation to effect quantitative separations of the 
known components of the complex mixture of the 
bases processed; on the contrary, the aim was to 
establish Fractional Sulfiting and Fractional De­
gassing as general procedures which can contribute 
to an extension of the chemistry of petroleum 
bases.
A u s t i n , T e x a s  R e c e iv e d  J u n e  2, 1938

[C o n t r ib u t io n  N o. 133 f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m ic a l  E n g in e e r i n g , T h e  U n i v e r s it y  o f
T e x a s ]

The Nitrogen Compounds in Petroleum Distillates. XIII. Isolation of Four Quino­
line Homologs and Two Aromatic Bases of Probable Trinuclear Cyclic Structure1

By W. Nelson Axe2 and J. R. Bailey

Introduction
The main objective of this investigation con­

cerned the isolation of aromatics in the 300° range 
of kero bases. In refining the crude material, the 
following steps were involved: ( 1 ) fractional acid 
extraction followed by a rough distillation; (2 ) 
fractional distillation of the desired cuts from ( 1 ) 
after appropriate recombinations in the order of 
boiling points and refractive indices; (3) cumula­
tive extraction3 of fractions from (2 ) preceded by

(1) Presented before the Petroleum Division of the American 
Chemical Society, Dallas, Texas, April 19, 1938.

(2) From a dissertation presented by W. N . Axe to the Faculty 
of the Graduate School of The University of Texas in partial ful­
filment of the requirements for the degree of Doctor of Philosophy.

(3) Perrin and Bailey, T his J o u r n a l ,  55, 4136 (1933).

the usual recombinations; (4) fractional distilla­
tion of the aromatic bases which were concen­
trated as hydrochlorides in the aqueous layer in 
step 3.

Attempts to isolate individual components in 
fractions from step 4 around the 295° boiling 
range were rewarded by the recovery of two prod­
ucts in poor yield of the composition C13H 1 5 N (I) 
and C14H 1 7 N (II) through fractional precipitation 
and recrystallization of different salts. Further 
work on these compounds awaits the assembling 
of sufficient quantities for proof of structure.

Since the results reported above were disap­
pointing, resort was had to degassing of acid sul­
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fites. In the initial experiment on acid sulfites of 
aromatic fractions from cumulative extraction, 
the evolution of sulfur dioxide ceased abruptly 
when 90% of the original bases had layered out. 
An explanation of this observation was furnished 
by the discovery that, on prolonged degassing at 
different temperature levels, acid sulfites of aro­
matic bases may undergo oxidation to acid sul­
fates, provided aeration is employed to facilitate 
the removal of sulfur dioxide. 4

From the base fractions obtained in the degas­
sing experiment, a product of the composition 
C14H 1 7 N (III) was isolated through its character­
istic nitrate. The residual base fraction, ob­
tained by sodium hydroxide precipitation of the 
acid sulfate solution, yielded a Q 3H 1 5N base (IV). 
This latter base was separated from the mixture 
as the characteristic acid sulfate. These bases 
are isomers of (II) and (I), respectively.

The structures of (III) and (IV) have been es­
tablished conclusively through both degradation 
and synthesis. In accordance with the general 
observation that, in chromic acid oxidation of 
quinoline homologs, the stability of alkyls is in the 
progressive order of their positions of substitution 
from 1  to 8 , inclusive , 5 the monocarboxylic acids 
from oxidation of (III) and (IV) proved to be 2,3- 
dimethylquinoline-8 -carboxylic acid (V) and 2,3,-
4-trimethylquinoline-8-carboxylic acid (VI), re­
spectively.

Acid (V) proved identical with 2,3-dimethyl- 
quinoline-8 -carboxylic acid, previously obtained in 
chromic acid oxidation of 2,3,8-trimethylquino­
line6 and 2 ,3 -dimethyl-8 -ethylquinoline. 7 Since 
this acid contains two carbons less than does base
(III), it follows that the latter is a 2,3-dimethyl-8- 
propylquinoline. Accordingly, resort was had to 
synthesis to determine whether an n- or isopropyl 
was involved. The ^-propyl isomer was prepared 
by a modification of Rhode’s8 synthesis of 2,3-di- 
methylquinoline through the action of concen­
trated hydrochloric acid on a mixture of o-amino- 
^-propylbenzene and tiglic aldehyde. The 2,3- 
dimethyl-8 -w-propylquinoline, so obtained, proved 
identical with the kero base (HI).

(4) An experimental confirmation that the temperature of dis­
sociation of base acid-sulfites rises progressively with their ioniza­
tion constants has been established. When partial sulfite-sulfate 
conversion takes place, as in the present case, the bases of highest 
ionization constants are the ones involved. Proof of these conclu­
sions will appear in a subsequent publication.

(5) Miller, Ber., 23, 2252 (1890).
(6) King and Bailey, T h i s  J o u r n a l , 52, 1239 (1930).
(7) K ey and Bailey, ibid., 60, 763 (1938).
(8) Rhode, Ber,, 20, 1911 (1887).

Decarboxylation of acid VI gave 2,3,4-tri- 
methylquinoline, a base known to synthesis. 9 

The position of the carboxyl at 8  was inferred 
from the fact that, among the six previously iso­
lated quinoline homologs, none is substituted at 
positions 5, 6  or 7. The bases referred to include:
2,3-, 2,4 - 10  and 2 ,8 -dimethylquinoline, 1 1  2,3,8 - 6 

and 2,4,8-trimethylquinoline, 3 2,3-dimethyl-8- 
ethylquinoline. 7 The usual comparison of (IV) 
with a synthetic sample of 2,3,4,8-tetramethyl- 
quinoline1 2  revealed the identity of the kero base.

Two transformer-oil bases of the composition 
C15H 1 3 N and C16H 1 5N have been isolated. Ob­
viously, they do not belong to the quinoline se­
ries, since the rather closely cut fraction of bases 
from which they were isolated possessed a refrac­
tive index of 1.6570 at 25°, indicating the pres­
ence of polynuclear types of a higher order. Fur­
thermore, the empirical formulas correspond to a 
dimethyl and a trimethyl homolog of acridine or 
one of the three types of naphthoquinolines of the 
general formula CwH 2m_ 1 7 N, as compared with 
CwH2w-n N  for the quinoline series. Experimen­
tal evidence indicates that these provisionally 
assumed trinuclear types first occur in the 320° 
range of straight-run petroleum base fractions. 
Since acridine and its homologs have very high 
boiling points, it may be inferred that they are 
not represented, if at all, much below the 345° 
range.

Experimental
The Union Oil Company of California in processing 3000 

barrels of kerosene Edeleanu extract obtained 3 barrels of 
bases. A supply of this crude material was partially 
refined in the Texas Laboratory by fractional acid extrac­
tion, followed by fractional distillation at reduced pressure.

The separate fractions, totalling 38.7 liters, which were 
obtained from the second distillation through recombina­
tions in the order of boiling points and refractivities, were 
carried through cumulative extraction. Only the bases 
present as hydrochlorides in the water layer from this form 
of solvent extraction, and representing a relatively high 
concentration of aromatics, were used in this investigation. 
The so-called non-aromatic hydrochlorides which are 
segregated, in large part, in the chloroform layer have been 
reserved for future study. The yield of aromatic bases in 
this process is approximately 28% by volume. When it is 
considered tha t the average n25d value of the non-aromatics 
is not much above 1.5, while that of quinoline homologs 
approaches 1.6, the data in Table I emphasize the effi­
ciency of this process.

(9) Von Braun, Gmelin and Petzold, ibid., 57B, 387 (1924).
(10) Biggs and Bailey, This J o u r n a l , 55, 4141 (1933).
(11) Lake and Bailey, ibid., 55, 4143 (1933).
(12) This compound was synthesized by C. L, Key in anticipation 

of its discovery among the kero bases.
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T a b l e  I
C u m u l a t iv e  E x t r a c t io n  o f  K e r o  B a s e s

Fraction
B. p.,

°C.

A
n25D

(Mixed
type)

B
W25 D
(Aro­

matics)

B
Vol., cc.

(Aro­
matics)

1 292 1.5449 1.5850 850
2 293 1.5483 1.5842 980
3 294 1.5488 1.5845 635
4 296 1.5494 1.5830 520
5 292 1.5510 1.5848 560
6“
7a

297
296

1.5502 \  
1.5522 ƒ 1.5850 1400

8 303 1.5520 1.5832 900
9 301 1.5534 1.5832 850

10 307 1.5544 * 1.5832 760
11 300 1.5544 1.5850 650
12 304 1.5554 1.5855 780
13 303 1.5559 1.5848 1100
14 310 1.5559 1.5847 800

a Fractions 6 and 7 were combined prior to extraction.

Distillation data obtained on each of the fractions IB to 
7B, inclusive, showed a negligible variation in physical 
constants, indicating fractional distillation of the remain­
ing fractions to be superfluous. In processing these frac­
tions, bases (I) and (II) referred to in the introduction 
were isolated.

The individual fractions 8, 9, 10 and 11(B) dissolved in 
sulfurous acid were fractionally degassed through aeration. 
This procedure led to the isolation, in a favorable yield, 
of 2,3-dimethyl-8-w-propylquinoline (III) and 2,3,4,8- 
tetramethylquinoline (IV), neither of which was sepa­
rated in applying the conventional methods hitherto 
employed in resolution of mixtures of bases. Table II is 
submitted as an example of the results obtained.

T a b l e  II
F r a c t io n a l  D e g a s s in g  o f  S u l f it e  S o l u t io n  o f  F r a c ­

t io n  9B ( T a b l e  I)
Vol. 850 cc. (n™D 1.5832)

Temp.,
Fraction °C.

Fraction
time,
hrs.

Total
time,
hrs.

Vol.,
cc. n 2h d

1 10 6.5 6.5 135 1.5754
2 20 2.0 8.5 95 1.5754
3 20 2.0 10.5 82 1.5778
4 25 2.0 12.5 90 1.5808
5 25 18.0 30.5 160 1.5838
6 90 2.0 32.5 94 1.5889
7 90 2.0 34.5 Trace
8 Residue 164 1.5916

Fractions 1 through 7 comprise free bases which sepa­
rated as a result of the dissociation of acid sulfites. The 
residual fraction, 8, did not degas due to oxidation of the 
original acid sulfites to acid sulfates.

Isolation of 2,3-Dimethyl-8-w-propylquinoline as the 
Nitrate.—To the cooled solution of each of the first seven 
fractions (Table II) dissolved in an equal volume of 1:1 
ether-alcohol, nitric acid was added in slight excess (de­
duced from an assumed average base mol. wt. of 198). 
The precipitated nitrates after recrystallization gave the 
following yields: 22 g. (1), 16.5 g. (2), 8.5 g. (3) and 2.5 g.
(4). Fractions 5, 6 and 7 gave negative results. This

total yield of 49.5 g. came from fraction 9B (Table I). 
In processing fractions 8, 10 and 11(B) in a similar way, 
the amount of pure nitrate was increased to 112 g. This 
selective salt for the isolation of the dimethylpropyl- 
quinoline crystallizes from water containing a very small 
amount of nitric acid in slender rods melting a t 169° with 
decomposition.

Anal. Calcd. for Ci4H i7N H N 0 3: C, 64.10; H, 6.91;
N, 10.67. Found: C, 64.33; H, 6.93; N, 10.50.

Free Base.—The following constants were determined 
for the base prepared in the usual way from the pure 
nitrate or picrate: m. p. 14.5-15.5°; b. p. 299.5°; d204
O. 9996; n2bd 1.5778. I t  is insoluble in water and readily 
soluble in the common organic solvents. I t  is practically 
odorless.

Anal. Calcd. for Ci4H i7N: C, 84.42; H, 8.54; N, 7.03. 
Found: C, 84.22; H, 8.58; N, 7.07.

Picrate.—This salt, which is difficultly soluble in the 
common solvents, crystallizes from glacial acetic acid in 
long lemon colored rectangular prisms which melt un­
decomposed a t 198-199 °.

Anal. Calcd. for C20H20N4O7: C, 56.07; H, 4.71; N, 
13.08. Found: C, 55.83; H,4.63; N, 13.14.

Acid Sulfate.—On addition of concentrated sulfuric 
acid to an alcohol-ether solution of the base, this salt 
precipitates and can be recrystallized from /-butyl alcohol 
in small rectangular prisms melting a t 212-212.5 °. I t  is 
readily soluble in water and ethyl alcohol.

Anal. Calcd. for Ci4H17N H2S04: C, 56.56; H, 6.39; 
N, 4.71. Found: C, 56.20; H, 6.42; N, 4.97.

Hydrochloride.—This salt, prepared by passing hydro­
gen chloride into an ether solution of the base, crystallizes 
from acetone containing a trace of alcohol in microscopic 
rhombic prisms which, after drying in a vacuum desiccator, 
melt at 161-162°. I t  is readily soluble in water and alco­
hol.

Anal. Calcd. for C14Hi7N H C l: C, 71.31; H, 7.67; N,
5.93. Found: C, 71.32; H,7.91; N,6.19.

Zinc Chloride Salt.—For precipitation of this salt, an 
aqueous solution of zinc chloride is added to a molar 
amount of the base in dilute hydrochloric acid. Recrys­
tallization from an alcohol-acetone mixture yields ill- 
defined microscopic crystals melting at 193-194°.

Anal. Calcd. for Ci4H17N-HCl-ZnCl2: C, 45.19; H, 
4.87; N, 3.91. Found: C, 45.09; H,5.10; N,3.89.

2,3-Dimethylquinoline-8-carboxylic Acid.—To a boiling 
solution of 5 g. of the base in 6 N  sulfuric acid, is added, 
slowly, 15 g. of potassium dichromate in 23 g. of concen­
trated sulfuric acid diluted with 25 ce. of water. The 
reaction is complete in one hour. After neutralization of 
the sulfuric acid, the solution is extracted with chloroform. 
The crude product crystallizes from alcohol in needles 
melting a t 201-202°: yield 1.75 g. or 27%. A mixture of 
this acid with an authentic sample of 2,3-dimethylquino- 
line-8-carboxylic acid showed no depression in melting 
point, thus confirming a propyl a t position 8 of the original 
base. Decarboxylation of the acid through soda-lime 
distillation yielded the kero base 2,3-dimethylquinoline.

Anal. Calcd. for Ci2H n02N: C, 71.64; H, 5.47. 
Found: C, 71.43; H, 5.53.
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Synthesis of 2,3-Dimethyl-8-»-propylquinoline.—In  this 
synthesis the following series of reactions was involved

Mg HNOa +  H2SO4
C6H6CH2C1 -------------- >- CeHs-ra-CaH?-------------------- 3-

(C2H5)2S04 40°
/» -C sH7(1) (NH4)2S /» -C 3H7(l)

C6H af-N 02 (2) ---------- >  C6H3(-N 0 2 (2)
x N 02 (4) C2H6OH \ n H2 (4)
NaNOa +  H2S04 /«-CaH, (1) H2

------------------------^  C6H4< ---->-
abs. CaHsOH ^ N 0 2 (2) Ni

/re-CaH, CHa—CH=C(CHs)—CHO
c 6h 4< • ------------------------------------>-

XNH, HCl

(TTcH\ y W “ CH3
1

W-C3H7
The w-propylbenzene was prepared according to the pro­
cedure of Gilman and Catlin.13 The method described by 
Brady and Cunningham14 was followed in the conversion 
of the hydrocarbon to o-nitro-w-propylbenzene. Reduc­
tion of the nitro compound to the corresponding amine was 
carried out in a high-pressure hydrogenator using a Raney 
nickel catalyst. Equimolecular proportions of ö-amino-w- 
propylbenzene and tiglic aldehyde were heated with an 
excess of concentrated hydrochloric acid in accordance 
with Rhode’s synthesis of 2,3-dimethylquinoline.8

Isolation of 2,3,4,8-Tetramethylquinoline through the 
Acid Sulfate.—The residual bases in Fraction 8 (Table 
II) were dissolved in a 1:1 alcohol-acetone solution. On 
the addition of concentrated sulfuric acid, a sticky mass 
separated which on recrystallization from water yielded a 
colorless crystalline product. From this salt was re­
covered 13 g. of pure base. The total over-all yield in­
creased to 20.5 g. or approximately 4.5%, after fractions 8, 
10 and 11 (Table I) had been processed as outlined for 
fraction 9 (Table II).

The acid sulfate crystallizes from alcohol in hexagonal 
prisms melting with decomposition a t 298°.

Anal. Calcd. for Ci3H i5N*H2S 04: C, 55.10; H, 6.04; 
N, 4.94. Found: C, 54.88; H, 6.07; N, 4.87.

Free Base.—This base crystallizes from methyl alcohol 
in translucent, long, slender, rectangular prisms melting at 
77-78°.

Anal. Calcd. for Ci3H15N: C, 84.32; H, 8.10; N, 7.56. 
Found: C, 84.41; H, 8.23; N, 7.55.

Picrate.—This salt crystallizes from glacial acetic acid 
in characteristic small, rectangular plates melting with 
decomposition a t 240°. I t  is very difficultly soluble in 
other common solvents.

Anal. Calcd. for C19H18N4O7: C, 55.07; H, 4.35; N,
13.53. Found: C, 55.26; H,4.48; N, 13.58.

Hydrochloride.—On addition of concentrated hydro­
chloric acid to an acetone solution of the base, the hydro­
chloride is precipitated. The salt crystallizes from an 
acetone-alcohol solution in ill-defined microscopic crystals 
melting with decomposition at 252-253 °.

(13) Gilman and Catlin, “ Organic Syntheses,” John Wiley and 
Sons, New York, Coll. Vol. I, 1032, p. 458.

(14) Brady and Cunningham, J . Chem. Soc., 121 (1934).

Anal. Calcd. for Ci3H j5NHC1: C, 70.42; H, 7.27; N, 
6.32. Found: C, 70.51; H,7.46; N, 6.56.

Nitrate.—Concentrated nitric acid and a well-cooled 
alcoholic solution of the base yields a crystalline nitrate 
which after recrystallization from alcohol melts a t 184.5° 
with decomposition.

Anal. Calcd. for Ci3Hi5N H N 03: C, 62.89; H, 6.49; 
N, 11.29. Found: C, 63.10; H, 6.40; N, 11.30.

Zinc Chloride Salt.—The base in alcohol is treated with 
a molar proportion of hydrochloric acid and one-half mole 
of zinc chloride. The precipitated salt crystallizes from 
95% alcohol in hexagonal prisms with dome-shaped end 
faces melting a t 266-267 °.

Anal. Calcd. for (Ci3H i5N HCl)2-ZnCl2: C, 53.86; H,
5.56. Found: C, 53.89; H, 5.38.

Phthalone.—Molar amounts of the base and phthalic 
anhydride are heated for four hours a t 200°, the melt is 
dissolved in glacial acetic acid and the phthalone is pre­
cipitated by dilution of the solution with water. Micro­
scopic plates melting a t 264° are obtained on recrystalliza­
tion from alcohol.

Anal. Calcd. for C2iH i70 2N: C, 79.97; H, 5.43; N, 
4.43. Found: C, 79.81; H,5.43; N,4.40.

Chromic Acid Oxidation of the Base.—This experiment 
was carried out under conditions similar to those described 
for the oxidation of 2,3-dimethyl-8-w-propylquinoline. 
Here 5 g. of base, 8.5 g. of potassium dichromate and 12 g. 
of concentrated sulfuric acid diluted with 15 cc. of water 
were used. Four hours were required for the reaction; 
yield 0.8 g. of acid. After recrystallization from alcohol, 
the acid melted at 233.5-234°.

Anal. Calcd. for Ci3H130 2N: C, 72.04; H, 6.11. 
Found: C, 72.35; H, 6.10.

Decarboxylation of the Ci3H i30 2N Acid.—An intimate 
mixture of acid and soda-lime in the proportion of 1 :4 was 
heated well above 360°. The base, extracted from the 
fusion residue with ether, formed a picrate melting a t 220 °. 
Comparison of this picrate with an authentic sample of
2,3,4-trimethylquinoline revealed an identity.

Synthesis of 2,3,4,8-Tetramethylquinoline.12—Synthesis 
of this base was effected by the Combes method.15 
Methylacetylacetone (0.7 mole) was condensed with o- 
toluidine (0.6 mole) in the presence of hydrochloric acid at 
water-bath temperature for eight hours. The base, iso­
lated in the usual way, had the following physical con­
stants after recrystallization from petroleum ether: m. p. 
77-78°, b. p. 298-300°. The picrate melted at 240° and 
the acid sulfate melted with decomposition at 298°. 
Melting points of mixtures of the synthetic and kero base, 
as well as mixtures of the respective picrates, showed no 
depression, thus affording conclusive proof of structure.

Isolation of a Ci5H i3N Transformer-Oil Base.—To 54 
g. of a fraction of bases (b. p. 340°, n25d 1.6570)16 in an 
equal volume of glacial acetic acid, was added a hot acetic 
acid solution of 55 g. of picric acid. The reaction mixture 
was kept a t ice-box temperature for twelve hours. The 
smeary picrates which separated were crystallized from

(15) Combes, Bull. soc. chim., [2] 49, 91 (1888).
(16) For an in vestiga tion  of the, n ext higher boiling fraction (w26d 

1.6605) see A xe, H enson and Schuhardt, I n d . Eng. C h em ., 29, 503 
(1937).
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glacial acetic acid: yield 40 g., m. p. 178-183°. Two re­
crystallizations left 15 g. of picrates (m. p. 201-203°). 
Next, the crude viscous bases ( w25d  1.6096) liberated from 
the picrates were dissolved in a 1:1 alcohol-ether solution 
and a slight excess of concentrated sulfuric acid was added. 
The resulting acid sulfates after three recrystallizations 
from alcohol melted a t 265-267° with decomposition. A 
base melting a t 82-82.5° was liberated from the acid 
sulfate which after two recrystallizations from petroleum 
ether melted at 83.5-84°; yield of pure base, 0.7 g. The 
pure picrate of the base melted a t 228.5-229.5°. From 
another fraction boiling a t 340 ° ( w25d  1.6504), an additional 
quantity of the base was recovered, bringing the total 
yield up to 1.9 g.

A nal of base. Calcd. for C15H13N: C, 86.95; H, 6.23;
N, 6.76. Found: C, 86.97; H, 6.30; N, 7.00.

A nal of picrate. Calcd. for C21H 16O7N4: C, 57.79; H, 
3.67; N, 12.84. Found: C, 58.10; H,3.83; N, 12.97.

Isolation of a C16H i5N Transformer-Oil Base.—The 
bases, recovered from the residues after separation of the 
C15H13N compound, were combined and processed through 
degassing of their sulfurous acid solution into 8 fractions of 
bases. To each fraction in alcohol was added a slight ex­
cess of concentrated nitric acid. Precipitates in fractions 
5, 6, 7 and 8 followed immediately and appeared in very 
small amount in the first four fractions after seeding and 
prolonged stirring. The combined nitrates were recrys­
tallized from water containing a trace of nitric acid. 
The base liberated from the salt melted a t 86-87°. The 
melting point, 228-229 °, of the picrate prepared from the 
base remained unchanged after recrystallization from gla­
cial acetic acid.

The very slight solubility of the nitrate in water a t 100 °, 
which is approximately 1 part in 100, offers a selective 
method for the isolation of this base. This claim is empha­
sized by the isolation of only 0.6 g. of this substance, or
O. 59%, calculated from the quantity of the complex mix­
ture of bases processed.

The slight difference in melting points of this base and 
the CisHiaN compound, as well as the slight difference in 
melting points of the corresponding picrates, suggested an 
identity of the two bases. However, the melting point of a 
mixture of the two picrates showed a depression of 30°. 
Furthermore, the C15H13N base possesses a pronounced 
sweet odor, whereas the Ci6H i5N base is odorless.

A nal of base.17 Calcd. for CiöH iöN : C, 86.84; H, 6.83; 
N, 6.32. Found: C, 87.86; H ,6.88; N, 6.60.

A nal of picrate. Calcd. for C22H18N4O7: C, 58.66; H, 
4.02; N, 12.44. Found: C, 58.62; H,4.04; N, 12.46.

Summary
Fractional degassing of base acid sulfites as de­

scribed in the preceding paper by Roberts and 
Bailey has been employed in isolation, from the 
300° range of kero bases, of two quinoline homo­
logs, 2,3-dimethyl-8-w-propylquinoline and 2,3,4,-
8 -tetramethylquinoline. The structures of these 
products have been established through degrada­
tion and synthesis.

Two other bases of undetermined structure of 
the compositions C1 3H 1 5 N and C14H 1 7 N were 
separated from bases boiling in the neighborhood 
of 295°.

Two high-boiling bases, C15H 1 3 N and Ci6H i5N, 
which are probably of the acridine or naphtho- 
quinoline types, have been isolated from trans­
former-oil base fractions through employment of 
selective .salts and fractional degassing of base 
acid sulfites.

(17) The determination of carbon in the free base is obviously 
in error, but lack of material prevented a duplicate analysis.

A u s t i n , T e x a s  R e c e iv e d  J u n e  2, 1988

[C o n t r ib u t io n  N o. 51 f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n iv e r s it y  o f  U t a h ]

A System Correlating Molecular Structure of Organic Compounds with their Boiling 
Points. I. Aliphatic Boiling Point Numbers

B y C o rliss  R . K in n e y

Several systems have been devised for corre­
lating different physical properties of organic 
compounds with their molecular structure and 
two are particularly valuable tools in organic 
chemistry—molecular refraction and the para­
chor. Unfortunately, however, these methods 
give no information about certain types of isom­
erism and the parachor often involves consider­
able experimental difficulties. Consequently it 
would be most desirable, to have available another 
method which correlated molecular structure with

an easily determined physical property which 
would be sensitive to types of isomerism not shown 
by other methods. The boiling temperature of a 
compound is probably more dependent upon 
molecular structure, and more easily determined 
usually, than any other physical property; and 
yet no attempt has been made to devise a system 
for correlating the molecular structure of all types 
of organic compounds with their boiling points. 
Large numbers of expressions have been devised 
for correlating the boiling points of members of
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homologous series with the molecular weight or 
other similar property, but no general system has 
been made available for correlating all types of 
compounds. Such a system would be especially 
valuable for determining the structures of un­
known substances, for calculating the boiling 
points of substances from their structure, and for 
studying the effect of one group upon another in 
the molecule.

At the boiling point of a substance the kinetic 
energy of the molecules in the liquid state equals 
the energy associated with the attractive forces 
tending to hold the molecules together plus the 
energy required to do the necessary work against 
the external pressure. Since the latter energy is 
constant at a given pressure for all types of mole­
cules and since the molecular attractive forces are 
primarily dependent upon (1) the kind, (2) the 
number, and (3) the arrangement of the atoms in 
the molecule, the boiling point of the substance 
may also be considered to be primarily dependent 
upon the kind, number, and arrangement of the 
atoms in the molecule. The kind and number of 
the atoms in the molecule, i. e., the molecular 
formula, may be determined by qualitative and 
quantitative analyses together with molecular 
weight estimations; consequently, the effect of 
the structure upon the boiling point of a compound 
may be studied in this way. The boiling point of 
a compound is affected by such factors as dipole 
moment, hydrogen bonds, association, etc.; but, 
since these effects are also dependent upon the 
kind, number and arrangement of the atoms in 
the molecule they will be accounted for to a large 
extent. The boiling point is, of course, greatly 
affected by the pressure; but, by using pressures 
at or near the normal pressure in the following con­
siderations, that factor has been largely elimi­
nated.

There is no. known relationship between the 
boiling point of a compound and atomic values 
such as atomic weight, atomic volume, atomic re­
fraction, and atomic parachor; consequently, it 
was necessary to choose numbers for the atoms and 
groups in molecules which may be used with boil­
ing point data. It was also necessary to devise an 
expression for equating the two. The absolute 
boiling temperature of members of an homologous 
series of organic compounds may be expressed as 
a function of the molecular weight raised to a frac­
tional power using Walker's1 formula, T  =  aM b,

(1) Walker, J . Ckem. Soc., 65, 193 (1894).

where T  is the absolute boiling point, M  the mo­
lecular weight, “a" a constant characteristic of 
each homologous series and of a different value for 
each series, and “b” another similar constant. 
The value of “b” does not vary greatly from a 
value of one-third for most series and it becomes 
apparent that boiling point data may be expressed 
as a function of the sum of the atomic values 
chosen for use with boiling points raised to the 
one-third power. These atomic values and the 
expression for equating them with boiling point 
data were obtained in the following way.

Practically all organic compounds may be con­
sidered to be derivatives of the normal paraffin 
hydrocarbons or of hydrogen. Consequently, 
the normal paraffin hydrocarbons and hydrogen 
were taken to be the basis of the system. Next, 
various values were assigned to carbon and hydro­
gen and the absolute boiling points of hydrogen 
and the normal paraffin hydrocarbons plotted 
against the cube root of the sum of the different 
atomic numbers assigned to carbon and hydrogen. 
In this way it was possible to choose those values 
of carbon and hydrogen which cause the boiling 
point of molecular hydrogen to coincide most 
closely with the straight line of the hydrocarbon 
plot, thus making it possible to compare deriva­
tives of hydrogen and of the normal paraffin hy­
drocarbons. The best values of carbon and hy­
drogen are 0.8 and 1.0 unit, respectively, and may 
be called the atomic boiling point numbers (b. p. n.) 
for these atoms. Also the equation for the hydro­
gen-hydrocarbon plot may be used for correlating 
the boiling points of derivatives of hydrogen and 
the normal hydrocarbons with the boiling points 
of those substances themselves. Two forms of 
this equation are given below in which B. P. is the 
boiling point in degrees centigrade and B. P. N. 
(molecular boiling point number) is the sum of the 
individual atomic and group boiling point num­
bers expressing the structure of the molecule.

B. P. =  230.14 P. N. -  543 (1)
Log B. P. N. =  3(log (B. P. +  543) -  2.3620) (2)

The boiling point number (B. P. N .) of deriva­
tives of hydrogen or of the normal hydrocarbons 
may be considered to be composed of two parts: 
that due to the hydrogen atom or the hydrocar­
bon residue and that due to the characteristic 
atom or group. The latter value may be deter­
mined readily as the difference between the boiling 
number for the hydrogen atom or the hydrocarbon 
residue and the molecular boiling point number
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determined from the boiling point. For example, 
the branched chain hydrocarbons are considered 
to be alkyl derivatives of the normal hydrocarbons 
and the molecular boiling point number the sum 
of the atomic boiling point numbers for the hydro­
gen and carbon atoms in the normal chain plus 
the boiling point number which has been deter­
mined for the alkyl group. The boiling point 
number of the methyl group was determined from 
the following data, which demonstrates the 
method. The boiling point of 2-methylbutane is 
28°, which gives an observed B. P. N. of 15.27. 
In the butane chain there are four carbon atoms 
which contribute 3.2 and nine hydrogens which 
contribute 9.0 units. The difference of 3.07 units 
is to be attributed to the side chain methyl group. 
As an approximation a value of 3.05 has been 
adopted as the b. p. n. of the side chain methyl 
group which gives a calculated B. P. N. of 15.25 
and a boiling point of 27.75°. The b. p. n. of 
several of the alkyl groups together with a number 
of the characteristic groups present in aliphatic

compounds have been determined and may be 
found in Table II. In Table I have been listed 
most of the paraffin hydrocarbons for which boil­
ing points at atmospheric pressures have been re­
corded, the boiling point and the corresponding 
B. P. N., the calculated B. P. N., and the amount 
of the deviation from the calculated. Where the 
boiling point was recorded in the literature as a 
range of temperature the midpoint of the range 
has been taken as the boiling point. Many of 
the boiling points appearing in Table I were ob­
tained at pressures considerably less than stand­
ard. This, of course, introduces quite a little 
error and undoubtedly accounts for, in part, the 
low boiling points recorded for many of the higher 
boiling compounds. Another source of inaccu­
racy is that introduced by the use of some boiling 
points that have been corrected and many that 
have not. In addition, the differences in tech­
nique in taking the boiling point must cause serious 
discrepancies. For example, compounds 43 and 
44 in section B of Table I, 2,4,7-trimethyloctane

T a b l e  I
B o il in g  P o in t  N u m b e r s  f o r  t h e  P a r a f f in  H y d r o c a r b o n s

B. p., B. P. N. B. P. N .
Substance °c. (obsd.) (calcd.) Deviation

A. Normal Hydrocarbons
0 Hydrogen -2 5 2 .8 2.005 0.0 +  2 = 2.0 +0.005
1 Methane -1 6 1 .5 4.555 . 8 + 4 4. 8 -  .245.
2 Ethane -  88.3 7.71 1.6 +  6 7.6 +  -11
3 Propane -  44.5 10.16 2.4 +  8 10.4 -  .24
4 Butane -  0.45 13.10 3.2 +  10 13.2 -  .10
5 Pentane +  36.2 15.94 4.0 +  12 16.0 -  .06
6 Hexane 69 18.80 4.8 +  14 18.8 =*= . 0
7 Heptane 98.52 21.66 5.6 +  16 21.6 +  .06
8 Octane 125.8 24.54 6.4 +  18 24.4 +  .14
9 Nonane 150.72 27.38 7.2 +  20 27.2 +  .18

10 Deeane 174 30.24 8.0 +  22 30.0 +  .24
11 Hendecane 195.84 33.08 8.8 +  24 32.8 +  .28
12 Dodecane 214.5 35.66 9.6 +  26 35.6 +  .06
13 Tridecane 234 38.48 10.4 +  28 38.4 +  .08
14 Tetradecane 246 40.29 11.2 +  30 41.2 -  .91
15 Pentadecane 270 44.16 12,0 +  32 44.0 +  .16
16 Hexadecane 287 47.00 12.8 +  34 46.8 +  .20
17 Heptadecane 303 49.67 13.6 +  36 49.6 +  .07
18 Octadecane 317 52.18 14.4 +  38 52.4 -  .22
19 Nonadecane 330 54.58 15.2 +  40 55.2 -  .62

B. Methyl Derivatives
1 2-Methylpropane -  10.2 12.40 2.4 + 7 + 3.05 = 12.45 -0 .0 5
2 2,2-Dimethylpropane +  9.5 13.84 2.4 + 6 + 6.1 14.50 -  .66
3 2 -Me thy lbu tane 28 15.27 3.2 + 9 + 3.05 15.25 +  .02
4 2,2-Dimethylbutane 49 17.02 3.2 + 8 + 6.1 17.30 -  .28
5 2,3-Dimethylbutane 58.1 17.82 3.2 + 8 + 6.1 17.30 +  .52
6 2,2,3-Trimethylbutane 80.9 19.92 3.2 + 7 + 9.15 19.35 +  .57
7 2,2,3,3-Trimethylbutane 106.8 22.50 3.2 + 6 +  12.2 21.40 + 1.10
8 2-Methylpentane 60 17.99 4.0 + 11 + 3.05 18.05 -0 .0 6
9 3-Methylpentane 64 18.35 4.0 + 11 + 3.05 18 05 +  .30
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Substance

10 2,2-Dimethylpentane
11 2,3-Dimethylpentane
12 2,4-Dimethylpentane
13 3,3-Dimethylpentane
14 2,2,3-Trimethylpentane
15 2,2,4-Trimethylpentane
16 2,3,3,4-Tetramethylpentane
17 2-Methylhexane
18 3-Methylhexane
19 2,2-Dimethylhexane
20 2,3-Dimethylhexane
21 2,4-Dimethylhexane
22 2,5-Dimethylhexane
23 3,3-Dimethylhexane
24 3,4-Dimethylhexane
25 2,3,5-Trimethylhexane
26 2,2,3,4+Tetramethylhexane
27 2-Methylheptane
28 3-Methylheptane
29 4-Methylheptane
30 2,4- D im e thy Ihep t ane
31 2,5-Dimethylheptane
32 2,6-Dimethylheptane
33 3,3-Dimethylheptane
34 2,4,6-Trimethylheptane
35 3,3,5-Trimethylheptane
36 3-Methyloctane
37 4-Methyloctane
38 2,4-Dimethyloctane
39 2,5-Dimethyloctane
40 2,6-Dimethyloctane
41 2,7-Dimethyloctane
42 3,6-Dimethyloctane
43 2,4,7-T rimethyloctane
44 2,6,7-Trimethyloctane
45 2,2,7,7-Tetramethyloctane
46 5-Methylnonane
47 2,6- D im ethy In onane
48 2,6-Dimethyldecane
49 2,6,9-Trimethyldecane

1 2-Ethylpentane
2 2-Methyl-3-ethylpenlane
3 3-Methyl-3-ethylpentane
4 3,3-Diethylpentane
5 3-Ethylhexane
6 4-Ethylheptane
7 6-Methyl-7-ethyldodecane (729

mm.)

1 2-Methyl-5-propyloctane
2 5-Propylnonane
3 4-Methyl-6-propylhendecane (729

mm.)
4 6-Propyldodecane (729 mm.)

1 5-Butylnonane
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T a b l e  I (Concluded)
B. p., 

°C.

80.5

B. P. N.
(obsd.)

19.89 4.0 +  10 +

B. P. N .
(calcd.)

6.1 20.10
Deviation

- 0.21
89.7 20.77 4.0 +  10 + 6.1 20.10 +  .67
83.9 20.21 4.0 +  10 + 6.1 20.10 +  .11
86 20.42 4.0 +  10 + 6.1 20.10 +  .32

110.6 22.91 4.0 +  9 + 9.15 22.15 +  .76
98.5 21.66 4 . 0 +  9 + 9.15 22.15 -  .49

130 25.01 4.0 +  8 + 12.2 24.20 +  .81
90 20.81 4.8 +  13 + 3.05 20.85 -  .04
91.8 20.98 4.8 +  13 + 3.05 20.85 +  .13

106.5 22.48 4.8 +  12 + 6.1 22.90 -  .42
113.9 23.24 4.8 +- 12 + 6.1 22.90 +  .34
110 22.84 4.8 +  12 + 6.1 22.90 -  .06
109.2 22.76 4.8 +  12 + 6.1 22.90 -  .14
111.5 23.00 4.8 +  12 H- 6.1 22.90 +  .10
116.5 23.54 4.8 +  12 + 6.1 22.90 +  .64
129 24.90 4.8 +  11 + 9.15 24.95 -  .05
156.6 28.10 4.8 +  10 + 12.2 27.0 +  1.10
116 23.48 5.6 +  15 + 3.05 23.65 -0 .1 7
118.8 23.77 5.6 +  15 + 3.05 23.65 +  .12
118 23.69 5.6 +  15 + 3.05 23.65 +  .04
130 25.01 5.6 +  14 + 6.1 25.70 -  .69
135 25.57 5.6 +  14 + 6.1 25.70 -  .13
134.5 25.52 5.6 +  14 + 6.1 25.70 -  .18
137.5 25.86 5.6 +- 14 + 6.1 25.70 +  .16
143 26.49 5.6 +  13 + 9.15 . 27.75 -1 .2 6
159.2 28.40 5.6 +  13 + 9.15 27.75 +0.65
142.5 26.43 6.4 +  17 +- 3.05 26.45 -  .02
141.5 26.31 6.4 +- 17 + 3.05 26.45 -  .14
152.5 27.60 6.4 +- 16 +- 6.1 28.50 -  .90
156 28.03 6.4 +  16 + 6.1 28.50 -  .47
158.5 28.32 6.4 +  16 +- 6.1 28.50 -  .18
160 28.50 6.4 +  16 +- 6.1 28.50 =*= .0
159.5 28.44 6.4 +  16 + 6.1 28.50 -  .06
167.5 29.43 6.4 +  15 +- 9.15 30.55 -1 .0 8
158.5 28.32 6.4 +  15 + 9.15 30.55 -2 .2 3
188 32.05 6.4 +  14 + 12.2 32.60 -0 .5 5
165 29.12 7.2 +  19 + 3.05 29.25 -  .13
174.5 30.31 7.2 +  18 + 6.1 31.30 -  .99
194.5 32.91 8.0 +  20 + 3.05 34.10 -1 .1 9
207 34.61 8.0 +  19 + 9.15 36.15 -1 .5 4

C. Ethyl Derivatives
93.3 21.13 4.0 +  11 + 5.5 =20.50 +0.63

114 23.27 4.0 +  10 + 3.05 + 5.5 22.55 +  .72
118.8 23.78 4.0 +  10 + 3.05 + 5.5 22.55 +  1.23
139.2 26.04 4.0 +  10 + 11.0 24.80 +  1.24
118.9 23.79 4.8 +  13 + 5.5 23.30 + 0.49
139 26.02 5.6 +  15 + 5.5 26.10 -  .08

241 39.54 9.6 +  24 + 3.05 + 5.5 42.15 -2 .6 1

D.
189

Propyl Derivatives
32.18 6.4 +  16 + 3.05 + 7.0 = 32.45 -0 .2 7

196 33.11 7.2 +  19 + 7.0 33.20 -  .09

235.5 38.71 8.8 +  22 + 3.05 + 7.0 40.85 -2 .1 4
242 39.68 9.6 +  25 + 7.0 41.60 -1 .9 2

E.
218

Butyl Derivatives
36.15 7 . 2 +  19 + 9.7 = 35.90 +0.25
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Derivative B. p. n. Derivative B. p. n.
A. Alkyl Radical R— B. Chlorides Cl—

1 Methyl 3.05 1 RCH2CI 7.5
2 Ethyl 5.5 2 R2CHCI 6.5
3 Propyl 7.0 3 R3CCI 6 . 0
4 Butyl 9.7

C. Alcohols —OH D. Ethers — O—
1 CH3OH 1 2 .8 1 CH3OCH3 3.8
2 RCHsOH 1 0 .8 2 RCH2OCH3, R2CHOCH3, R3COCH3 2.9
3 R2CHOH 8 . 8 3 RCH2OCH2R, R2CHOCH2R, R3COCH2R 2 . 0
4 R3COH 6 . 8 4 R2CHOCHR2, R3COCHR2 1 .1

5 R3COCR3 ( 0 . 2 ? )

E. Aldehydes = 0 F. Ketones = 0

1 HCHO, CHaCHO 8 . 8 1 CH3COCH3 8.5
2 RCHaCHO 8 . 2 2 RCH2COCH3 8 . 0
3 R2CHCHO 7.6 3 R2CHCOCH3, RCH2COCH2R 7.5
4 RaCCHO 7.0 4 R3CCOCH3, R2CHCOCH2R 7.0

5 r 3c c o c h 2r , r 2c h c o c h r 2 6.5
6 r 3c c o c h 2r (6 .0 ? )
7 R3CCOCR3 (5.5?)

G. Acids —COOH H. Esters —OO—
1 HCOOH, CHaCOOH 2 0 .0 1 HCOOCH3, CH3COOCH3 9.4
2 RCH2COOH 19.3 2 RCH2COOCH3, CH3COOCH2R 8.5
3 R2CHCOOH 18.6 3 r 2c h c o o c h 3, r c h 2c o o c h 2r , h c o o c h r 2,
4 RsCCOOH 17.9 CH3COOCHR2 7.6

4 R3CCOOCH3, R2CHCOOCH2R, RCH2COOCHR2,
HCOOCR3, CH3COOCR3 6.7

5 R3CCOOCH2R, r 2c h c o o c h r 2, r c h 2c o o c r 3 5.8
6 r 3c c o o c h r 2, r 2c h c o o c r 3 4.9
7 R3CCOOCR3 4.0

I. Primary Amines . —n h 2 ;J. Secondary Amines —NH—
1 CH3NH2 8.4 1 CHsNHCH, 6 . 0
2 RCH2NH2 7.3 2 r c h 2n h c h 3 5.0
3 R2CHNH2 6 . 2 3 R2CHNHCH3, RCHoNHCH2R 4.0
4 R3CNH2 5.1 4 r 3c n h c h 3, r 2c h n h c h ,r 3.5

5 RsCNHCHsR, R2CHNHCHR2 3.0
K. Tertiary Amines = N —

1 CH3N(CH3)2 2.5
2 RCH2N(CH3)2 2 . 0
3 R2CHN(CH3)2, (r c h 2)2n c h 3 1.5
4 RsCNCCHah, (R2CH)2NCH3,

(RCH2)3N 1.25
L. Cyanides —CN M. Isocyanides —NC

1 CH3CN 15.2 1 CH3NC 13.3
2 RCH2CN 14.0 2 r c h 2n c 1 2 .2
3 R2CHCN 1 2 .8 3 r 2c h n c 1 1 .1
4 RaCCN 1 1 .6 4 RsCNC 1 0 .0

and 2,6,7-trimethyloctane, have very similar 
structures and should have very similar boiling 
points; however, their recorded boiling points 
differ by nine degrees and, judging by their calcu­
lated boiling point numbers, both of the recorded 
boiling points are much too low. In spite of these 
difficulties in obtaining accurate boiling point

data, the deviation is less than 5% in all cases ex­
cept three and for two of these the boiling point 
was determined at 729 mm. Consequently, it 
appears quite likely that the general use of boiling 
point numbers as guide in obtaining boiling points 
would lead to more accurately determined and 
better standardized boiling points appearing in the
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literature. It is, of course, unfortunate that the 
boiling points of so few ethyl, propyl, and higher 
radical derivatives have been recorded at atmos­
pheric pressure and it may be desirable later, as a 
consequence, to alter slightly the values assigned 
to these radicals when more boiling points have 
been recorded.

When two methyl groups are attached to the 
same carbon atom it would be expected, because 
of the steric effect, that the b. p. n. of the second 
methyl group would be less than the first. This 
is correct for the 2,2-dimethyl paraffins, such as
2,2-dimethylpropane (Table I, Sec. B, 2) and 
their derivatives, but does not apply to the 3,3- 
dimethyl derivatives such as 3,3-dimethylpentane
(13), etc. The introduction of several methyl 
groups into the center of the carbon chain pro­
duces a marked exaltation of the boiling point. 
This is shown particularly by such compounds as
2,2,3,3-tetramethylbutane (7) or 2,3,3,4-tetra- 
methylpentane (16). Young,2 while studying the 
properties of 2,3-dimethylbutane (5) and 2,5-di­
methylhexane (22), first noticed this behavior. 
The cause of this exaltation may be due to the re­
lation of the structure of these molecules to the 
packing effect in the liquid state. Whether this 
is the cause or not, the new method of correlating 
boiling point data makes it possible to observe 
and study the various effects of structure upon the 
boiling point in a very striking manner. Since 
the maximum deviation from the calculated 
B. P. N. of these compounds is only about 5%, no 
corrective factor has been devised for the present, 
but for making more accurate calculations the 
effect of related groups upon the B. P. N. should 
be considered.

The introduction of other atoms or groups, in 
contrast with the introduction of alkyl groups, 
produces a very marked change in the b. p. n. de­
pending upon the position (as well as the number) 
of the atoms or groups substituted into the mole­
cule. In Table II various characteristic atoms 
and groups are listed giving the b. p. n. for the 
different positions that may be taken. For ex­
ample, the values given for the b. p. n. of chlorine 
in the primary, secondary, and tertiary positions 
are 7.5, 6.5, and 6.0, respectively, and show the 
steric effect of the surrounding atoms in a striking 
manner. It is possible that the depression of the 
b. p. n. is due in part to a change in the dipole

(2) Young, J . Chem. Soc., 77, 1144 (1900); see also van Risseg- 
hem, Bull. soc. chim. Belg., 30, 8 (1921).

moment of such compounds, but insufficient data 
are available to make a decision. With molecular 
chlorine, hydrogen chloride, and methyl chloride 
data are available (Table III) and the change in 
b. p. n. corresponds to the change in dipole mo­
ment; however, the effect must be complicated by 
the steric effect in such a series.

T a b l e  III

B. p., Obsd.
B. p. n.

of
chlo­

Dipole
moment

Substance °C. B. P. N . rine X 1018
Chlorine -3 3 .7 10.48 5.24 0.0
Hydrogen chloride -8 3 .7 7.95 6.95 1.28
Methyl chloride -2 3 .7 11.49 7.69 1.86

The boiling point of a substance may be calcu­
lated from its structure in the following way pro­
vided, of course, that the b. p. n. of the various 
structural components are known. In Table IV 
the boiling points of the eight chloropentanes 
have been calculated and compared with the ob­
served.

The agreement between the calculated and ob­
served boiling points in Table IV is good with the 
exception of the last compound which belongs to 
the class of 2,2-dimethyl derivatives which, as 
pointed out above, show a marked depression of 
the boiling point. Furthermore, this compound 
shows the greatest depression of any examined 
thus far and the amount is usually less than half as 
much. If several tenths of a unit were subtracted 
to account for the behavior of the 2,2-dimethyl 
derivatives, the calculated boiling point would 
more closely approximate the observed value and 
this should be done in making more accurate calcu­
lations.

In calculating the structure of a substance such 
as an alkyl chloride from its boiling point, certain 
limitations are encountered. In the first place, 
there is no way to distinguish between those iso­
mers in which the characteristic group is merely 
shifted along the carbon chain, i. e., 2- or 3-chloro­
pentane and 1- or 4-chloro-2-methylbutane which 
are listed in Table IV. In the second place the 
branched compounds have a second variable, 
i. e.y the position of the alkyl group. This re­
quires that either the position of the alkyl group 
be known or that of the characteristic group. 
Since it is possible, usually, to determine the po­
sition of the characteristic group but not the posi­
tion of the alkyl groups attached to the carbon 
chain, the new method becomes of especial value 
in determining the structure of hydrocarbon radi-
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Substance

1 1-Chloropentane
2 2-Chloropentane
3 3-Chloropentane
4 l-Chloro-2-methylbutane
5 2-Chloro-2-methylbutane
6 3-Chloro-2-methylbutane
7 4-Chloro-2-methylbutane
8 l-Chloro-2,2-dimethylpropane

T a b l e  IV 
b . p. n .
(calcd.)

4.0 +  11 +  7.5 = 22.5
4.0 +  11 +  6.5 = 21.5
4.0 +  11 +  6.5 = 21.5
3.2 +  8 +  3.05 +  7.5 = 21.75
3.2 +  8 +  3.05 +  6.0 = 20.25
3.2 +  8 +  3.05 +  6.5 = 20.75
3.2 +  8 +  3.05 +  7.5 = 21.75
2.4 +  5 +  6.10 +  7 .5 =  21.0

Corliss R. Kinney Vol. 60

B. p. • B. p. B. P. N.
(calcd.) (obsd.) (obsd.)

106.7 108.35 22.67
96.9 96.7 21.48
96.9 97.3 21.54
99.4 98.3 21.64
84.3 86.0 20.41
89.4 91.0 20.91
99.4 99.6 21.77
92.0 84.4 20.26

cals. This will be found of greatest value in the 
determination of the structure of hydrocarbons 
which have no characteristic group.

The data given in Table IV may be used in the 
following way to determine the nature of the hy­
drocarbon radical. Taking the observed boiling 
point of the first compound of 108.35° a B. P. N. 
(observed) of 22.67 is obtained. Knowing that 
the compound has a molecular formula of C5HnCl 
we may calculate the B. P. N. for the normal chlo­
ride, which always has the greatest B. P. N. by at 
least 0.75 unit. The calculated B. P. N. is 22.50, 
which tells us at once that the chloride boiling at 
108.35° is ^-pentyl chloride. The second com­
pound boiling at 96.7° has a B. P. N. of 21.48, 
which is very nearly one unit less than the normal 
chloride, indicating that the compound is a second­
ary chloride with a straight chain. However, a 
side chain methyl group would lower the B. P. N. 
by 0.75 unit giving a B. P. N. of 21.75 which 
might be confused with the secondary chlorides 
when the boiling points were not carefully ob­
tained. This difficulty is readily cleared up by 
determining whether compound 2 is a primary or 
secondary chloride. If it is shown to be a second­
ary chloride then it must be either 2- or 3-chloro­
pentane and cannot have the branched chain 
structure. Compound 3 will, of course, yield the 
same results as 2. The fourth compound is a 
primary chloride and subtracting the value of the 
primary chlorine (7.5) from the observed B. P. N. 
of 21.64 there are 14.14 units to be attributed to 
the hydrocarbon radical. The normal pentyl 
chain has a value of 15.0, which indicates that 
compound 4 has a side chain methyl group which 
lowers the B. P. N. by 0.75 to the calculated 
value of 14.25. Again, there are two possible 
structures which satisfy these conditions, i. e.,
l-chloro-2-methylbutane and 4-chloro-2-methyl- 
butane, compounds 4 and 7 in Table IV.

The fifth compound is a tertiary chloride and, 
subtracting 6.0 from the observed B. P. N. of

20.41, the boiling point number of the alkyl radi­
cal is found to be 14.41. This value, being ap­
proximately 0.75 unit less than the normal pent}d 
radical, indicates the presence of a branched chain 
methyl group and only 2-chloro-2-methylbutane 
fulfils the conditions. However, if the carbon 
chain were longer, it would not be possible to lo­
cate the particular carbon atom to which both the 
chlorine and methyl were attached. The sixth 
compound is a secondary chloride and the b. p. n. 
of the alkyl radical is again 14.41 and a derivative 
of isopentane. The only secondary chlorine de­
rivative of isopentane is 3-chloro-2-methylbutane. 
The eighth compound is a primary chloride and 
the b. p. n. of the alkyl group 12.76. This value 
indicates that there are more than one branched 
chain methyl groups, in fact the depression of 
2.24 units indicates the presence of three. How­
ever, that is impossible with five carbon atoms 
and using The rule that the 2,2-dimethyl deriva­
tives have low boiling points, the compound may 
be identified as neopentyl chloride.

The b. p. n. for the various oxygen containing 
groups in aliphatic compounds are listed in Table 
II. The introduction of alkyl groups about the 
characteristic group lowers the b. p. n. more or 
less depending upon the group. The hydroxyl is 
affected the most, the depression being 2.0 units 
per alkyl group and the ketones the least where 
0.5 is the observed value. The effect is probably 
due to the steric effect of the alkyl groups. In 
spite of the well-known irregularity of the alco­
hols, the maximum deviation from the calculated 
B. P. N., out of 53 alcohols examined, was 2.71 
with 4-decanol while at least half of the alcohols 
showed a deviation of less than 1.0. The ethers 
behaved more regularly: the greatest variation 
observed being 0.72 with diisobutyl ether, while 
more than half deviated less than 0.2 from the 
calculated. Decanal, among the aldehydes, gave 
the greatest deviation with a value 1.31 too low. 
The majority of aldehydes showed a deviation of
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less than 0.6. Among the ketones 2-pentadeca- 
none was too low by 1.9 while half of them de­
viated by 0.4 or less. The B. P. N. of decanoic 
acid was found to be farthest from the calculated 
and was 1.57 while half of the acids examined had 
deviations less than 0.4 unit. Among the esters 
methyl caprate was too low by 2.28 and half de­
viated by as much as 0.4 unit.

The amines, cyanides, and isocyanides have been 
studied among the aliphatic nitrogen compounds. 
The b. p. n .’s. for the various substitution prod­
ucts containing these characteristic groups may 
also be found in Table XI. Using those values 
satisfactory results are obtained with the excep­
tion of tri-w-heptylamine for which a boiling point 
about 20° too low has been reported. This seems 
entirely out of line with the other tertiary amines 
and further investigation may show that a value 
nearer 350° is correct. The amine that gave the 
next widest variation from the calculated was di- 
(a-methylheptyl)-amine with 2.32. It also is 
high boiling and its boiling point may have been 
determined incorrectly. With at least half of the 
amines the deviation amounts to less than 0.4 unit. 
Among the alkyl cyanides decane nitrile gave the 
greatest variation of 1.42, while over half of them 
deviated less than 0.3. Out of ten isocyanides

ethyl isocyanide deviated the most with 0.94 
while half deviated 0.6 or less.

Other groups of compounds are being studied in 
the same way and a general survey of the field has 
been contemplated. The author will welcome 
data, suggestions, and criticism in the hope that 
the new method will become a particularly useful 
tool in organic chemistry and that many new rela­
tionships affecting the behavior of compounds will 
be the result. In developing the method the 
author is especially indebted to the late Professor
E. P. Kohler and to Professors L. Pauling and H. 
Gilman for many valuable suggestions and en­
couragement.

Summary
A method has been devised for correlating the 

structure of organic compounds with their boiling 
point. Boiling point numbers for a variety of 
atoms, groups, and molecules have been obtained 
and the accuracy discussed. Methods for calcu­
lating the boiling point of a compound from its 
structure and the structure from the boiling point 
have been outlined. The combined effect of 
several groups in the molecule upon the boiling 
point has been discussed.
Salt Lake City, Utah Received June 9, 1938

[C o n t r ib u t io n  f r o m  t h e  D e p a r t m e n t  o f  P h y s ic a l  C h e m is t r y  a n d  f r o m  t h e  D e p a r t m e n t  o f  P e d ia t r ic s , H a r v a r d
M e d ic a l  S c h o o l ]

The Viscosities of Solutions of the Proteins of Horse Serum1

B y  K a th l e e n  R. F a h ey  and A rda  A ld en  G r e e n

The viscosity of solutions of proteins is known to 
vary widely with the character of these solutes. 
Some, in sufficiently dilute solution, obey approxi­
mately the classical Einstein law relating vis­
cosity and concentration. Thus Loeb,2 in study­
ing egg albumin, observed agreement with the 
Einstein equation; and Daniel and Cohn3 noted 
that “the viscosity of such a protein as egg albu­
min is not very different from that of glycine when 
both solutes occupy the same volume fraction of 
solution. . . . Hemoglobin and serum albumin, 
whose molecules—according to Svedberg—are 
larger and not quite spherical, are, however, more 
viscous than demanded by the coefficient of Ein-

(1) This study was supported in part by a grant from the Com­
monwealth Fund of New York.

(2) Loeb, J . Gen. P h y s i o l 4, 73 (1921-1922).
(3) Daniel and Cohn, T h i s  J o u r n a l ,  58 ,  415 (1936).

stein's equation. None the less, hemoglobin like 
egg albumin obeys Poiseuille's law relating vis­
cosity to pressure. A great many protein mole­
cules are, however, highly asymmetrical in shape, 
and give rise both to anomalous viscosity and to 
double refraction of flow, in this respect resem­
bling the long chain polymers studied by Staudinger 
and his collaborators.”

The serum protein fractions as then separable 
were studied carefully by Harriette Chick4 twenty- 
five years ago. She investigated their viscosities 
as affected by temperature and by concentrations 
of protein, salt and hydrogen ions. She reported, 
“In all cases, increase in protein concentration is 
accompanied by a disproportionately great in-

(4) H. Chick, Biochem. J .,  8, 261 (1914); H. Chick and E. 
Lubrasynska, ibid., 8, 59 (1914).
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crease in the viscosity of the solution. The effect 
is greatest in case of euglobulin, solutions of which 
exhibit a high viscosity at a comparatively low 
protein content. It is least in case of serum al­
bumin, which, for strengths of protein under about 
10% behaves almost as a. crystalloid. Pseudo­
globulin is intermediate between the other two 
proteins in this respect. ’ 5

Differences in viscosity of the various serum 
protein fractions are so great as to be determined 
readily, and are presumably of significance in re­
gard to the size and shape of the molecules.

Three isoelectrically precipitable globulins, 
designated Pi, Pii and Pm, have been separated 
from normal horse serum . 5 Two of these, Pi and 
Piii, have isoelectric points close to pH  5 and one, 
Pii, close to pH  6 . Since these globulin fractions 
differ in their method of preparation from those 
of Chick and other investigators, it was thought 
advisable to investigate their viscosities and also 
those of the remaining soluble serum proteins.

Experimental
The isoelectrically precipitable globulins Pi, P ii and 

P m  were prepared in the manner described in a previous 
communication.5 In  some instances the identical prepara­
tions were used. The essential characteristic of this 
method of separation of serum globulins is isoelectric pre­
cipitation in a very low concentration of salt.

The proteins precipitated from normal horse serum in 
solutions one-half saturated with ammonium sulfate were 
dialyzed against water. After dialysis dilute hydro­
chloric acid, approximately 0.01 N, was added cautiously 
until a precipitate formed, usually a t pH  6.5. This pre­
cipitate was removed by centrifugation. I t contained 
P m  as well as P i i , for although the isoelectric point of P in  
is close to pH  5, this fraction is nevertheless precipitated 
with P i i  at pH  6.5 because it is so very insoluble. These 
globulins were separated from each other by solution in 
acid and fractional reprecipitation with alkali. To the 
solution obtained after removal of P i i  and Pm  dilute hy­
drochloric acid was added again until the pH was close to 
5, and a certain amount of P i was isoelectrically precipi­
tated. Dilution with water, further dialysis or reprecipi­
tation with ammonium sulfate followed by dialysis brought 
down a further quantity of Pi.

At least three or four solutions in alkali or acid and iso­
electric reprecipitations were carried out on each fraction 
before the proteins were considered to approach homo­
geneity. The protein remaining in solution after all 
water insoluble proteins are removed by dialysis and 
electrodialysis from the total globulin fraction obtained 
by repeated precipitation with ammonium sulfate a t 
one-half saturation was termed pseudoglobulin.

Since the euglobulins are insoluble at their isoelectric 
points, viscosities must be determined either in the pres­
ence of salt or a t a reaction away from the isoelectric point.

(6) A. A. Green, Tais J o u r n a l ,  60, 1108 (1938).

To obtain solutions in 0.5 M  saline, precipitates were first 
dissolved in a small amount of sodium hydroxide; sodium 
chloride solution was then added, followed by an amount 
of hydrochloric acid equivalent to the amount of sodium 
hydroxide used to dissolve the precipitate. To prepare 
solutions in alkali, dialyzed suspensions of the precipitates 
in distilled water were treated with the minimum amounts 
of 0.1 N  sodium hydroxide to bring the precipitates com­
pletely into solution. The resultant pH  of the P m  solu­
tions was 7.0 and 7.1, of the P i i  solution 8.0, and of the Pi

T a b l e  I

V is c o s it y  o f  S o l u t io n s  o f  P r o t e in s  o f  N o r m a l  H o r s e  
S e r u m

Concn. 
g./liter

Den­
sity

o
Relative
viscosity
v/v o — 1

Concn. 
g./liter

Den­
sity

P

Relative 
viscosity  
V/VO — 1

Globulin Pi
Prepn. 1 a t pH  6.5 in H20 Prepn. 2 a t pH  5 in 0.5 M

NaCl
5.5 0.9983 0.053 10.2 1.0197 0.120

11.4 .9997 .126 20.3 . 1.0226 .280
16.8 1.0013 .204 30.5 1.0245 .465
22.1 1.0026 .290 40.6 1.0272 .673
27.6 1.0041 .387 50.8 1.0298 .999

Globulin P ii
Prepn. 1 a t pH  8.0 in H20 Prepn. 2 a t pH  6.4 in 0.5 M

NaCl
10.1 0.9999 0.155 2.8 1.0182 0.036
21.0 1.0031 .384 5.7 1.0193 .083 .
31.0 1.0058 .758 8.5 1.0199 .110
40.8 1.0085 1.400 11.4 1.0207 .160
51.0 1.0116 2.641 14.2 1.0216 .213

Globulin P i i i

Prepn. 1 a t pH  7.1 in H20 Prepn. 2 a t pH  7.0 in H20
5.8 0.9983 0.125 5.0 0.9983 0.109

12.0 .9997 .267 10.4 .9999 .252
17.7 1.0010 .630 15.3 1.0009 .429
23.3 1.0023 1.224 20.2 1.0023 .716
29.1 1.0036 2.171 25.2 1.0039 1.023

Pseudoglobulin
Prepn. 1 a t pH  6.0 Prepn. 26

20.2 1.0037 0.195 8.2 0.999 0.06
28.7 1.0055 .310 15.0 1.000 .14
35.8 1.0076 .411 28.0 1.003 .30
44.8 1.0101 .570 55.8 1.009 .82

Serum Albumin8
Prepn. 1 Prepn. 2

29.4 1.0083 0.16 8.35 1.0023 0.046
58.8 1.0166 .37 20.96 1.0059 .116

117.6 1.0438 1.18 41.92 1.0116 .246
235.2 1.0665 9.35 104.80 1.0288 .868

139.73 1.0394 1.568
209.60 1.0593 5.191

(6) Published through the courtesy of J. D . Ferry, who made the 
determinations in conjunction with studies on the dielectric constants 
of serum proteins.7

(7) J. D . F erry and J. L . O ncley, T h i s  Jo u r n a l , 60, 1123 (1938).
(8) Earlier measurements from the Department of Physical Chem­

istry, Harvard Medical School,8 hitherto unpublished in detail,
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solution 6.5. The pseudoglobulin solution was electro- 
dialyzed and its pH  was 6.0. The amount of protein in 
solution was determined by heat coagulation at the iso­
electric point; coagulated protein was washed on sintered 
glass filters till salt free and was dried a t 110° to constant 
weight.

The viscosities were measured a t 25 =*= 0.1 ° in Ostwald 
viscosimeters. The densities were determined a t the same 
temperature in a pycnometer of approximately 10 cc. 
volume. The relative viscosities reported are the aver­
age of a t least three determinations. In  calculating the 
relative viscosity the ratio of the time of flow of 0.5 M  
sodium chloride to water was taken as 1.015 and the density 
of 0.5 M  sodium chloride and of water a t 25° as 1.0173 and 
0.99707, respectively. The data are recorded in Table I.

Discussion
For comparison with the existing data on the 

viscosities of serum proteins, the data are pre­
sented in Fig. 1, in which concentration of protein 
in grams per liter is plotted against the relative 
viscosity, rj/rjo—l,  where rj is the viscosity of the 
solution and tjq the viscosity of the solvent.

The viscosities of the serum proteins studied 
increase in the order albumin, pseudoglobulin, 
Pi, Pii and Pm. The pseudoglobulin and albumin 
values check satisfactorily with Chick’s deter­
minations, 4 and her curve for euglobulin, prepared 
by acidification of ten-fold diluted horse serum 
with acetic acid (to pH  5.4-6.0) lies between Pi 
and Pii.

Chick’s data have been recalculated on a volume 
basis rather than as grams per 1 0 0 0  grams. 
Under these circumstances curves for solutions 
obtained by addition of dilute sodium chloride or 
dilute alkali appear to be superimposable. Over 
the range studied our curves are also identical 
within the limit of error of these measurements 
whether the protein, P i  or P i i , was dissolved in 
0.5 M  sodium chloride at the isoelectric point or 
was in solution in dilute alkali.

Einstein , 9 in 1906, derived an equation for the 
viscosity of a suspension or solution of spherical 
particles

v/rn -  (1 +  2.5 *) (1)

where cp is the volume fraction occupied by the 
particles (the solute), and 070 the viscosity of the 
solvent at the same temperature. This equation 
is linear in <p and therefore in the concentration in 
grams per liter of solution if the partial specific 
volume of the solute is constant. It has been 
used by Daniel and Cohn3 in describing the vis­
cosities of a series of amino acids and related sub­
stances in dilute solution. They noted that

(9) A. Einstein, A n n . P hys^  3.9, 289 (1900); 84, 691 (1917).

Fig. 1.—Viscosity of serum proteins: curve (1) serum 
globulin P i i i  O ; ( 2 )  P i i  ©; (3 )  euglobulin (Chick) V ;  
(4) Pi • ;  (5) pseudoglobulin (this investigation © Q 
and Chick 3 ); (6) whole serum (Chick) + ; (7) serum 
albumin (this investigation ©, Chick and 
Lubrzynska ■).

“measurements upon aliphatic amides, amino 
acids, and peptides even up to viscosities more 
than three times that of water are given by the 
equation

( v / m  -  1 )  =  2.5 K  <p +  (2.5 K  <p ) 2- 8 (2)”
Although the viscosity curves of all proteins de­

viate in concentrated solutions from the linear 
relationship demanded by the Einstein equation, 
in sufficiently dilute solutions the linear relation­
ship is approximated and the value of K  may be 
estimated. The range over which viscosity is 
roughly linear with concentration is shown graphi­
cally for the serum proteins in Fig. 2. The 
values for K 10 are given in Table II together with

(10) The values of K  adopted were obtained from determinations 
of relative viscosities of solutions of low protein concentration. 
Even over this range, however, K , calculated by means of equation 
1, shows a drift with concentration. Estimated by extrapolation to 
infinite dilution on the basis of a plot of C against K , the following 
values of K  were obtained and the corresponding values of s /d  are
also implied:

Serum Pseudo­ Serum globulins
albumin globulin Pi P ii P iii

K 2 .6 4 .5 4 .6 7 .0  10 .0
s /d $ .0 n .  s 12.0 15.6  19.0
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T a b l e  II
C o n s t a n t s  D e s c r ib in g  V is c o s it y  D e t e r m in a t io n s

V Ki» x Y s/d™

Glycine 0.759 1.07 2.8 1 1.7
«-Alanine .823 1.48 2.8 1 4.4
Glycylglycine .706 1.55 2.8 1 4.7
Na e-aminocaproic 

acid .835 2.32 2.8 1 7.3
Lysylglutamic acid .769 2.26 2.8 1 7.1
Hemoglobin11 .75 1.87 . . . 5.9
Egg albumin4 .749 2.8012 4.0 1.1 8.5
Serum albumin .725 3.30 4.0 1.7 9.6
Pseudoglobulin .715 5.70 3.6 1.4 13.7
Euglobulin4 .73 7.20 4.0 1.7 15.8
Pi .75 6.6 4.0 1.7 15.0
P i i .72 8.0 4.0 8.0 16.7
P i i i .78 11.5 4.0 8.0 20.5
Casein22 .75 18.0 . . . 26.1
Tobacco mosaic 

virus18’19 .73 35.0 . . . 36.9

values for some amino acids and related substances

In order to describe the deviations of viscosi­
ties from the linear relationship in the more con­
centrated solutions of protein, equation (2 ) may 
be modified further to give the following

The curves in Fig. 2 and the viscosity curves 
of Chick and collaborators up to 17 /7 7 0  =  20 given 
in Fig. 3 may be described in terms of the above 
equation using the values for K , X  and Y  re­
ported in Table II.

The numerical value of K  has been calculated 
from the linear relation in low concentration of 
protein. The more viscous is the protein the 
higher the value for K .  The values for X  for the 
serum proteins are approximately 4 and, there­
fore, greater than those for amino acids. The 
value for Y  also tends to increase for the serum

estimated by Daniel and Cohn. The values for 
the specific volume, V, have been calculated from 
values for concentration of protein and density 
in Table I and in Harriette Chick's data. The 
values calculated from the results of CMck are

proteins and for the more viscous globulins, Pii 
and P i i i , is as high as 8 .

The peculiarities of protein viscosity have been 
attributed to hydration of molecules, 4 , 1 4 , 1 5  to elec­
trical interactions, and to shape of the molecules.

W. Kuhn16 has developed the fol­
lowing equation for the increase in 
viscosity of rod-like molecules

v/vo —1 — 2.5 (p + 16 \ d ) (4)

80 
KVC.

Fig. 2.—Viscosity of dilute solutions of proteins: Pi • ;  P i i  ©; P in  O; 
pseudoglobulin □; serum albumin A ; casein V  (Sackur22); hemoglobin 
■ (Cohn and Prentiss11); and tobacco mosaic virus A (Lauffer18 Framp­
ton and Neurath19).

from which a definite relation be­
tween length, sf and width, d, of the 
molecule can be obtained assuming 
the length is much greater than the 
width. Guth 1 7  has presented a more 
general treatment of the problem in 
which the Kuhn equation is obtained 
as a limiting case for molecules which 
are ellipsoids of revolution. The rela­
tion between equation (4) and equa­
tion ( 1 ) may be expressed as follows

K  =  1 (5)

0.725, 0.73 and 0.715 for serum albumin, euglobu­
lin and pseudoglobulin, respectively. These are 
slightly smaller than the values 0.758 for serum 
albumin and 0.745 for serum globulin, containing 
both eu- and pseudoglobulin, estimated by Sved­
berg1 3  on solutions which never exceeded 3 %.

(11) Cohn and Prentiss, J . Gen. Physiol., 8, 619 (1927).
(12) Loeb2 found that the viscosity of egg albumin follows the 

simple Einstein equation where K  is approximately 1.0. Further 
determinations on the viscosity of egg albumin will be reported later.

(13) Svedberg and, Sjogren, T his J o u r n a l , 80, 3319 (1928),

The values for K  adopted (Table II and footnote 
1 0 ) lead to values of s /d  varying from 1.7 for gly­
cine to 26 for casein and 37 for tobacco mosaic 
virus.

A similar application of Kuhn's equation to the 
viscosity measurements on tobacco mosaic virus

(14) M. Kunitz, J . Gen. Physiol., 17, 365 (1934).
(15) S. Arrhenius, M edd . Vetenskapakad. Nobelinst., 3, No. 13 

(1916); Biochem . J .,  11, 112 (1917).
(16) W. Kuhn, Z. physik. Chem., A161, 1 (1932).
(17) E. Guth, Kolloid. Z ., 74, 147 (1936).
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by Lauffer,18 and Frampton and Neurath19 re­
sults in an estimate of s /d  as 35 to 36.8. Poison,20 
also, has calculated the relation of length to width 
of a number of proteins from viscosity measure­
ments using the Kuhn equation in conjunction 
with the Arrhenius equation for estimating the 
viscosity increments at infinite dilution. His 
values of d /s  for egg albumin and serum albu­
min are 0.142 and 0.123, respectively, which yield 
values of s /d  of 7.05 and 8.13 of the same order 
of magnitude as those calculated above. On the 
same basis thyroglobulin and Octopus hemocyanin 
both have values oi s /d  of 10.

Staudinger21 exhaustively studied long chained 
organic compounds of the paraffin series of excep­
tionally high viscosity and came to the conclusion 
that their specific viscosities depend on the length 
of the molecule. In the case of proteins and of 
acyclic amino acids and their esters with paraffin 
chains the situation is more complicated. The 
observed viscosity is higher than that calculated 
from chain length which he suggests is due to the 
numerous acid amide linkages.

Whatever the theoretical explanation of the 
viscosity behavior of protein solutions, it is of 
significance that these serum proteins vary in 
range of viscosity from that of the nearly spherical 
egg albumin molecule to that of the highly viscous 
casein molecule.22 Whereas the globulin solu­
tions of normal horse serum are largely homogene­
ous in the ultracentrifuge, and the titration curves 
differ definitely but only slightly,5 the viscosities 
vary so widely as to be characteristic.

Conclusions

1. The viscosities of solutions of six protein 
fractions of normal horse serum have been meas­
ured and compared with those of other proteins.

(18) M. Lauffer, Science, 87, 469 (1938).
(19) V. Frampton and H. Neurath, ibid., 87, 468 (1938).
(20) A. Poison, Nature, 137, 740 (1936).
(21) H. Staudinger and H. Becher, Ber., 70Bi, 889 (1937).
(22) O. Sackur, Z. physik. Chem., 41, 672 (1902).

Fig. 3.—Viscosity of more concentrated protein solu­
tions : euglobulin O; pseudoglobulin ©; serum albumin 
□ and egg albumin A calculated from Chick's data4; 
P i i # ; and P m  Q.

2. The viscosities of the solutions of three iso­
electrically precipitable protein fractions, Pi, Pii 
and Piii increase in the order named, whereas that 
of pseudoglobulin is lower than any of these, and 
albumin is lowest of all.

3. The viscosity of concentrated protein solu­
tions has been described by the equation

y/yo — 1 2.5 K VC  ( 2 .5 K V C \X  
1000 ^  Y V 1000 )

4. The viscosities of the various serum pro­
teins differ so greatly as to be essentially charac­
teristic and perhaps are of significance in regard 
to the shape of the molecules.
B o s t o n , M a s s . R e c e iv e d  A u g u s t  17, 1938
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[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  J o h n s  H o p k in s  U n i v e r s i t y ]

The Photochemical Oxidation of Acetone*

B y  F. O. R ic e  a n d  C. E. S c h il d k n e c h t

(1) Introduction
In studying the photochemical decomposition 

of acetone, Damon and Daniels1 observed that 
traces of oxygen produced an initial reaction much 
more rapid than the decomposition that occurred 
after all the oxygen was used up; this oxidation 
reaction was accompanied by a blue fluorescence 
and proceeded with a decrease in pressure. 
Damon and Daniels suggested that a chain reac­
tion might be occurring but did not examine the 
products or investigate the oxidation reaction 
further. However, Fugassi,lb working in Daniels’ 
laboratory, measured the quantum yield of the oxi­
dation and concluded that if one molecule of oxygen 
reacts with one molecule of acetone, the quantum 
yield for the oxidation of acetone is the same as 
that for its decomposition. In contrast with our

work, the experiments of Damon and Daniels and 
of Fugassi were performed with oxygen at partial 
pressures of less than 1% of that of the acetone.

We have found that the oxidation occurs
(*) Present address: E . I. du Pont Plastics Department, Arling­

ton, N . J.
(1) (a) Damon and Daniels, T h i s  J o u r n a l , 55, 2363 (1933) ; 

(to Fugassi, ibid., 59, 2092 (1937).

through a short chain and that the principal over­
all reaction may be expressed by the stoichiomet­
ric equation

CH3COCH3 +  02 — > CH3COOH +  HCHO

This is followed by a photochemical chain oxida­
tion of the aldehyde according to the equation 

HCHO +  02 — > H20 +  C02

These products are accompanied by various per­
oxides in smaller amount formed in secondary re­
actions.

The photochemical oxidations of formaldehyde 
and acetaldehyde have been studied by Carruthers 
and Norrish2 and have been found to be short 
chains also. This is in marked contrast to the 
ordinary photodecomposition of these compounds, 
since the aldehyde decompositions are chains,3 but 
the acetone decomposition is not a chain,4 5 at least 
not at temperatures up to about 400°.

(2) Experimental
Various types of flowing systems were used in the work 

and one of them which was particularly satisfactory is 
shown in Fig. 1. Dry oxygen was bubbled through ace­
tone a t about 150 cc. per minute in a bubbler a t 22° and 
gave a mixture containing about 25% .of acetone. This 
was passed directly into the reaction vessel, a 1-liter 
Pyrex bulb containing a high pressure capillary quartz 
mercury arc of the type described by Daniels and Heidt.6 
The lamp was mounted in a quartz test-tube through 
which water was circulated; the temperature of the cooling 
water was kept a t about 40° to prevent condensation of 
products on the walls of the tube. The lamps which we 
used had an output of from 0.05 to 0.2 einstein per hour 
between 2536 and 4350 A. as measured by the uranyl sul­
fate-oxalic acid actinometer solution.6 In  the apparatus 
shown, a large part of the active light is absorbed and the 
photolysis presents a striking appearance by the condensa­
tion of droplets of products upon the walls of the jacket.

All experiments, including especially distillations, were 
performed behind shatter-proof glass because of the ex­
plosive nature of the peroxides formed. We had several 
explosions during the course of distillations but illumina­
tion of the pure acetone-oxygen mixture never resulted in 
an explosion. In one experiment we mixed hexane vapor 
with the acetone-oxygen mixture and observed tha t a

(2) Carruthers and Norrish, J . Chem. Soc., 1036 (1936).
(3) Akeroid and Norrish, ibid., 890 (1936); Leermakers, This 

J o u r n a l , 56, 1537 (1934).
(4) Leermakers, ibid., 56, 1899 (1934).
(5) Daniels and Heidt, ibid., 54, 2381 (1932). In some runs we 

used other types of lamps, especially the mercury argon type. This of 
course necessitated suitable modifications of the apparatus.

(6) Leighton and Forbes, ibid., 5 2 , 3139 (1930).
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cloud formed during the course of the oxidation. After 
running for a few minutes, the mixture exploded, com­
pletely shattering the apparatus. The most difficult part 
of the work was the separation, identification and estima­
tion of the products formed in the photoöxidation. The 
results of a  typical run are shown in Table I.

T a b l e  I
P h o t o c h e m ic a l  O x id a t io n  o f  A c e t o n e

Temp. 80-100°. Total pressure, 760 mm. Acetone,
200 mm. ; 0 2, 560 mm. Acetone passed, 2.73 moles;
time, 16 hours. High pressure Hg arc.

Boiling
range Volume,

Fraction °c. Mm. Cc. Composition

1 15-20 760 0.1 Dimethyl peroxide
2 20-40 760 .1 Acetone®
3-10 40-53 760 165 Acetone

11-14 24-45 75 3.0 Acetone6
15-18 45-49 75 5.0 Acetone6
19-20 49-50 75 3.0 Acetic acid®
21-22 50-54 75 3.0 Acetic acid®
23 30-35 13 0.5 Peroxide
24 35 13 .5 Peroxide**
a Contained some peroxide. 5 Contained some acetic

acid. c Contained all the formaldehyde largely as para­
formaldehyde. d Explosive white solid, m. p. ^30°.

The twenty-four fractions were obtained by distillation 
in a 30-cm. column with a rotating receiver and constant 
pressure control. Each fraction was weighed and a 
weighed portion of each was dissolved in water and used for 
quantitative estimations. The remainder was used for 
qualitative tests and preparation of derivatives.

Fractions (1) and (2) consisted of a gas with a sweetish, 
ethereal smell reminiscent of nitrous fumes but producing 
a stinging sensation in the nose when inhaled. The gas 
was soluble in water, did not give an aldehyde test and 
slowly liberated iodine from a potassium iodide solution 
acidified with acetic acid; it was very explosive. These 
properties and its boiling point indicate that it is dimethyl 
peroxide CH3-O-O-CH 3 .

Unreacted acetone was estimated by the iodoform method 
making a correction for the formaldehyde. Methanol 
was absent and acetaldehyde was present only in traces. 
Formaldehyde and its polymer were present in all the 
acetic acid fractions; the formaldehyde was identified as 
the 2,4-dinitrophenylhydrazone and was estimated volu- 
metrically by reduction of copper.

Water was formed in the oxidation but was not esti­
mated; free hydrogen was absent from the gases leaving 
the reaction vessel. There was a considerable amount of 
carbon dioxide formed which was estimated by absorption 
by Ascarite.

The last fractions, before distillation was completed, 
consisted of an oily residue; as this was heated to about 
120° it turned reddish-brown and exploded with a bright 
flash of light demolishing the apparatus. Distillation at 
low pressure gave a white waxy solid, melting just above 
room temperature, which detonated violently if dropped on 
a hot-plate. I t  was sparingly soluble in water and re­
acted with acidified potassium iodide. This material was 
probably largely diacetyl peroxide which has already 
been reported by Carruthers and Norrish as a product of

the photochemical oxidation of acetaldehyde. In  Table 
II  we summarize the analytical results for a typical run.

T a b l e  II
P h o t o c h e m ic a l  O x id a t io n  o f  A c e t o n e  

Conditions same as in Table I

Acetone passed
Moles
0.582

Moles

Acetone recovered .555
Acetone oxidized .027 1.0
Acetic acid .023 0.85
Carbon dioxide .0 2 0 .74
Formaldehyde .003 .11
Peroxide .0 0 2 .07
Carbon monoxide .0 0 2 .07
Water (not determined)

The quantum yield of the oxidation process had 
an average value of 0.3 as compared with the value 
0.03 for the photochemical decomposition of ace­
tone carried in a stream of carbon dioxide in the 
same flowing system. In one of these experi­
ments a mercury-argon glow lamp was used as 
light source and the output of the lamp was de­
termined in position in the reaction chamber just 
before and after each oxidation run by filling the 
jacket with actinometer solution. We assumed 
that the glow lamp emitted only light of wave 
length 2536 A. (actually the figure is 86%) and 
from the extinction coefficient for acetone7 and 
the dimensions of the irradiation jacket we calcu­
lated the quantum yields. I1 1  other experiments 
we used a capillary arc following the same method 
and made a graphical estimate of the distribution 
of energy in the spectrum of the lamp. The 
amount of acetone decomposed was found by ti­
trating for acetic acid in the oxidation experi­
ments and by estimating the carbon monoxide 
produced in the photodecomposition of pure ace­
tone. The results obtained are shown in Table
III.

The refractive index of the recovered acetone 
in the experiments in absence of oxygen was in­
creased only very slightly (1.358 to 1.360) and no 
yellow color appeared on evaporation; a test for 
acetonylacetone was negative.

(3) Discussion of Quantum Fields
Our average value of 0.36 for the quantum yield 

of the oxidation process is near to Fugassi’slb 
value of 0.24, which is the number of molecules of 
oxygen reacting per quantum absorbed when the 
acetone is in very great excess. However, Damon 
and Daniels13 report a yield of 0.17 molecule per 
quantum for the decomposition in absence of oxy-

(7) Porter and Iddings, T h is  J o u r n a l , 48, 40 (1926).
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T able III
Quantum Y ield  D eterminations for P ure A cetone and  for A cetone -j- Oxygen 

Temp. 80-100°. The light source was a mercury argon lamp in Expt. (1) and a high pressure capillary arc in all the 
others.

Expt.
Gas

present

Length 
of run, 

hrs.

Output of 
lamp,

einsteins/hr.
1 o 2 4.64 0.0011
8 0 2 2.75 .071
9 Of. 2.16 .071

11 Of 1.50 .050
12 o 2 1.90 .050
IP c o 2 1.00 .070

gen, in contrast with our value of 0.03; they 
found that the quantum efficiency was diminished 
by increasing the light intensity and by lowering 
the pressure of acetone. Since we used much 
higher light intensities and also a lower pressure 
of acetone, the difference may be due to different 
experimental conditions. Norrish, Crone and 
Saltmarsh8 also obtained results substantially in 
agreement with Damon and Daniels, and reported 
values for the quantum yield of the decomposition 
process in the range 0.2 to 0.4.

There is a possibility of error in our results for 
the quantum yield of the decomposition process 
because we estimated the extent of decomposition 
by analyzing for carbon monoxide and Barak and 
Style9 have shown that acetone partly decomposes 
photochemically into diacetyl below 60°. Un­
fortunately, while we tested for acetonylacetone, 
and examined the refractive index of the residual 
acetone, we did not make a direct test for diacetyl; 
however, it seems highly unlikely that 80-90% of 
the acetone decomposed would form diacetyl 
under our conditions, and this amount would be 
necessary to bring our result up to previous values.

(4) Mechanism of the Oxidation of Acetone. 
—The following scheme gives a satisfactory 
representation of the course of the reaction from 
the point of view of products formed as well as 
from the standpoint of certain rules concerning
the course of elementary reactions.10

CH3COCH3 +  h v ----- ^  CO +  2CH3 (1)
CH3 +  0 2 — >  CH3—O—O (2)
CH30 2 ----^  HCHO -f OH (3)

OH +  CH3COCH3 — ^  H20  -f CH3COCH2 (4) 
CH3COCH2 4- O2 — ^ CH3COCH2—O—O 1 (5)
CH3C0CH20 2 — ^  HCHO 4- CH3COO I . (6)
CHsCOO +  CH3COCH3 ---->  f Cham

CH3COOH +  CHaCOCH* J (7)
2CH3COO — >  CHnC—O—O—C CH (8)

(8) Norrish, Crone and Saltmarsh, J . Chem. Soc., 1456 (1934).
(9) Badak and Style, Nature, 135, 307 (1935).
(10) Rice and Teller, Chem. Phys., 6, 489 (1938).

Light 
absorbed 
in run, 

einsteins Moles product
Quantum

yield
0.00088 0.00034 CHgCOOH 0.39

.025 .009 CHsCOOH .36

.0152 .0061 CH3COOH .40

.0104 . 003 CHsCOOH .33

.0123 .004 CH3COOH .33

.0091 .0003 CO .03

Since the oxidation occurs in the range 80-100° 
we have represented the primary step as a direct 
decomposition into carbon monoxide and methyl 
radicals since probably the acetyl radical is very 
unstable in this temperature range.11 The reac­
tion of methyl with oxygen (2) and the decompo­
sition into formaldehyde and hydroxyl (3) as well 
as the reaction of hydroxyl with acetone (4) seem 
quite reasonable from the standpoint of the prin­
ciple of least motion. Since the heavy fractions 
did not seem to contain any CH3COOH, we have 
represented the radical CH3-O-O as decomposing, 
instead of attacking the acetone.

Presumably we can neglect any decomposition 
of the acetonyl radical into ketene and methyl be­
cause of the high activation energy of this proc­
ess.12 However, the decomposition of the ace­
tonyl peroxide presents some difficulties: we may 
assume that there is an attraction between the 
positive carbon and negative oxygen as shown 

-O—O '
■ I

CH3— +C—CH (9)
II 'I
O H

followed by splitting off of formaldehyde, leaving 
an acetate radical or we may assume that the radi­
cal is chelated

/C H , c h 2
/ \ 0  

1 —
o = c  

-> II
V ) (10)-0> H2C /O

h /

and decomposes into formaldehyde, ketene and 
hydroxyl. The process represented by equation
(6) is simpler than (10) and probably is to be pre­
ferred. Furthermore, if ketene was formed some 
of it probably would have escaped reaction with 
water formed in the chain and would have been 
detected by its characteristic odor. The consid­
erable production of the solid explosive peroxide

(11) Spence and Wild, J . Chem. Soc., 352 (1937).
(12) Rice and Herzfeld, T h i s  J o u r n a l , 56, 284 (1934).
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(probably diacetyl peroxide) suggests that the 
main chain-terminating reaction is the combina­
tion of two acetate radicals.

It is of course possible that the attack of the hy­
droxyl radical on acetone may be represented by 
the equation

OH +  CH3COCH3— ^  CH3COOH +  CH3 (11) 
instead of (4), followed by equations (2) and (3). 
This would also represent correctly the chemical 
course of the decomposition, especially if we as­
sume that reactions (4) to (8) occur to a small ex­
tent as side reactions producing diacetyl peroxide; 
however, we believe that equation (4) is to be pre­
ferred to equation (11).

Summary
1. The products of the photochemical oxida­

tion of gaseous acetone at 100° with the full radia­
tion from a mercury vapor lamp are acetic acid 
and formaldehyde; the formaldehyde is largely 
oxidized to carbon dioxide and water; there are 
smaller amounts of organic peroxides formed.

2. The quantum yield of the oxidation proc­
ess has been found to be about 0.3, approximately 
ten times the quantum yield of the photochemical 
decomposition in presence of carbon dioxide in the 
same system.
C a t h o l ic  U n iv e r s it y
W a s h in g t o n , D. C. R e c e iv e d  J u l y  22, 1938

[C o n t r ib u t io n  f r o m  t h e  B e l l  T e l e p h o n e  L a b o r a t o r ie s ]

The Oxide-coated Filament.
T he Relation betw een Thermionic Emission and the Content of Free Alkaline-earth

M etal

By C. H. Prescott, Jr ., and James M orrison

Introduction
The oxide-coated filament had its beginning 

in the sealing-wax era of vacuum technique. 
The obscure accident of its origin is not recorded, 
but all of our older physicists knew that an en­
hanced emission of electrons could be obtained 
by smearing sealing-wax on a platinum ribbon 
and burning it off in air. The first authentic 
study is recorded by Wehnelt,1 who investigated 
the voltage-drop in a gas discharge tube with 
cathodes coated with various metallic oxides. 
Its further evolution and development to the 
status of a cathode in Western Electric vacuum 
tubes has been described by H. D. Arnold.? A 
comprehensive treatment of its history, the 
various modifications in current use, and divergent 
theories of its preparation and behavior has been 
given by Saul Dushman3 in a treatise on “Ther­
mionic Emission.” A later review is given by 
J. H. deBoer.4

The present work is devoted to a quantitative 
determination of the relation between thermionic 
emission and the content of free alkaline earth 
metal. To this end we have employed a filament 
which is a platinum rhodium core coated with

(1) A. W ehnelt, A nn . Physik, 14, 424 (1904).
(2) H. D . Arnold, Phys. Rev., 16, 70 (1920).
(3) Saul Dushman, Rev. Modern Phys., 2, 381 (1930).
(4) J. H. deBoer, “Electron Emission and Adsorption Phe­

nomena," Cambridge University Press, Cambridge, England, 1935.

barium, strontium, and nickel carbonates. On 
heating in a reducing atmosphere this coating 
becomes a grossly homogeneous colloidal mixture 
of barium oxide, strontium oxide, and free nickel. 
After a thorough preliminary clean-up of the 
experimental tube, the requisite amounts of free 
alkaline-earth metal are generated by reaction 
with methane. The electrical measurements are 
summarized by the use of the Richardson equa­
tion for thermionic emission. Free alkaline earth 
metal has been determined by oxidation with 
carbon dioxide and analysis of the gaseous reac­
tion products.

Acknowledgment is due to Mr. V. L. Ronci and 
his staff for their care in the assembly of the 
vacuum tubes used in these studies.

Experimental Procedure
The experimental tube used for these studies, as shown 

in Fig. 1, contains a filament whose core is a 0.0127-cm. 
wire of 80% platinum and 20% rhodium. The coating 
was applied by passing the core through a suspension of 
barium carbonate, barium nitrate, strontium carbonate, 
and basic nickelous carbonate in amyl acetate and pyroxy­
lin. Three coats were applied after each of which the 
filament passed through an oven at 675° in an atmosphere 
of carbon dioxide. The coating vehicle largely evaporated 
and the fusion of barium nitrate gave the coating enough 
adherence to undergo the processes of assembly. The 
final coating is 0.0025 cm. thick to as close as we can de­
termine.
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The filament is mounted in the common axis of three 
cylindrical nickel plates. The central cylinder is the anode 
used in the measurements; the other two serve as guard 
rings to define a radial field about the segment of filament 
whose emission is measured. The filament core is scraped 
bare for 0.475 cm. from the welds, which just suffices to 
concentrate the end cooling in the bare segments. As a 
result the coated area runs at a uniform temperature, which 
is essential to ensure uniform activation and so give sig­
nificance to the determination of free alkaline earth metal. 
Small holes (as shown in Fig. 1) are bored in the plates to 
permit temperature measurements of the filament which 
is held taut by a large molybdenum spring.

The physical dimensions of the 
mental tube are given in Table I.

filament and experi-

T a b l e  I
Coated length 
Plate length 
Filament core radius 
Coating radius 
Plate radius 
Coating area 
Emitting area 
Volume of bulb

4.125 cm. 
0.9524 cm. 

.00635 cm. 

.00889 cm. 

.475 cm. 

.2305 sq. cm. 

.0532 sq. cm. 
245 cc.

With the exception of the filament, all metal parts, prior 
to assembly, were baked for four hours a t 1200° in a 
stream of hydrogen, saturated with water a t room tem­
perature. This procedure was designed to burn out such 
impurities as carbon and sulfur. This treatment was found 
necessary in order to avoid spurious activation and large 
blanks in the determination of free alkaline earth metal.

We still encountered spurious activation by reaction of 
the oxides with carbonaceous residues from the coating 
bath. This necessitated a rigorous conditioning treatment. 
After the tube was baked out, and the plates outgassed by 
heating with induced high frequency current, the filament 
was glowed in successive samples of carbon dioxide.

T a b l e  II
1. Baked 60 min. a t 400-425°
2. Glowed filament, 5 min. a t 1000°
3. Glowed filament, 30 min. a t 900° in 5 cc. mm. CO,

10 cc. mm. C02
4. Heated plates, 5 min. at 850°
5. Heated plates in 0.5 mm. H2, 5 min. at 850°
6. Heated plates, 5 min. at 850°
7. Glowed filament in 10 cc. mm. C02, 30 min. at 900°
8. Baked 45 min. at 400°, measured rate of gas evolution

to ensure substantial clean-up
9. Heated plates, 850°, measured rate of gas evolution

10. Glowed filament in 1-2 cc. mm. of C 02, 30 min. at
900° and analyzed the gaseous products

This treatment was continued until the carbon monoxide 
formed was reduced to about 0.05 cc. mm, (cubic centime­
ters at one millimeter pressure). The preliminary condi­
tioning treatment is given in detail in Table II. Treat­
ments are in vacuo except as specified.

The filament was activated by glowing for fifteen min­
utes at an uncorrected temperature of 900°, in a sample of 
methane. The methane was substantially decomposed, 
giving hydrogen and carbon monoxide, which indicate the 
chemical reaction

CH4 -h BaO =  Ba +  CO -f- 2H2 or 
CH4 +  SrO = Sr +  CO +  2H2

Some of the active metal formed evaporated from the 
filament and reëvaporated from the plates, either during 
formation or in the subsequent stabilization treatment. 
Due to the “gettering” action of this evaporated metal, 
carrying down some of the gases, the reaction products 
were not quantitatively recovered for analysis.

Before taking electrical measurements it was necessary 
to denude the tube of gas and to permit diffusion to bring 
the filament coating into an equilibrium state. A liquid 
air trap was used to keep mercury vapor out of the tube 
during the measurements. This conditioning and stabiliz­
ing treatment is given in detail in Table III.

T a b l e  I II
1. Heated plates, 3 min. at 800°
2. Baked 15 min. at 350°
3. Removed mercury vapor by use of liquid air,

contd. bake for 15 min., fil. a t 700° during last
5 min. of bake

4. Heated plates, 3 min. a t 800°
5. Glowed filament, 15 min. a t 900°
6. Glowed filament, 60 min. a t  800°, 80 v. potential

on plate

After the emission current a t 800° and 80 v. had re­
mained stable for a period of a t least thirty minutes, the 
currents to the central plate were measured a t a series of 
temperatures between 700 and 800°.

When the emission measurements were completed, the 
liquid air was removed, and the filament subjected to suc­
cessive treatments in samples of carbon dioxide which 
were each collected for analysis. The total carbon mon­
oxide found was taken as a measure of the free alkaline 
earth metal according to the reaction

C 02 Ba = BaO -j- CO
During this treatment a considerable proportion of the 
carbon dioxide was converted to barium and strontium 
carbonates. I t  should be noted, however, that the amounts 
were small as compared to the total amounts of barium 
and strontium oxides. These carbonates were subse­
quently decomposed and the carbon dioxide recovered, as 
the filament was glowed for approximately twenty minutes 
while the gases were pumped off for analysis.

Four tubes used in this study were each activated three 
times in methane and deactivated by treatments with car­
bon dioxide.

The Temperature Measurements
Temperatures were measured with an optical pyrometer 

of the disappearing filament type following in general a
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design by Forsythe.5 This was calibrated from 700 to 
1200° against a standard lamp obtained from the Bureau 
of Standards. A screen of Coming Pyrometer Red glass 
(effective wave length 0.66 ft) was used for temperatures 
above 800°. Below this temperature no screen was used, 
but no errors are introduced due to the predominantly red 
character of the light. The uncertainties in the tempera­
ture measurements are about 5°, which is within the limits 
of other errors in dealing with the oxide-coated filament.

Corrections were applied for a 90% transmission of the 
glass bulb and the emissive power of the filament which was 
approximately 64%. Since the sum of the emissive power 
and reflectivity is unity, we have been able to compute 
the emissive power from the diffuse reflectivity determined 
by a method analogous to that employed by Worthing.6 
Details of these measurements are described in another 
article.7

The experimental reflectivity (after the preliminary 
treatments) is approximately 36% both at room tempera­
ture and under operating conditions. There is little if 
any change due to activation, i. e.t formation of free alka­
line earth metal. There is a gradual rise with time due to 
glowing a t 900° which may be due to gradual sintering or 
slight loss of nickel. This introduces an uncertainty no 
greater than that already indicated in the temperature 
measurements.

The Measurements of Thermionic Emission
During emission measurements the tube was 

open to the vacuum pumps but protected from 
mercury vapor by a liquid air trap. After the 
filament was outgassed and stabilized, the ther­
mionic emission was measured at a series of po­
tentials from 0 to 100 v., and at several uncor­
rected temperatures ranging from 700 to 800° 
(corresponding to 998 to 1103°K. true tempera­
ture). Below 700° the filament could not be 
seen in the optical pyrometer, and above 800° 
the activity was unstable. At 900°, in particu­
lar, the activity rapidly dropped to a lower level, 
presumably characteristic of a dynamic steady 
state involving evaporation of active metal from 
the filament surface, but it recovered in a few 
minutes of aging at 800°. We thus were limited 
to a range of 100° in the region of normal oper­
ating temperatures. In this range, however, the 
measurements characteristic of a given state of 
the filament were entirely reproducible to within 
the limits of the temperature measurements.

Since the field within the collecting anode is 
strictly radial, the limiting case of temperature 
saturation where the current is limited by space- 
charge should follow the slope of the Langmuir

(5) W. E. Forsythe, Astrophys. J .,  43, 295 (1916).
(6) A. G. Worthing, Phys. Rev., 10, 377 (1917); Z. Physik, 22, 9 

(1924).
(7) To appear in the Journal of the Optical Society o f America.

space-charge equation.8 This is a linear relation 
between the two-thirds power of the current and 
the applied voltage. Figures 2 and 3 show 
typical examples of the current-voltage relations, 
the two-thirds power of the current being plotted 
against the applied voltage. The theoretical 
slope is indicated by the broken line.

1103
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998

Fig. 2.—Tube A, state 4: two-thirds power of current
density vs. applied potential.
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Potential in volts.
Fig. 3.—Tube C, state 3: two-thirds power of current 

density vs. applied potential.

We may note (as in Fig. 3) that, as the fila­
ments become more active, the currents rise 
above the limiting values indicated by the Lang­
muir space-charge equation. Such an effect 
suggests such factors as gas ionization and spuri­
ous paths by which electrons could reach the 
anode. But these do not seem probable and 
should give curved relations and not the limiting 
straight lines found in all cases by experiment. 
We may note, however, that the theory is idealized 
in that it neglects the initial velocities of the 
electrons due to thermal agitation, and that the 
actual filament is rough in texture and may not 
conform to the theoretical conditions. It will re­
quire further work to elucidate this effect.

At higher potentials the space-charge is swept 
out and this region of the curves corresponds to

(8) I. Langmuir, Phys. Rev., 2, 450 (1913); Langmuir and Blodgett, 
ibid., 22, 347 (1923).
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voltage saturation where the current is limited 
by the activity of the filament. In this case the 
emission conforms to the Richardson equation.3 

i — A T2e -*<t>/kT

where A  and ecj>/k are empirical constants and <+> 
(the thermionic work function) may be interpreted 
as the work required to remove an electron from 
the filament. Plotting log i  — 2 log T, for the 
currents at 80 v., against the reciprocal tempera­
ture, as in Fig. 4, gives a family of straight lines, 
one corresponding to each activation state of the 
filaments studied. Four curves have been omit-

Fig.4.—Current temperature relation for various active 
states. Log i / T 2 vs. l / T  according to the Richardson 
equation.

ted which practically coincide with those shown 
in the high activity region. The deviations at 
higher temperatures for the more active states 
show the influence of space charge. With this 
exception the data may be summarized com­
pletely by two families of parallel straight lines, 
one for the active states and another for the

inactive states following the preliminary clean­
up. The two corresponding values of the work 
function are 1.37 and 1.64 v., respectively. The 
values of A  would be given by the intercepts on 
the axis where T  —  oo. These intercepts are, 
however, so far (on the graphs) from the region 
of observation that the different heights of the 
lines may be due in part to small changes in work 
function, and the absolute values of A  as obtained 
by extrapolation would be doubtful. We have 
therefore taken as our measure of activity the 
currents corresponding to the ordinates of the 
lines at 1050°K. These are plotted in Fig. 6 
against the content of free alkaline earth metal 
determined by analysis.

The Gas Analyses
The nucleus of the experimental methods is the 

equipment for gas analysis, a refinement of ap­
paratus described by one of the authors.9 The 
essential features are shown in Fig. 5. The gas

Fig. 5.—Details of the gas analysis apparatus.

for analysis is collected by a Toepler pump and 
measured in a capillary pipet, Fig. 5a, which 
operates in a fashion similar to a McLeod gage. 
The gas is then allowed to escape and is circu­
lated through the absorption train. The gas is 
circulated by operation of the same Toepler 
pump and again collected for measurement. 
The reagents used in these analyses are copper 
oxide at 300°, magnesium perchlorate and soda

(9) C. H. Prescott, Jr., T h i s  J o u r n a l ,  50, 3237 (1928).
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lime. These may be switched in and out by mer­
cury cut-offs as shown in Fig. 5b. Auxiliary 
equipment includes a platinum ribbon filament 
in a water-cooled tube, and the explosion pipet 
shown in Fig. 5d with which is associated an­
other Toepler pump. Mixtures containing H20, 
C 02, H2, CO, and 0 2 or CH4 can be analyzed 
completely. The oxygen analysis by means of 
the platinum filament requires an excess of hy­
drogen or carbon monoxide. Methane cannot 
be exposed to the hot filament and consequently 
cannot be determined when oxygen is present. 
When oxygen is absent, methane, which is not 
affected by any of the reagents, is finally mixed 
with oxygen and exploded. With the tubes of 
reagents well outgassed the sensitivity of the 
apparatus is about 0.02 cc. mm. (cubic centimeters 
at a pressure of one millimeter of mercury). This 
is equivalent to 0.03 microgram of carbon mon­
oxide, approximately the amount in one square 
centimeter of a monomolecular layer. The accu­
racy, which we definitely sacrificed to sensitivity, 
is about 2%  except on the smallest samples.

The experimental tube and the liquid air trap 
are mounted as shown in Fig. 5c on a structure 
similar to the two pipets. Methane or carbon 
dioxide is pumped in by a third Toepler pump. 
During reaction the gas is entirely confined 
within the experimental tube, since the mercury 
is raised up into the stem of the tube completely 
filling the space of the liquid air trap. During 
thermionic measurements the mercury level is 
drawn down to permit liquid air to be placed in the 
trap and connection made to the high vacuum line.

The determination of free alkaline earth metal 
requires, in general, four or five successive treat­
ments of thirty minutes in carbon dioxide at 900°, 
following each of which the gas is recovered for 
analysis. For the smaller amounts of active 
metal this has sufficed to reduce the carbon mon­
oxide found to about 0.02 cc. mm., which ap­
pears to be a mean blank determination for the 
tube and analytical apparatus, and is close to 
the ultimate sensitivity of the method.

This blank raises a question as to a possible 
reaction between carbon dioxide and nickel 

Ni T  CO2 =  NiO T  CO K. =  pco/pcoz

The equilibrium constant may be computed 
from data on the reduction of nickel oxide by 
hydrogen10 and the water gas reaction.11 At

(10) Pease and Cook, T h i s  J o u r n a l , 48, 1199 (1926).
(11) Em m ett and Schultz, ibid., 52, 1782 (1930).

1209°K., the true temperature of the carbon di­
oxide treatments, this is 0.012. The lowest 
value of the C 0 -C 0 2 ratio in our analyses is 
0.017, while several of the low terminal ratios 
were twice the equilibrium value. Noting that 
the equilibrium is independent of total pressure, 
this indicates that no nickel could have reacted. 
We thus judge this residual carbon monoxide to 
be a spurious evolution, possibly not even coming 
from the filament.

0 10 20 30 40 50 60 70
Amount of active metal in micrograms per square centi­

meter of equivalent barium.
Fig. 6.—Thermionic emission vs. content of free alkaline 

earth metal.

In Table IV, following a summary of the cor­
responding thermionic data, we have shown the 
complete analytical results. Each tube is de­
signated by a letter and each successive state of 
activity by a subscript. In estimating the total 
free alkaline earth metal for each state of acti­
vation, we have considered the results of those 
analyses prior to a value equal to or less than 
0 . 0 2  cc. mm. subtracting 0 . 0 2  cc. mm. from each 
determination before summing. These are equiv­
alent to the amounts of free alkaline earth metal 
shown as equivalent weights of barium.

In the fourth tube, used only for states with 
large amounts of active metal, the preliminary 
clean-up was abbreviated and the corresponding 
initial activity was ignored because of the uncer­
tainty of its state. It was found that after ac­
tive metal was once permitted to escape within 
the tube we could not reestablish the low level 
of initial activity without cleaning up the whole 
tube again. Metal deposited on the plates re­
deposited on the filament when the plates were 
out-gassed prior to the activity measurements. 
Thus we have two active states B 3 and B4 which
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Table IV
Summary of Analytical Data

A i A t  A z A i B i B i B z B i B z

Current a t 1050°K., ma./sq. cm. 0.0127 65.5 33.6 46.7 0.0228 21.4 94.7 16.8 564
<t>> v. 1.64 1.37 1.37 1.37 1.64 1.37 1.37 1.37 1.37
A, amp. cm.-2 deg.~2 0.00082 0.221 0.114 0.157 0.00148 0.0720 0.319 0,0570 1.90
CH4 consumed, cc. mm. 0.71 0.28 1.73 0.072 . . . .  . . . 2.60
CO recovered, cc. mm. 0.64 0.35 0.87 0.059 . . . 1.68
Analyses, cc. mm. of CO .093 .067 .037 .022 .028 0.483

.059 .018 .014 .018 .028

.026 ,020 .020 .015

.032 .038

.021 .015
Blank, cc. mm. of CO .020 .020 .020 .020 .020
Total Ba +  Sr, cc. mm, of CO .13 .05 .02 .00 .02 (0 .66)
Equivalent Ba, ju g. .97 .35 .13 .00 .12 (4.89)
Equivalent Ba, ju g./sq. cm. 4.2 1.5 .5 .0 .5 (21.2)

Ci C i Cz C i Di Dz Di
Current at 1050°K., ma./sq. cm.2 0.0173 352 727 527 91.4 314 381
0 ,  V. 1.64 1.37 1.37 1.37 1.37 1.37 1.37
A, amp. cm."2 deg.""2 0.00112 1.19 2.45 1.78 0.309 1.06 1.29
CH4 consumed, cc. mm. 3.27 1.32 0.70 .41 2.13 3.94
CO recovered, cc. mm. 2.49 0.85 .41 .23 1.68 2.71
Analyses, cc. mm. of CO 1.240 .823 .383 .115 0.487 1.343

0.258 .140 .077 .072 .131 0.274
.141 .074 .056 .049 .064 .192
.117 .054 .039 .038 .067 .121
.072 .041 .026 .054 .108

Blank, cc. mm. of CO .020 .020 .020 .020 .020 .020
Total Ba +  Sr, cc. mm. of CO 1.73 1.03 .48 .20 .70 1.94
Equivalent Ba, ^ g. 12.77 7.62 3.51 1.46 5.20 14.32
Equivalent Ba, ^ g./sq. cm. 55.4 33.1 15.2 6.3 22.6 62.2

were obtained by reëvaporation of active metal 
and without use of methane. We should note, 
however, that this scattered free metal did not 
interfere with our analyses; the carbon dioxide 
would not react even with the active filament 
except at elevated temperatures. For the state 
B4 we have no analysis since there was already 
indication that the amount of active metal was 
below the sensitivity of our apparatus. One fur­
ther point, Bg, we have wished to include as 
corroborative of the other activities in its neigh­
borhood. The tube was lost after the first an­
alysis for this determination. But the course of 
successive analyses is so smooth that we have 
felt justified in estimating the total amount by 
comparison of the first analyses and interpolation 
between the total amounts for its neighbors.

Discussion
The results tabulated in Table IV are shown in 

Fig. 6  which expresses the correlation between 
thermionic activity (measured by the current 
density at 1050°K.) and the content of free

alkaline earth metal. This latter is expressed as 
the equivalent micrograms of barium per square 
centimeter of superficial filament surface. The 
radius of the circles, 0.6 m g./sq. cm., is equiva­
lent to 0 . 0 2  cc. mm., the sensitivity of the gas 
analysis methods. The actual errors are some­
what larger, being the accumulations from sev­
eral analyses each.

The lowest activity values, 20 microamperes 
per sq. cm., are still doubtless associated with 
free barium, formed by spurious activation, but 
an amount much less than our analytical limit 
of sensitivity. In the neighborhood of this limit, 
which corresponds to 0 . 6  ju g./sq. cm., the ac­
tivity is 30 m. a. per sq. cm. The curve then 
rises to a value of 600 m. a. per sq. cm. which may 
be a maximum in the neighborhood of 30 fx 
g./sq. cm. But this maximum is not definitely 
established, and the most significant feature of 
the relation is its flatness from 15 to 60 /x g./sq. 
cm.

Taking a monomolecular film of barium as 
0.14 fx g./sq. cm., the range 0.6-15-60 fx g./sq. cm.
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is equivalent to 4-100-400 atomic layers upon the 
geometrical surface. Minute amounts of metal 
appear largely to saturate the active surfaces 
from which electrons are emitted. These may 
be the surfaces either of nickel or oxide particles. 
Further addition of active metal contributes 
little to thermionic activity, but provides a reser­
voir of active material.

Previous analyses of free alkaline earth metal 
in vacuum tubes are reported by Berdennikowa,12 
Clausing4 (p. 348), and Fritz.13 The water vapor 
method of Berdennikowa does not discriminate 
between active metal in the filament and else­
where in the tube. The same criticism seems to 
apply to Clausing. Barium nitride formation and 
microanalysis, as employed by Fritz, appear Selec­
tive but less sensitive. His results are equivalent 
to 5-15 micrograms of barium per tube.

The greater amounts found in our experiments 
we believe to indicate an increased retention, 
which may be adsorption upon or alloying with 
the finely divided nickel, and which may also be 
a factor in a very long useful life obtained with 
this type of coating. The contrary opinion, that 
barium is dissolved in barium oxide, has some 
support from the work of Schriel,14 who reports 
a slight solubility, though no evidence for solu­
tion under vacuum conditions. From the over­
all composition, as shown in Table V, we con-

(12) T. P. Berdennikowa, Phys. Z . Soivjet., 2, 77 (1932).
(13) H. Fritz, M ikrochemie, 17, 191 (1935).
(14) M. Schriel, Z. anorg. Chem., 231, 313 (1937).

elude that the active metal is somehow dissolved, 
a conclusion further substantiated by the long 
time, upward of two hours, necessary to leach 
out the active metal in the carbon dioxide treat­
ments.

T a b l e  V
Coating composition (referred to outside surface of coating) 

SrO =  984 ju g./sq. cm.
BaO = 923 ix g./sq. cm.
Ni =  71.5 m g./sq. cm.

Active metal =  0.6 — 65 ^ g./sq. cm. as Ba

Summary
Using a filament coated with a colloidal mix­

ture of barium oxide, strontium oxide, finely di­
vided nickel, and free alkaline earth metal, we 
have investigated the quantitative relation be­
tween thermionic emission and the content of ac­
tive metal. A high level of activity was found 
from 15 jjl g./sq. cm. to 60 jjl g./sq. cm. of equiva­
lent Ba, with a slight apparent maximum at 
30 jjl g./sq. cm. where the thermionic current at 
1050°K. is 600 m. a./sq. cm. The electron work 
function is 1.37 v.

The radiant emissive power at 0.66 jjl is ap­
proximately 64%, independent of the content of 
active metal.

The free alkaline earth metal was determined 
by oxidation with carbon dioxide and analysis 
of the gaseous reaction products.
N e w  Y o r k , N .  Y .  R e c e iv e d  A u g u s t  29, 1938

[C o n t r ib u t io n  f r o m  t h e  A n a l y t ic a l  L a b o r a t o r ie s  o f  F o r d h a m  U n i v e r s i t y ]

A Modified Method for the Preparation of Monochloropentamminocobaltic Chloride
(Purpureocobaltic Chloride)

B y  W a l t e r  A . H y n e s , L eo  K .

Monochloropentamminocobaltic chloride, or 
purpureocobaltic chloride, [Co(NH3)5Cl]Cl2 , is one 
of the earliest and best-known of the cobaltam- 
mines. During the course of work on the applica­
tion of such complexes to the microscopic detection 
of anions,1 it became necessary to prepare relatively 
large amounts of this substance in a pure state.

Purpureocobaltic chloride has been prepared 
and its constitution studied by numerous inves­
tigators2 since its initial synthesis in 1851. These

(1) W. Hynes and L. Yanowski, Mikrochemie, 23, 1, 143 (1937).
(2) “Gmelins Handbuch der anorganischen Chemie,” 8 AufL, 

58B, Berlin, 1930, pp. 151-159.

Y a n o w sk i and  M o r r is  Sh il l e r

workers used air or pure oxygen as chief oxidants 
and cobaltous carbonate as the usual source of 
cobalt.

The chief objections to the older method of 
preparation are the length of time required for 
the preparation of the substance, the low yield 
of pure substance obtained and the impurity of 
the final product. The low yield and relative 
impurity of the final product obtained by the usual 
method are due to the presence of hexammines and 
other cobaltammines, only removable by repeated 
recrystallizations or by precipitation from cold
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aqueous solutions by acid, followed by separate 
washings with alcohol and ether.3

To obtain approximately 10 g. of pure pur- 
pureo chloride by the older method required an 
average of about forty hours due to time required 
for aeration, evaporations and extractions, 
whereas by our method we can obtain an average 
of 35 g. of pure salt in not more than five hours.

Experimental
Forty grams of coarsely ground crystalline cobaltous 

chloride, CoChöH^O, is added to a mixture of 50 ml. of 
water, 100 ml. of concentrated (28%) ammonium hy­
droxide and 100 g. of solid ammonium chloride in a flat 
porcelain dish. Twenty-five ml. of 30% hydrogen 
peroxide is added to this mixture with continuous stirring. 
The dish is then heated on the steam-bath for one hour. 
The paste obtained at this point is treated with 500 ml. 
of 3 N  hydrochloric acid and heated, with continuous 
stirring, over the free flame to not more than 60°. The 
mass is filtered and washed with approximately 150 ml. of 
2 N  hydrochloric acid. The residue is suspended in 1500 
ml. of 1.2 N  ammonium hydroxide and heated to not more 
than 60° with continuous stirring, when all the purpureo 
chloride will be dissolved. This liquid is filtered immedi­
ately, the filtrate transferred to a 3000-ml. beaker, placed 
on the water-bath, and 1500 ml. of concentrated hydro­
chloric acid added in three 500-ml. portions at fifteen- 
minute intervals, stirring during each addition, and the 
heating continued for thirty minutes after the last addi­
tion, a total time of one hour. The liquid is filtered while 
still warm and the residue first washed thoroughly with 2 N  
hydrochloric acid, then with 95% alcohol until there are 
no further traces of hydrochloric acid in the washings and 
finally with four to five 25-ml. portions of ether. The resi­
due is then dried for one hour in an oven previously raised 
to 60°. The yield at this point averages 34 g., equivalent 
to 85% of the theoretical value. The salt requires no fur­
ther purification for use as a microscopic reagent or in the 
preparation of other compounds.

The material was analyzed for nitrogen by both micro 
Dumas and macro Kjeldahl, for cobalt by semi-micro de­
termination as sulfate, and for total chlorine by the micro

(3) F. Garrick, N ature , 136, 1027 (1935); Z. anorg. Chem., 224, 
27 (1935).

Pregl method,4 5 and the following values were obtained.

Nitrogen
Dumas Kjeldahl Cobalt Chlorine

Calculated 27.96 23.53 42.47
Found 27.99 27.91 23.62 42.56

28.04 27.89 23.62 42.59

Although several investigators have employed hydrogen 
peroxide as an oxidant in preparing cobaltic compounds,6 
none has specified that this substance may be used as the 
oxidant in preparing the purpureo chloride.

A single 1500-ml. volume of 1.2 N  ammonium hydroxide, 
about one-half that used in the ordinary method, was em­
ployed as solvent to avoid numerous extractions. Heating 
in ammoniacal solution at 60° hastens conversion of the 
purpureo to the aquo salt, this temperature being quite 
safe, as shown by Lamb and Marden.6 The converse 
transformation to the purpureo is well known, but it 
was deemed advisable to add the acid slowly with stirring 
to prevent any possible occlusion of roseo chloride by the 
purpureo salt.

We have noticed that the thoroughly dried purpureo 
chloride is non-hygroscopic, while a sample which had 
not been oven-dried tended to gain weight on exposure to 
air.

Acknowledgment is made to the Works Prog­
ress Administration for the City of New York for 
assistance rendered under Project No. 465-97-3- 
120.

Summary

1. Purpureocobaltic chloride has been pre­
pared from CoC12-6H20  using hydrogen peroxide 
as oxidant in the presence of ammonium chlo­
ride.

2. The product is obtained in much better 
yield and in a much shorter time than is required 
by the ordinary method.
N e w  Y o r k , N .  Y . R e c e iv e d  M a r c h  8 , 1938

(4) We are indebted to Mr. J. Alicino for the micro Dumas and 
Pregl values.

(5) A. Carnot, Bull. soc. chim., [4] 21, 212 (1917); R. Durrant, 
J . Chem. Soc., 87, 1781 (1905); C. Duval, Compt. rend., 191, 615 
(1930); G. Morgan and J. Smith, J . Chem. Soc., 121, 1956 (1922).

(6) A. Lamb and J. Marden, T h i s  J o u r n a l , 33, 1873 (1911).
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[Contribution prom the Chemistry Department op the University of Manitoba]

The Action of Carbon Dioxide and of Carbon Monoxide on Manganese
B y A, N. C am pbell  and E . A. B r o w n

In the course of experimental work in this 
Laboratory, Mr. T. H. Martin had occasion to 
use carbon dioxide in scavenging apparatus con­
taining heated metallic manganese. He found 
that the issuing gas was inflammable and recog­
nized it to be carbon monoxide, the only source of 
which could be reduction of the carbon dioxide 
by the metallic manganese. Accordingly, a sys­
tematic investigation of this reaction was under­
taken by the present authors.

A search of the literature revealed the following. 
Guntz1 prepared metallic manganese by distilling 
off the mercury from a mercury amalgam, pro­
duced by electrolysis. It is important to notice 
that the manganese so obtained was pyrophoric, 
or at least had a very small particle size. He 
heated this manganese to 400° in a current of 
carbon monoxide. The manganese burned with 
sufficient liberation of heat to raise the mass to 
white heat. The carbon monoxide was absorbed 
so rapidly as to cause a partial vacuum in the 
apparatus, no carbon dioxide being formed. 
Guntz gives the equation

Mn +  CO — MnO +  C +  34,500 cal.2

He then tried the reaction with carbon dioxide, 
using the same procedure, and observed the same 
results, in accordance with the equation 

2Mn +  C02 =  2MnO +  C

Nishibori3 heated pure manganous oxide with 
carbon monoxide at 780°. The analysis of the gas 
phase gave the equilibrium proportions: CO =  
93.5%, C 02 =  6.5%. Presumably the equilib­
rium here is

CO -f MnO Mn -f C02

Lorenz and Heusler,4 working at low tempera­
tures in the vicinity of 350°, made observations in 
agreement with those of Guntz. Insofar as their 
manganese was highly impure, containing 7% 
carbon, further detail seems inappropriate. In 
connection with our own observations, however, 
it should be mentioned that they heated the 
manganese in a stream of carbon dioxide, and on

(1) A. Guntz, Compt. r e n d 114, 115 (1892).
(2) For some reason not obvious, this value is about one-half 

that calculated from the heats of formation of reactants and products.
(3) E. Nishibori, Anniversary Volume dedicated to Masumi Chi- 

kashige, K yoto Imp. University, 1930, pp. 295-8.
(4) Lorenz and Heusler, Z. anorg. Chem., 3, 225 (1893).

opening the apparatus the front end of the boat in 
which the manganese was heated was found to 
have been eaten away and a brownish manganese 
glass formed.

Charpy5 has studied the reaction with carbon 
monoxide at 1000°, employing metallurgical 
products, metallic manganese and rich ferroman­
ganese. The solid products consisted of a mix­
ture of manganese monoxide and carbon. Heller6 
found that manganese begins to react with carbon 
monoxide at 330°, at 350° the reaction is fast, and 
at 410° very fast.

Both the reactions under consideration are 
heterogeneous, but they differ fundamentally 
from the frequently studied catalytic type, where 
the solid phase remains unchanged throughout. 
We may, however, accept the view that reaction 
is preceded by adsorption of the gas on the solid 
surface. If the adsorption is slight, the velocity 
measurements comply with the formula for a uni­
molecular reaction. When the saturation limit is 
approached, on the other hand, the rate of reac­
tion is apparently independent of the concentra­
tion or pressure of the gas, until the concentration 
of the gas has decreased considerably. Such re­
actions are said to be of zero order.7

In the cases under consideration here, the mat­
ter is complicated by a further factor. When car­
bon dioxide, or carbon monoxide, reacts with me­
tallic manganese, MnO is known to be formed. 
This must accumulate in an ever thickening layer 
around the manganese particle, and through this 
layer all carbon dioxide, or carbon monoxide, sub­
sequently reacting with the manganese, must 
diffuse. In addition, where carbon monoxide is a 
product of the reaction, it must diffuse out through 
it. The velocity measurements give the resultant 
speed of three processes going on simultaneously: 
(1) adsorption, (2) diffusion, (3) reaction. If 
one process is slower than the others, its speed 
will be the effective speed of the three, no matter 
how great the velocity of the others. Diffusion 
may be slower, but can never be faster, than ad­
sorption, for adsorption supplies the diffusing

(5) G. Charpy, Compt. rend., 148, 560 (1909).
(6) W. Heller, “ Beitrage zur Theorie des Eisenhochofenprozesses,” 

(Marburg, 1905), p. 33.
(7) Hinshelwood, “Kinetics of Chemical Change in Gaseous 

Systems,” Oxford University Press, 1929.
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molecules. Similarly, reaction may be slower, but 
never faster than diffusion. If, in the cases under 
discussion, the slow process is that of diffusion, 
Fick's law of diffusion shows that the velocity 
measurements should comply with the formula 
of a unimolecular reaction, but we are faced with 
the further complication that Fick’s law requires a 
diffusion layer of constant thickness, whereas 
here the layer of MnO is constantly increasing; 
the relative effect of increasing thickness would be 
greatest at first, subsequently decreasing with the 
thickness of the layer. Failure to comply with 
the unimolecular relationship will not therefore 
constitute evidence that diffusion is not the slow 
process. Furthermore, in the case of the carbon 
dioxide reaction, the carbon monoxide generated 
must diffuse out through the oxide layer, and this 
will have a retarding effect on the inward diffusion 
of carbon dioxide. It is evident from all this that

any interpretation of the velocity measurements 
will be complicated, but certain predictions can 
be made. When the manganese is fresh, the oxide 
layer will be so thin that diffusion will produce no 
appreciable retardation. Accordingly, velocity 
measurements will give the resultant speed of ad­
sorption and reaction together, and curves ob­
tained by plotting composition of the gas phase 
against time will be similar to those for catalytic 
changes. When the manganese is old, and the 
layer of oxide thick, the increment in thickness as 
the reaction goes on will hardly affect the rate of 
diffusion. Then Fick's law will give the rate of

diffusion of carbon dioxide through the layer 
quite accurately. This rate will be slower than 
the rate of reaction, which will therefore appear 
to be unimolecular.

Experimental
Figure 1 is a diagram of the apparatus. The reaction 

chamber, A, was built from a Pyrex distilling flask of 
roughly 550 cc. total capacity. For temperature measure­
ment inside this chamber an iron-constantan junction was 
used, the thermocouple leads running down the long tube 
in the neck of the flask. For measuring pressure an open 
manometer, C, was used, connected to the flask through 
the three-way cock I; the manometer was read with a 
cathetometer. The free outlet of stopcock 1 led to a Hyvac 
pump. B is the gas buret for measuring samples taken for 
analysis; it was water-jacketed. The flask was filled with 
carbon dioxide through cock 3. After filling, the gas 
analysis pipets were connected to 3. An electric furnace 
was constructed such tha t flask A could be immersed 
completely in it, leaving only capillary tubing a t uncon­
trolled temperature (about 0.3% of total volume). Tem­
peratures were measured with a Leeds and Northrup po­
tentiometer indicator, having an accuracy of 1 to 2 °F. As 
a check on the factory calibration, the cooling curves of 
pure zinc and of pure lead were taken with the instrument.

The side-arm D has the function of permitting additions 
of fresh manganese, without dismantling the apparatus. 
Carbon dioxide was prepared from limestone and hydro­
chloric acid and purified by passage through silver nitrate 
solution, calcium chloride, and phosphorus pentoxide. 
Carbon monoxide was prepared from sulfuric acid and 
sodium formate, and purified by passage through concen­
trated sulfuric acid, potassium hydroxide solution, calcium 
chloride, and phosphorus pentoxide.

The gas buret contained mercury, by lowering the level 
of which, samples of the gas phase could be removed and 
measured. The measured sample was then displaced 
through 3 to the gas pipets. That carbon monoxide is the 
sole gaseous product of the reaction was first determined by 
combustion with oxygen in a slow-combustion pipet. 
After this had been demonstrated, subsequent analyses 
were performed simply by determining the carbon dioxide 
with a potassium hydroxide pipet and obtaining carbon 
monoxide by difference.

Pyrophoric manganese was not used. The metal was 
obtained from the Johnson, M atthey Company of 
Toronto in the form of a powder and had the analysis: Mn, 
96.84%; Fe, 1.74%; Si, 0.61%; C, 0.12%. The manga­
nese was not in truly pulverized form but was very finely 
crushed and apparently had been screened to a uniform 
size after crushing. The mean diameter of the particles 
was 0.096 mm , but there were many particles much larger 
(> 0.16 mm.).

To determine whether or not the reaction represented 
by the equation

C 02 +  Mn =  MnO +  CO
was the sole one taking place, the flask was loaded with 
manganese and carbon dioxide, and its temperature gradu­
ally raised. Temperature and pressure were recorded 
every five minutes. Departure from Gay-Lussac law
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behavior began near 350° and became marked at 600°. 
Evidently, then, carbon dioxide is converted not only to 
carbon monoxide, but to a non-gaseous substance as well, 
for if the reaction were simply that formulated above, 
there would be no departure from Gay-Lussac law be­
havior.

That carbon monoxide is formed is beyond doubt. 
After one hour of heating at 600 °, during which time the 
pressure fell over 400 mm., a sample of the gas contained 
only 1.0% carbon dioxide. Judging by the pressure drop, 
about 250 cc., at normal pressure, of gas remained. As 
previously mentioned, in similar preliminary experiments 
the carbon monoxide was determined directly by slow 
combustion, and it was found to correspond to 100% con­
version.

After the completion of the preliminary experiments, 
systematic work was commenced a t 600 °, but owing to the 
frequent collapse of the flask Under vacuum at this tem­
perature, it was possible to bring only two runs to comple­
tion. The method of procedure followed throughout was 
to  evacuate the flask, raise it to the required temperature, 
then fill it with the appropriate gas. The two successful 
runs gave the following results

Run
Duration,

hr.
% co 2

unchanged

Approximate 
initial press., 

mm.

Final 
press, j 
mm.

2 1 0.0 831 646
3 0.5 0.0 869 727

The ratio of the change in pressure to the initial pressure 
gives the proportion of the whole going in the side reaction. 
This was 20,5% for run 2, and 16.3% for run 3. Since 
there was complete conversion to carbon monoxide in both 
cases, it appears to follow tha t the side reaction is slow 
compared to the main reaction, but that this deduction is 
not entirely justified will be seen in the sequel.

An experiment was now carried out a t 500 °, using 10.0021 
g. manganese and 556 cc. carbon dioxide. At the end of 
two hours the pressure had dropped from 760 to 734 mm. 
and therefore the fraction of the whole being removed by 
the side reaction was 3.4%. The gas analysis at the end of 
the run showed no carbon dioxide remaining, which means 
tha t in two hours a t 500 °, with fresh manganese, the con­
version of dioxide to monoxide is complete.

A series of runs was now undertaken in a somewhat 
different manner. Samples of the gas phase were with­
drawn from time to time for analysis, and the whole experi­
ment continued uninterruptedly until complete conversion 
was attained. Occasionally a run was carried out with 
carbon monoxide as starting gas, in an attempt to reach 
the equilibrium, if any, from the other side. Six experi­
ments were carried out a t 500°, and six at 400°, pressure 
readings being taken throughout, for the purpose of follow­
ing the side reaction. Fresh metallic manganese was not 
used for each run, but a fresh charge occasionally was 
added to what was already present. Unimolecular “con­
stants” were calculated for periods between consecutive 
analyses, and also for the period between the start and each 
analysis, the values being referred by calculation to a 
standard charge of 10 g. manganese.

The results showed tha t the relative speed of the side 
reaction is still less a t 400 than a t 500 °. From the pressure 
drop, the fractions of the charge going to the side reaction

are calculated as 7.3% in one and one-half hours at 500° 
and 4.0% in the same period at 400°. The unimolecular 
“constants” are by no means constant throughout any run. 
This can be seen from the plot of composition-time, where 
the curves appear to be much straighter than is required 
for unimolecular behavior. Figure 2 shows the composi­
tion-time curves for three runs. In each of these fresh 
manganese had been added recently. Runs A and B were 
at 500 °, and run C at 400 °. The curves show very well the 
greater speed at the higher temperature. Run B was 
faster than A, because the quantity of manganese was 
larger.

Time in hours.
Fig. 2.—Conversion of CO2 to CO in presence 

of manganese.

The form of the curves is similar to that of a zero order 
reaction. The long straight section shows a constant rate 
of conversion, indicating that adsorption of carbon dioxide 
is great. When conversion is nearly complete, the rate 
falls off because there is not enough carbon dioxide left in 
the gas phase to maintain the concentrated adsorption film.

When the manganese had been used for previous runs, 
its age began to have a retarding effect on the reaction rate. 
The “constants” showed this, being less numerically, with 
increasing use of the manganese. They did, however, 
show an approach to constancy with increasing use. This 
approach to constancy with age of the manganese was pre­
dicted in the introduction on the basis of diffusion.

In the runs tha t were followed right through, the final 
state was always one of complete conversion of carbon di­
oxide to the monoxide, so it was concluded that there was 
no appreciable equilibrium. As a check on this, two runs 
were carried out with carbon monoxide as the starting gas, 
one run for four hours a t 500 0 and one for nineteen hours at 
400 °. In  neither case was any carbon dioxide generated. 
Therefore, there is no appreciable equilibrium at 400 or 
500°.

A number of runs in the neighborhood of 300° were 
vitiated from the following cause. A fresh supply of 
manganese had been obtained from Merck. This came in 
the form of a solid lump which was pulverized in a rock
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crusher. During the pulverizing, the manganese took fire 
for a moment. Subsequent examination showed it to 
contain manganese dioxide. In all attempts to use this 
powder it was characterized by extreme sluggishness of 
reaction. Apparently, then, the presence of a relatively 
small quantity of dioxide in the manganese insulates it 
more or less completely from being attacked by carbon 
dioxide. Fortunately there still remained some of the 
original manganese which was used in three experiments at 
350°. These experiments showed that the reaction goes 
to completion at 350 °.

To study the falling off in the rate of conversion with age 
of the manganese charge, an extended run was carried out 
at 500°. The reaction flask was cleaned out and 5.000 g. 
of fresh manganese introduced. The flask was then filled 
with carbon dioxide at 500° and the run continued until 
conversion to monoxide was just complete. The flask was 
then evacuated immediately and refilled with carbon di­
oxide. This process was repeated three times. The 
slowing down is illustrated by the curves of Fig. 3. Here

I II III  IV

Fig. 3.—The effect of continuous use on the 
velocity of conversion.

composition is plotted against the logarithm of time, to 
shorten the diagram. The curves show progressively 
slower reaction rate with age of the manganese. When 
plotted against time and not log time, curve 1 has a straight 
portion like a zero order curve. The others curve at first 
and then flatten out to a line that is not far from horizontal 
for 3 and 4, and which approaches 0% C02 far out on the 
time axis. These curves come closer together with age of 
manganese, as the layer of oxide on the manganese parti­
cles becomes thicker. This increasing proximity of the 
curves for successive runs shows that a uniform rate of 
reaction is being approached, as was predicted in the intro­
duction. Unimolecular “constants” were calculated for 3 
and 4. The figures bear out what is evident from the 
curves, that the rate of reaction is not yet the same for 
successive runs. Were the manganese to be exhausted 
before the layer became sufficiently thick, this stage would 
never be reached. Comparatively coarse manganese 
would be more likely to give this effect.

Reaction between Manganese and Carbon Monoxide.—
It was thought that this reaction would only attain meas­
urable velocity above 600 ° and therefore a fresh apparatus 
was constructed. This consisted of a silica reaction flask 
connected to a hard glass manometer by a ground joint. 
The flask was embedded in a furnace capable of giving 
800°. The capacity of the flask was 155 cc. and it was 
charged with 10 g. of manganese. The procedure was 
otherwise as before, except that no analysis was necessary, 
the course of the reaction being very simply followed by 
the drop in pressure.

For this work, the first consignment of manganese having 
been almost entirely exhausted and the second unsuitable, 
a third consignment was obtained from the Johnson, Mat- 
they Co. Its analysis was much the same: Mn, 97.22%; 
Fe, 1.70%; Si, 0.55%; C, 0.11%, but the particle size was 
found to be much smaller. The average particle diameter 
was found to be 0.032 mm., as against 0.096 mm. for the 
manganese used in the earlier experiments.

Experiments were carried out at 600 and 500°. The 
results showed the reaction, which has been styled the 
“side reaction,” to be unexpectedly rapid. This is un­
doubtedly due, at least in part, to the finer particle size. 
Considering consecutive experiments in which the same 
manganese was used, the speed of the reaction falls off 
rapidly with use, that is, with increasing thickness of the 
manganous oxide layer. The data do not comply with the 
requirements of a first order reaction. The reaction rate is 
much slower at 500 than at 600 °.

An experiment was now carried out with the temperature 
rising from cold, to determine the temperature at which 
reaction became appreciable. On plotting pressure against 
temperature, it was seen that the reaction became rapid 
between 460 and 470 °.

Because of the unexpected rapidity of the carbon mon­
oxide reaction, a run was carried out at 600°, using the 
original coarser manganese. As was expected, the rate 
was much slower. Experiments were also carried out at 
500 °, using the coarser manganese. The velocity was less, 
although fresh manganese was used.

At all temperatures there is complete decomposition of 
the carbon monoxide by the manganese. The retarding 
effect of age is greater with the coarse manganese than 
with the fine, as would be expected.

The question now arose of whether, using the fine 
manganese, the same results, qualitatively at least, could 
be obtained, in respect of the conversion of carbon dioxide 
to carbon monoxide by manganese. For example, one of 
the early experiments gave complete conversion of carbon 
dioxide in two and one-half hours, using a fresh charge of 10 
g. of coarse manganese at 500°. The experiment was 
therefore repeated at the same temperature, using the finer 
manganese. Pressures were read from time to time, and, 
after two and one-quarter hours, a sample of the gas phase 
was drawn off and analyzed for carbon dioxide. Conver­
sion was practically complete and the pressure drop in two 
hours was 500 mm., whereas in the corresponding experi­
ment with coarse manganese the drop in pressure was only 
about 40 mm. in the same time. This shows very clearly 
how the fineness of subdivision favors the reaction with 
carbon monoxide.

Presumably, if manganese is left in contact with either
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carbon dioxide or carbon monoxide, for a sufficient length 
of time, at a temperature of 500° or higher, complete de­
composition of the gaseous phase to give manganous oxide 
and carbon, with production of zero pressure, will result. 
To test this point, an experiment was carried out at 600°, 
using carbon dioxide, and 10 g. of fresh fine manganese. 
Zero pressure was attained in thirty minutes.

Finally an experiment was carried out at 400°, using a 
carbon monoxide filling and 10 g. of the finer manganese. 
After two hours there was no change in pressure, indicating 
zero reaction velocity. It should, however, be mentioned 
that the manganese had been used in three previous experi­
ments. At all events, the reaction velocity of the carbon 
monoxide reaction is very small at 400 °. This is by no 
means the case with the carbon dioxide reaction.

As general conclusions to the latter part of this work, we 
would stress the effect of particle size. With pyrophoric 
manganese, at temperatures of 500° and above, it is pos­
sible that no carbon monoxide would be obtained from car­
bon dioxide by the action of manganese.

The Solid Phase
2.0364 grams of metallic manganese was heated in a 

stream of pure dry carbon dioxide in a porcelain boat 
contained in a wide silica tube, in an electric furnace at 
600°. The charge was heated for five one-hour periods, 
at the end of each of which it was cooled in a stream of car­
bon dioxide and weighed. By the end of the fifth period 
the increase in weight was constant at 34.7% of original 
weight. The increase required for Mn-MnO is 29.2%.

The solid remaining had the characteristic dark green 
color of manganous oxide. An analysis of the solid prod­
uct was then carried out. This gave the following figures: 
total Mn, 76.8%; free Mn, 4.87%; Mn02, 1.1%; Mn as 
Mn02, 0.7%; 0 2 as Mn02, 0.4%.
Mn as MnO — Total Mn — (Mn as Mn02) — (free Mn) =

71.23%
0 2 required for MnO 21.1%
Carbon 1.45%

99.75%

No other oxide contains 0 2 and Mn in proportions to fit 
the analysis. It is apparent that carbon dioxide converts 
metallic manganese to manganese monoxide. The reac­
tion is therefore

Mn +  C02 — CO +  MnO
The analysis shows an increase in the amount of carbon 
over that of the original manganese, which contained only 
0.12% carbon. This increase can be explained by the side 
reaction

CO +  Mn = MnO +  C
When the tube was removed from the furnace the section 

where the boat had been was found to have a frosted ap­
pearance inside as if the silica had been acted on. This is 
of interest as Lorenz and Heusler4 concluded that manga­
nese was volatile in carbon monoxide at white heat and was 
deposited as a dust on the interior of the tube. It seems 
to us more likely that a volatile and very unstable carbonyl 
is formed.

For study of the reaction between carbon monoxide and 
manganese a similar apparatus was used, except that the

carbon monoxide was stagnant and a manometer was 
introduced to indicate absorption.

A charge of 3.0015 g. of manganese was heated for five 
days at 700°, then for a short period at 870°, after which 
there was no further indication of a drop in pressure. 
When the cooled furnace was opened, it was found that the 
interior of the silica tube was covered here and there with a 
greenish black deposit, while adhering to the porcelain boat 
was a pink deposit, which rendered weighing useless. This 
is further evidence supporting the contention of Lorenz and 
Heusler that manganese is volatile in carbon monoxide. 
The charge in the boat, in addition to possessing the charac­
teristic greenish color of manganese monoxide, contained 
shining crystalline granules, presumably graphite. When 
the silica tube was removed from the furnace, it broke in 
two where the boat had been. This was apparently due to 
the silica having been attacked, for a pink layer fully 2.5 
mm. thick now constituted most of the wall of the tube: only 
a thin shell of unchanged silica remained. The pink ma­
terial was crystalline and is perhaps manganese metasili­
cate, MnOSi02. The mineral rhodonite has this composi­
tion and is pink in color. Either manganese is volatile in 
carbon monoxide, as claimed by Lorenz and Heusler, or it 
reacts with it so violently as to be almost explosively dis­
persed. This latter alternative does not seem likely, as no 
signs of excessive activity were observed in the experiments.

Total carbon in the product was determined by direct 
combustion, and free carbon by treatment with 50% 
hydrochloric acid and burning the residual carbon. Both 
determinations gave the same result, indicating that all the 
carbon is free, and not existing as carbide. The results of 
the analysis were:

Free carbon (=  total carbon) = 14.3%
Total Mn = 66 .0%
0 2 by difference = 19.7%

This corresponds to C = 14.3%; MnO = 85.7%. The 
reaction

Mn +  CO = MnO +  C
requires a percentage composition of C, 14.5%; MnO, 
85.5%.

Discussion
By the use of non-pyrophoric manganese, the 

reaction of carbon dioxide with metallic manga­
nese has been shown to take place in two stages, 
viz.,

C02 +  Mn = MnO +  CO (first stage)
CO +  Mn = MnO +  C (second stage)

The net result: C02 +  2 Mn = 2 MnO +  C.
Lorenz and Heusler, as well as Guntz, were 

aware of these reactions, but did not recognize 
them to be stages of one reaction. Guntz used 
pyrophoric manganese, and the reaction was so 
fast that he failed to observe the first stage, and 
from his results formulated an equation identical 
with that obtained by uniting the first and second 
stages, as above. Lorenz and Heusler used 
manganese that contained so much carbon that it
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corresponded to the formula Mn3C, so that it 
cannot be claimed that their results represented 
the action of metallic manganese on carbon diox­
ide and carbon monoxide. They did, however, 
observe the conversion of carbon dioxide to car­
bon monoxide. They also observed, as did 
Guntz, that manganese monoxide and carbon are 
formed when carbon monoxide is used.

This work has established that the only prod­
ucts are those indicated by the equations. It also 
appears that metallic manganese is volatile in 
carbon monoxide. This can only mean that 
manganese unites with carbon monoxide to form 
a volatile compound, presumably a carbonyl, 
which is almost immediately decomposed. Lo­
renz and Heusler stated that a carbonyl is not 
formed, by which they mean a carbonyl having 
some degree of stability. Their spectroscopic 
examination of the gas issuing from their appara­
tus showed manganese to be absent, and this 
proves that, if carbonyl is formed, it must be ex­
tremely unstable.

The speed of reaction depends not only on the 
temperature, but on the age and quantity of the 
manganese. With fresh manganese, reaction is 
fast between 500 and 600°. It is slower at 400°, 
and extremely slow at temperatures approaching 
300°. The carbon dioxide reaction is of the zero 
order type, when the manganese is fresh, as shown 
by the curves of Fig. 2. When the layer of man­
ganese monoxide becomes of appreciable thick­
ness, the rate of conversion is no longer dependent 
on adsorption, but on the rate of diffusion through 
the layer. Hence, when the manganese monoxide 
layer becomes very thick, the reaction appears to 
be of the first order.

Nishibori found an equilibrium between carbon 
dioxide and carbon monoxide at 780°, in the pres­
ence of manganese monoxide. At the lower tem­
peratures at which the present experiments were 
carried out, no such equilibrium exists. Con­
version of carbon dioxide to carbon monoxide was

always complete, except in experiments near 300°, 
where the reaction is so slow that a false equilib­
rium seemed to exist. It is not possible, therefore, 
to calculate the heat of reaction from the van’t 
Hoff isochore. The heats of reaction can, how­
ever, be calculated from the known heats of for­
mation, whence we obtain

C02 +  Mn = MnO +  CO +  22,800 cal.
CO +  Mn = MnO +  C +  64,400 cal.
C02 +  2Mn = 2MnO +  C +  87,200 cal.

These figures show that both forward reactions 
are exothermic and hence the back reaction is 
favored by raising the temperature. Nishibori 
obtained 6.5% carbon dioxide at 780°, while our 
work shows that there is no equilibrium at 600°. 
Somewhere between these two limits of tempera­
ture, appreciable equilibrium sets in.

Summary
It has been shown that the reaction previously 

formulated
2Mn +  C02 = 2MnO.+ C 

really consists of two consecutive stages
Mn +  C02 = MnO +  CO (a)

and
Mn +  CO = MnO +  C (b)

At temperatures of 400° and less reaction (a) 
predominates almost exclusively. At tempera­
tures higher than 400°, the velocity of reaction 
(b) increases very rapidly, and, using pyrophoric 
manganese, this probably would result in the 
complete removal of the carbon monoxide formed 
by (a), at least above 500°.

The velocities of both reactions are principally 
conditioned by the rate of diffusion through the 
manganous oxide layer. Apparently, manganous 
oxide is more pervious to carbon dioxide than to 
carbon monoxide.

Both reactions are exothermic but no indication 
of a back reaction was detected up to 600°. 
Winnipeg, Canada R eceived M ay 13, 1938
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[Contribution from the Research Laboratory of Physical Chemistry, Massachusetts Institute of Tech­
nology, No. 403]

Isotonic Solutions. I. The Chemical Potential of Water in Aqueous Solutions of 
Sodium Chloride, Potassium Chloride, Sulfuric Acid, Sucrose, Urea and Glycerol

at 25ox

By G e o r g e  S catchard , W . J. H a m e r 2 a n d  S . E . W ood

Sinclair and Robinson3 have developed the 
isotonic or isopiestic method4 so that it is more 
precise than any of the direct methods of measur­
ing the chemical potential (or activity) of the sol­
vent in which the temperature of measurement 
does not vary with the concentration. We have 
modified their method to give a still greater pre­
cision. We believe that our error is not greater 
than 0.1 % of $, the osmotic coefficient when the 
total molality, vm, is greater than one molal, and 
not greater than 0.001 in <f>vm for smaller concen­
trations.

In order to determine the chemical potential of 
the solvent, or any related quantity, from isotonic 
measurements, however, it is necessary to know 
it as a function of the composition for one solute. 
On the other hand, the method gives a way of 
comparing the measurements with different sol­
utes. We have, therefore, made such measure­
ments on aqueous solutions of sodium chloride, 
potassium chloride, sulfuric acid, sucrose, urea 
and glycerol at 25° with a triple objective: to de­
termine to what degree of precision we can extend 
the method, to obtain as accurate a standard as 
possible, and to make a comparison between the 
values of the chemical potential of water deter­
mined by a variety of the most accurate methods.

To understand the reasons for our modifications 
it is necessary to consider the attainment of 
equilibrium in some detail. The isotonic method 
is beautifully simple. A weighed amount of a 
solution of known composition is placed in a tared 
cup; a set of such cups are allowed to come to

(1) Presented before the Division of Physical and Inorganic Chem­
istry of the American Chemical Society at Rochester, N . Y ., Sep­
tember 6, 1937.

(2) Present address: National Bureau of Standards, Washington, 
D. C.

(3) (a) D . A. Sinclair, / .  Phys. Chem., 37, 495 (1933); (b) R. A. 
Robinson and D. A. Sinclair, T h i s  J o u r n a l , 56, 1830 (1934).

(4) “ Isotonic” was introduced by Hugo de Vries, who first used 
an isotonic method in 1882, to  define solutions in equilibrium with 
respect to  transfer of the solvent. “ Isopiestic” was substituted by 
Bousefield in 1918 because he considered “isotonic” bound up with 
theories which he did not like. However, “ isotonic” has the ad­
vantage of historical priority and the more important one that 
it stresses equilibrium, which is the important relation, while

isopiestic” overemphasizes the equality of pressure, which is no more 
important than the equality of several other properties.

equilibrium through the vapor phase, and each 
cup is weighed again. Any change in weight 
must be due to a gain or loss of solvent. We 
compare six solutions simultaneously, but the dis­
cussion of the factors which must be taken into 
account is clearer if we consider but two. In our 
apparatus each solution weighs about a gram; 
each cup has a volume of about 15 cc. and the 
volume of the whole vapor space is about 300 cc. 
We may suppose that the solvent is water, that 
the solutions are about one molal in total solutes, 
that the initial concentration ratio is 1 .0 1 , and that 
we wish to reduce it to 1.001. This will require 
the distillation of about 0.05 g. of water from one 
cup to the other. At 25° the vapor pressure of 
water is about 25 mm., and that of a molal solu­
tion, about 0.5 mm. less. At the start the two 
vapor pressures differ by 0.005 mm. or 0.02%; 
at the end they should differ by 0.0005 mm. or 
0.002%. The 0.05 g. of water would occupy 
about 2000 cc. as saturated vapor. Any air would 
doubtless be pumped from the cup losing water, 
and probably much of the air in the outer volume 
would be concentrated in the cup gaining water. 
However, the hydrostatic pressure of water vapor 
plus air is always equal throughout the vapor 
space. If the partial pressure of air in the cup 
gaining water exceeds 0.0005 mm. near the end 
of the reaction, the reaction will cease until the 
air diffuses out. Even smaller amounts of air 
will slow up the reaction considerably.

The final vapor pressure difference of 0.0005 
mm. corresponds to a temperature difference of 
about 0.00035°. If the temperature fluctuates so 
that the solution with the lower vapor pressure 
is hotter than the other by more than this amount, 
the distillation will tend to go in the wrong di­
rection. Moreover, the adiabatic distillation of 
0.3 X 10~6 g. of water between one gram samples 
is sufficient to cause this temperature difference. 
This is only six millionths of the water which has 
to be distilled. I t is a simple matter to calculate 
the effect upon each of these quantities of changes 
in the initial concentrations or concentration dif-
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ferences, the desired accuracy and the size of the 
sample.

Fig. 1.—Apparatus. The left-hand 
side of the vertical section of the cop­
per block is taken perpendicular to the 
other side.

Therefore, the essentials of the apparatus and 
procedure are: good heat conduction from one 
cup to another, a good thermal buffer to prevent 
fluctuations of temperature, efficient stirring to 
assure mixing and heat conduction without heat­
ing, evacuation adequate to remove the air, small 
samples to reduce the amount of distillation nec­
essary and tight cups to permit accurate weigh­
ings. Sinclair3*1 discusses fully the heat and tem­
perature effect, but states that thorough evacua­
tion is unnecessary. His apparatus is as efficient 
as ours for the heat conduction, but we believe 
that our modifications give improvements in the 
other respects. To save space we will omit a de­
tailed comparison and merely describe our ap­

paratus and procedure.5 The apparatus is illus­
trated in Fig. 1. The six cups are of platinum and 
are shaped like milk cans. Each is a cylinder 3.5 
cm. high and 2.5 cm. in diameter. The top is 
constricted to 1.8 cm., and a nickel ring, 0.5 cm. 
high, is silver-soldered to the outside of the con­
striction. The outside of this ring is carefully 
ground with a 3° taper to fit a nickel lid. The 
bottom and lower 2 cm. of the side wall of the cup 
are lined with platinum gauze to increase the sur­
face and aid the stirring and heat conduction.

The six cups fit snugly in cylindrical holes ar­
ranged symmetrically in a gold-plated copper 
block, 9.5 cm. in diameter and 3.5 cm. deep. This 
block fits into a stainless steel vessel of 12.5 cm. 
outside diameter and 7.5 cm. high. The cover 
screws on against a lead gasket and has a conical 
valve through which the vessel is evacuated. The 
male fitting for the evacuating tube is replaced by 
a dummy while the vessel is in the thermostat. 
This vessel fits on a table in the thermostat which 
rotates around an axis inclined at 45°. Each cup 
rotates about its own axis also inclined at 45°, 
as it revolves around the central axis.

The copper block weighs 1.6 kg. and the steel 
of the vessel weighs 4.6 kg. The only contact 
between them is over a circular area 5 cm. in di­
ameter at the center of the bottom. They should 
give an effective thermal buffer. The fact that 
the thermostat oil must circulate around the lead 
counterweight and the massive steel rotating table 
just before it reaches the vessel increases the buffer 
action so that short-time temperature fluctuations 
must be much smaller in the vessel than in the 
recording thermometer. Slow changes of tem­
perature of moderate magnitude are not trouble­
some.

The oil thermostat bath and thyratron regula­
tor are similar to those described by Beattie6 ex­
cept that the plate circuit of the thyratron is 
connected directly to the main a. c. line instead of 
to the transformer, and that a mercury regulator 
in the bath is inserted in the galvanometer circuit 
to protect the galvanometer if the bath cools. 
This regulator maintains its temperature con­
stant within 0.0 0 1° over an interval of a few hours 
and within 0.005° over a twenty-four hour period.

The composition of the most concentrated sul­
furic acid solution in each series was determined

(5) Certain of these modifications which were adopted by us in 
1935 and used in this work have been previously reported by C. M. 
Mason, T h i s  J o u r n a l , 60, 1638 (1938).

(6) J. A. Beattie, Proc. A m . Acad. A rts  Sci., 69, 389 (1934).
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by a weight titration of sodium carbonate with 
methyl orange as indicator. All other solutions 
were made up by weight. All weights were cor­
rected to vacuum. For solutions in which the 
total concentration, vtn,7 was greater than 0.4, 
about 1 g. of solution was weighed into each of the 
six cups. For more dilute solutions about 0.5 g. 
was used. For solutions in which vm was greater 
than one, six drops of water was placed at the 
bottom of the vessel so that their evaporation 
might sweep out the air from below the copper 
block and might reduce the evaporation from 
the cups. To control the evacuation and pre­
vent splattering the vessel was not connected 
directly to the vacuum line but to a bulb of about 
the same volume as the vessel itself, The bulb 
could be connected to an oil pump or to the vessel. 
The latter connection was always made so that 
the passage of gas was very slow. After the pres­
sure had reached the vapor pressure of water, the 
vessel was evacuated ten times more. For solu­
tions in which vm was less than one, 20 cc. of the 
sodium chloride solution was put directly into the 
steel vessel. When the vessel tipped, this rose 
around the lower cups and gave better thermal 
contact between them and the copper block. Since 
it also made necessary washing and drying the 
cups before they were weighed, this procedure was 
used only for the more dilute solutions for which 
it was needed. The vessel was evacuated as for 
the more concentrated solutions and, after three 
hours1 rotation in the thermostat, it was evacuated 
ten times more and then replaced in the bath.

Solutions with vm greater than one were ro­
tated in the bath for twenty-four hours; those 
with vm less than 0.6 were rotated seventy-two 
hours, and the intermediate solutions were rotated 
forty-eight hours. The vessel was then removed 
from the bath, dry air was allowed to enter, the 
top was removed and the lids were placed on the 
cups as soon as possible, which was usually less 
than half a minute after the opening of the vessel. 
In most of the runs each cup contained a different 
solute. For runs 7, 9,11,13,15,17,19 and 21, the 
cups were returned to the vessel after the previous 
run, so that each of these depended upon the same 
initial weighings as the previous run.

The success with which equilibrium is attained 
in concentrated solutions is illustrated by two 
preliminary experiments which are not included

(7) v is the number of particles from one molecule of solute, and m 
is the concentration in moles per kg. of water.

in our final results. The first shows how closely 
equilibrium is attained even when the amount of 
water distilled is large. The initial concentra­
tions of urea and of sulfuric acid were adjusted 
so poorly that the urea lost 0.58 of its 0.92 g. 
of water and the sulfuric acid gained about the 
same amount. In spite of this huge change, the 
largest difference from the equilibrium value is 
only four-tenths of one per cent. The initial, 
final and equilibrium concentrations are

Initial Final Equilibrium
NaCl 3.237 2.670 2.671
KC1 2.693 2.931 2.926
H2SO4 3.510 2.111 2.114
Sucrose 3.592 3.985 3.982
Urea 2.382 6.429 6.427
a-Met. glue. 4.063 4.509 4.523

The other experiment illustrates the reproduci­
bility of the equilibrium concentrations because 
the drops of water added before evacuating in the 
second of two runs with the same solutes compen­
sated so exactly for the loss during evacuation 
that the average loss was only 0.05 mg., and the 
concentrations are almost the same for the two 
runs. We list the concentrations before the 
first run, the equilibrium concentrations after 
each run and the milligrams gained during the 
second run.

Initial Equilibrium concn.
Second

gain,
concn. First Second mg.

NaCl 1.5730 1.5483 1.5479 + 0 .2 5
KC1 1.6585 1.6432 1.6429 +  .17
h 2so4 1.3391 1.3081 1.3080 +  .03
Sucrose 2.4177 2.4186 2.4188 -  .04
Urea 3.2026 3.2920 3.2925 — . 15
a-Met. glue. 2.5716 2.6083 2.6082 +  .03

The discrepancy between the two determinations 
of <ƒ> for any solute from 4> for any other is meas­
ured in parts per thousand by the difference be­
tween the corresponding entries in the last col­
umn. The maximum discrepancy is 0.04% and 
the average is only 0.02%.

The isotonic method was also adapted to the 
simultaneous measurement of solubility and the 
chemical potential of water from the saturated 
solution. A stock solution was made up which was 
almost saturated. In one or two of the cups an 
unweighed quantity of this solution was added 
to about a gram of the solid. The other cups 
each contained a weighed quantity of the same 
solution or of a comparison solution. At equilib­
rium the concentration of the solution without 
excess solid must be the same as that in the solu­
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tion directly in equilibrium with the solid phase. 
So the solubility may be determined conveniently 
without any need of separating from the solid 
phase. The composition of the comparison solu­
tions gives at the same time the potential of the 
solvent. This method is particularly convenient 
for cases of high solubility varying rapidly with 
the temperature, and with viscous saturated solu­
tions. The solubility of each solid used was de­
termined in this way. These measurements were 
made with cups without the nickel rings and with 
light platinum covers which leaked enough at 
this stage so that it was necessary to make two 
weighings and extrapolate back to the time of 
closing.

The equilibrium concentrations as moles per 
kilogram of water are given in Table I for the 32 
runs which are used in the computations. About 
a hundred other runs were made and not used. 
A few were discarded because of obvious spat­
tering, or leakage with the old platinum covers, or 
insufficient purification of one of the materials. 
However, most of these runs were made in de­
veloping the technique, particularly with dilute 
solutions. In some of the more concentrated solu­
tions two cups contained the same initial solution. 
Both final values are given in the table, and their 
agreement gives another check on the accuracy 
of the method. The saturated solutions are in­
dicated in the table.

T a b l e  I

Isotonic Concentrations at 25°
Run NaCl KCl H2SO4 Sucrose Urea Glycerol

1 6.1430® 4.3740
6.1451° 4.3756

2 6.1429° 4.3725
6.1461° 4.3742

4 6.0781 4.3145 20.007° 14.572
22 5.4593 3.9289 17.078 12.583

3.9294 12.589
23 4.6013 3.3890 13.332 10.036

3.3895 10.036
24 4.2585 3.1668 11.957 9.0887

3.1658 9.0889
3 4.1983 4.8029°

4.8051°
11.750

56 6.0526°
6.0533°

11.239 8.5959

25 3.7390 4.2210 2.8298 5.5266 9.9882 7.7240
26 3.3911 3.7916 2.6023 5.0110 8.7450 6.8614
27 2.5022 2.7273 1.9998 3.7462 5.8919 4.8294
29 2.4135 2.6232 1.9351 3.6210 5.6262 4.6455
28 2.0845 2.2460 1.7065 3.1646 4.6999 3.9427
30 1.6220 1.7228 1.3651 2.5172 3.4728 3.0233
31 1.1614 1.0109 1.8578 2.3669 2.1334

7 1.0010 1.0427 0.88920 1.6277 2.0088 1.8332
6 0.99954 1.0399 .88666 1.6260 2.0033 1.8318

32 .68788 0.70998 .62219 1.3375 1.2558
13 .51709 .53045 .47046 0.88639 0.99133 0.94213
12 .50593 .51923 .46089 .86829 .96818 .92265
15 .40846 .41783 .37419 .70940 .77579 ,74537
14 .40034 .40838 .36619 .69549 .75828 .72942
17 .30922 .81486 .28463 .54621 .58361 .56589
16 .30303 .30896 .27916 .53546 .57270 .55533
9 .21275 .21584 .19654 .38066 .40016 .39170

19 .20603 .20893 .19006 .37043 .38766 .37918
8 .20432 .20715 .18892 .36611 .38563 .37694

18 .20120 .20444 .18577 .36229 .37746 .37002
21 .10288 .10380 .09405 .18917 .19448 .19089
10 .10014 .10059 .09079 . 19297 .18866 .18587
20 .09930 .10027 .09082 .19257 .18764 .18477
11 .09918 .10098 .09095 .18303 .18845 .18766

® Saturated solution. 6 Compared with the standard through urea.
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2 4 6 8 10 12 14 16 18 20
vm.

Fig. 2.—Osmotic coefficients.

A convenient way of comparing the results is in 
terms of the osmotic coefficient,

=  (moo ~  ixo) / woR T v m  — — ( l n a o ) / w Q v m  (1 )  

in which ju0o is the chemical potential of the pure 
solvent, juo is the potential of the solvent in the 
solution, Wo is one thousandth of the molecular 
weight of the solvent, R and T  have their usual 
significance, v and m have been defined above, and 
ao is the activity of the solvent. In Fig. 2 our 
values of <j> are plotted against vm. The curve 
labeled ideal is [In (1 +  Wovm)]/wovm and is the 
osmotic coefficient of an ideal solution, for which 
the activity of the solvent is equal to its mole 
fraction. For solutions which are isotonic, (jutoo — 
fio) is the same in each solution, and therefore 
vmcj> is also the same. In this diagram the iso­
tonic lines are rectangular hyperbolas with the 
equations <j> = k/vm . For some purposes it is 
convenient to plot </> against vm<f> so that the 
isotonic lines are all perpendicular.

In determining the best standard curve from 
measurements on several substances, it is con­
venient to assume a curve for one substance as 
standard and to compute each value for another 
solution from this curve and the concentrations of 
the standard and of the other solution. Then the 
standard curve is altered as often as necessary to 
give the best fit for all the measurements. We 
have chosen sodium chloride as the standard since 
it was used in almost every run; it is easily puri­
fied, and its curve is much simpler than that of sul­
furic acid which is the only other substance used 
in all the most concentrated solutions.

The scale of Fig. 2 is much too small for com­

parison of our smooth curves with the experimen­
tal results. We have therefore plotted the devia­
tion function A</> which is defined for each solute 
under the corresponding figure. The last term 
for the electrolytes is the Debye-Hückel square 
root correction in very dilute solutions and be­
comes very nearly constant in more concen­
trated solutions.8 The constants in the other 
terms are empirical. The graphs for the individ­
ual solutes all have the same scale of ordinates in 
which each division is 1 %.

Sodium Chloride (Fig. 3).—An analytical reagent was 
dissolved in conductivity water and precipitated by hy­
drogen chloride gas. The precipitate was dried at 300° 
and then at room temperature by passing through the 
finely powdered material in a Gooch crucible a current of 
air which had been dried by calcium chloride. The solu­
bility of 6.144 M  may be compared with 6.145 M  of the 
“I. C. T.” (vol. IV, p. 235).

The vapor pressures of sodium chloride solutions have 
been measured at 25° by Frazer and S. S. Negus,9 and by 
Pearce and F. Fordemwalt,10 and at 20° by Frazer and 
W. R. Norris.9 The latter were corrected to 25° through 
the use of the heat of dilution measurements of Gulbran- 
sen and Robinson11 and of Lipsett, Johnson and Maass.12 
Osmotic coefficients at 25° were calculated from the freez­
ing point measurements of Scatchard and Prentiss13 * 
and the first of these heat measurements. The treatment 
of dilute solutions will be discussed elsewhere. The os-

(8) George Scatchard, Chem. Rev., 19, 309 (1936).
(9) J. C. W. Frazer, “ The Direct Measurement of Osmotic Pres­

sure. Contemporary Developments in Chemistry,” Columbia 
University Press, New York, N . Y ., 1927.

(10) J. N . Pearce and A. F. Nelson, T h is  J o urn al , 54, 3544 
(1932).

(11) E. A. Gulbransen and A. L. Robinson, ibid., 56, 2637 (1934).
(12) S. G. Lipsett, F. M. G. Johnson and O. Maass, ibid., 49, 1940 

(1927).
(13) G, Scatchard and S. S. Prentiss, ibid., 55, 4355 (1933);

56, 2314 (1934).
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motie coefficients were also calculated from Harned’s ments of Lange and his collaborators,18 19 are about 1% 
measurements of the electromotive force of cells with higher than the standard curve. The electromotive
sodium amalgam and silver chloride electrodes14 with the force measurements of Harned and Cook,1914 yield high

values of the osmotic coefficient through­
out the range of their measurements. 
The measurements of Shedlovsky and 
Maclnnes20 with cells with transference 
combined with transference numbers lead 
to very exact agreement up to half molal. 
We did not integrate their results further 
because the measurements are sparse and 
there seems to be some question of the 
accuracy of their measurement at 0.5 M. 
Figure 4 shows how precisely the stand­
ard curve for potassium chloride is fixed 
by the isotonic measurements once the 
curve for sodium chloride is determined.

We may also compare our measure­
ments with Robinson and Sinclair’s 
measurements of the isotonic ratios of 
sodium chloride to potassium chloride.6b 
For concentrations above one molal their 
ratio of sodium chloride concentration to 

0 1 2 3 4 5 6 potassium chloride concentration aver-
m ages 0.1% smaller than ours. This dif-

Fig. 3.—Sodium chloride deviations: A* -  * -  1 -  0.07m +  1.165[1 +  ference is smaller than the actuations 
V m  -  1/(1 +  Vm ) - 2  In (1 +  Vm)]/m . of ,their results or the accuracy they

claim. Below one molal, where our flue-
use of activity coefficients up to 0.1 M  determined by 
Brown and Maclnnes15 from cells with transference and 
the transference numbers. Since sodium chloride was 
chosen as our standard, no experimental points appear in 
Fig. 3 for our own measurements. The freezing point 
values agree with the standard curve almost exactly.
Below one molal the vapor pressure measurements scatter 
too widely to be of use. At higher concentrations those of 
Pearce and Fordemwalt check the curve within their 
fluctuations from any smooth curve. Those of Frazer 
and Negus agree even better except for the last two points 
which were measured in two steps. The measurements at 
20° give values about 1% high. The electromotive force 
measurements agree with the standard up to 0.1 M; 
they yield osmotic coefficients lower than the standard 
below 1 M  and higher above that concentration, with a 
maximum deviation of almost 1%.

Potassium Chloride (Fig. 4).—An analytical reagent 
was crystallized three times from conductivity water and 
dried at 300° and then in a current of dry air as described 
for sodium chloride. The solubility of 4.804 M  may be 
compared with 4.81 M  =*= 0.5% of the "I. C. T.” (vol. IV, 
p. 239). The vapor pressure measurements of Pearce 
and Snow16 are much less consistent than those from the 
same laboratory with sodium chloride, and the average 
deviation is almost one per cent, and negative. The meas­
urements of Lovelace, Frazer and Sease17 at 20°, com­
puted to 25° with the use of the heat of dilution measure-

(14) H. S. Harned, T h i s  J o u r n a l , 51, 416 (1929); H. S. Harned 
and L. F. Nims, ibid., 54, 423 (1932).

(15) A. S. Brown and D. A. M aclnnes, ibid., 57, 1356 (1935).
(16) J. N . Pearce and R. D . Snow, J . Phys. Chem., 31, 231 

(1927).
(17) B. F. Lovelace, J. C. W. Frazer and V. B. Sease, This 

J o u r n a l , 43, 102 (1921).

tuations are also larger, their ratio is about 0.1% larger 
than ours.

0 1 2 3 4 5
m .

Fig. 4.—Potassium chloride deviations: A<£ =  <£ — 1 — 
0.026m +  1.165[1 +  Vm -  1/(1 +  Vm) -  2 In (1 +  
Vm) ]/m.

Sulfuric Acid (Fig. 5).— Chemically pure sulfuric acid 
was distilled very slowly in an all-glass still into conduc­
tivity water to give a solution of density 1.8. The vapor

(18) J. Wtist and E. Lange, Z . p h y s ik . C h em ., 116, 161 (1925); 
E. Lange and J. Monheim, ibid., A150, 349 (1930).

(19) H . S. Harned and M. A. Cook, T h is  Jo u r n a l , 59, 1290 
(1937).

(20) T. Shedlovsky and D. A. Maclnnes, ibid., 59, 503 (1937).
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1 2 3 4 5
m.

Fig. 5.—Sulfuric acid deviations: A<£ = (£ — 1 — 0.13m 
-h 2.330[1 -+* ^/3m  — 1/(1 +  V3m) — 2 In (1 -f s/3m)]/ 
3m.

pressure measurements of Grollman and Frazer21 scatter 
about our standard curve with a small average difference. 
Those of Collins22 lie slightly above it below 3 M  and be­
low it above 3 M. Harned and Hamer’s measurements23 
of the cells

H2, H2S04 (m), PbS04, Pb02, Pt (I)
and

H2, H2S04 (m), Hg2S04, Hg (II)
may be combined to give

Ei +  En -  El0 -  EUo = (RT/F) In a0 (2)
However, 0.01 mv. corresponds to 1% at 1 M  and to 0.1% 
at 5 M. The largest deviation from our standard curve 
corresponds to 0.03 mv. at 2 M. The values of $ deter­
mined by integration from the chemical potential of the 
acid measured by one of these cells singly lie below our 
standard curve below about 3 M , and above at higher 
concentrations, with a maximum deviation of about 0.5%. 
The integrated deviation curve has a minimum at about 
0.1 M, and a maximum at about 0.2 M  which cannot.be

(21) A. Grollman and J, C. W. Frazer, This Journal, 47, 712 
(1925).

(22) E. M. Collins, J . Phys. Chem., 37, 1191 (1933).
(23) H. S. Harned and W. J. Hamer, T h is  J o u r n a l , 57, 27 (1935).

avoided without attributing to the experiments an error 
much larger than appears probable. We have drawn our 
standard curve with a similar maximum and minimum 
to correspond to our measurements although these meas­
urements are probably not precise enough to establish 
independently that there is such an irregularity.

Sucrose (Fig. 6).—From a nearly saturated cane sugar 
solution prepared by percolation the sucrose was precipi­
tated by adding ethyl alcohol at 0°. It was dried over 
calcium chloride and then in a current of dried air as de­
scribed for sodium chloride. To avoid errors due to hy­
drolysis no solution of sucrose was used which had been in 
contact with water more than a week. Our solubility of 
6.053 M  corresponds to 67.44% sucrose, which may be 
compared with the 67.89% of “I. C. T.” (vol. II, p. 344). 
We have not found the measurements of osmotic pressure 
to be accurate enough for our purposes. The vapor pres­
sures of sucrose solutions have been measured at 25° 
by Frazer and L. C. Beard,9 at 20° by Frazer and H. K. 
Parker,9 and at 0° and 30° by Berkeley, Hartley and Bur­
ton.24 We have interpolated these last measurements 
linearly in 1/T, which corresponds to a heat of dilution in­
dependent of the temperature, and have used the same 
temperature coefficient to calculate <j> at 25° from the 
measurements of Frazer and Parker. Above two molal the 
measurements of Frazer and his collaborators are in good 
agreement with our standard curve. Those of Berkeley 
and collaborators are about 1.5% higher.

0 2 4 6 8 10
m .

Fig. 6.—Sucrose deviations: A<£ = <£ — 1 — 0.088m.

Urea (Fig. 7).—Synthetic urea was crystallized from 
conductivity water and then from ethyl alcohol, both with­
out heating above 60°. It was dried over calcium chlo-

(24) Earl of Berkeley, E. G. C. Hartley and C. V. Burton, Phil. 
Trans., 218A, 295 (1919); G. Scatchard, T h is Jo urn al , 43, 2406 
(1921).
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Fig. 7.—Urea and glycerol deviations: Urea, A<£ = <f> — 1 -j- 00.05m/(l -j- 0.179m);
Glycerol, A<£ = </> — 1 ~  0.016ra/(l +  0.1333m).

ride and then in a current of dry air as described for so­
dium chloride. To avoid errors due to hydrolysis or to 
rearrangement to ammonium cyanate, no urea was used 
which had been in contact with water more than a week. 
A study of 0.01, 0.1 and 1.0 M  urea solutions showed 
that at room temperature it requires a month for the con­
ductance of a urea solution to reach 0.1% of that of a 
sodium chloride solution of the same molality. The solu­
bility of 20.007 M  was confirmed by two determinations 
in each of which four cups contained urea solutions. 
These gave an average of 20.006 with an average deviation 
of 0.006. This checks the measurements of Pinck and 
Kelly25 as closely as they can be interpolated to 25°. 
Values of 17, 18 and 19 M  are also found in the literature. 
The vapor pressures of urea solutions have been measured 
at 25° by Lewis and Burrows.26 We confirm their state­
ment that a saturated solution is nearly ideal, but find 
that their measurements are otherwise not sufficiently 
accurate for our purposes. Urea was included in our study 
in the hope that the deviations from ideality would be 
so much smaller in dilute solutions that a simple inter­
polation would be justified. Figures 2 and 7 show that 
the difference from ideality does not decrease rapidly with 
decreasing concentration until the solutions are quite 
dilute and that the deviations from our analytical function 
are little, if any, simpler than for the other substances.

The measurements of Chadwell and Politi27 yield values 
of <f> at the freezing point which are very slightly higher 
than ours at 25° in dilute solutions but decrease more 
nearly linearly to 0.7646 at 8.083 M  (the eutectic) where 
the value at 25° is 0.8333. This difference would corre­
spond to a partial heat content of water 0.65 cal./mole 
more positive than that of pure water if this heat content 
difference were independent of the temperature. How­
ever, the heat capacity measurements of Gucker and 
Ayres28 show that this difference is becoming more posi­

(25) L. A. Pinck and M. A. Kelly, This Journal, 47, 2170 (1925).
(26) G. N . Lewis and G. H. Burrows, ibid., 34, 1515 (1912).
(27) H. M. Chadwell and F. W. Politi, ibid., 60, 1291 (1938).
(28) F. T. Gucker, Jr., and F. D. Ayres, ibid., 59, 2152 (1937).

tive with decreasing temperature, and is changing more 
rapidly the lower the temperature. This variation to­
gether with the decrease of freezing point with increasing 
concentration may explain the fact that the average value 
of (d<f>/dT)/m between the freezing point and 25° appears 
to increase rapidly with increasing concentration although 
(f>/m decreases slightly. However, the value of (dcf>/d T )/m  
at 8.08 molal is only about half as large as the value cal­
culated for concentrations below one molal from Naudé’s 
heat of dilution measurements at 18°.29

Glycerol (Fig. 7).—To 300 cc. of c. p , glycerol was 
added 25 cc. of concentrated hydrochloric acid and the 
mixture was heated on the water-bath for twelve hours. 
It was then distilled in vacuo and the middle portion col­
lected and stored in small glass containers in which it was 
protected from the atmosphere. The vapor pressures of 
aqueous glycerol solutions have been measured by Drucker 
and Moles.30 Their results correspond to our curve for 
sucrose much more closely than they do to our results for 
glycerol. This means a discrepancy of 40-50% in 4> at 
5 and 11 M. Glycerol, like urea, was chosen in the hope 
that the deviations from ideality would be small enough to 
justify a simple interpolation. The deviations of our 
smooth standard curve from the analytical expression are 
never greater than 0.3% so that our hopes appear to be 
realized. However, glycerol is a hygroscopic liquid 
and therefore it is not a convenient standard.

«-M ethyl Glucoside.—Berkeley, Hartley and Bur­
ton24 also measured the vapor pressures of aqueous solu­
tions of «-methyl glucoside at 0 and at 30°. Therefore 
this substance was used in some of the preliminary runs. 
Eastman “Eastman Grade” product was crystallized once 
from synthetic methyl alcohol, and dried in a current of 
air as described for sodium chloride. The melting point 
was raised thereby from 157.5 to 164.0°. Since the small 
sample could not be purified further and since the vapor 
pressure measurements appeared to be less useful than

(29) S. M. Naudé, Z. physik. Chem., 135, 209 (1928).
(30) K. Drucker and E. Moles, ibid., 75, 405 (1911).
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those with sucrose, glycerol was substituted in the later 
runs. Our measurements may be represented approxi­
mately by <£> = 1 +  0.0785m/(1 +  0.163w), and a solu­
bility of 5.55 M.

Table II contains the osmotic coefficients and 
one pius the logarithms of the activity coefficients 
at rounded molalities. The one is added to the 
logarithms of the activity coefficients to avoid 
negative values and to make this column, like 
that for <£, approach unity at zero concentration. 
We do not consider our measurements at low con­
centrations sufficiently accurate for the extrapo­
lation of the activity coefficients of the electro­
lytes to zero concentration. We have therefore 
accepted the value for sodium chloride at 0.2 M  
from heat of dilution arid freezing point measure­
ments, 13,11 the value for potassium chloride at 
0.1 i !  of Shedlovsky and Maclnnes,20 and the 
value for sulfuric acid at 0.2 M  of Harned and 
Hamer.23 The differences at other concentra­
tions correspond, of course, to the differences in 
osmotic coefficients discussed above.

Robinson and Sinclair3b and Robinson in his 
later papers based their standard largely on the 
electromotive force measurements of Harned with 
potassium chloride14 and it corresponds very 
closely to the dotted curve we have drawn from 
these measurements, agreeing with our standard 
within 0.1 % up to 1 ¥  and giving a maximum

T a b l e  Ila
O sm o tic  C o e f f ic ie n t s  a n d  L o g a r it h m s  o f  A ctiv ity

NaCl
C o e f f ic ie n t s

KCl H2SÓ4

m 0
1 +  
log* 0

1  +  
log 7 0

1 +  
logy

0 .1 0.9342 0.8928 0.9264 0.8865 0.6784 0.4239
.2 .9255 .8678 .9131 .8566 .6675 .3202
.3 .9224 .8531 .9063 .8377 .6685 .2620
.4 .9217 .8430 .9023 .8240 ,6723 .2225
.5 .9224 .8358 .9000 .8134 .6773 . 1931
.6 .9242 .8304 .8987 .8048 .6824 .1700
.7 .9266 .8265 .8980 .7978 .6895 .1521
.8 .9295 .8236 .8980 .7918 .6980 .1380
.9 .9329 .8214 .8982 .7867 .7075 .1269

1 .0 .9363 .8199 .8985 .7822 .7176 .1181
1 .2 .9434 .8135 .8996 .7751 .7396 . 1061
1 .4 .9509 .8179 .9008 .7685 .7634 .0997
1 .6 .9589 .8188 .9024 .7635 .7888 .0977
1 .8 .9681 .8209 .9048 .7596 .8154 .0992
2 .0 .9786 .8243 .9081 ,7568 .8431 .1034
2 .5 1.0096 .8366 .9194 .7532 .9152 .1229
3 .0 1.0421 .8530 .9330 .7532 .9922 .1525
3 .5 1.0783 .8727 .9478 .7557 1.0740 .1902
4 .0 1.1168 .8951 .9635 .7599 1.1606 .2346
4 .5
5 .0
5 .5
6 .0

1.1578  
1.2000  
1.2423  
1.2861  

(1.2987

.9199

.9464

.9742
1.0029
1.0114)“

.9799  
( .9900

.7655

.7695)°

a Saturated solution. See Table I for composition.

T a b l e  l i b

O sm o tic  C o e f f ic ie n t s  a n d  L o g a r it h m s  o f  A c t iv it y  
C o e f f ic ie n t s

1 + 1 + 1 +
m 0 logy 0 logy 0 logy
0 .1 1.0073 1.0063 0.9959 0.9964 1.0014 1.0012

.2 1.0151 1.0130 .9918 .9929 1.0028 1.0025

.3 1.0234 1.0198 .9879 .9894 1.0042 1.0037

.4 1.0319 1.0270 .9841 .9860 1.0055 1.0049

.5 1.0407 1.0,343 .9804 .9827 1.0068 1.0060

.6  . 1.0497 1.0418 .9768 .9794 1.0081 1.0072

.7 1.0590 1.0494 .9732 .9762 1.0093 1.0083

.8 1.0684 1.0572 .9698 .9731 1.0105 1.0094

.9 1.0781 1.0652 .9664 .9700 1.0117 1.0104
1 .0 1.0878 1.0732 .9631 .9669 1.0128 1.0115
1.2 1.1076 1.0895 .9567 .9610 1.0150 1.0136
1 .4 1.1280 1.1062 .9506 .9552 1.0171 1.0155
1.6 1.1484 1.1231 .9447 .9496 1.0192 1.0175
Ï .8 1.1686 1.1400 .9390 .9442 1.0211 1.0193
2 .0 1.1884 1.1567 .9346 .9389 1.0230 1.0212
2 .5 1.2359 1.1978 .9206 .9262 1.0274 1.0255
3 .0 1.2817 1.2382 .9087 .9143 1.0316 1.0297
3 .5 1.3262 1.2778 .8976 .9031 1.0355 1.0336
4 .0 1.3691 1.3166 .8877 .8925 1.0393 1.0374
4 .5 1.4100 1.3542 .8783 .8824 1.0428 1.0411
5 .0 1.4477 1.3902 .8700 .8730 1.0462 1.0446
5 .5 1.4820 1.4244 .8612 .8641 1.0494 1.0480
6 .0 1.5070 1.4540 .8555 .8559 1.0525 1.0512
6 .5 (1.5090 1.4568)® .8494 .8481 1.0554 1.0543
7 .0 .8440 .8408 1.0580 1.0573
7 .5 .8391 .8340 1.0604 1.0601
8 .0 .8347 .8275 1.0626 1.0628
8 .5 .8307 .8213 1.0645 1.0653
9 .0 .8270 .8155 1.0663 1.0677
9 .5 .8236 .8099 1.0679 1.0700

10.0 .8205 .8046 1.0694 1.0721
11.0 .8148 .7946 1.0720 1.0762
12.0 .8099 .7853 1.0741 1.0799
13.0 .8056 .7768 1.0760 1.0833
14.0 .8019 .7689 1.0777 i .0865
15.0
16.0  
17.ö 
18.0
19.0
20.0

.7985 .7614 

.7954 .7544 

.7926 .7478 

.7901 .7415 

.7878 .7355  

.7856 .7298
C .7855 .7297)°

a Saturated solutions. See Table I for compositions.

deviation of 0.66% at 3 M. Smith and Smith31 
use as standards sucrose solutions, for which they 
use the equation <j> = 1 +  0.095m -f 0.0013m2 up 
to 3 M  based on the vapor pressure measurements 
of Berkeley, Hartley and Burton24 and measure­
ments of osmotic pressuré. Above 0.5 M  théir 
values are about 0.8% higher than our standard. 
Our measurements permit the comparison óf six­
teen of the most precise series of meastirements óf 
the chemical potential of water in aqueous 
solutions made with four different solutes in six 
laboratories by six distinct methods. Although 
any choice of the best curve through such a mass 
of data must involve some subjective judgment, 
we believe that the uncertainty in our curve is 
not more than 0.2%. With the osmotic coefficient

(31) E. R . B. Smith ahd P. K. S m ith / / .  Biol. CVM.-,-117, 209 
(1937); 121, 607 (1937).
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in Table II any one of the five solutes may be used 
as standard.

Summary
A modification for precision work of the isotonic 

apparatus and method of Sinclair and Robinson 
is described.

The isotonic concentrations at 25° of aqueous 
solutions of sodium chloride, potassium chloride, 
sulfuric acid, sucrose, urea and glycerol have been 
determined from 0.1 M  sodium chloride to the 
saturated solution or to a saturated solution of 
sodium chloride.

The solubilities in water at 25° of sodium chlo­
ride, potassium chloride, sucrose and urea have 
been determined in the same apparatus by a new 
and convenient method.

The most precise determinations of the chemi­
cal potential of water in solutions of non-volatile 
solutes have been compared critically by means 
of these isotonic measurements, and a standard 
curve for the osmotic coefficients of each substance 
has been based on all the measurements with any of 
these substances.
C a m b r id g e , M a s s . R e c e iv e d  A u g u s t  4, 1938

[C o n t r ib u t io n  f r o m  t h e  L a b o r a t o r ie s  o f  T h e  R o c k e f e l l e r  I n s t i t u t e  f o r  M e d ic a l  R e s e a r c h ]

Transference Numbers of Lanthanum Chloride at 25° by the Moving Boundary
Method

By L. G. L o n g s w o r t h  a n d  D . A . M a c I n n e s

Introduction
In recent publications from this Laboratory 

Brown and Maclnnes1 and Shedlovsky and Mac­
Innes2 have shown that transference numbers, 
and electromotive forces of concentration cells, 
may be used in determining activity coefficients 
of salt solutions. The salts studied in this man­
ner have been the chlorides of hydrogen, sodium, 
potassium and calcium. The results were found 
to be in close accord with the Debye-Hückel 
theory. In addition transference numbers are of 
utility in interpreting the results of conductance 
measurements according to the recent develop­
ments of the interionic attraction theory. The 
extension of the studies to solutions of lanthanum 
chloride appeared to be of interest. Since this 
salt is of a highly unsymmetric valence type, the 
data obtained should afford a severe test of the 
interionic attraction theory in relation to both ac­
tivity coefficients and conductances. This paper 
describes the determination of the transference 
numbers of lanthanum chloride by the moving 
boundary method and gives data on these num­
bers at 25° in the concentration range 0.0075 to 
0.5 normal.

Description of the Apparatus

Of the apparatus used in determining transference num­
bers by the moving boundary method the cell was the

(1) Brown and Maclnnes, T h i s  J o u r n a l , 57, 1356 (1935).
(2) Shedlovsky and M aclnnes, ibid., 58, 1970 (1936); 59, 503

(1937).

same as that used in recent investigations in this Labora­
tory and has been described fully.3 The constant current 
device has, however, been much simplified, as shown in 
Fig. 1. In this figure a portion, B, of the storage battery, 
A-B, furnishing current to the moving boundary cell, C, is 
shunted by a potential divider, the point of contact, T, 
being shifted by winding resistance wire from one of the 
insulated cylinders, DD', to the other. In series with this 
and the cell C is a decade resistance box, R, with the range 
10 to 11,110 ohms, which is shunted by the galvanometer, 
G, and the Hulett cell, X, which is, essentially, a heavy- 
duty Weston unsaturated standard cell. The needle of 
the galvanometer carries a vane, V, of aluminum foil 
which serves to intercept the light to the photo-tube, 
PJ 23. The photoelectric current operates a thyratron, 
FG 57, whose plate circuit includes the electromagnet E 
which controls the addition of potential by the divider, 
DD', by drawing the pulley Pi against the constantly ro­
tating disk F. On release the pulley P2 causes an adjust­
ment in the reverse direction. For use with continuously 
increasing resistance, as in the present case, P2 may be 
removed.

In operation the resistance R is set at such a value that 
a drop of 1.0189 v., the potential of the Hulett cell, results 
from the passage of the current. The advantages of this 
arrangement over that previously described3 are: (1) a 
thyratron has replaced a vacuum tube and two mechanical 
relays and (2) a Hulett cell and a resistance box have re­
placed a Weston standard cell, standard resistances, poten­
tiometer and storage battery. The precision and con­
venience of the apparatus have been increased since it is no 
longer necessary to adjust the potentiometer current at 
intervals during a transference number determination. 
As a matter of fact, the device will operate for an in­
definitely long period with an accuracy of 0.01% or better.

The frequency control of the local a. c. power supply is
(3) M aclnnes and Longsworth, Chem. Rev., 11, 171 (1932)
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now of sufficient precision to warrant replacement of our 
original timing device by a counter driven by a synchronous 
motor.

Preparation of the Solutions
Lanthanum chloride from two sources was used in this 

investigation. Preliminary treatment of both samples 
included precipitation with recrystallized oxalic acid, ig­
nition to the oxide, solution in distilled hydrochloric acid 
and precipitation as LaCl3-7H20  with hydrogen chloride 
gas at 0°. One sample was obtained from a German 
source and the second was prepared for us under the direc­
tion of Professor B. S. Hopkins of the University of Illinois. 
Spectroscopic examination and conductance measure­
ments showed that the two samples were practically iden­
tical. Spectroscopic comparison with a cerium-free sample 
kindly given us by Professor G. Jones of Harvard and with 
samples to which known amounts of cerium had been 
added indicated that our material contained less than 
0.03% of cerium and was free of other impurities. Since 
cerium has nearly the same mobility and equivalent weight 
as lanthanum the presence of this amount of cerium in 
our salt has no appreciable effect on either the transference 
or the conductance measurements. We are indebted to 
Dr. G. I. Lavin of these Laboratories for the spectro­
graphic analysis of our material.

Several methods of preparing lanthanum chloride for 
weighing were used and the results are summarized in 
Table I. As much of the water of hydration as possible 
was removed at a low temperature in a vacuum desicca­
tor, using “Drierite” and continuous pumping. The tem­
perature of this desiccation is given in the first column of 
the table. The sample, either pure or mixed with am­
monium chloride, was then placed in a Richards “bottling” 
apparatus and heated to a high temperature in a stream of 
dry hydrogen chloride gas. The treatment given the 
material is recorded in the second column of Table I. 
As is indicated in the third column, a minute trace of in­
soluble material, presumably the basic chloride, invariably 
remained when the fused salt was dissolved in water. 
Fusion with ammonium chloride, in the process of which 
the ammonium salt sublimes and is carried away by the 
stream of hydrogen chloride gas, did not prevent the forma­
tion of this basic chloride. When, however, the salt was 
heated to 600° the resulting solution was clear.4 The 
agreement between the conductances of the various prepa­
rations as given in the last column of Table I indicates, 
barring improbable compensation, that the insoluble
residue in the fused material and the residual water in 

T a b l e  I
P r e p a r a t io n

Temp, of 
vacuum

o f  S t o c k  S o l u t io n s  
C h l o r id e

o f  L a n t h a n u m  

E quiv.
Basic con-

desiccation, Treatment in chloride ductance,
°C. HCl atmosphere residue A0.1

140 Rapid fusion Large
20 Slow fusion Trace 99.02
20 Slow fusion with N H 4CI Trace 99.03

100 with N H 4C1 Slow fusion with N H 4CI Trace 99.02
142 Slowly heated to 600° None 99.04
100 Slowly heated to 600° None 99.03

(4) Jones and Bickford, T h is  Jo u r n a l , 66, 602 (1934).

that heated to 600° amount to less than 0.01%, which is 
the limit of error of the conductance measurements.

Lithium Chloride was prepared by dissolving, in hydro­
chloric acid, lithium carbonate that had been recrystallized 
from boiling water. This salt proved to be an excellent 
cation indicator for solutions of lanthanum chloride over 
the entire range of concentration studied.

Lanthanum bromate was prepared by the addition of an 
excess of solid silver bromate to a concentrated solution of 
lanthanum chloride. The trace of silver ion remaining 
in the solution of lanthanum bromate does not interfere 
with the use of this solution as anion indicator since the 
cation constituents migrate away from the boundary. 
Although the bromate ion is but slightly slower than the 
chloride ion it was found that satisfactory boundaries be­
tween solutions of their lanthanum salts could be obtained 
at 0.2 and 0.5 normal. Lanthanum bromate was used 
therefore to obtain confirmation of the results with lithium 
chloride as indicator.

Anion boundaries with lanthanum acetate were also 
tried but excessive heating in the indicator solution caused 
mixing at the boundary. Moreover, this salt appears to 
be appreciably hydrolyzed.

Experimental Results
The experimental results are given in Table II 

in which concentrations are expressed in equiva­
lents per liter of solution at 25°. Values of the 
transference number obtained in individual de­
terminations are recorded under “T* observed'' and 
their average under ‘4 mean.' * These values are
subject to two small corrections: for the conduc­
tivity of the solvent (1.5 X 10“6 mho), and for 
the volume changes in the closed side of the mov­
ing boundary cell, both of which are discussed in 
detail by Maclnnes and Longsworth.3 The
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Table II
Transference N umbers and Conductances of Aqueous Solutions of Lanthanum Chloride at 25°

,--------------------------------------------- T + ------------------;----------------------------. ,-------- r_—
Concn. eq. per liter at 25° 0.0075 0.010 0.015 0 .02 0 .05 0 .1 0 .2 0 .5 0 .2 0 .5
T-t obsd. .4636 .4620 .4600 .4575 .4486 .4387 .4261 .4020 .5742 .5986

.4632 .4620 .4599 .4577 .4486 .4387 .4255 .5740 .5990
.4619 .4577 .4487 .4388
.4620 .4576 .4387

T±  mean .4634 .4620 .45995 .4576 .4486 .4387 .4258 .4020 .5741 .5988
Solvent corr. .0008 .0006 .0004 .0003 .0002 .0001 .0000 .0000 .0000 .0000
Volume corr. - .0 0 0 1 - .0 0 0 1 - .0 0 0 2 - .0 0 0 3 - .0 0 0 6 - .0 0 1 3 - .0 0 2 5 - .0 0 6 2 +  .0025 +  .0062
T i  corr. .4641 .4625 .4601 .4576 .4482 .4375 .4233 .3958 .5766 .6050
A 124.34 121.83 118.09 115.32 106.10 99 .04 92 .04 82 .28

volume change for both the anion and cation 
boundaries is

AF = g T+  Ftacia +  V A s -  V i , m

in which FLaCis = 0.01615 +  0.01733 y / molality, 
VAg = 0.0103 and VAgC\ = 0.0258, all at 25°. 
These corrections are given in the fourth and 
fifth lines of Table II and the corrected transfer­
ence numbers in the sixth line. The conduct­
ances of all solutions were measured on the bridge 
described by Shedlovsky5 and are recorded in the 
last line of the table. A value of 0.0128566 for the 
specific conductance of 0.1 demal potassium chlo­
ride was used in the determination of cell constants.

0.25________  0.50 0.75
V  Concentration.

Fig. 2.

Discussion of the Results
In Fig. 2 the transference data for lanthanum 

chloride are plotted as ordinates against the square
(5) Shedlovsky, T h i s  J o u r n a l , 52, 1793 (1930).
(6) Jones and Bradshaw, ibid,, 55, 1780 (1933).

root of the concentration as abscissas. The 
values recently obtained with the Hittorf method 
by Jones and Prendergast7 are indicated by the 
crosses while our results are plotted as circles. 
The differences between the results by the two 
methods, reaching a maximum of 0.007 for the 
most dilute solutions, are larger than those found 
in similar comparisons for lithium8 and potassium 
chlorides9 and are certainly outside the limit of 
error of the moving boundary measurements. 
That the Hittorf values for dilute solutions are 
not consistent with the results for other salts, and 
with Kohlrausch’s law of independent ion mobili­
ties, have already been pointed out by Hartley 
and Donaldson.10 A test of the accuracy of our 
measurements is afforded by independent obser­
vation of both anion and cation boundaries with 
the same solution. The sum of the transference 
numbers thus obtained should be 1.0000. Thus 
from the data of Table II, T+ +  T- = 0.9999 at 
0.2 normal and 1.0008 at 0.5 normal. It may be 
noted that the conductances of Table II are in ex­
cellent agreement with the values published by 
Jones and Bickford.4

The smooth curve drawn through our data has 
been extrapolated to the value of 0.4768. This 
limiting cation transference number is based on 
the values of 76.34 and 145.9 for the limiting con­
ductances of the chloride ion11 and lanthanum 
chloride, 12 respectively. The dashed line in Fig. 
2 is the limiting slope

( - ^ % )  = (?+ ~ -z+- v iT T s r  a)
VdVC/C-^o Ao
derived by Longsworth13 from the Onsager 
theory.14 As in the case of calcium chloride the

(7) Jones and Prendergast, ib id . , 58, 1476 (1936).
(8) Longsworth, ib id . , 54, 2741 (1932).
(9) M aclnnes and Dole, ib id ., 53, 1357 (1931).
(10) Hartley and Donaldson, Trans. Faraday Soc., 33, 457 (1937).
(11) M aclnnes, Shedlovsky and Longsworth, T h i s  J o u r n a l , 54, 

2758 (1932).
(12) Shedlovsky, unpublished results.
(13) Longsworth, T h i s  J o u r n a l , 57, 1185 (1935).
(14) Onsager, P h y s ik .  Z„  27, 388 (1926); 28, 277 (1927).
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experimental curve of transference numbers for 
lanthanum chloride apparently merges with the 
limiting slope only at extreme dilutions. Assum­
ing that the salt conductances have been extrapo­
lated correctly, we are confronted with the anom­
aly that these conductances appear to obey 
the Onsager equations to somewhat higher con­
centrations than do the transference numbers, al­
though the latter are merely ratios of ionic con­
ductances. No satisfactory explanation for this 
anomaly has been advanced. A similar anomaly 
involving the activity coefficients will be discussed 
in a forthcoming paper from this Laboratory.15

In Fig. 3 we. have plotted, as ordinates, the 
chloride ion conductances, XCi = Tq C1 A, of lan­
thanum, calcium13,1.6 and sodium chlorides8,17 
against the square root of the concentration as 
abscissas. The smooth curves through the ex­
perimental points are extrapolated to the limiting 
conductance of the chloride ion, 76.34, and the 
straight lines through this point are the limiting 
slopes given by the following Onsager equations

x£fcl = 76.34 -  47.2 VS 1
\ c f h = 76.34 -  74.0 VC | (2)
\ c f u = 76.34 -  99.1 VC j

The conductance of the chloride ion associated 
with a univalent cation exhibits the normal posi­
tive deviation from the limiting slope with 
increasing concentration. When associated 
with a divalent cation, however, the devia­
tions in dilute solutions appear to be nega­
tive and still more pronounced negative 
deviations occur when the co-ion is trivalent 
as in lanthanum chloride. These negative 
deviations, due to the anomalous behavior 
of the transference numbers discussed in 
the preceding paragraph, do not appear to 
be indicative of intermediate ion formation 
since the salt conductances are normal.

The curves of Fig. 3 also serve to illus­
trate the large deviations from additivity of 
ion conductances when the valence of the 
co-ion is altered. In our study of the chlo­
ride ion conductance in solutions of uni­
univalent chlorides, it was observed that 
this conductance was additive at concentrations 
below about 0.02 normal and depended only 
slightly upon the specific nature of the co-ion at 
higher concentrations. The magnitude of this

(15) Shedlovsky and M aclnnes, T h is  J o urn al , January (1939).
(16) Shedlovsky and Brown, i b i d . ,  56, 1066 (1934)*
(17) Shedlovsky, i b i d . ,  64, 1411 (1932).

dependence is indicated in Fig. 3 by the vertical 
line through each point for Xcfci. These lines 
were drawn to include, at each concentration, the 
values of Xq for hydrogen, potassium and lithium 
chlorides. Marked deviations from additivity oc­
cur, however, when the valence of the co-ion is 
increased, as is shown by the divergence of the 
three curves of the figure.

Sherrill and Noyes18 have assumed for the pur­
pose of computation that ion conductances are 
additive at equal ionic strengths. This is equiva­
lent to extending the concentration scale for a bi- 
univalent salt by the factor 1.5 and that for a tri­
univalent salt by 2. Alteration of the concentra­
tion scales by these factors is, however, insufficient 
to bring the curves of Fig. 3 into coincidence. Al­
though not strictly applicable at the concentra­
tions for which transference data are available, the 
Onsager theory explains, qualitatively, this val­
ence effect. Thus reference to equation (2) indi­
cates that Xq Cl2 should equal Xcfcl when CNaci = 
(74.0/47.2) 2 CcaCh = 2 .45CCaCi2* The correspond­
ing factor for CLaci3 is 4.40. Even these factors 
are not large enough. The ones actually required 
are 3.3 for calcium chloride and 10 for lanthanum 
chloride. Thus the open circles and crosses of the 
upper curve of Fig. 3 are, respectively, the observed 
values of Xq cl3 and Xc? ci2 plotted on such adjusted

concentration scales. The transposed points fall 
on the XciaC1 curve with deviations of the same 
order as is observed among univalent chlorides, 
i. e., deviations attributable to properties of the 
co-ion other than its valence. Although only those

(18) Sherrill and Noyes, ibid,, 48, 1861 (1926).
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points on the two lower curves for which \ Ci > 62 
can be thus transposed, computations with the 
available data indicate that the curves may be 
thus superposed to higher concentrations.

Summary
Measurements of the transference numbers at 

25° of aqueous solutions of lanthanum chloride by

the method of moving boundaries have been made. 
The chloride ion conductances of these solutions 
have been compared with similar measurements of 
solutions of calcium chloride and sodium chloride. 
From this comparison an empirical rule for the 
effect of the valence of the co-ion on the chloride 
ion conductance has been obtained.
N e w  Y ork , N . Y . R e c e iv e d  O ctober  15, 1938

[C o n t r ib u t io n  f r o m  t h e  S t e r l in g  C h e m is t r y  L a b o r a t o r y  o f  Y a l e  U n i v e r s i t y ]

The Electrolytic Conductivity of Zinc Sulfate and Copper Sulfate in Water at 2501
B y  B enton B rooks Ow en  and  R obert W. G urry2

Within the last decade the conductivities of a 
large number of electrolytes have been precisely 
redetermined at 25°. Most of these modern 
measurements have been confined to 1 - 1  and 2 -1  
valence types because they conform to the require­
ments of the inter-ionic attraction theory at ex­
perimentally accessible dilutions, and may there­
fore be readily extrapolated. The 3-1 electrolyte 
lanthanum chloride can possibly be satisfactorily 
extrapolated along the Onsager3 slope, but no
2 -2  electrolyte has yet been found amenable to 
this simple treatment. The extrapolation of the 
conductivities of zinc and copper sulfates is of 
particular interest because of the complications 
introduced by relatively large departures from the 
limiting slope and partial hydrolysis of the ions.

In the present research we have carefully meas­
ured the specific conductivity and pH of dilute 
solutions of these salts at 25°, and made what we 
believe to be adequate solvent and hydrolysis 
corrections. The results have been extrapolated 
by a number of methods fulfilling the requirements 
of the inter-ionic attraction theory, and which 
lead to essentially the same values of Ao. Zinc 
and copper sulfates are particularly well suited 
for this type of investigation because they can be 
highly purified, and their hydrolysis corrections 
are not too great to be estimated with sufficient 
accuracy. Furthermore, the supplementary ther­
modynamic and conductance data required in our 
calculations are available for these salts, and Tor 
the sulfate and hydrosulfate ions.

(1) This communication embodies part of the experimental ma­
terial contained in the thesis submitted by Robert W. Gurry to the 
Graduate School of Yale University in partial fulfilment of the re­
quirements for the degree of Doctor of Philosophy (1937).

(2) Present address: Research Laboratory, United States Steel 
Corp., Kearny, N . J.

(3) Onsager, Physik. Z„  27, 388 (1926),

Materials and Technique
Merck reagent grade zinc sulfate heptahydrate was re­

crystallized twice from a mixture of highly purified meth­
anol and water, and then twice from conductivity water. 
The last crystallization was accomplished by partial evapo­
ration of the water at room temperatures with the neces­
sary precautions against contamination by dust.

Merck reagent grade copper sulfate pentahydrate was 
recrystallized four times from conductivity water. The 
purified salt was crushed in an agate mortar and dried 
over a mixture of the penta- and trihydrates.

Stock solutions, 0.1 and 0.5 m , were prepared by weight 
and checked by gravimetric analysis. Vacuum corrections 
were applied throughout. Samples of the zinc sulfate 
solutions were evaporated at 95° and the salt dehydrated 
at 300° and weighed as ZnSCh. The copper was deter­
mined electrolytically, with the last traces precipitated as 
sulfide and weighed as oxide. All duplicate analyses 
checked within 0.02% from the means.

The Dike4 bridge was operated by a vacuum tube os­
cillator at 1000 cycles. It was calibrated against Bureau 
of Standard resistors with a d. c. source and a sensitive 
galvanometer. All measurements reported were made 
without shunts, and were reproducible to 0.002%.

The temperature was adjusted to 25 =*= 0.005° with a 
platinum resistance thermometer certified by the Bureau 
of Standards, and thermoregulation within 0.005° was 
maintained during the course of the measurements.

The cells were the type B5 generally employed in this 
Laboratory. The electrodes were lightly platinized. 
Cell constants were determined several times during the 
course of the measurements with 0.1 demal potassium 
chloride according to Jones and Bradshaw.6 The cell con­
stants, l/a, were 4.5221 for cell III and 3.7260 for cell IV. 
The specific conductivity of the water employed was 
usually less than 2 X 10 ~7 mho.

The pH  values required for the solvent and hydrolysis 
corrections were obtained colorimetrically by the use of 
LaMotte indicator standards in the zinc sulfate solutions, 
and electrometrically with glass electrodes7 in the copper

(4) Dike, Rev. Sci. Instruments, 2, 379 (1931).
(5) Saxton and M eier, T h is  Jo u r n a l , 56, 1918 (1934).
(6) Jones and Bradshaw, ibid., 55, 1780 (1933).
(7) The authors are indebted to Professor Leslie F. Nims of the 

Department of Physiology for making these measurements.
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sulfate solutions. The results were plotted on a large 
scale against C for interpolation at the required concen- 
tions. The pH  at even values of \ /C  are recorded in 
Table III. The acidity of dilute zinc sulfate solutions has 
been studied recently by Kolthoff and Kameda8 by both 
colorimetric and electrometric methods. Their pH  
values are about 0.1 unit lower than ours, but in view 
of the sensitivity of these unbuffered solutions to acid and 
basic impurities, this concordance seems satisfactory.

Experimental Results
The experimental data are recorded in Tables 

I and II as specific conductivities, k, at the con-
T a b le  I

S pec ific  C on d u c tiv ity  of ZnS04 S olutions at 25°
103C 10% 103C 10% 103C 10%

0.3880 0.09163 0.4168 0.09794 0.5474 0.12578
.8532 .18766 .8614 .18933 2.2411 .43547

1.5397 .31549 1.5063 .30959 4.6463 .79904
2.3748 .45728 2.3717 .45684 8.4433 1.29735
3.6786 .65980 3.6724 .65892 16.001 2.15505
5.3712 .90040 5.0718 .85930 24.043 2.96765
6.9412 1.10832 6.8254 1.09342 32.590 3.7658
9.6428 1.44269 8.6867 1.32720 41.965 4.5894

14.3990 1.98308 11.0427 1.60707 50.634 5.3156
18.7372 2.44029 15.6522 2.11795 60.826 6.1356

19.8362 2.55188 73.563 7.1195
85.773 8.0279

108.509 9.6463
128.845 11.0273

107k0 0.955 1.534 1.471
l/a 4.5221 3.7260 3.7260

T a b l e  II
S pec ific  Co n d u c tiv ity  of  CuS04S olutions at 25°
103C 103* 103C 10% 103C 10%
0.3958 0.09375 0.3970 0.09403 0.4945 0.11496

.9365 .20341 .8572 .18813 2.0470 .39918
1.8740 .37032 1.3995 .28858 5.0349 .83767
2.6890 .50136 1.9966 .39071 8.8474 1.31259
3.6512 .64521 3.0281 .55323 13.002 1.77552
4.7890 .80429 4.1282 .71314 17.808 2.26833
6.4517 1.02163 5.5098 .90042 24.175 2.87538
8.1945 1.23519 7.1003 1.10255 31.650 3.5428

10.1478 1.46193 9.5816 1.39739 39.870 4.2369
12.6639 1.73870 11.7779 1.64307 47.151 4.8258
15.0319 1.98787 55.680 5.4912

66.573 6.3100
77.414 7.0973
97.393 8.4905

115.265 9.6845

107jc0 1.861 2.073 2.780
l/a 4.5221 3.7260 3.7260

centrations, C, in moles per liter of solution. The 
specific conductivity of the solvent, k0, and the 
cell constant, l/a-, employed in each run are given 
at the bottom of the columns of data to which they 
apply.

Although the specific conductivities are known 
to within 0.0 1%, the calculated equivalent con­
ductivities are less accurate because of the uncer­
tainties in the solvent and hydrolysis corrections. 
The maximum values of these combined correc-

(8) Kolthoff and Kameda, T h is Jo u r n a l , 83, 832 (1931).

tions are about 0.2 and 0.8 conductance units in 
the zinc and copper solutions, respectively.

The solvent conductance was assumed to be due 
to hydrogen and hydroxyl ions from the ioniza­
tion of the water, and a constant residual specific 
conductance, 5, due to unknown impurities. The 
latter was estimated by subtracting the specific 
conductance of pure water, 0.546 X 10~7, from 
the measured solvent conductance, k0. Then, as 
the pH of the water was altered by hydrolysis of 
the salt being studied, the correction for solvent 
conductance becomes

1000 Am = XhCh +  XohCoh T  10005 (1)
For this correction we used \ H = 350 and X0h = 
200. The concentrations, CH and Com were de­
termined from the pH values given in Table III. 
The equivalent conductance corrected for solvent 
is then given by

1000k 1000 Am /oN
Al = ~2C-----------2C (2)

The variation of pH with total salt concentra­
tion is due to hydrolysis of the bivalent ions, and 
can be expressed as follows

Z n + + +  H 20  ^ ± 1  Z n ( O H ) + +  H  +

and
s o r  4 -  H 20  H S 0 4~  4 -  O H "

The formation of H2SO4 and Zn(OH)2, or more 
complex ions, was assumed to be negligible in di­
lute solutions.

Since we are concerned with obtaining the con­
ductance due to Zn++ and S04= ions only, it is 
necessary to correct the apparent equivalent 
conductivity, Ai, for the decrease due to replace­
ment of a small fraction of the bivalent ions by 
the monovalent complex ions Zn(OH)+ and 
HSO4-. The correction to be added is 
1000 AK2 SB CznOH+(2Xzn++ XznOH+) 4“

Chso*-(2Xso4- — Xhsov) (3)

Accordingly the desired equivalent conductance 
of (unhydrolyzed) zinc sulfate is given by

The equivalent conductances of the ions were 
taken as 79.8 and 50 for S04= and HS04~; 53.5 and 
32.1 for Zn++ and ZnOH+; and 52.0 and 31.2 for 
Cu++ and CuOH+. According to our final re­
sults XCu++ should have been nearer 54, but it 
would be useless to revise the corrections on this 
basis because X for ZnOH+ and CuOH+ were 
merely assumed to be 0.6 of the values of the 
corresponding divalent ions by analogy with the



3076 B e n t o n  B r o o k s  O w e n  a n d  R o b e r t  W . G u r r y Vol. 60

findings of Chandler9 and Jeffery and Vogel10 in 
dealing with organic acids.

The complex univalent ion concentrations were 
estimated as follows. The HS04“ concentration 
was calculated from the measured pH and the 
stoichiometric S04= concentration, using 0.012 as 
the ionization constant11 of the hydrosulfate ion, 
and disregarding activity coefficients. The 
ZnOH+ (or CuOH+) concentration was then 
found by adding the difference CH+ — Co h - 
to the HS04~ ion concentration, since the 
ZnOH+ (or CuOH+) and HS04“ concentrations 
would be equal at exact neutrality.

The final equivalent conductances corrected by 
equation (4) were interpolated graphically at even 
values of \/C , and recorded in Table III. For

Table III
I n t e r p o l a t e d V a l u e s OF THE pH AND E q u iv a l e n t

C o n d u c t iv it y

V c
ZnS04 CuS04

pH A p H A

0.02 6.41 117.61 5.73 117.52
.025 6.37 113.33 5.57 112.89
.03 6.34 109.25 5.46 108.55
.04 6.29 101.86 5.32 100.74
.05 6.25 95.49 5.22 94.07
.06 6.21 89.99 5.15 88.35
.07 6.17 85.20 5.09 83.43
.08 6.14 81.08 5.05 79.17
.1 0 6.09 74.24 4.99 72.20
.1 2 6.04 68.86 4.95 66.72
.14 6.00 64.49 4.92 62.33
.16 5.96 60.89 4.89 58.74
.18 5.93 57.85 4.87 55.72
.2 0 5.90 55.26 4.84 53.16
.2 2 5.86 53.02 4.81 50.95
.24 5.83 51.04 4.78 49.03
.26 5.80 49.31 4.76 47.33
.28 5.78 47.71 4.74 45.83
.30 5.76 46.27 4.71 44.48
.32 5.73 45.02 4.69 43.25
.34 5.71 43.83 4.66 42.13

this purpose we used a very large scale plot of 
A vs. \ / rC with a stiff spline, and also several plots 
of deviation functions of the type [A +  A \ /C  — 
BC] vs. \/~C to expose errors in curve fitting. The 
discordance between the values read from two 
curves was never greater than 0.02 conductance 
unit, and since this is probably the order of the 
uncertainty in the combined corrections used in 
calculating A, these smoothed values will be used 
in the extrapolations to follow.

(9) Chandler, T his J o u r n a l , 30, 694 (1908).
(10) Jeffery and Vogel, / .  Chem. Soc., 137, 21 (1935).
(11) Hamer, T h i s  J o u r n a l , 56, 860 (1934).

Extrapolations and Discussion
In the extrapolation of activity coefficient data 

for bi-bivalent electrolytes the initial departures 
from the limiting slope may be taken into account 
by the inclusion of higher terms12,13 in the Debye- 
Hückel equation, or by the introduction of a dis­
sociation constant to allow for the effect of rela­
tively stable ion-pairs upon the ionic distribu­
tion.14,15 In the absence of a numerical devel­
opment of the higher terms for the Onsager equa­
tion, the modern extrapolation of bi-bivalent con­
ductance data has always involved the concept 
of incomplete dissociation.

There are two techniques available for evalu­
ating the dissociation constant, K. Onsager16 and 
Davies17 estimate K  at each concentration. Fuoss 
and Kraus18 determine it graphically from the 
slope of a suitable extrapolation function. This 
procedure has been greatly simplified by Fuoss, 19 
and recently extended to higher concentrations 
by Shedlovsky.20 All of these methods are based 
upon some assumption regarding the conductance, 
Â  of the hypothetical completely ionized elec­
trolyte. It may be assumed to obey the limiting 
law at the lowest experimental concentrations, or 
approach it asymptotically according to some 
arbitrary empirical function. In the extrapola­
tion of our data we have used the limiting law and 
most of the empirical extensions employed for this 
purpose. Although all extrapolations give values 
of A0 agreeing within 0.6 conductance unit, the 
apparent variation in K  is over 20%, being very 
sensitive to the manner in which Ai is assumed 
to approach the limiting law.

In Fig. 1 we have illustrated the extrapolations 
which we consider most satisfactory. The open 
circles represent the smoothed results of Table III 
plotted to conform to the Fuoss19 function

A/F(Z) = Ao -  (C & yjA o/K  (5)

and the dots are calculated according to the modi­
fication

A£(z) =  Ao -  ( W V * ) V A  (6)
proposed by Shedlovsky.20 Equation (5) as­
sumes the limiting law, and equation (6) allows for

(12) Gronwall, La Mer and Sandved, Physik. Z ., 29, 358 (1928).
(13) Müller, ibid., 28, 324 (1927).
(14) Bjerrum, Kgl. Danske Videnskb. Selskab, M ath.-fys. Medd., 7, 

No. 9 (1926).
(15) Fuoss and Kraus, T h i s  J o u r n a l , 55, 1019 (1933).
(16) Onsager, Physik. Z ., 27, 277 (1927).
(17) Davies, Trans. Faraday Soc., 23, 351 (1927).
(18) Fuoss and Kraus, T h i s  J o u r n a l , 55, 476 (1933).
(19) Fuoss, ibid., 57, 448 (1935).
(20) Shedlovsky, J .  F ranklin  In s t., 225, 739 (1938).
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slight positive deviations from the limiting law by 
multiplying the slope by the factor A / A o  which 
rapidly approaches unity at high dilutions. In 
both of these equations Z  =  ( a A 0 +  fi) A 0“ s/2 V '  Cy 
& is the degree of dissociation, and is the mean 
ionic activity coefficient. The function 
F(Z) -  1 -  Z(1 -  Z( 1 -  Z(1 -  . .  .J-V*)-1/*)-1/*.

(7)
is tabulated by Fuoss,19 and the corresponding 
function of Shedlovsky20 is given by

7 2  z 35 Ü - 1 + Z  + I - + ! - . . .  (8)

In the calculation of Z, we have used Ao = 132.8 
for zinc sulfate, A0 = 133.6 for copper sulfate, and 
the theoretical values a = 1.8215 and fi = 239.40. 
I t was not necessary to calculate the 
value of ê  ($ = A/A0 F(Z) = A5(Z)/A0) 
because accurate values of the stoichio- 
metrical activity coefficient, ystoi = 
are available21"*23 for zinc sulfate, and 
the values for copper sulfate are known24 
to be very similar. In the calculation of 
ystoi. the concentrations required for 
our purposes, we used the extended 
terms12 and an ‘V ’ value of 3.64 A.22

Inspection of Fig. 1. shows that the 
plots according to equation (6) are more 
nearly linear than those based on equa­
tion (5), but they both lead to the same 
values of A0. The limiting slopes ap­
proached by the more linear plots were 
used in the estimation of K, The results 
of the extrapolations are A0 = 132.8,
K  = 0.0049 for zinc sulfate, and A0 = 133.6, 
K  = 0.0043 for copper sulfate. Davies17 reported 
K  = 0.0045 for both salts at 18°.

To illustrate the dependence of K  upon the 
type of conductance function, the same values of 
Jstoi. used above, and the equation

Ai =  Ao -  (aA0 +  fi) V C ê  +  BC& (9) 
lead to Ao = 132.9 and AT = 0.0047 for zinc sulfate 
when B  is 2350. In making this calculation, ê  = 
A/Ai, and A0 and B  are adjusted by trial to 
yield a constant value of K. In this particular 
case K  showed a total variation of only 0.6% be­
tween 0.005 and 0.01 molal. A variation of four 
or five times this figure would seem permissible 
in such a determination, and it is interesting to 
note that within these limits we can obtain values

(21) Bray, T h is  J o u r n a l , 49, 2372 (1927).
(22) Cowperthwaite and La Mer, ib id . , 53, 4333 (1931).
(23) Kielland, ib id . , 58, 1855 (1936).
(24) Wetmore and Gordon, J .  Chem, Phys., 5, 60 (1937).

of K  as low as 0.0044, and A0 as high as 133.3 for 
zinc sulfate by means of equation (9).

The Bjerrum equation14 permits an independent 
estimate of K  from activity coefficient data alone. 
The substitution of a = 3.64 A. in this equation, 
with proper attention to valence, leads to K  = 
0.0030 at 25°. The discordance between this 
value and those derived above from conductivi­
ties is not so serious as might appear on first 
sight, because of the very loose physical sense 
in which K  is defined. Even the difference be­
tween the values obtained by equations (6) and
(9) shows that K  for zinc sulfate is more arbi­
trary than that for a weak electrolyte such as 
acetic acid, and leads one to suspect that its

present status is more of the nature of an ad­
justable mathematical parameter than a definite 
physical entity.25

In comparing the results of our extrapolations 
with those available in the literature we find con­
siderable discordance. O'Connor26 obtained A0 = 
142 for copper sulfate from data extending down 
to 0.000025 mole per liter, but reports no experi­
mental details. We attempted to extend our 
measurements to 0.000087 mole per liter with the 
use of 30,000 ohm shunt, but have not included 
them in our tabulations because the shunt intro­
duces an error of the order of =*= 0.1 % in k and we 
feel that the pH measurements and solvent cor­
rections are unreliable at such dilutions. It may 
be significant, however, that our points at c ^  
0.000087 would cause the plots in Fig. 1. to curve

(25) In this connection, c f. Cowperthwaite, T ra n s . F a ra d a y  S o c ., 
29, 593 (1933).

(26) O’Connor, Nature, 139, 151 (1937),

Fig. 1.—Determination of Ao and K  for ZnSC>4 (Curves I) and CuSO< 
(Curves II) at 25°.
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abruptly upward and increase the intercepts by 
about one conductance unit.

No recent direct determination of A0 at 25° 
for zinc sulfate has come to our attention, but 
Council, Hamilton and Butler27 published data 
which, according to their observed slopes, would 
lead to Ao — 125.9 for zinc chloride or X0 — 49.6 
for the zitic ion. Using Xo =  79.6 for the sulfate 
ion, derived from Shedlovsky’s value of A0 for 
sodium sulfate quoted by Longsworth,28 our values 
of Xo for the zinc and copper ions would be 53.1 
and 53.9, respectively.

Summary
The specific conductivities and pH values of

(27) Courrell, Hamilton and Butler, Proc. Roy. Soc. (London), 
A147, 418 (1934).

(28) Longsworth, T h is  J o u r n a l , 57, 1185 (1935).

dilute zinc and copper sulfate solutions were 
measured at 25°. The results were corrected for 
hydrolysis, and the equivalent conductances of 
the hypothetical unhydrolyzed salts reported at 
even values of \ZC-

The limiting equivalent conductances and 
“ionization constants” of the salts were estimated 
by several procedures based upon the inter­
ionic attraction theory and the law of mass 
action. The dependence of the results upon the 
nature of the extrapolation function was dis­
cussed, and A0 = 132.8, K  ~  0.0049 for zinc 
sulfate, and A0 = 133.6, K  = 0.0043 for cop­
per sulfate were proposed as the most reliable 
values.
N e w  H a v e n , C o n n . R e c e iv e d  O c t o b e r  8 , 1938

[Co n t r ib u t io n  f r o m  t h e  S a n d e r s  L a b o r a t o r y  o f  C h e m is t r y , V a s s a r  C o l l e g e , a n d  t h e  S c h o o l  o f  C h e m is t r y  o f
t h e  U n iv e r s it y  o f  M i n n e s o t a ]

jö-Diphenyl-^-benzoylpropionic Acid

B y  H. M arjorie Crawford

a,/3-Diphenyl-/3-benzoylpropionic acid has been 
prepared by Reimer and Reynolds1 by the oxida­
tion of ce,j0-diphenyl-7 -benzalbutyrophenone

C6H5

C6H5CO-~CH--CH—CH=CHC6H6
4 (0 )

C6H6
c6h 5

C6H6CO—CH—CH—COOH

C6H6

They reported that the acid melted at 211-212° 
and crystallized from alcohol with one molecule 
of alcohol of crystallization. They also prepared 
the methyl ester which melted at 159°.

A simpler method of preparation was sought to 
obtain considerable quantities of the acid for use 
in connection with some other work. The follow­
ing procedure* was adopted

Br

CeHsCO Na

C6H5CH2

c6h 5co

C6H5CH(Na)
C6H6CHCOOC2H5------------------

(1) Reimer and Reynolds, A m . Chem. J .,  40, 435 (1908).
* This method of preparation of the acid and other preparations 

and analytical results marked with an asterisk formed part of the 
thesis submitted by Brunhilde Reich as partial fulfilment of the re­
quirements for the degree of Master of Arts a t  Vassar College.

CeHfiCO
I

C6H5CH
I

c6h 6c h
I

COOC2H6

c6h 5co
I

ale. C«H6CH 
->

KOH CeHsCH
i
COOH

Analyses and neutralization equivalent ensured 
the identity of the product, but it consisted of a 
mixture of the two racemic modifications of the 
acid, one melting at 201-202° and the other melt­
ing at 211-212°. The high melting isomer yields 
the 159° methyl ester reported by Reimer and 
Reynolds. The low melting form was formed in 
much larger quantities. Treatment of either acid 
with 65% sulfuric acid gave a lactone which must 
have the double bond in the 0,y-position since it 
can be hydrolyzed to give a mixture of both 
acids

C6H6
I 65%

CeHgCO—CH—CH—COOH------ - >| H2SO4
CeHfi

Either acid
HgCe CeHfi

CeHfi—C=C—CH—C= 0

O-
Lactone
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CcHs
C6H6CO—CH—CH—COOH

I
C6H5
Both acids

Rearrangement to the conjugated a,/3-unsaturated 
lactone apparently does not occur in this case, 
for, if it did, hydrolysis should lead to one new 
racemic unsaturated hydroxy acid.

Experimental
Desoxybenzoin was prepared in 80% yields from ben­

zoin, using the method of Ballard and Dehn.2
Ethyl a-bromophenylacetate was prepared in 85% 

yields from 136 g. (1 mole) of phenylacetic acid, 240 g. of 
bromine, 8 g. of red phosphorus and 100 cc. of absolute 
alcohol. The yield was reduced to 72% when double 
quantities were used.

<*, /3-Diphenyl- 0-b enzoylpropionic Acid.—After trying 
several methods of making the sodium derivative of de­
soxybenzoin, the following procedure* was adopted and 
gave the acid mixture in about 40% yields. Sodium pow­
der, 2.3 g. (0.1 mole), in dry ether was treated with 19.6 g. 
(0.1 mole) of desoxybenzoin in a 200-cc. flask fitted with a 
condenser and guard tube. The mixture was warmed on 
the steam-bath until the sodium had practically all dis­
appeared. This usually required about an hour and the 
solution became clear orange in color. Ethyl a-bromo- 
phenylacetate, 20 g. (just under 0.1 mole), was added 
slowly through the condenser and the heating continued 
for one and one-half hours. Most of the ether was then 
evaporated and replaced by alcohol. The mixture was 
then heated on the steam-bath for two hours with 85 cc. of 
15% potassium hydroxide, diluted with water and filtered 
from unchanged desoxybenzoin and didesyl. Acidifying 
the filtrate with hydrochloric acid precipitated the keto 
acids. Several runs were made on double quantities 
without changing the yield. The acids from several runs 
were combined for recrystallization.

The low melting acid was formed in much larger quan­
tities, and separated first from the ethyl alcohol solution 
of the two. Later both forms separated at the same time, 
but, when crystallization was carried out slowly, they 
were so different in appearance that the two kinds of crys­
tals could be separated by hand. Further recrystalliza­
tion of the two acids from alcohol gave pure compounds 
melting at 201-202° and 211-212°. The low melting 
acid differed from the high melting one in crystallizing 
from alcohol without alcohol of crystallization. Both 
acids are very soluble in chloroform, and acetone, soluble in 
alcohol, ethyl acetate, ether and benzene, and insoluble in 
ligroin and water. Ethyl alcohol or acetone and water 
were the best solvents for recrystallization. The 201° 
compound formed clusters of stout needles and the 211° 
compound separated in a mass of very fine needles.

Anal. Calcd. for C22Hi803 (330): C, 79.98; H, 5.49. 
Found: C, 79.76; H, 5.67; neut. eq., 324.*

(2) Ballard and Dehn, T h is  J o u r n a l , 54, 3970 (1932).

Attempts* to prepare the oxime and phenylhydrazone 
of the keto acids were unsuccessful.

Esters of a:,/3-Diphenyl-/3-benzoylpropionic Acid.—Both 
ethyl esters could be separated from the original reaction 
mixture, but it was more satisfactory to prepare the esters 
from the pure acids by esterifying with the appropriate 
alcohol and a small quantity of coned, sulfuric acid. The 
corresponding esters of the two acids did not differ much 
in solubility. Both methyl esters were very soluble in 
acetone and chloroform, soluble in benzene and methyl 
alcohol and only very slightly soluble in ether, ethyl 
acetate and ligroin. The ethyl esters were very soluble in 
chloroform, benzene, acetone and ethyl acetate, soluble in 
ether and ethyl alcohol and insoluble in ligroin.

The methyl ester of the 211° acid melted at 158.5- 
159° as described by Reimer and Reynolds,1 and was re­
crystallized from a mixture of methyl alcohol and acetone.

The methyl ester of the 201° acid was recrystallized 
from methyl alcohol and melted at 147-148°.

Anal. Calcd. for C23H20O3: C, 80.21; H, 5.85. Found: 
C, 80.33; H, 6.0.

The ethyl ester of the 211° acid was recrystallized 
from ethyl alcohol and melted at 138-139°.

Anal. Calcd. for C24H2203: C, 80.40; H, 6.19. Found: 
C, 80.35; H, 6.32.

The ethyl ester of the 201° acid was recrystallized 
from ethyl alcohol and melted at 147.5-148°.

Anal. Calcd. for C24H220 3 (358.7): C, 80.40; H, 6.19. 
Found: C, 80.44; H, 6.20; mol. wt.,* 352, 349.

Lactone.—When either of the acids was stirred and 
heated on the steam-bath with 65% sulfuric acid for sev­
eral hours, the lactone, m. p. 124-125°, resulted.*. It was 
very soluble in chloroform and ethyl acetate, soluble in 
alcohol, ether and benzene and insoluble in ligroin.

Anal. Calcd. for C22Hi60 2 (312.7): C, 84.59; H, 5.16. 
Found: C, 84.68; H, 5.26; mol. wt.,* 318, 313.

Two grams of the lactone was heated under reflux for 
one hour with 25 cc. of alcohol and 2 g. of potassium hy­
droxide. The solution was then cooled, diluted with 
water and acidified with hydrochloric acid. The resulting 
acid mixture was recrystallized from ethyl alcohol and 
both acids were recovered, the 201° compound in much 
larger quantities.

The author wishes to thank the University of 
Minnesota for the courtesy shown her as an 
Honorary Fellow of the University while on leave 
from Vassar College in the spring of 1938.

Summary
1. A new method of preparing a,/3-diphenyl-0- 

benzoylpropionic acid is reported.
2. The two racemic forms of the acid and their 

methyl and ethyl esters are described.
3. The dehydration of either acid leads to the 

formation of a lactone.
P o u g h k e e p s ie , N e w  Y o r k  R e c e iv e d  O c t o b e r  31,1938
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NOTES

A Criterion for the Mechanism of the Reactions 
of Alkyl Halides with Hydroxylic Solvents.

Reactions of Benzhydryl Chloride
B y  L e s l ie  C. B a t e m a n , E d w a r d  D. H u g h e s  a n d  

C h r is t o p h e r  K . I n  g o ld

The two types of mechanism which we have 
postulated1 for aliphatic substitutions, one in­
volving bimolecular replacement in a single stage 
and the other preliminary ionic fission, have been 
discussed recently.2 The point of interest is the 
ionization mechanism, which we term unimolecu­
lar and Hammett polymolecular; and although 
in the sequel we use our own label, we strongly 
agree with the purpose of Hammett’s, which is to 
emphasize the role of the solvent. We ourselves 
have done this in discussions,lc,s pointing out, for 
instance, that only through solvation is the activa­
tion energy of an ionic fission reduced to accessible 
values.

In a number of well-established unimolecular 
substitutions the entrant group comes, not from 
the solvent, but from a reagent present in small 
and controllable concentration.4 For these the 
observed reaction order determines the mecha­
nism. In other substitutions, for instance, the 
hydrolysis and alcoholysis of alkyl halides in hy­
droxylic solvents, the reaction order is no longer 
diagnostic, and other, less direct, methods must be 
employed. Several have been suggested,4 but we 
need here to refer only to one particular method.

This has been illustrated with respect to the 
simultaneous hydrolysis and alcoholysis of 2-butyl 
chloride in aqueous alcohol. The total first 
order reaction was first investigated by Hughes,5 
who found that the rate was unaffected by 
hydroxonium and hydroxide ions, but was much 
increased with increasing water content of the 
solvent. He concluded that the reaction was 
unimolecular. Olson and Halford2b examined 
the applicability of an equation, in constructing 
which they assumed the reaction to be bimo-

(1) (a) Hughes, Ingold and Patel, J . Chem. Soc., 526 (1933).; 
(b) Gleave, Hughes and Ingold, ibid., 236 (1935); (c) Hughes and 
Ingold, ibid., 244 (1935); (d) Hughes, Ingold and Shapiro, ibid., 
225 (1936).

(2) (a) Farinacci and Hammett, T h is J o urnal , 59, 2544 (1937); 
(b) Olson and Halford, ibid., 59, 2644 (1937).

(3) Bateman, Hughes and Ingold, J . Chem. Soc., 881 (1938).
(4) References are given in paper (3).
(5) Hughes, / .  Chem. Soc., 255 (1935).

lecular. The formula is
Rate — (k&pa, +  &w/>w)£rci

where the &’s are rate constants, the p ’$  partial 
vapor pressures, and the subscripts refer to alco­
hol, water and 2-butyl chloride; and it may be 
used either to calculate the total rate, or, from the 
partial rates KP^Prci and kwpwpKcu to deduce the 
composition of the product (ROEt +  ROH). 
Having computed ka and kw from observed total 
rates, the authors showed that their formula gave 
an accurate description of the variation of total 
rate with solvent composition, and concluded on 
this account that the reaction was indeed bi­
molecular. Then we pointed out3 that the suc­
cess with which the formula represents the total 
rate owes nothing to the assumed mechanism, 
the essential postulate, the participation of solvent 
in the transition state, being true for all reactions 
in solution, including the unimolecular process. 
We also noted, however, that the product com­
positions should be calculable with a corresponding 
success only if the reaction is bimolecular, for in 
that case the product is formed in the rate- 
measured reaction, so that its composition is fixed 
by measured rate constants, whereas in unimolecu­
lar substitution the product arises subsequently 
to the rate-measured stage, so that its composition 
cannot in principle be deduced from measured 
constants. An application of this criterion to the 
reactions of 2-butyl chloride showed that they 
were not bimolecular as had been claimed, and 
we concluded that they were unimolecular in 
agreement with Hughes.

The main object of this note is to point to the 
analogy of a second reaction of an alkyl halide 
with a solvent, in which a similar criterion has 
been applied, with results pointing again to the 
unimolecular interpretation. This is the reaction 
of benzhydryl chloride with aqueous ethanol. 
Like the reaction of 2-butyl chloride, its first order 
rate is unaffected by hydroxonium and hydroxide 
ions, but is much increased with increasing water 
content of the solvent. Total rates have been 
measured by Ward, by Norris and Morton, by 
Kny-Jones and Ward,6 and by Farinacci and

(6) (a) Ward, ibid., 2285 (1927); (b) Norris and Morton, T h is  
Journal , 50, 1795 (1928); (c) Kny-Jones and Ward, ibid., 57, 2394 
(1935).
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Hammett,2a and product compositions by the 
last-named authors. This was before Olson and 
Halford's vapor pressure theory had become 
available, but Farinacci and Hammett noted 
that a bimolecular mechanism, interpreted with 
the aid of a concentration mass law, could not 
bring rates and product compositions into har­
mony, for when added water increased the reac­
tion rate it did so chiefly, not by diverting the 
formation of benzhydryl ethyl ether into that of 
benzhydrol, but by accelerating the production of 
benzhydryl ethyl ether. Such a “catalytic” 
effect is, however, expected on the basis of the 
unimolecular mechanism.

Olson and Halford show, with respect to the 
example studied by them, that, whereas the vapor 
pressure formula exactly accounts for the varia­
tion of rate with solvent composition, a correspond­
ing concentration formula fails completely. We 
have therefore considered the question of whether 
Farinacci and Hammett's inference is likely to be 
changed if this calculation is carried from the con­
centration basis of the assumed equation

Rate — (&â a “I" &wCw)£RC1
to the vapor pressure basis of Olson and Halford's 
theory. We conclude that it could not be 
changed. The transformation cannot, as a mat­
ter of fact, be effected completely, because the 
partial vapor pressures of benzhydryl chloride are 
unknown and would be difficult to determine 
accurately. We can, however, convert to the 
new basis the treatment of the solvent compo­
nents, and, assuming an approximate invariance 
in the Henry's law constants of benzhydryl 
chloride over the relevant range of solvent com­
positions, test for the effect of the incompleteness 
of our procedure by reference to the observed 
total rates. For this range, the representation of 
the total rates is in fact so good that we have the 
same empirical justification as Olson and Halford 
for proceeding to predict the separate parts of the 
total rate, or, what is equivalent, the product 
compositions; and this is the prediction that 
really distinguishes the bimolecular and uni­
molecular mechanisms. In view of the relatively 
low water concentrations used, we are not sur­
prised to find that the predicted values differ 
relatively little from Farinacci and Hammett's, 
and that therefore, as the table indicates, they 
show correspondingly pronounced divergences 
from the experimental values. Bearing in mind 
also the more completely investigated case of /-

butyl chloride, it cannot be doubted that Fari­
nacci and Hammett's conclusions stand, i. e., that 
the vapor pressure theory could not bring the 
hydrolysis and alcoholysis of benzhydryl chloride 
into harmony with the bimolecular mechanism.

R eaction  o f  B en zhydryl  C hloride  w ith  A queous 
E tha n o l  at  25°

H2o s - H i o -
,----------- -M oles % ROH------------ ,

5m in.-1)—, Found Calcd. Calcd.
Moles/1. Found Calcd. (F. and H.) (F. and H.)

0.000 343 .  . 0.0 0.0
.6 0 0 474 482  1 .8 3 1 .5 2 7 .7

1 .3 2 0 634 652 1 1 .8 5 1 .5 4 6 .0
1 .5 7 9 691 5 5 .1 , ,

We take the opportunity to refer to four points 
raised by Hammett2̂ 7 with reference to the de­
tailed interpretation of the unimolecular mecha­
nism, as the relevant experimental material is, and 
will be, considerably scattered. The first, relat­
ing to the incompleteness of racemization, is dealt 
with in papers8 which were unavailable when he 
wrote. The second was that dissolved negative 
ions had not been found to participate in homo­
geneous solvolytic reactions. But they do par­
ticipate if their concentration is adequate in rela­
tion to that of the reactive constituent of the 
solvent; thus chloroacetate ions form /-butyl 
chloroacetate without increasing the reaction rate 
in the hydrolysis of /-butyl chloride in moist 
formic acid, and chloride ions retard the hydroly­
sis of benzhydryl chlorides in moist acetone. The 
third point was that solvolytic reactions appar­
ently require high concentrations of hydroxylic 
solvents, water having failed to react with a- 
phenylethyl chloride in moist acetone though it 
accelerated the total reaction in moist acetic acid. 
However, we regard the difference as one of de­
gree, depending on the ionizing properties of the 
solvent as a whole, and can show that hydrolyses 
which are slow in moist acetone are rapid in 
equally moist sulfur dioxide, though sulfur dioxide, 
like acetone, is non-hydroxylic. Fourthly, the 
example of sulfur dioxide illustrates how poor an 
index to ionizing power is the dielectric constant, 
doubtless because of its very indirect connection 
with the short-range forces determining solvation. 
These, however, are points of detail: as to essen­
tials we endorse Hammett's statement7 that his 
views and ours are in harmony.

Summary.—Of the bimolecular and uni­
molecular mechanisms of aliphatic substitution,

(7) Steigman and Hammett, ibid., 59, 2536 (1937).
(8) Hughes, Ingold and others, J . Chem . Soc., 1196 et seq. (1937).
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the former alone yields the product in a reaction 
stage whose rate can be measured; and therefore 
a comparison of rates and product compositions 
in competing reactions, such as those of an alkyl 
halide in aqueous alcohol, affords a criterion of 
mechanism. Such a criterion was applied by 
Farinacci and Hammett to the reactions of benz­
hydryl chloride but Olson and Halford have made 
proposals to change the quantitative basis of 
such comparisons. We consider whether Fari­
nacci and Hammett's rejection of the bimolecu­
lar mechanism stands in the light of this work, 
which we have more fully examined with respect 
to the reactions of t-butyl chloride; and we con­
clude that it does stand. Thus the hydrolyses 
of t-hntyl chloride and benzhydryl chloride are 
mutually confirmatory examples in which the 
application of the criterion mentioned favors the 
unimolecular mechanism, some details concerning 
which are discussed.
Sir W illiam Ramsay and
Ralph F orster Laboratories of Chemistry
University College
London, E ngland R eceived M ay 17, 1938

A New Method for the Preparation of
3,5-Cholestadiene
B y K enzo H attori

The various methods for the preparation of the 
so-called cholesterilene have been discussed re­
cently by H. E. Stavely and W. Bergmann.1 
These authors also prepared 3,5-cholestadiene (I) 
by the Wolf-Kishner reduction of the semicar­
bazone of the 7-ketocholesterilene (II). Since 
this procedure involves prolonged heating at 180- 
200°, the possibility of a rearrangement of the 
double bonds is not excluded. In order to elimi­
nate such possibility, 3 ,5-cholestadiene was pre­
pared by the treatment of pseudocholestene di­
bromide (III) with silver nitrate in pyridine solu­
tion at room temperature.2 The diene obtained 
by this reaction seems to be identical with the 3,5- 
cholestadiene described by Stavely and Bergmann.

Nine-tenths of a gram of pseudocholestene di­
bromide was dissolved in 20 cc. of pyridine con­
taining 18% of silver nitrate. The reaction 
mixture was kept in the dark at room temperature 
for one month. The solution was then diluted 
with water, acidified with sulfuric acid and ex­
tracted with ether. The residue obtained on

(1) W. Bergmann, J . Org. Chem., 1, 567 (1937).
(2) E. Dane, Z . physiol. Chem., 245, 80 (1937); 2 4 8 ,1 (1937).

evaporation of the ether extract was recrystallized 
from a mixture of alcohol and ether. The diene 
crystallizes in needles, m. p. 79-80°, [a]lbn —68.7°.

Anal. Calcd. for C27H44: C, 87.96; H, 12.04%. 
Found: C, 88.3; H, 11.7%.

The diene gave a positive reaction with Rosen­
heim's reagent and with antimony trichloride. 
Mixed with a sample of cholesterilene, prepared 
from cholesterol,3 m. p. 79°, [ a ] 15D —76.0°, it gave 
no depression of the melting point.

(3) Mauthner, Monatsh., 17, 34 (1896).

T he Pharmaceutical I nstitute 
Imperial U niversity
T okyo, Japan  R eceived August 6, 1938

Identification of Methylisopropylcarbinol in 
Sharpies Diethylcarbinol

B y  F r a n k  A . K a r n a t z  a n d  F r a n k  C . W h it m o r e

In connection with another research,1 an at­
tempt was made to obtain pure 3-pentanol by a 
series of careful fractional distillations of a sample 
of commercial diethylcarbinol supplied by the 
Sharpies Solvents Corporation. It was noted 
that even after many fractionations the material 
of almost constant refractive index boiled over a 
range of 4°. Since the refractive index of methyl­
isopropylcarbinol is very near that of 3-pentanol 
(n20D 1.4095 and 1.4100, respectively), the lower 
boiling portion of the sample was carefully re­
fractionated by parts in an efficient column. In 
this way a fraction was obtained, b. p. 111.5° 
(732 mm.), n20d 1.4096, which gave the a-naph- 
thylurethan of methylisopropylcarbinol,2 m. p. 
and mixed m. p. 108-110°.

The identification of this alcohol, which had not 
been found in the hydrolysis products of the 
chloropentanes by previous investigators,3 is of 
considerable theoretical interest. I t demonstrates 
that the hydrolysis of 3-chloro-2-methylbutane to 
the alcohol does not involve complete rearrange­
ment. The conversion of the alcohol to the chlo­
ride even under the mildest conditions gives the 
rearranged product, 2 -chloro-2-methylbutane.4 
Both these conversions are being studied further 
to determine the relative amounts of rearranged 
and non-rearranged products from each.
S t a t e  C o l l e g e , P e n n a . R e c e iv e d  S e p t e m b e r  28,1938

(1) Whitmore and Karnatz, T h i s  J o ur n a l , 60, 2536 (1938).
(2) Whitmore and Johnston, ibid., 55, 5022 (1933).
(3) Ayres, Ind . Eng. Chem., 21, 899 (1929); Clark, ibid., 22, 439 

(1930).
(4) Whitmore and Johnston, T his J o u r n a l , 60, 2265 (1938).
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The Stability of Dry Potassium Ferrocyanide
B y  R o b e r t  B . L o f t f ie l d 1 a n d  E l ija h  S w if t , J r . k

In the course of a previous investigation,2 it 
was noticed that sometimes dry potassium ferro­
cyanide undergoes a slight decomposition. Since 
this salt is one of the few quadrivalent salts that 
is sufficiently stable to be useful in precise elec­
trochemical investigations3 where the effect of 
ionic charge on the properties of solutions is being 
studied, it seemed of some importance to deter­
mine the conditions under which decomposition 
takes place.

Mallinckrodt reagent grade potassium ferrocyanide was 
precipitated from saturated solution at 0° by adding an 
equal volume of cold 95% alcohol. The crystals were al­
lowed to grow for several hours and then were centrifuged 
and washed with cold 95% alcohol. This process was re­
peated and the salt was dried by sucking off the excess al­
cohol with a water pump. After standing in a clear 
glass bottle exposed to the ordinary laboratory light for 
over a year, no change in color could be observed by com­
parison with freshly prepared salt, and no odor of hydro­
gen cyanide was perceptible in the bottle.

The salt was dehydrated as in previous investigations3 
in order to get a sample whose exact composition would be 
known. About 0.5 g. of the salt was placed in a platinum 
boat in a Richards bottling apparatus and a slow stream 
of nitrogen was allowed to flow over the sample while 
heating to 90°. The nitrogen was removed with a water 
pump and the tube flushed out several times with nitro­
gen and finally left evacuated for one to two hours while 
the temperature was maintained at 90-100°. The tube 
was then filled with nitrogen and the salt cooled in a slow 
stream of the gas. This method of preparing the salt 
was found by Jones and Jelen3a to give material of con­
stant weight.

Fabris4 has stated that there is a considerable loss of 
cyanide5 when this salt is heated above 50° in air. To 
check this statement, samples of salt were heated to 100° 
for three hours in a slow stream of air, the effluent gas 
being passed through a solution of sodium hydroxide. 
The Prussian blue test applied to this solution was nega­
tive, showing that less than 0.01% of the salt was lost as 
cyanide in this process. Negative tests for cyanide were 
also obtained when samples of salt were heated in a slow 
current of nitrogen, using the Prussian blue test and the 
specific ferric thiocyanate test.6 It seems evident that this

(1) Harvard National Scholar, ’41.
(2) E . Swift, Jr., T h is  J o ur n a l , 60, 728 (1938).
(3) (a) Grinnell Jones and F. C. Jelen, ibid., 58, 2561 (1936); 

(b) Grinnell Jones and R. E. Stauffer, ibid., 58, 2558 (1936).
(4) Fabris,, Gazz. chim. ital., 61, 527 (1931).
(5) Autenrieth, “The Detection of Poisons,” P. Blakiston’s Son 

and Co., Philadelphia, Penna., 1921, p. 21, states that many other 
substances will react in the same way as hydrogen cyanide, and 
that the test used by Fabris is not conclusive evidence of the presence 
of this gas.

(6) According to McAlpine and Soule, “ Qualitative Chemical
Analysis,” D. Van Nostrand Co., New York, N. Y ., 1933, p. 460,
the thiocyanate test is good to 1 p. p. m. or better.

salt may be dehydrated safely at 100°, although decom­
position will take place at higher temperatures.7

After the dehydrated salt had come to room tempera­
ture, half of the boat was covered with platinum foil and 
the salts exposed to illumination. After two hours of 
illumination with a “Pointalite” bulb and forty hours’ 
illumination with a 200-watt tungsten bulb 15-20 cm. 
above the surface, no change in the color of the salt was 
observed. The tube was then flushed out several times 
with dry oxygen and the process repeated. After about 
forty hours of exposure a slight change in the color of the 
salt was observed, and after seventy-two hours there was 
a decided greenish-blue color on the surface of the salt. 
This color was much less pronounced underneath the foil 
where the light could reach the salt only indirectly; while 
another sample kept in dry oxygen in the dark for seventy- 
two hours failed to show any color change whatever. 
Presumably the reaction involves the formation of Prussian 
blue, but the amount of material formed was too minute 
to be analyzed readily, and it was not thought worth while 
to investigate this reaction further. The test was repeated 
by placing a fresh sample in dry oxygen in direct sunlight, 
and the same result was observed after one or two hours’ 
exposure. A control sample of the hydrated salt showed 
no reaction whatsoever under any of the above conditions.

Another sample.of the anhydrous salt was placed in an 
atmosphere of moist oxygen and exposed to illumination. 
No reaction was observed, probably because the salt picked 
up moisture and went into the more stable hydrated form 
before any appreciable photochemical reaction could take 
place.

To determine whether the anhydrous salt is deliques­
cent, a sample was placed in a container saturated with 
water vapor at room temperature (30°). The salt quickly 
picked up even more than the three moles of water nor­
mally present and deliquesced to a sticky mass. Micro­
scopic examination of the dehydrated salt showed that 
the crystals are practically intact after dehydration, 
since there is no change in the gross form and the smallest 
crystals appear quite as clear as before dehydration. 
Larger, clear crystals become translucent after dehydra­
tion, due to their breaking up into smaller units, but they 
also retain the same shape, and do not break up into an 
amorphous white powder.8 It is probable that the 
dehydrated material will go back to the same photochemi- 
cally stable trihydrate on exposure to moisture.

On the basis of this investigation, we believe 
that potassium ferrocyanide is sufficiently stable 
to be used in precise investigations if the following 
conditions are observed:

1. The salt must not be dehydrated at tem­
peratures greater than 100°.

2. The dehydrated salt must be kept out of 
contact with moisture before and during weighing, 
but not necessarily after.

3. The dehydrated salt must be kept in the 
dark to prevent decomposition.

(7) One sample of salt heated to 140° lost about 0.1% of cyanide.
(8) Roscoe and Schorlemmer, “ Treatise on Chemistry,” The Mac- 

millan Co., New York, 1907, Vol. II, p. 1230.



3084 N o t e s Vol. 60

We wish to thank Mr. E. B. Damon and Dr. 
W. A. Ray for the kind loan of apparatus used in 
this investigation.
H a r v a r d  C h e m ic a l  L a b o r a t o r ie s  
C a m b r id g e , M a s s a c h u s e t t s  
G e o r g e  D a v is  S c ie n c e  H a l l  
K n o x  C o l l e g e
G a l e s b u r g , I l l in o is  R e c e iv e d  J u l y  18, 1938

Changes in the Physical Properties of Regener­
ated Cellulose by Liquid Ammonia

B y  R ic h a r d  G . R o b e r t s

During the dialysis of proteins and hormones 
contained in bags made from regenerated cellulose 
film and placed in liquid ammonia, it was observed 
that the bags changed in size and in flexibility. 
Therefore, a series of comparative tests on some of 
the physical properties of the film and ammonia- 
treated film was made. The film used in these 
tests was du Pont Cellophane number 600.

The film was cut into strips of convenient size 
and placed in a Dewar flask. Liquid ammonia,, 
previously dried over metallic sodium, was added 
to immerse the film sample completely. The 
film was not previously dried by us. The Dewar 
flask was tightly stoppered, and attached to a 
mercury seal. The liquid ammonia boiled off in 
about twenty-four hours, and any excess ammonia 
gas was removed by a vacuum pump.

Physical properties showing an increase:
Tear strength (Elmendorf test).......................  200.0%
Tensile strength.....................................................  70.6%
Thickness (flat micrometer)..... .......................  152.4%
Weight (per unit area).........................................  27.3%

Physical properties showing a decrease:
Length (with grain)...........................................  8.3%
Width (cross grain).............. .............................  17.8%
Area......................................................  24.7%

Ratios: Increase of tear strength to decrease in 
area, approximately 8 to 1. Increase of tensile 
strength to decrease in area, approximately 3 to 1.

It has been shown that bags made from regen­
erated cellulose film may be used conveniently for 
dialyzing experiments in liquid ammonia, although 
some space must be allowed for shrinkage.

The author wishes to thank Montgomery Ward 
and Company, Chicago, Illinois, for the use of 
apparatus in their testing laboratory.
T h e  D e p a r t m e n t  o f  C h e m is t r y  
C h icago  M e d ic a l  S ch o o l
C h ic a g o , I l l in o is  R e c e iv e d  A u g u s t  29, 1938

The Specificity of the Fermentation Test for 
Vitamin Bi

B y  A l f r e d  S . S c h u l t z , L a w r e n c e  A t k in  a n d  C h a r l e s  
N. F r e y

The fermentation method for the determination 
of vitamin Bp-3 has been in successful operation 
for some time. The effect of 2-methyl-5-ethoxy- 
methyl-6-aminopyrimidine has been described.2 
We have assayed a wide variety of substances 
such as non-autoclaved yeast, rice polish, vitamin 
pills and concentrates, solutions of crystalline 
vitamin, and milk, and no evidence of the inter­
fering substance has been found. In an investi­
gation on the metabolism of vitamin Bi,4,5 we 
found reason to believe that a portion of the fer­
mentation stimulating effect of urine is not due to 
vitamin Bi. While this did not appear to alter 
the significance of the results, it was thought very 
desirable to find a method for differentiating be­
tween the intact vitamin molecule and any pos­
sible breakdown product. A way of doing this 
has been found in the differential oxidation of the 
vitamin Bi in the presence of the aminopyrimi- 
dine.

Alkaline ferricyanide in the cold will readily 
oxidize the vitamin to thiochrome. Preliminary 
experiments with a sample of thiochrome obtained 
from Merck and Company showed it to be inac­
tive in the fermentation reaction. The aminopy- 
rimidine is more resistant to oxidation and it is a 
simple matter to oxidize Bi preferentially when 
present in addition to aminopyrimidine. A solu­
tion containing 8 gamma of the aminopyrimidine 
and 8 gamma of thiamin hydrochloride in a vol­
ume of 35 ml. was treated with 2.5 ml. of 1% 
K3Fe(CN)6 and 2.5 ml. of 50% NaOH. After 
standing at room temperature for five minutes 
the solution was neutralized with dilute sulfuric 
acid and made to 100 ml. A 25-ml. aliquot of 
this was tested in the usual manner by gas test. 
It gave a stimulation which corresponded exactly 
to 2 gamma of the aminopyrimidine (i. e., the Bx 
was destroyed). Parallel experiments showed 
that the neutralized oxidizing solution was with­
out influence on controls with either thiamin hy­
drochloride or aminopyrimidine.

(1) A. S .  Schultz, L. Atkin and C. N . Frey, T h i s  J o u r n a l , 59, 948 
(1937).

(2) A. S. Schultz, L. Atkin and C. N . Frey, ibid., 59, 2457 (1937).
(3) A. S. Schultz, L. Atkin and C. N . Frey, ibid., 60, 1514 (1938).
(4) A. S. Schultz, R. F. Light and C. N . Frey, Proc. Soc. Exptl. 

Biol. M ed., 38, 404-406 (1938).
(5) R . F. Light, A. S. Schultz. L. Atkin and L. J. Cracas, J . 

N utr., 16, 333 (1938).
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This technique greatly increases the specificity 
of the fermentation method and an investiga­
tion of the conditions necessary for its appli­
cation to substances like animal tissue and

excreta is under way.
T h e  F leisc h m a n n  L aboratories 
Stand a r d  B r a n d s  Incorporated  
810 G r a n d  C oncourse
N e w  Y ork , N . Y . R ec eiv ed  Se ptem ber  16, 1938

COMMUNICATIONS TO T H E  EDITOR

/ CRYSTALLINE COPPER-PROTEIN POSSESSING 
TYROSINASE ACTIVITY

Sir:
A crystalline material has been obtained from 

the aqueous extract from the wild mushroom, 
Lactarius piperatus, which may be phenol oxi­
dase, or closely related to it. The crystals were 
six-sided plates and undoubtedly belonged to the 
hexagonal system. They were insoluble in water, 
dilute acids and salt solutions, but soluble in an 
aqueous solution of secondary sodium phosphate. 
Analysis showed a copper content of 0.25 and 
13.6% nitrogen. Their phosphate solution was 
active in promoting the aerobic oxidation of p- 
cresol and catechol.

The procedure followed in obtaining the crys­
tals can be described briefly as follows. The 
aqueous extract of the ground mushrooms was 
precipitated with 0.6 saturated ammonium sul­
fate, redissolved in water, the latter made 0.2 
saturated with ammonium sulfate and the pre­
cipitate discarded. The filtrate obtained in the 
last operation was reprecipitated with 0.6 satu­
rated ammonium sulfate, the precipitate formed 
redissolved in water and the solution treated with 
three volumes of cold acetone. The precipitate 
thus obtained was dissolved in water and treated 
with alumina. The liquid separated from the 
alumina contained about 50% of the active 
oxidase. This liquid was treated with boneblack 
and after filtering the filtrate was again precipi­
tated with 0.6 saturated ammonium sulfate. 
The precipitate from the last operation was taken 
up in water and had an activity of 7000 units per 
cc. when determined according to the Graubard 
and Nelson method as modified by Adams and 
Nelson [This Journal , 60, 2472 (1938)]. When 
this liquid was gradually acidified by acetic acid,

changing the pH from 6.5 to 5, and allowed to 
stand in the ice box, crystals separated.
D epar tm en t  of Chem istr y  H arold R . D alton
Colum bia  U n iv e r sit y  J. M. N elso n
N ew  Y ork  C ity

R e c eiv ed  N ovem ber  25, 1938

TETRAMETHYLPLATINUM AND HBXAMETHYLDI- 
PLATINUM

Sir:
Tetramethylplatinum has been prepared in 46% 

yield from trimethylplatinum iodide and methyl- 
sodium. It is the most soluble organoplatinum 
compound so far prepared, being readily soluble 
in the cold in benzene, acetone, ether and petro­
leum ether (b. p. 60-68°), The compound crys­
tallizes from petroleum ether as large hexagonal 
crystals which decompose but do not melt at ele­
vated temperatures. Anal. Pt, 76.84; C, 18.32; 
H, 4.31. We have found that the compound is 
one of several by-products of the Pope and Peachey 
[/. Chem. Soc.y 95, 571 (1909)] reaction for the 
preparation of trimethylplatinum iodide from 
platinic chloride and methylmagnesium iodide. 
Hydrogen chloride converts tetramethylplatinum 
to trimethylplatinum chloride. Anal. Pt, 70.20; 
Cl, 13.10.

Hexamethyldiplatinum has been synthesized 
in 60% yield by heating trimethylplatinum iodide 
with powdered potassium in dry benzene. Anal. 
Pt, 81.13; C, 14.55; H, 3.92. The compound is 
very soluble in benzene, acetone and ether, but 
only slightly soluble in cold petroleum ether. 
It is best crystallized from a benzene-petroleum 
ether solution. Molecular weight determinations 
show that hexamethyldiplatinum is not disso­
ciated at the freezing point of benzene [mol. w t.: 
calcd., 480.4; found, 482]. Iodine in ether con­
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verts the compound to the known trimethylplati­
num iodide.

These two organoplatinum compounds are in­
teresting because they demonstrate for the first 
time that true organoplatinum compounds not 
having acid radicals can be prepared. A detailed 
account of these and other organoplatinum com­
pounds will be published shortly.
T h e  C h e m ic a l  L a b o r a t o r y  o f  H e n r y  G il m a n
I o w a  S t a t e  C o l l e g e  M . L ic h t e n  Wa l t e r
A m e s , I o w a

R e c e iv e d  O c t o b e r  31, 1938

THE IDENTIFICATION OF METHYLCHAVICOL IN 
AMERICAN GUM SPIRITS OF TURPENTINE

Sir:
Recent investigations have shown that gum 

spirits of turpentine of slash and longleaf pine 
contain about 95% of pinenes [Dupont, Ann. 
chim., [10] 1, 184 (1924); Aschan, “Naftenföre- 
ningar, Terpener och Kamferarter,” Helsingfors, 
289 (1926); Palkin, Technical Bulletin 596, U. S. 
Department of Agriculture (1932)]. We have 
been able to obtain physical and chemical evi­
dence, including the fact that homoanisic acid is 
obtained on oxidation, that the fractions boiling 
above those of the pinenes contain considerable 
amounts of methylchavicol (4-methoxyallyl- 
benzene).

This was shown by the isolation of methyl­
chavicol from turpentine by the method de­
scribed by Balbiano [.Ber., 42, 1504 (1909)], for 
the separation of methylchavicol from anethole. 
Seventy-five grams of a fraction, b. p. 88-95° at 
10 mm., obtained by fractionation of steam-dis­
tilled residues of spirits of turpentine was dis­
solved in 400 cc. of ether and shaken for one hour 
with a solution of 81 g. of mercuric acetate dis­
solved in 350 cc. of water. After separating the 
ether, the aqueous solution was heated for ten 
hours at 70-80° with 70 g. of sodium hydroxide 
and 80 g. of granulated zinc. The mixture was 
then distilled with steam, the distillate extracted 
with ether and the ether solution dried and dis­
tilled, leaving 8 g. of methylchavicol, the main 
fraction of which boiled at 213-215°; d252s 0.9600; 
n22B 1.51372. Physical constants recorded in the 
literature are: b. p. 214-215° [Klages, Ber.) 32, 
1439 (1899); d21 0.9645; nu 1.5236; (Beilstein, 
“Handbuch der organischen Chemie,” fourth 
edition, 6, 571 (1923)]. Ten grams of this prod­
uct was oxidized at room temperature with 630 cc.

of 4% potassium permanganate solution. After 
removal of manganese dioxide, the filtrate was 
evaporated to about one-third of its original 
volume and acidified with hydrochloric acid. The 
precipitated anisic acid was recrystallized from 
water and melted at 184-185° (corr.); yield, 2.5 g. 
Calcd. for C8H80 3: C, 63.18; H, 5.30. Found: 
C, 63.32; H, 5.46. The acid did not lower the 
melting point in the mixed melting point test with 
an authentic sample of this material.

The aqueous filtrate from which the anisic acid 
had been removed was evaporated to a small 
volume, extracted with ether and dried. The 
ether was distilled and about 0.3 g. of a substance, 
apparently homoanisic acid, was obtained. It 
was recrystallized from water and melted at 85.5- 
86.5°. Homoanisic acid melts at 85-86° 
[Pschorr, Wolfes and Buckow, Ber.} 33, 172 
(1900)]. Calcd. for C9H10O3: C, 65.04; H, 6.07. 
Found: C, 65.30; H, 6.54.

We assume that the difference in odor between 
highly purified turpentine and American gum 
spirits of turpentine can be partly attributed to 
the presence of phenol ethers.
G . & A . L a b o r a t o r ie s , I n c . T o r s t e n  H a s s e l s t r ö m  
S a v a n n a h , G e o r g ia  B u r t  L . H a m p t o n

R e c e iv e d  O c t o b e r  28, 1938

PANTOTHENIC ACID AS A GROWTH FACTOR FOR 
THE DIPHTHERIA BACILLUS

Sir:
It has been shown in experiments already pre­

sented elsewhere that /3-alanine and nicotinic 
acid are essential for the growth of certain strains 
of the diphtheria bacillus [Mueller, Proc. Am. 
Exptl. Biol. Med.) 36, 706 (1937)]. /3-Alanine
has long been known to be a constituent of meat 
extract both in the free form and also combined 
with histidine in the compound carnosine, in 
which form it has also been shown to be available 
to the diphtheria bacillus [Mueller, J. Biol. Chem., 
123, 421 (1938)]. In a personal communication, 
we have recently learned from Dr. R. J. Williams 
that pantothenic acid [Williams, et. al., T h is  
J o u r n a l , 55, 2912 (1933); 60, 2719 (1938)] 
also yields /3-alanine upon hydrolysis. Dr. Wil­
liams suggests, further, that /3-alanine may be 
effective in producing growth with C. Diphtheriae 
only insofar as it serves as a building stone for the 
production of pantothenic acid, which may be 
the material actually required by the organism,
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and he has supplied us with specimens of panto­
thenic acid and calcium pantothenate in varying 
degrees of purity. With this material we have 
been able to test out this theory and to show that 
it well may be correct.

Using a control medium containing the prod­
ucts of complete acid hydrolysis of casein, lactic, 
pimelic and nicotinic acids and inorganic salts, 
but completely deficient in /3-alanine, a series of 
media has been prepared in which increasing 
quantities of /3-alanine were added to one set, 
pantothenic acid or calcium pantothenate to a 
second and the latter substance hydrolyzed by 
autoclaving with normal hydrochloric acid for 
thirty minutes at 15 lb. (1 atm.) to a third. The 
various media were autoclaved (̂ >H 7.6) for ten 
minutes at 10 lb. (0.67 atm.) pressure. After 
inoculation with the strain of the diphtheria 
bacillus (Allen), and incubation for three days at 
35°, the resulting bacterial growth was centri­
fuged down, washed and the bacterial nitrogen 
determined by a method already described, as a 
measure of bacterial growth [Mueller, J. Bad ., 
29, 383 (1935)]. The table shows the results 
obtained: A = /3-alanine; B = Ca pantothenate 
(about 50%) stated to yield 16% /3-alanine on 
hydrolysis; C = solution B after acid hydrolysis.

7  added/10 cc. medium 
A B C

Mg bacterial 
N /10  cc. medium 
A B C

1 Control + 0 .0 0.13
2 Control + .31 .41
3 Control + .62 .60
4 Control + 1.5 1.5 1.47 0.32
5 Control + 3 .1 3 .1 2 .78 .16
6 Control + 1 6 .2 6 .2 0.39 3.67 .29
7 Control + 2 .5 15.5 15.5 .24 4.70 2 .05
8 Control + 5 31 31 6.12 5.35 5.76
9 Control + 10 62 62 6.78 6.60 lost®

10 Control + 20 125 7.30 7.06
a Heavy growth.

This and other similar experiments uniformly 
show a smooth, gradual increase in growth with 
the addition of pantothenic acid, whereas with 
^-alanine there is no definite increase over con­
trols until a concentration of from about 2.5 y 
per 10 cc. is used. At this point, initiation of 
growth is slow and irregular, possibly dependent 
on the size of the inoculum, (platinum loop of 
pellicle). At levels of 5, 10 and 20 y concentra­
tion of /3-alanine or its equivalent of pantho- 
thenic acid, growth is heavy and the amounts 
produced by the two materials are very nearly the 
same. Hydrolysis of pantothenic acid yields a 
solution with the properties of /3-alanine, i. e., 
no effect until the concentration of the latter in

the hydrolytic products reaches 2.5 7 /IO cc. 
medium, whereas doubling this concentration 
regularly leads to heavy growth.

These facts tend to support the view that /3- 
alanine must first be built up into some more 
complex material before it may be directly 
utilized by C. Diphtheriae, whereas with panto­
thenic acid no such preliminary synthesis is re­
quired.

It is interesting and significant that Snell, 
Brown and Peterson [This J o u r n a l , 60, 2825 
(1938)] have shown recently that both panto­
thenic acid and nicotinic acid are apparently 
essential factors for growth of certain strains of 
the lactic acid bacteria. These organisms, unlike 
the diphtheria bacillus, seem to be unable to 
effect the synthesis of pantothenic acid from /3- 
alanine, requiring the presence of the more com­
plex material for satisfactory growth.
D e p a r t m e n t  o f  B a c t e r io l o g y  a n d  

I m m u n o l o g y  J. H o w a r d  M u e l l e r
H a r v a r d  U n iv e r s it y  M e d ic a l  S ch o o l  A. W. K lotz 
B o s t o n , M a s s a c h u s e t t s

R e c e iv e d  N o v e m b e r  23, 1938

PRESSURE-AREA RELATIONS FOR MONOMOLECU­
LAR FILMS OF TRI-£-CRESYL PHOSPHATE AND 

RELATED COMPOUNDS
Sir:

Interesting differences in surface activity have 
been observed in a study of phosphorus-organic 
compounds closely related in structure. Mono­
molecular film properties of the three isomers of 
tricresyl phosphate (ortho, meta and para) are 
practically identical but quite unlike those of 
either tri-£-cresyl phosphite or tri-^-cresyl thio- 
phosphate.

Pressure-area relations have been studied on a 
modified Cenco film-balance apparatus, using 
general techniques similar to those described by 
N. K. Adam1 and Harkins, Ries and Carman.2,3 
The volatile solvent used for the Eastman com­
pounds was twice-distilled benzene. Films were. 
spread on distilled water.

Tri-^-cresyl phosphate forms well-behaved, 
compressible films, whereas the corresponding 
phosphite and thiophosphate show extremely 
poor film-forming properties. Films of the phos­
phite and thiophosphate require compression far 
beyond the minimum film area for monomolecular

(1) N . E . Adam, “The Physics and Chemistry of Surfaces,” 
Clarendon Press, Oxford, 1938.

(2) Harkins, Ries and Carman, T h is  Jo ur n a l , 57, 2224 (1935).
(3) Harkins, Carman and Ries, J . Chem. Phys., 3, 692 (1935).
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thickness before an appreciable rise in pressure is 
observed. For example, at a pressure of only 1 
dyne per cm., the tri-^-cresyl thiophosphate film 
thickness (62.9 A.) is over five times as great as 
the maximum monomolecular thickness (11.6 A.) 
of tri-^-cresyl phosphate.

An interesting correlation between polar group 
structure and film properties is apparent when 
we consider the schematic diagrams in Fig. 1.

S
Fig. 1.—Schematic diagrams of molecular orientation at 

an air-water interface: (I) tri-^-cresyl phosphate; (II) 
tri-p-cresyl phosphite; (III) tri-^-cresyl thiophosphate. 
At expanded areas the rings are probably drawn close to 
the water.

The two poor film-forming compounds (II and 
III) differ from the tri-^-cresyl phosphate (I) in 
that they lack the P = 0  group. We must, there­
fore tentatively conclude that the important con­
tribution to the polarity of the molecule is made 
by the P = 0  group as indicated by the superior 
film properties of tri-^-cresyl phosphate.

The most important pressure-area character­
istics of a typical tri-^>-cresyl phosphate film 
(27.9°) may be briefly summarized. The mo­
lecular area values at film pressures of zero (extra­
polated), 5 and 8.76 dynes per cm. (the maximum) 
are, respectively, 99.4, 69.3 and 46.5 sq. A. Using 
a density of 1.1284 g. per cc. the film thickness 
values at the same pressures are, respectively, 
5.42, 7.78 and 11.6 A. Partial overlapping of 
the molecules may perhaps account for the small

areas in the final stages of the compression. The 
compressibility at ƒ — 0, [(a0 — &i)/<2o]/(/i — /o) 
is 0.0607.

The above-mentioned compounds with each of 
the three rings attached directly to the polar group 
are much more compressible than the polycyclic 
compounds in which only one ring is attached to 
the principal polar group.4 The molecular con­
figurations of the latter type permit an approach 
toward vertical orientation and allow closer pack­
ing. It has been shown that films of horizontally 
oriented long chain molecules (polymers of co-hy- 
droxydecanoic acid) are much more compressible 
than those of vertically oriented molecules.3 This 
present work indicates that perhaps the same 
general relationship applies to ring systems. The 
film compressibilities of a number of multiple ring 
compounds which are capable of vertical orienta­
tion range from one-sixth to about one-eighteenth 
that of tri-^-cresyl phosphate. In both types of 
orientation the films formed by ring compounds 
are, in general, more compressible than those com­
posed of straight chain molecules. An increase in 
maximum film pressure with increasing vertical 
length of the ring system is also noted.

(4) Pressure-area relations for such a series of three-ring and five- 
ring compounds have been investigated and the data tabulated.2’5

(5) Harkins, Carman and Ries, T h is  J o u rn al , 58, 1377 (1936).

T h e  R e s e a r c h  a n d  D e v e l o p m e n t  D e p a r t m e n t  
S in c l a ir  R e f in i n g  C o m p a n y
E a st  C h ic a g o , I n d ia n a  H e r m a n  E . R i e s , Jr.

R e c e iv e d  N o v e m b e r  17, 1938

THE STRUCTURE OF LUMISTEROL
Sir:

In a memoir entitled “Photochemical Interac­
tion between Ketones and Alcohols/' Weizmann, 
Bergmann and Hirshberg1 in a discussion of the 
mechanism of ergosterol irradiation state that “at 
variance with the assumption of Spring2 that this 
important reaction involves primarily epimeriza- 
tion at C3, Windaus and Dimroth3 were able to 
demonstrate that the secondary hydroxyl group at 
C3 is actually not influenced by irradiation. . .

In the interest of accuracy it is necessary to note 
that in the paper cited I state that “the reactions 
of lumisterol, the primary photoisomeride of er­
gosterol, establish that it is a stereoisomer of the 
latter,” no suggestion being made that it is the

(1) Weizmann, Bergmann and Hirshberg, T h is  J o ur n a l , 60, 1530 
(1938).

(2) Spring, Chemistry and Industry, 55, 837 (1936).
(3) Windaus and Dimroth, Ber., 70, 376 (1937); cf. Dimroth, 

ibid., 69, 1123 (1936).



Dec., 1938 N e w  B o o k s 3089

C3 epimer of ergosterol. In the paper (Heilbron, 
Moffet and Spring4) of which the note cited is an 
abstract, the conclusion reached is that ergosterol 
and lumisterol differ in configuration around Ci0 
and that “no information is available concerning 
the relative orientation of the hydroxyl groups 
and the C9-hydrogen atoms of the two sterols.”

Again, contrary to the statement of Weizmann, 
Bergmann and Hirshberg, Windaus and Dimroth 
did not demonstrate that the secondary hydroxyl 
group is not influenced by irradiation but include 
in their paper the following statement: “Einen 
Anhaltspunkt dafür dass sterische Anderungen an 
der Hydroxyl-gruppe an C3 vor sich gehen, haben 
wir nicht gefunden; wir halten diese Annahme 
für unwahrscheinlich. ’ ’5

N o t e  b y  t h e  E d it o r .—Dr. Bergmann has written to 
the Editor that he regrets that the statement of Dr. 
Spring relative to the photo-isomerization of ergosterol was 
misunderstood and therefore inaccurately quoted in the 
article referred to.

(4) Heilbron, Moffet and Spring, J . Chem. Soc., 411 (1937).
(5) “We have found no experimental evidence that rearrangement 

of the hydroxyl group on C3 occurs spontaneously, and we believe 
that such a change is unlikely.”

T h e  U n i v e r s it y  o f  M a n c h e s t e r  F. S. S p r in g
M a n c h e s t e r , E n g l a n d

R e c e iv e d  A u g u s t  9, 1938

THE REDUCTION OF a-HALOGENATED KETONES: 
THE SYNTHESIS OF J/-PSEUD OEPHEDRINE

Sir:
The great advantage of aluminum isopropylate 

in the reduction of aldehydes and ketones lies in 
its specificity for the carbonyl group, side reac­

tions such as condensation and the like being either 
absent or negligible. Lund [Ber., 70,1520 (1937) ] 
has shown this with certain ketones with primary 
bromine in the «-position. This reduction with­
out removal of the «-halogen has now been tested 
with «-bromo ketones which have /5-hydrogen 
available for a loss of halogen acid. The results 
with open chain ketones containing secondary 
«-bromine show that removal of bromine, and re­
duction to the bromohydrin, occur in about equal 
amounts. Thus «-bromopropiophenone with 
aluminum isopropylate forms the bromohydrin in 
about 35% yield (b. p. 73-75° (0.1 mm.)), which in 
turn with methylamine yields a mixture of iso­
meric hydroxyamines, one of which is ẐZ-pseudo- 
ephedrine, m. p. 116.5-117.0°; the hydrochloride, 
m. p. 162-163° (over-all yield from the bromo 
ketone, 10%). This was identified by compari­
son with an authentic sample, m. p. 116.5-117.2°, 
mixed m. p. 116.5-117.0°, prepared from dl-ephe- 
drine kindly supplied by Dr. E. H. Volwiler, 
Abbott Laboratories, Chicago, Illinois, and by 
Dr. R. H. Manske, the Canadian National Re­
search Council, Ottawa. Contrary to expecta­
tions, no dl-ephedrine was found.

Cyclic secondary «-bromo ketones, and open 
chain tertiary «-bromo ketones, such as 2 bromo- 
cholestanone, and «-bromoisobutyrophenone, re­
spectively, yield products almost entirely free of 
bromine. This work is being continued with 
other types of halogenated ketones.
D e p a r t m e n t  o f  C h e m is t r y  P h il ip  G . S t e v e n s
M cG il l  U n iv e r s it y  
M o n t r e a l , C a n a d a

R e c e iv e d  N o v e m b e r  21, 1938

NEW BOOKS

Tabellen und Vorschriften zur quantitativen Analyse. 
Gravimetrie, Elektroanalyse, Probierkunde der Edel- 
metalle und Gasanalyse. (Tables and Directions for 
Quantitative Analysis, Gravimetric, Electroanalysis, 
Assay of tbe Noble Metals, and Gas Analysis.) By 
W . D. T r e a d w e l l , Professor in the United Technical 
Institute in Zurich. Verlagsbuchhandlung Franz Deu- 
ticke, Helferstorferstrasse 4, Wien, Germany, 1938. 
xii +  284 pp. 126 figs. 17.5 X 25 cm. Price, RM. 9.
The author states in the preface that his object is to pre­

sent in the shortest possible form a selection of proved 
methods of analysis in order to make it possible for the

analyst already acquainted with the fundamentals to do 
his work more easily. The reviewer cannot imagine any 
publication in which could be found more information 
concerning analytical chemistry contained in less than 
300 pages. Here is evidence showing extreme energy on 
the part of the author in collecting valuable data concern­
ing, and proved directions for determining, more than the 
usual list of cations and anions. It also shows his skill 
in collating such material in a very logical manner. About 
275 references to original literature are given.

In the interest of economy of space the author has col­
lected in one chapter the description of the common oper-
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ations of quantitative technique, and such descriptions 
are almost completely omitted in the individual processes 
discussed throughout the book.

This book might be divided into eight parts. The first 
forty-one pages deal with general methods of quantitative 
analysis and include directions for carrying out all the 
common operations of analysis. This discussion is more 
complete, however, than is usually found in textbooks of 
quantitative analysis. In addition to the usual, directions 
included here, such as those for weighing, calibration of 
weights, precipitations, filtration, drying, etc., are to be 
found desirable directions for such procedures as the de­
termination of specific weight, ashing pf organic substances, 
separation by extraction and distillation, and the prepara­
tion and testing of reagents.

From page 47 to page 96 are to be found directions for 
the determination of a very wide selection of cations. 
Besides all the common metals for which methods are 
given, one finds directions for the determination of many 
of the less familiar ones, such as scandium, cerium, yttrium, 
gallium, indium and the platinum metals. In this sec­
tion, it is worthwhile to note that the author has seen fit 
to give methods of quantitative separation of cations which 
commonly occur together. I t  is interesting to see that 
considerable reference is made to the use of organic 
reagents as precipitants for many cations.

From page 97 to page 130 is a section on electroanalysis 
including theory, directions for the determination of 
eighteen separate metals by electrolysis, and methods of 
separating eleven of these from other ions likely to be 
present.

There follows from page 131 to page 142 a section on the 
assay of the noble metals. Here the principle of cupella- 
tion is discussed and methods are given for the estima­
tion of all the noble metals usually determined by this 
method.

From page 142 to page 170 are to be found excellent 
directions for the separation and determination of all the 
common and some of the less common anions. The re­
viewer feels that this section alone would be sufficient to 
make it advisable to include this book in his library.
. Pages 170 to 194 are devoted to distillation methods of 
separation and analysis. Here again are found worth­
while discussions not usually included in reference books of 
quantitative analysis.

The next section, pages 194 to 202, is devoted to ele­
mentary analysis which includes the determination of 
carbon, hydrogen, nitrogen, the halogens and sulfur. 
Both macro and micro methods are given.

The final section of the book, page 203 to page 259, is de­
voted to gas analysis. Not only the more common gases, 
but many of the less common, such as ethylene oxide, iron 
pentacarbonyl, nickel tetracarbonyl and butadiene, are 
included in the methods given. A page devoted to the 
determination of dust in gases shows the diversity of the 
subject matter covered.

The book is concluded with tables of gravimetric fac­
tors and logarithms.

The reviewer was well pleased with the editing and print­
ing of the book. The binding of the reviewer’s copy was 
poor.

Those who have a good fundamental training in analyti­

cal chemistry will welcome this book as being a good place 
to go to get information concerning methods. I t  is 
primarily a book for analytical chemists rather than for 
chemical analysts. I t is one that should find its place in 
every reference library and on the desk of every analytical 
chemist.

Chester M. Alter

Annual Review of Biochemistry. Vol. VII. By James 
Murray Luck, Editor, and Carl R. N oller, Associate 
Editor, Stanford University. Annual Reviews, Inc., 
Stanford University P. O., California, 1938. ix -f- 571 
pp. 16 X 23 cm. Price, $5.00.

A new group of authors compiled volume seven of this 
series, including English, German, Swiss, Danish and 
Australian, as well as American contributors. Subjects 
covered in one or more of the preceding volumes, and the 
authors of each include: Biological Oxidations and Re­
ductions, by L. Michaelis and C. V. Smythe; The Chemis­
try of the Carbohydrates and the Glycosides, by E. F. 
Armstrong; The Chemistry of the Acyclic Constituents of 
Natural Fats and Oils, by G. S. Jamieson; The Chemistry 
of Amino Acids and Proteins, by M. Bergmann and C. 
Niemann; The Chemistry and Metabolism of the Com­
pounds of Phosphorus, by K. Lohmann; Carbohydrate 
Metabolism, by H. E. Himwich; Fat Metabolism, by F. 
Verzar; Metabolism of Amino Acids and Proteins, by 
H. A. Krebs; The Metabolism of Creatine and Creatinine, 
by K. Thomas; The Hormones, by O. Wintersteiner and
P. E. Smith; Nutrition, by H. H. Mitchell; The Bio­
chemistry of Muscle, by E. Lundsgaard; Liver and Bile, 
by A. C. Ivy and L. A. Crandall, Jr.; Animal Pigments, 
by R. Lemberg; The Terpenes, Saponins, and Closely 
Related Compounds, by W. A. Jacobs and R. C. Elder­
field; The Chemistry of Bacteria, by W. H. Peterson and
M. J. Johnson; Growth Regulators in the Higher Plants, 
by P. Boysen Jensen.

The vitamin chapter of the earlier volumes was divided 
in volume seven into three sections as follows: The Vita­
min B group, by R. A. Peters and J. R. O’Brien; Vitamin 
C (Ascorbic acid, Cevitamic acid), by R. A. Peters and 
H. W. Davenport; the Fat-soluble Vitamins, by J. C. 
Drummond. The discussion of enzymes was narrowed 
down this year to The Chemistry of the Crystalline 
Enzymes, prepared by J. H. Northrop and R. M. Herriott. 
Pepsin, trypsin and chymotrypsin, carboxypeptidase, 
papain and a number of redox enzymes are covered in this 
review. Two wholly new topics, viz., Acid-Base Metabo­
lism, by J. Sendroy, Jr., and Organic Insecticides, by F. B. 
LaForge and L. N. Markwood are also reviewed in the 
current volume.

As heretofore, this review is a veritable mine of useful 
information respecting contemporary biochemical progress. 
One senses that each contributor has made a real effort to 
select carefully the useful material in his field, and pre­
sent it in an adequate manner. The editors have made a 
careful selection of contributors, and have arranged and 
indexed the volume in a form which facilitates its use.

C. H. Bailey
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T h e Standardization  of V olum etric Solutions. By R. B.
Bradstreet, B.S., formerly Analytical Chemist, U. S. 
Rubber Products Co. Chemical Publishing Company of 
New York, Inc., 148 Lafayette St., New York, N. Y., 
1938. v +  126 pp. 14 X 21 cm. Price, $3.00.

T h e Solution  of P rob lem s in  Q uantitative A nalysis. By
Saul B. Arenson. Professor of Inorganic Chemistry, 
University of Cincinnati. Edwards Brothers, Inc., 
Ann Arbor, Mich., 1938. iv +  41 pp. 21.5 X 27.5 
cm. Price, $0.35.
Bradstreet’s book on Volumetric Solutions begins with a 

brief survey of definitions, standard substances, possible 
sources of error, calibration of apparatus, and choice of in­
dicators, and then offers a collection of standardization 
methods for many of the more common quantitative ana­
lytical reagents: hydrochloric and sulfuric acids, sodium, 
potassium, barium and ammonium hydroxides, thio­
cyanate, silver nitrate, potassium ferrocyanide, iodine, 
sodium thiosulfate, permanganate, dichromate, ferrous 
salts, arsenious oxide, potassium iodate, ceric sulfate, Wijs 
and Hanus solutions, Chloramine T, hypochlorites, titan- 
ous salts and various indicators (with appendix tables). 
For each reagent there is given a brief discussion of its 
advantages and shortcomings, procedure for preparing 
the solution, and the various accepted standardization 
methods. The critical discussion is brief, well documented 
and in most cases reasonably complete and modern. 
Mechanically the little book is well made but is a good 
example of the evils of low-cost production (without the 
usual argument of low purchase price), being plate-printed 
from not too well arranged typewritten copy, which is 
liberally punctuated with errors (Faulk for Foulk, Yound 
for Young, Hammet for Hammett, as well as plain spelling 
and typing errors), and inconsistent and unorthodox 
abbreviations.

In the second title, Professor Arenson attacks a very real 
problem, and in chapters entitled: Computations, Gravi­
metric Analysis, Normal Solutions of Acids and Bases, 
Normal Solutions in Oxidation and Reduction, Precipita­
tion Titrations, he gives, in conversational conference style, 
discussions of methods, illustrative examples and numerous 
problems in each of the five groups listed. Although the 
scope of the work and the treatment of topics are, in gen­
eral, less complete as compared with Wilkinson’s text 
[This Journal, 60, 1516 (1938)], this neatly lithoprinted 
book will be of considerable help to students wrestling 
with Quantitative Analysis calculations.

Allen D. Bliss

A bout P etro leu m . By J. G. Crowther. Oxford Uni­
versity Press, 114 Fifth Avenue, New York, N. Y., 
1938. xiv +  181 pp. Illustrated. 14 X 22.5 cm. 
Price, $2.25.
This is a very carefully written little book. I t  is some­

thing of a relief to find that, as Mr. Crowther has demon­
strated, it is possible to write about petroleum without 
borrowing the showmanship of the promoter, the hyperbole 
of the high pressure salesman, or the moronic sensational­
ism of the tabloids.

I t may seem deadly serious to some readers, but at any

rate it is packed with information, which to the reviewer 
appears to be authentic and well selected. In such a small 
book restricted to technical and scientific information it is 
not surprising that there are many terse statements which 
merely whet the reader’s appetite for more. In view of the 
political occurrences in Europe in September, 1938, it is of 
interest to note the following statements by Mr. Crowther: 

“Large countries such as the United States are being in­
tegrated into units by the swift communications of air 
transport. The attitude of Englishmen toward other 
nations, and their conception of the role of England among 
the nations, are changing swiftly since London came within 
half an hour’s journey of other lands.”—And, “the import­
ance of oil to industries and military forces, has given pe­
troleum great political significance. The desire for oil is 
now one of the more important of the motives which guide 
the diplomatic and military policies of modern nations.” 

“About Petroleum” is well worth reading by teachers 
of chemistry and engineering as well as business men as 
showing the extent to which science of the most diverse 
branches has permeated and become vital to the modern 
petroleum industry. The research man in so-called pure 
science will note with satisfaction the following:

“The solution of the wider problems of the petroleum 
industry does not depend merely on the advance of the 
science of petroleum, but on the advance of pure science 
itself. The industry will have to inspire, for its own ulti­
mate benefit, the creation of new branches of pure science.”

B . T . B r o o k s

Library G uide for the C hem ist. By Byron A. Soule, 
Sc.D., Assistant Professor of Analytical Chemistry, 
University of Michigan. McGraw-Hill Book Company, 
Inc., 330 West 42d Street, New York, N. Y., 1938. 
xiii +  302 pp. 14.5 X 21.5 cm. Price, $2.75.
Here is a book for students written by a teacher who 

realizes the special value of including among things learned 
in college a knowledge of where and how to look for further 
information as needed. A good deal of information is 
given about “where” but the emphasis is on “how,” on 
which emphasis is needed. The text is primarily a “guide 
to the use of keys and summaries.”

The early chapters reveal the general trend in the de­
velopment of chemical literature. After chapters on the 
arrangement of a library and on card catalogs, the inves­
tigators themselves are considered (biography), then their 
original reports (journals), next the initial summaries of 
their articles (abstracts), then the periodic digests (annual 
reviews), followed by surveys of smaller divisions within a 
field (monographs) and finally by synopses as assembled in 
large compendiums (encyclopedias). Then specialized 
reference books and tables of constants, “the last step in 
condensation,” are classified as inorganic, organic, analyti­
cal and physical and considered in this order. Finally 
the patent literature, government publications and the 
writing of reports are discussed.

The book is filled with interesting tables compiled in a 
manner which should be effective for students. These 
are often not complete but the book does not pretend to be 
a complete catalog of source material. The tables on 
yearbooks and on monograph series are good examples.
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The inclusion of an early chapter on biography was a 
happy thought, for chemical literature is largely a record 
of the achievements of earnest investigators, many of them 
great men, and such a beginning should help to inspire 
student interest. There is great value in becoming ac­
quainted with the masters.

Another pleasing feature of this book- is the author’s 
practice of including at the beginnings of chapters perti­
nent “sayings” of others. These lend an authoritative 
kind of emphasis and seem appropriate in a book on litera­
ture even though it be scientific literature.

The author has a knack of writing short, simple defini­
tions, such as “An abstract is essentially an annotated 
reference.” Any lack of precision is remedied by sur­
rounding discussion.

“Experiments have settings.” The author’s discussion 
of this fact reveals a good comprehension of the limitations 
of words and combinations of words in records as well as of 
the limitations of those who use words in making the rec­
ords. This understanding adds much value to Doctor 
Soule’s discussion of indexes and their use. This portion 
of the book could well be expanded, however, for an un­
derstanding of the characteristics of indexes and of their 
use is of primary importance in literature searching. 
The book would gain in value if its own index provided a 
better example. I t  is a pretty good index as indexes go 
but it has too many of the characteristics of word indexing 
as opposed to subject indexing. For example, there is a 
group of alphabetically arranged entries under the heading 
“Patent” and then a little farther on a similar group under 
the heading “ Patents,” the only difference apparently be­
ing that the singular word was used part of the time in the 
text and the plural part of the time. There is some 
scattering, as an entry “Government publications” in the 
G’s and a separate entry “Publications, foreign govern­
ment” in the P ’s, entries under “Periodicals” and a sepa­
rate entry “Journal appraisal,” etc. The inclusion of 
word-for-word book titles in the index has largely been re­
sponsible for such a scattering as that indicated by the 
following index entries:

Analytical chemistry, conductometric 
Conductometric analysis 
Electrometric analysis
Quantitative analysis, electrolytic methods 
Electrolytic analysis 
Potentiometric analysis 
Potentiometric titration

Perhaps the use of italic letters for book-title entries, if 
they are not to be grouped under headings designating sub­
jects, would improve the situation. The use of more 
cross references would be helpful.

Patents are discussed a t length, both as to their legal 
aspects and as to their role as scientific literature. Direc­
tions for making patent searches are also given. These 
are particularly thorough chapters.

Your reviewer finds himself wondering a little whether 
he has a touch of Jehovah complex when it comes to things 
American or the author has a modicum of complex of the 
bovine variety so that the grass looks a little greener to him 
on the other side of the fence—or ocean. Perhaps neither 
is true.

Your reviewer yields to no man when it comes to the 
making of curious mistakes (other kinds, too) and so hesi­

tates to refer to one in a book which seems to be quite free 
from mistakes but cannot resist mentioning that the 
journal he edits is referred to by Doctor Soule as a “bi­
monthly appearing on the tenth and twentieth.”

■ The first sentence in this book’s preface is: “The litera­
ture of chemistry is probably more adequately classified, 
more thoroughly indexed, and more consistent in termin­
ology than that of any other science. ’ ’ Even so the search­
ing of chemical literature is a complex and difficult matter. 
None can afford to neglect to learn where and how to look 
and Doctor Soule’s book should prove to be very useful 
indeed in helping students to learn this art. Doctor Soule 
has done a good job.

E. J. Crane

(I) Le Rapport entre la Spectroscopie et les Reactions 
initiêes par la Lumière. (Spectroscopy and Photo­
chemical Reactions.) By W. Albert N oyes, Jr . 
(II) The Determination of the Mechanism of Photo­
chemical Reactions. By Philip A. Leighton. ( I ll)  
The Photochemistry of the Halogens. By Gerhard
K. Rollefson. Hermann et Cie., Éditeurs, 6 Rue de la 
Sorbonne, Paris, France, 1937-1938. 45 pp. 72 pp. 
53 pp. 16.5 X 25.5 cm.
These three booklets, published under the direction of 

the first-named author, outline the present status of the 
subject. The first discusses typical primary photochem­
ical processes from the standpoint of the spectral charac­
teristics of photolytes. With a minimum of mathematics 
it achieves an exposition of modern theory which is a t 
once sound and clear. The next deals with secondary 
reactions evoked by atoms, free radicals and excited mole­
cules resulting from primary acts. Ammonia and hy­
drazine, halogens reacting upon the ethylenic linkage, 
oxygen and ozone, are critically discussed to illustrate the 
possibilities of kinetic reasoning as well as the pitfalls 
involved. The third supplies a coherent interpretation 
of the chief photochemical reactions of the halogens, in­
cluding the author’s extensive work upon them.

Pending the expected appearance of two, more compre­
hensive, books on the subject, these contributions are of 
very real value to French and American readers alike.

George S. Forbes

The Metabolism of Living Tissues. By Eric H olmes, 
M.A., M.D., Fellow and Tutor of Downing College and 
University Lecturer in Biochemistry. Cambridge Uni­
versity Press: The Macmillan Company, 60 Fifth
Avenue, New York, N. Y., 1937. xi +  235 pp. 13 X 
19 cm. Price, $2.25.
Sir Frederick Hopkins in a foreword to this book points 

out that its “primary a im .. .is to provide an adequate sur­
vey of all that is most significant in our present knowledge 
of the dynamic side of biochemistry. Its author has had a 
wide experience as a teacher of the subject, and writes with 
a full understanding of the needs of the student. In  my 
opinion he here supplies a need which is real. ’’

“The Metabolism of Living Tissues” cuts across the 
boundary sometimes set up between physiology and bio­
chemistry. The tools of modern biochemical research are
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described in general terms. Three early chapters are 
devoted to enzymes, oxidations and oxidation-reduction 
potential, while two of the concluding chapters are con­
cerned with hormones and vitamins. Other chapters deal 
with metabolic processes in the liver, in the kidney, in 
voluntary and cardiac muscles and in the nervous system.

The lucid explanation of the dependence of intermediary 
carbohydrate metabolism on coordinated functions of 
liver, muscles, adrenals, pancreas and pituitary should 
prove useful to students of physiology. Placing the em­
phasis on living tissues rather than on dead materials 
should stimulate the interest of students of biochemistry. 
I t  is among the books recommended for undergraduates in 
biochemical sciences at Harvard.

I t  is devised for the young student rather than for the 
research worker. There is a detailed subject index but no 
references to literature are given; hardly half a dozen 
biochemists are named, and two of these names, Hagedorn 
and Jensen, are spelled incorrectly. Otherwise there are 
almost no typographical errors.

David B. D ill

Experiments in Organic Chemistry. By Lucius Junius 
D esha, Professor of Chemistry, and Larkin Hundley 
Farinholt, Associate Professor of Chemistry, Washing­
ton and Lee University, McGraw-Hill Book Company, 
Inc., 330 West 42d Street, New York, N. Y., 1938. 
xi +  233 pp. 24 figs. 14.5 X 21 cm. Price, $1.75.
As the authors state in their preface, “The purpose of 

this manual is to provide a program of laboratory work 
closely correlated with Desha’s textbook Organic Chemistry. 
I t  is justified by the distinctive order of presentation 
adopted in that text. . . . ” This consists of a parallel 
study of aliphatic and aromatic compounds, which is es­
pecially advantageous for a laboratory course. The 
manual contains almost no descriptive material, but 
specific references to the textbook head each experiment. 
The result is a concise set of directions for most of the syn­
theses commonly included in a beginning laboratory 
course and for an unusually large number of small scale 
tests. Among these the experiments entitled “General 
Methods of Forming Double Bonds,” “Rearrangements” 
and “Tautomerism” seem new and especially interesting. 
There is no introductory chapter on manipulation, but 
each operation is described in the first experiment in which 
it is used.

Throughout the book emphasis is placed on the identi­
fication of organic compounds; a final chapter (23 pages), 
describes the standard procedure and refers the student to 
the small scale tests of the earlier parts. These include 
the preparation of most of the derivatives commonly used. 
I t  has recently been recognized that such material can be 
profitably included in a beginning laboratory course. 
However, in this manual so much emphasis is placed upon 
identification that the synthetic side of the subject is some­
what overshadowed. This is apparent not in omission of 
synthetic material, but in the absence of all descriptive 
matter and study questions which would serve to orient a 
particular compound, emphasize the side reactions in its 
preparation and present the limitations of the general 
reaction being studied. References to a textbook written

primarily from a theoretical viewpoint do not throw much 
light on this practical aspect of the problem. This con­
stitutes the principal shortcoming of an otherwise well 
planned and well written book.

Thomas L. Jacobs

Gmelins Handbuch der anorganischen Chemie. (Gme- 
lin’s Handbook of Inorganic Chemistry.) Edited by R. 
J. Meyer. Eighth edition. System-Number 63, Ru­
thenium. Issued by the Deutsche Chemische Gesell­
schaft. Verlag Chemie, G. m. b. H., Corneliusstrasse 3, 
Berlin W 35, Germany, 1938. 124 pp. 17 X 25 cm. 
Price, RM. 16.50.
The publishers of the Gmelin Handbook state that this 

volume on Ruthenium constitutes the first installment 
of the complete Monograph on the platinum group metals, 
and that subsequent installments will follow in rapid 
succession. This is certainly welcome news to the inor­
ganic chemist, as several decades have passed since the 
appearance of the corresponding volume in the last edi­
tion of the Gmelin Handbook. The “system number” of 
ruthenium (63) is not exceeded by those of any other ele­
ments except the members of the platinum group, so that 
practically all the compounds of ruthenium, with their 
chemical elements, are included in this volume.

Arthur B. Lamb

A Manual of Radioactivity. By George Hevesy, Copen­
hagen, and F. A. Paneth, London. Second • edition, 
completely revised and enlarged. Translated by Robert 
W. Lawson, Sheffield. Oxford University Press, 114 
Fifth Avenue, New York, N. Y., 1938. xvi +  306 pp. 
54 figs. 16 X 24 cm. Price, $5.50.
Much has happened in the field of nuclear chemistry 

since the appearance of the first English edition of this 
book in 1926 (This Journal, 49, 305 (1927)). This is 
reflected in the excellent revision and expansion of the 
present second edition.

I t  is not only the subject matter in this field which has 
been enriched by the discovery of artificial radioactivity 
and of two new fundamental particles, but the entire 
philosophy of elements has undergone a remarkable revo­
lution. A theory of nuclear stability and disintegration 
has been perfected. The new artificially radioactive ele­
ments are already more numerous than all of those previ­
ously known in the three natural families. Several new 
types of disintegration have been found among the new 
elements.

All of this, however, fits into the framework of the 
periodic system and the displacement law as it existed 
since 1913 and to which one of the authors made substantial 
contributions.

Four entire new chapters have been added and enough 
other new material to increase the total length from two 
hundred and fifty to four hundred pages. Nevertheless, 
the book has retained its character of a very readable and 
useful manual of radioactivity.

Some literature references have been added a t the end of 
chapters, which is a very acceptable innovation, but still 
falls short of the value derived from complete literature
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references. The historical survey a t the end has been re­
tained and brought up to date. The more recent progress 
in all of the important fields is recorded. The tables of 
isotopes—radioactive and stable—and of the artificial 
radioactive elements and their properties are excellent.

S. C. Lind

Lehrbuch der Pharm akologie, Toxikologie und A rznei- 
verordnung. (T extbook of Pharm acology, Toxicology  
and Prescription W riting.) By Dr. med. Emil Stark- 
enstein, Professor in the Dutch University in Prague. 
Verlag Franz Deuticke, Helferstorferstrasse 4, Wien I, 
Germany, 1938. xi +  758 pp. Illustrated. 17.5 X
25.5 cm. Price, RM. 20; bound, RM. 23.
This textbook is intended for medical students studying 

pharmacology. After a brief introduction in which the 
topics of general pharmacology, general toxicology and 
the place of pharmacology in practical therapeutics are 
discussed, the so-called special pharmacology is taken up 
and treated on the basis of physiological systems more or 
less in accordance with the scheme first used by Gottlieb 
and Meyer in their well-known textbook. The treatment 
of the various topics appears to be quite satisfactory and 
to take in account recent advances; a more complete ac­
count is given of the chemistry of the digitalis glucosides 
than is found in current textbooks and the sections on the 
hormones and vitamins are particularly good. No refer­
ences are given, which detracts in many ways from the 
value of the book. The book will not appeal to American 
students, and will serve only as a textbook for a limited 
group.

E . K . M a r s h a l l , J r .

Inorganic Colloid C hem istry. V olum e III. T he Col­
loidal Salts. By Harry B oyer Weiser, Professor of 
Chemistry at The Rice Institute. John Wiley and 
Sons, Inc., 440 Fourth Avenue, New York, N. Y., 
1938. viii +  473 pp. 74 figs. 15.5 X 24 cm. Price, 
$6.00.
Weiser’s three volumes constitute the readiest and most 

modern and complete reference works to the information 
extant with regard to the various inorganic colloids. 
They are so clearly and pleasantly written, and so well and 
thoroughly documented, that any of them serve as a 
text, although necessarily incomplete, from which to 
gather the theories and applications of colloid science aris­
ing from the materials studied. Many important theories 
are discussed for their own sake. Interesting accounts are 
also given of many technical materials, such as plaster of 
Paris, inorganic pigments, halides in photography, soil 
colloids, base exchanging silicate gels, and cements. “The 
first portion of each section is concerned with a critical 
survey of the conditions of formation and the general 
characteristics of the individual salts in the colloidal state; 
and the second portion, with the principles underlying their 
applications.” I t  is to be hoped that as the subject ad­
vances we may look forward to further revisions of the 
three volumes.

Throughout the text divergences of opinion are quoted. 
In many cases the reader must ask why no investigator

has established the facts in question which would be de­
cisive. Presumably the answer lies in the enormous extent 
of the field compared with the number of available workers 
in any part of it. Students will note the many opportuni­
ties thus afforded for further useful research.

Professor Weiser has rendered an important service in 
compiling and discussing the information so far obtained 
with regard to all inorganic substances, elements (Vol. I), 
oxides and hydroxides (Vol. II), and now in the present 
Vol. I l l  all remaining inorganic compounds in the colloid 
condition.

J . W . M cB a i n

L es C lassiques de la  D écou verte Scientifique. Gauthier- 
Villars, Éditeur, 55 Quai des Grands-Augustins, Paris 
VIe, France, 1938. 13.5 X 19 cm. Les Métaux Légers:
Aluminium, Glucinium, Magnésium, Métaux Alcalins 
Mémoires de Henri Sainte-Claire Deville, Heroult, 
Bussy, Gay-Lussac, Thénard. Préface par L é o n  
Guillet. xix +  166 pp. La Dissolution. Mémoires 
de Lavoisier, Gay-Lussac, Loewel, Gernez, Lescoeur, 
Raoult. Préface par Henry Le Chatelier. xvii +  
148 pp. Détermination des Poids Moléculaires. Mém­
oires de Avogadro, Ampère, Raoult, van’t Hoff, D. 
Berthelot. Avant-propos par R. Lespieau. xvii +  
165 pp. Halogènes et Composés Oxygénés du Chlore. 
Mémoires de Scheele, Berthollet, Gay-Lussac et Thén­
ard, Davy, Balard, Courtois, Moissan, Millon. Avant- 
propos par A. D amiens, xiv +  147 pp. Price, each, 
21 francs.
The great majority of chemists read only the current or 

recent literature; unlike their literary brethren they know 
the classics of their field only by repute or in the abstracts 
found in textbooks. This series of Famous Scientific 
Papers makes accessible quite a few historically important 
papers collected into handy sized volumes each dealing 
with a broad topic. The Académie des Sciences has done 
the chemical world a real service by supporting this col­
lection, which is planned to include 15 volumes. Some of 
these have already been reviewed in the Journal.

Unlike the Alembic Club Reprints or the Ostwald’s 
Klassiker no translations were specially prepared for these 
volumes, only such material was used as was already avail­
able in French. Consequently few non-Gallic writers are 
included and the impression is gained that this project is, 
in part, an attempt to glorify the achievements of the 
French chemists. Some of the volumes give a rather 
complete coverage, others contain obvious gaps. None­
theless these collected essays are extremely interesting and 
valuable; many little known facts can be gleaned from their 
pages. Students and teachers will profit from reading 
these records of fundamental discoveries related by master 
chemists.

Each volume has a good preface by a competent au­
thority; full page likenesses of most of the writers are 
given along with brief biographical sketches. The printing 
is nicely done on fairly good stock, the covers are paper. 
These economies are reflected in the extremely modest price. 
I t would be a boon if an American or English publisher 
could put out comparable volumes at this price level.

Ralph E. Oesper
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Molecular Beams. By R . G. J. F r a s e r , Ph.D., Imperial 
Chemical Industries, Limited. Chemical Publishing 
Company of New York, Inc., 148 Lafayette Street, New 
York, N. Y., 1938. ix -f 70 pp. 22 figs. 10.5 X 17.5 
cm. Price, $1.25.

In this monograph the author reviews briefly the most 
significant work published in this field since the appearance 
in 1931 of his longer monograph on Molecular Rays for the 
Cambridge Series of Physical Chemistry. The present 
booklet is, however, not merely a report of new work; it is 
a highly condensed outline of the entire field with a descrip­
tion “ in something like adequate detail of its more fruitful 
areas only.”

The chapter headings are “Molecular Beams,” “Gas 
Kinetics,” “Magnetic Moments,” and “Electric M o­
ments.” The most important extension beyond the 1931 
treatment occurs in the third chapter, in which the notable 
contributions of I. I. Rabi and co-workers, and those of O. 
Stern and collaborators, are reviewed under the sub-title 
“ Nuclear Spins and Magnetic Moments.” The author’s 
own recent contribution to the molecular ray study of free 
radicals receives brief notice in the first chapter, and his 
contribution to the study of molecular scattering by the 
method of crossed beams is set forth in the second chapter. 
There are approximately sixty references to the literature 
of date more recent than 1931.

As to the presentation, the author’s aim would seem to 
be a t preciseness of statement together with utmost econ­
omy of words; and his style approaches to the happy state 
referred to in the dedicatory note: namely, that of being 
(like the molecular ray itself) “unidirectional and collision- 
free.”

T. E. Phipps

Dipole Moments. Their Measurement and Application 
in Chemistry. By R .  J. W. L e  F e v r e , D.Sc., Ph.D.,
F.I.C., Lecturer in Chemistry, University College, Lon­
don. Chemical Publishing Company of New York, 
Inc., 148 Lafayette Street, New York, N. Y., 1938. v +  
110 pp. 28 figs. 10.5 X 17.5 cm. Price, $1.50.
Two books on dipole moments now appear after a period 

of several years during which only reviews in journals or 
chapters in larger works have been devoted to the subject 
in English. Actually, the present small volume has no 
greater content than might be expected of a chapter in a 
treatise, but, without attempting completeness, it deals 
with the major methods and problems of the subject. It 
presents the fundamentals of the theory of dielectrics and 
the methods by which the dipole moment is calculated. A 
general outline of the experimental methods for obtaining 
the data necessary for the calculation of the moment in­
cludes a detailed account of the method of dielectric con­
stant measurement used by the author. An excellent 
summary of the various attempts to treat the solvent effect 
in dipole moment measurements is followed by the longest 
chapter of the book, which describes classical examples of 
the solution of structural problems through dipole mo­
ments and discusses the relation of moment values to 
various recent questions of molecular structure. The book 
closes with brief chapters on “Intramolecular Rotation and

Flexibility of Molecules” and “Some Anomalous Dipole 
Moments” and a table of moment values selected for the 
most part from the appendix to the “Transactions of the 
Faraday Society,” Volume 30, 1934.

The presentation of the material is smooth, clear and 
authoritative and should prove admirable for a senior, a 
graduate student, or an older chemist wishing to find out 
something about dipole moments. The investigator 
directly concerned with the determination or interpretation 
of moments will probably find, by the slight exertion of 
reading an easily readable book, useful comments or refer­
ences to recent literature which may have escaped his a t­
tention, but cannot expect an exhaustive treatment of any 
particular topic, as reference is made to only a fraction of 
the dipole moment papers in the literature. Frequently, 
only the work done in England on a particular problem is 
mentioned when it is sufficient to show the argument and, 
not unnaturally, the problems investigated in England are 
emphasized. I t  is rather surprising to an American reader 
to note the seemingly scrupulous care with which use of the 
word “resonance” and mention of Pauling’s work in this 
field are avoided. Although there is mention of “canonical 
structures,” “mesomerism” appears to replace the phe­
nomenon of “resonance.” One should not, however, a t­
tempt a detailed criticism of so brief a book, for within the 
limitations imposed by its small size, it may be regarded as 
extremely successful.

Charles P. Smyth

Crystal Chemistry. By Charles W. Stillwell, Ph.D.,
Research Chemist, Dennison Manufacturing Company.
McGraw-Hill Book Company, Inc., 330 West 42nd
Street, New York, N. Y., 1938. x +  431 pp. 72 figs.
14.5 X 21 cm. Price, $4.50.
The study of crystalline substances has today reached 

such large proportions that it is coming to be treated in sev­
eral independent parts: for example, first the concepts and 
language of crystal geometry; second, the several tech­
niques for its study and their practical applications; 
third, the compilation of the geometrical constants of 
known crystals; fourth, analysis of these results, their 
bearing on the general subject of the atomic structure of 
matter, and their correlation with physical and chemical 
properties. In the absence of single volumes or treatises 
which cover all of these divisions, books like the present 
one, which belongs in the fourth category mentioned, are 
to be welcomed.

This book, like Hassel’s book of the same name (re­
viewed in This Journal, 57, 964 (1935)), interprets the 
results of crystal structure studies for chemistry students. 
I t is intended as a text or as a point of departure for a more 
thorough study of the field, and may be expected to prove 
useful in modernizing courses in inorganic chemistry.

The volume begins with a discussion of the sizes of atoms 
and ions, and how they vary with environment in crystals. 
There follow two valuable chapters, one on the structures 
and properties of the elements, with a treatment of the 
metallic state, the other on the nature of alloys. In the 
next three chapters on the structures and properties of 
binary and ternary compounds, the subject of ionic and 
covalent bonds is taken up. The principles thus outlined
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are applied in the following chapters on silicates, including 
a discussion of inorganic glasses; on Werner compounds; 
on isomorphism, mixed crystals and polymorphism; and 
on organic crystals. The two concluding chapters on 
natural and synthetic fibers are of technical as well as 
general interest.

As illustrating what is in the book, on p. 330 there is an 
interesting rationalization of the composition of dental 
enamel; on p. 390 the mechanism of the permanent wave is 
explained. Throughout the book is much of the fertile 
work of V. M. Goldschmidt, which is otherwise quite in­
accessible.

As illustrating what is not in the book, on p. 178 it is 
not indicated that CsCl has the NaCl structure at high 
temperatures, nor that the potassium halides have the 
CsCl structure a t high pressures. From the lack of 
mention of silicate glass fibers in the last chapters one 
might conclude, contrary to common sense, that they are 
not fibers at all because they lack the internal structure 
of the fibers included in the discussion. There is much on 
the thermodynamic and mechanical properties of crystals, 
but nothing on their optical properties.

The style is generally stimulating, sometimes obscure. 
The index is rather brief. The format is the excellent one 
of the International Chemical Series.

C. D . W e s t

BOOKS RECEIVED
October 15, 1938-November 15, 1938

R. B. Bradstreet. “The Standardization of Volumetric 
Solutions/’ Chemical Publishing Company of New 
York, Inc., 148 Lafayette St., New York, N. Y. 126 
pp. $3.00.

Oscar L. Brauer. “Chemistry and its Wonders.” 
American Book Co., 88 Lexington Ave., New York, N. 
Y. 760 pp. $2.00.

Oscar L. Brauer. “Exploring the Wonders of Chemis­
try .” American Book Co., 88 Lexington Ave., New 
York, N. Y. 246 pp. $0.48.

Émile M onnin Chamot and Clyde Walter Mason. 
“Handbook of Chemical Microscopy.” Vol. I. Second 
edition. John Wiley and Sons, Inc., 440 Fourth Ave., 
New York, N. Y. 478 pp. $4.50.

Arnold Eucken. “Lehrbuch der chemischen Physik. 
I Band. Die korpuskularen Bausteine der Materie.” 
Second edition. Akademische Verlagsgesellschaft m. b. 
H., Sternwartenstrasse 8, Leipzig C 1, Germany. 717 
pp. RM. 38; bound, RM. 40.

John T. Fotos and John L. Bray. “German Grammar 
for Chemists and Other Science Students.” John Wiley 
and Sons, Inc., 440 Fourth Ave., New York, N. Y. 323 
pp. $2.25.

C. C. Hedges and H. R. Brayton. “The Application of 
Chemistry to Agriculture.” D. Appleton-Century Co., 
35 West 32d St., New York, N. Y. 238 pp. $2.00.

Karl Jellinek. “Kurzes Lehrbuch der physikalischen 
Chemie.” Vol. I. M. E. Kluver, Deventer, Holland. 
314 pp. Dutch fl. 8.50.

Wolfgang Langenbeck. “Lehrbuch der organischen 
Chemie.” Verlag von Theodor Steinkopff, Residenz­
strasse 32, Dresden-Blasewitz, Germany. 537 pp. 
RM. 15.

Philip A. Leighton. “The Determination of the Mecha­
nism of Photochemical Reactions.” Hermann et Cie., 
Éditeurs, 6 Rue de la Sorbonne, Paris, France. 72 pp.

Hans M eyer. “Analyse und Konstitutionsermittlung 
organischer Verbindungen.” Verlag von Julius Springer, 
Linkstrasse 22-24, Berlin W 9, Germany. 886 pp. 
RM. 57; bound, RM. 59.70.

Gerhard K. R ollefson. “The Photochemistry of the 
Halogens.” Hermann et Cie., Éditeurs, 6 Rue de la 
Sorbonne, Paris, France. 53 pp.

Vladimir R ojansky. “Introductory Quantum Mechan­
ics.” Prentice-Hall, Inc., 70 Fifth Ave., New York,
N. Y. 544 pp. $5.50.

Erich Vincke. “Vitamine und Hormone und ihre tech­
nische Darstellung. III. Darstellung von Hortnon- 
praparaten (ausser Sexualhormonpraparaten).” Verlag 
von S. Hirzel, Königstrasse 2, Leipzig C 1, Germany. 
162 pp. RM. 7.50.

Robert P. Walton. “Marihuana, America’s New Drug 
Problem.” J. B. Lippincott Co., 226 South Sixth 
St., Philadelphia, Pa. 223 pp. $3.00.

Conrad Weygand. “Organisch-chemische Experimen- 
tierkunst.” Johann Ambrosius Barth, Salomonstrasse 
18B, Leipzig C 1, Germany* 772 pp. RM. 43; bound, 
RM. 45.
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ADDITIONS AND CORRECTIONS

N otice to Readers.—For the convenience of those who 
wish to cut out the corrections and attach them to the 
margins of the articles corrected, they have been printed 
upon one side of the page only.

1933, Vol. 55

M. S. Kharasch and F. R. Mayo. The Peroxide Ef­
fect in the Addition of Reagents to Unsaturated Com­
pounds. I. The Addition of Hydrogen Bromide to Allyl 
Bromide.

Page 2485. In  Fig. 2, percentage by volume (rather 
than mole fraction) of allyl bromide should have been 
plotted against the index of refraction of mixtures. Had 
this been done, deviations of the curves from straight lines 
would have been insignificant.

Page 2487. In  experiment 217 of Table XV, aqueous 
potassium dichromate was used as color filter.

Page 2488. In  line 3, insert “this” between “and” and 
“dibromide.”

Page 2492. In  line 7 from the bottom of the page, 
XVIIIC should be XVIII-C.—M. S. Kharasch.

1935, Vol. 57

Leo A. Flexser, Louis P. Hammett and Andrew Ding­
wall. Determination of Ionization by Ultraviolet Spec­
trophotometry.

Page 2106. In Table I the seventh item in the second 
column should read “1250” instead of “ 1350,” and the 
corresponding item in the last column “4.09” instead of 
“3.92.” The average pK  should be “4.18 =*= 0.09” instead 
of “4.16 =*= 0.11.”—Louis P. Hammett.

1937, Vol. 59

William G. Young, Zene Jasaitis and Leo Levanas.
Investigations on the Stereoisomerism of Unsaturated 
Compounds. III. The Preparation of the cis and trans 4- 
Octenes.

Page 406. In  column 2, lines 3 and 7, for “20-20.5°,” 
read “ 120-120.5°.” Also in line 7 for “62.9 mm.” read 
“62.9°.”—William G. Y oung.

Russell Bliss Akin and Marston Taylor Bogert. The
Synthesis of 1,4-Dim ethyl-6,7-met hylenedioxyphen-
anthrene and of Certain Substituted 9,10-Dimethyl-l,2,-
5,6-dibenzanthracenes.

Page 1567. In  column 1, line 10, for “(2.94 g.)” read 
“(29.4 g.).”—Marston T. B ogert.

Arthur A. Vernon. The Vapor Pressure and Dissocia­
tion of Tungsten Hexachloride in the Gas Phase.

Pages 1832-1833. The author writes: “Dr. J. A. M. 
van Liempt of the N. V. Phillips Gloeilampenfabrieken,

Eindhoven, Holland, has called my attention to the fact 
that an error was made in determining the equation of the 
straight line plot of log p  against l / T  from the data given 
in my article. The corrected equation is

log P =  13.652 -  ^

but the heat of vaporization remains unchanged since it 
was determined from the slope of the line from the graph.” 
—Arthur A. Vernon.

Nicholas T. Farinacci and Louis P. Hammett. Water 
Catalysis in Alcoholysis of Benzhydryl Chloride.

Page 2543. In column 1, line 3 from the end, for “ki +  
read “ki +  cw.” In Table I, the items in the last 

column should be “0.0,27.7,46.0.”—Louis P. Hammett.

1938, Vol. 60

Herbert N. McCoy. Biography of Julius Stieglitz.
Page 15 {Obit.). In  column 1, line 30, omit the words 

“popular” and “(“aspirin”).”—Herbert N. M cCoy.

J. Allen Wheat, II, and A. W. Browne. The Chlori­
nates. II. Temperature-Concentration Equilibria in the 
System Alpha-Carbon Tetrachloride-Chlorine. The Car­
bon Perchlorides.

Page 372. In  column 1, line 9 from the end, for “2- 
(CC14)2-C12” read “(CC14)2-C12.”

F. F. Blicke and E. L. Cataline. Tertiary Arsines and 
Arsine Oxides.

Page 422. In  Table II, in the column of compound 
names, “Oxide” should be inserted as a heading between 
lines 7 and 8.—F. F. Blicke.

W. D. Kumler. The Dissociation Constants of Some 
Enols Related to /-Ascorbic Acid. Tetronic Acid, a- 
Chlorotetronic Acid, a-Bromotetronic Acid, a-1 odotetronic 
Acid, a'-Hydroxytetronic Acid and Ethyl a-Iodoaceto- 
acetate.

Page 861. In footnote (la), the next to the last word 
should be “lactone” instead of “lactose.”

In column 2, the structural formula numbering should 
be as indicated:

H H 
O3 0 2
C—C

h 2c < >c= o

W. D. K u m l e r .

A. H. Blatt. The Alkylation of Oxymethylene De­
soxybenzoin.

Page 1165. In column 2, line 22, for “esterification” 
read “etherification.”—A. H. B l a t t .
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G eorge Scatchard  and C. L. R aym ond. Vapor-Liquid 
Equilibrium. II. Chloroform-Ethanol Mixtures at 35, 
45 and 55°.

M . S. K harasch, W illiam  G oldberg and Frank R. M ayo.
The Catalytic Condensation of Grignard Reagents with 
Hydrocarbons.

Page 1278. The temperatures are in error due to an 
error in the calibration of the potentiometer. The mix­
tures were studied at 34.970, 44.979 and 54.976°. To 
replace Table I, the vapor pressures of the components 
may be represented by the following equations for the 
common logarithm of the pressure in mm. of mercury, 
which were determined by least squares {T — 273.16 +  9

Ethanol, 35-75°: (S. D., 1.6 X 10“4) log p = 7.80335 -  
1343.010/r -  136050/ T 2

Chloroform, 35-60°: (S. D., 6.5 X 10 ~4) log p = 6.24266 
-  674.551/r -  150306/T2

The average deviation of our published results from these 
equations is —0.1%; so the comparison with the measure­
ments of others is scarcely affected. These equations 
yield as normal boiling points 78.30e° for ethanol and 
61.204° for chloroform.—G e o r g e  S c a t c h a r d .

John R . D urland and H om er A dkins. Hydrophenan- 
threnes.

Page 1502. In  column 2 the second and third formulas 
should be:

RHN—N IX N—NHR

L ouis F . F ie ser  and  E . B . H ersh berg . Substitution Re­
actions and Meso Derivatives of 1,2-Benzanthracene.

Page 1895. In column 2, line 18 from the end, for “3- 
acetoxy-10-methyl-” read “3-methoxy-10-acetoxy-.”— 
Louis F . F i e s e r .

C harles R . H au ser . Condensations Brought about by 
Bases. III. The General Course of the Claisen Type of 
Condensation.

Page 2004. In column 1, line 17 from the end, for 
“turnings” read “powder.”—M. S. K h a r a s c h .

Albert D orfm an, Stew art A. K oser  and F elix  Saunders.
The Activity of Certain Nicotinic Acid Derivatives as 
Growth Essential for the Dysentery Bacillus.

Page 2005. In column 1, line 1, for “Pyridine-2-sul- 
fonic” read “Pyridine-3-sulfonic.”—F e l ix  S a u n d e r s .

D. M. Wrinch. The Structure of the Insulin Molecule.
Page 2006. In column 1, lines 4-5, for “with six slits 

whose centers give an octahedron,” read “which by parallel 
displacement of faces through =>= a/2  becomes an octa­
hedron with the same distance (16a) between parallel faces 
and consequently”.

In column 2, line 12, for “6°” read “66°.”—D. M. 
W r in c h .

R oger Adam s and T . A. G eissm an . Structure of Gossy­
pol. VII. Gossypol Dimethyl Ether.

Page 2163. In column 2, the second formula should be: 

[ c uHn (OH) (OCH3) R o g er  A d a m s .

R oger A dam s, R. C. M orris and E . C. Kirkpatrick:
Structure of Gossypol. IX. Oxidation and Degrada­
tion of Gossypol Hexamethyl Ether; Gossic Acid.

Page 2172. In column 2, line 30, for “315-317°” read 
“327-328° (corr.).”—R o g e r  A d a m s .

R oger A dam s, R . C. M orris, D . J. Butterbaugh and E . C. 
Kirkpatrick. Structure of Gossypol. XIV. Apogossy­
polic Acid.

Page 2191. In column 2, line 6 from the end, for 
“Formula V” read “Formula V I.”

Page 2192. In column 1, line 5, for “Formula V” read 
“Formula II .”—R o g e r  A d a m s .

Page 1957. In column 1, the last equation should read: 
O
ii i ,R—C—C—C = 0  +  B

I I .
(enolate anion of 1,3-diketo compound)- +  BH +

J. L. Crenshaw, Arthur C. Cope, N orm a F inkelstein  and  
Ruth Rogan. The Dioxanates of the Mercuric Halides.

Page 2310. In Table I, the transition points of Solid 
HgL Dioxanate (87.7°) and Solid HgBr2 Dioxanate 
(173.1 °) are interchanged.
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fully acetylated, of aldonic acids, 1788; infrared 
study of acid, and oxime assocn., 2444; acid, as
hypnotics, 2923, 2924; hydrolysis........................... 2976

Amines, catalysis of the dealdolization of diacetone 
ale., 90; prepn. of diacetone-, diacetonealk-, and 
2,4,4,6-tetramethyl-4,5-dihydro-l,3-oxazine, 407; 
catalysis of the ketonic decompn. of a^a-dimethyl- 
acetoacetic acid, 595; relative reactivity of, in the 
aminolysis of amides, 657; aromatic amines as 
catalysts for dehydrogenating glyceraldehyde,
1268; conversion of ^-substituted methylene-Ms- 
aryl-, and trimeric methylene-aryl-, to substituted 
2-aminobenzylaryl-, 1738; sepn. and identifica­
tion of, with 3-nitrophthalic anhydride, 2285; ac­
tion of aromatic, on 4-methylnitrostyrene, 2841; 
action of aromatic, on 4-nitro-2-chloronitrostyrene. 2845 

Amino acids, quant, detn. of, 1703; photochem. de-
amination of, in water soln., 1799; alicyclic............  2341

1- Aminoacridine-4-carboxylic acid........................ .. 591
Amino alcohols. See ‘'amino" under Alcohols.
Aminoary lsulfonamidoarylcarboxylic acids...............   2217
Aminoarylsulfonamidoarylsulfonic acids.......   2217
^-Aminobenzenesulfonamide, water-sol. derivs. o f . . . 950
4-Aminobenzenesulfonanilide, derivs. of..................... 1553
^-Aminobenzoic acid, alkyl- and dialkylamides of. . .  1081
2- Aminobenzylarylamines, conversion of ^-substi­

tuted methylene-fo's-arylamines and trimeric meth- 
ylene-arylamines to substituted........... .................... 1738

N-(^-Aminobenzyl)-carbamates, alkyl, as local anes­
thetics...........................................................................  2338

/?-Aminoethylsulfurie acid, 2312; and piperazine di­
sulfate..........................................................................  2751

2-Aminofuran, prepn. and properties of, derivs......... 540
a-Aminoisobutyronitrile, kinetics and mechanism of,

formation.....................................................   2782
Aminolysis, relative reactivity of amines in the, of

amides................................................... . .....................  657
^-Aminomandelic acid, some alkyl and alkamine

esters and related compds. of...................................  1465
/3-Aminopyridine, effect of, in exptl. blacktongue,

1510; ineffectiveness of, in blacktongue, 2564; in­
activity of, in blacktongue........................................  2565

Ammonia, action of, on esters, 50; heterogeneous 
catalysis in liquid, solns., 189; transition of mer­
curic sulfides in anhyd. H2S in, 359; acid catalysis 
in liquid, 579; Fe synthetic, catalysts, 1185; pro*

teins in liquid, 1935; heats of soln. and reacn. in 
liquid, 2780; action of, on 4 -methylnitrostyrene,
2841; phys. changes of regenerated cellulose b y . . 3084

Am monia-^, exchange between hydrazine and............ 981
Ammonium cadmium chloride, crystal structure o f. . .  2886 
Ammonium chloride, N a 2S -, solns. for org. nitro

reductions..................      2818
Ammonium heptafluozirconate, structure o f.................  2702
Ammonium hydroxide, action of, on H g2Cl2 ................ 518
Ammonium phosphomolybdate, copptn. of, and

silicomolybdate...........................................................   6 6
Ammonium selenate, system : M gS e0 4-H 20 - .............  1987
Ammonium sulfate, system s: Z nS04, C uS04 or

N iS 0 4-6 H 20 - .........................   1099
Ammonolysis, of E t benzoate...................... ... .................. 579
Ampholytes. See Amphoteric substances.
Amphoteric properties, of certain globulin fractions

of normal horse serum .......... ........................................   1108
Amphoteric substances, j3-aminoethylsulfuric acid, an

irregular........... ........................ 2312
Amyl alcohol, sepn. of primary active, from fusel oil

by distillation......................................................................  2569
Amylbenzenes, the W urtz-Fittig  synthesis of, 1429; 

identification of the 8  by acetam ino and benzamino
derivs...............................................................  ....................  1476

n-Amyl chloride, isomerization during the prepn. o f . . 2540
/-Amyl chloride, /-Bu chloride from, and H 2F 2............ 2267
Am yl halides, primary active............................................  2570
/3-Amyloses, action of Cl water o n ..................................  3018
Am yl salicylates, prepn. o f.......................  ............ .... 2274
Analysis, an org. precipitant for K, 1; at. wt. of Pb, 

62; detn. of Mo, 64; volumetric method for P, 66; 
Methods of Quant. Chem.—An Introduction to 
Their Theory and Technic (Mellon, book review), 
221; Anal. Chemistry. Vol. I. Quai. (Tread­
well, Hall, book review), 221; of EuC12, 602; anal, 
chemistry of W and Mo, 640; detn. of nicotinic 
acid, 731; Quai., by Spot Tests. Inorg. and Org. 
Applications (Feigl, Matthews, book review), 734; 
acid dissocn. consts. in dioxane-water mixts. by 
potentiometric titration, 1252; standardization of 
thiosulfate solns. by means of Cu and CuS04 
solns., 1349; Calcns. in Quant. Chem. (Wilkinson, 
book review), 1516; Die Diffusionsanalyse am 
Blutplasmagel (Bucher, book review), 1517; Semi­
micro Quai. (Arthur, Smith, book review), 1518; 
quant, detn. of amino acids, 1703; hydroxyanthra­
quinones as anal, reagents—colorimetric detn. of 
Zr or Hf, 1776; artificial radioactivity as a test for 
minute traces of elements, 1784; detn. of creatine, 
2001; Quai. Chem. (Curtman, book review), 2007; 
Chem. Principles, with Particular Application to 
Quai. A Lab. Manual of Quai. (Yoe, book re­
views), 2007; Anal. Chemistry of Ta and Nb (Cb) 
(Schoeller, Lynch, book review), 2009; Chemie 
der Sauerstoffsauren des Schwefels (Kurtenacker, 
book review), 2009; A Textbook of Quai. Chem. 
(Vogel, book review), 2010; Quai. (Anderson, 
Hazlehurst, book review), 2010; An Elementary 
Course in Quai. (Evans, Day, Garrett, book re­
view), 2010; postpptn. of FeS with CuS, 2036; 
quant, sepn. of porphyrins, 2135; Chem., of Food 
and Food Products (Jacobs, book review), 2281; 
Introduction to Microchem. Methods (Wilson, 
book review), 2567; anal. sepn. of various classes of 
sugars, 2677; HI reduction in hydroxyl detn., 2723 ; 
detn. of dissolved O by the dropping Hg electrode, 
2796; NH4Cl-Na2S solns. for inorg. quai, 2818; 
Colorimetric Methods of. Vol. II. Org. and Biol. 
(Snell, book review), 2830; Quai., mit Hilfe von 
Tiipfelreaktionen (Feigl, book review), 2831; 
Tables of Reagents for Inorg. Analysis (Nieuwen­
burg, book review), 2832; volumetric oxidation of 
iodide and bromide by H I04, 2869; quai., of leaf 
pigments, 2945; traces of metals by the dropping 
Hg electrode, 2990; Tabellen und Vorschriften zur 
quant. (Treadwell, book review), 3089; Standard­
ization of Vol. Solns. (Bradstreet), book review,
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3091; Soln. of Problems in Quant. (Arenson, book
review)........................................... .............................  3091

Androsterone, isolation of, from human pregnancy
urine.............................................................................  2928

Anesthetics, a-aryl-/3-dialkylaminoalkyl ureas as lo­
cal, 158; urethans as local, 2338; effect of chem.
structure on local, action of diothane analogs.......... 2467

Anhydrides, reacn. of acid, with anils, 2025; acid,
from water and organometallic complexes.............  2277

Anhydro-sedoheptose, structure of.............................  1241
Anilides, microscopic identification of acid p-bromo-. 2748 
Aniline, reacn. of acetone with, 1458; reductive alkyl­

ation of......................................................................... 2023
Anilino derivatives, of gossypol...................................  2158
3-Anilino-5-phenylisoxazole, halogen and nitro

derivs. of........................................ .............................  1198
3-Anilino-5-phenylpyrazole, halogen and nitro

derivs. of........................................      1198
Anils, reacn. of acid anhydrides with.......................    2025
Anions. (See also Analysis; ions, electrolytic.) 

catalytic effect of, on dissoln. rate of hydrous
alumina by acids........................................................  2384

Anthocyanins, precursors of the...........................  2738
Anthracene, dipole moments of, derivs. and the 

stereochem. mechanism of addn. and splitting 
reacns. in the, series, 1801; meso aldehydes of,
2555; methoxy and hydroxyphenyldihydro-..........  2636

Anthranyl isocyanates.................  127
Anthraquinones, hydroxy-, as anal, reagents.. .........  1776
Anthrones, hydroxy- and methoxyphenyl-. . . . .  2638, 2642 
Antimony, a thermodynamic study of the Cd-, sys­

tem.........................................   1305
Antimony compounds, triethyl trithioantimonite__  2370
Antiseptics....... ......................         7
Apogossypol, and degradation products......................  2174
Apogossypolic acid, conversion of gossic acid to, 2188;

2191, (correction).......................................................  3099
/-Arabinose, new crystalline furanosides of................  2056

/̂-Arabinose diacetamide tetraacetate.........................  278
N-Aralkylmorpholines...................................................  896
Area, pressure-, relations for tri-£-cresyl phosphate

films.............................................................   3087
Aromatics, alkylation of, with aliphatic halides........ 2953
Arsenic, mol. structures of methylated..............   996
Arsenic compounds, o-arsenated phenoxyalkanols,

134; some jö-substituted furan, 620; of peonol,
1370; sulfophenylarsonic acids, 2058; 2-hydroxy-
and 2-chloroquinolinearsonic acids..........................  2104

Arsenious oxide, mol. structure of, by electron dif­
fraction, 1814; arsine oxides, 419; (correction)__  3097

Arsines, tertiary, 419; (correction)....................   3097
Arsonium compounds....... .............    423
ct-Aryl-/3-dialkylaminoalkyl ureas, as local anesthetics. 158 
/-Ascorbic acid, dissocn. consts. of some enols related

to, 859; (correction)..................................................  3097
Asimina triloba, compn. of, seeds................................  2853
Association, infrared study of acid amide and oxime

assocn..........................................................................  2444
Atomic weight, revision of, of Eu, 602; 8th rept. of

committee on, of Inti. Union of Chemistry.............. 737
Atoms, Atomic Structure, of Minerals (Bragg, book 

review), 220; recombination óf H, 2347; A Man­
ual of Radioactivity (Hevesy, Paneth, book review). 3093

Azepine, hexahydro-, from glycols..............................  1033
Azines, poly-..................................     2456
Azomethane, photolysis o f ........... ...............................  10
Azomethine, tautomerization of an optically active. . 3
Azoxy compounds, aliphatic................................1930, 1933
2-Azoxy-2,5-dimethylhexane........................................  1930

BACTERIA, bacteriological effects of substituted  
mandelic acids, 1015; activity of nicotinic acid 
derivs., as growth essential for the dysentery 
bacillus, 2004; (correction) 3099; medium effect in 
yeast growth w ith bios, 2505; pantothenic and 
nicotinic acids as growth factors for lactic acid, 
2825; bacteriological effects of substituted man­

delic acids, 2974; pantothenic acid as growth factor
for diphtheria.......................................................................  3086

Balandin m ultiplet hypothesis, of dehydrogenation
of cycloparaffins..................................................................  627

Barbituric acids, l-w-alkyl-5,5-ethyl-isobutyl, 461; 
2-alkylthio-5-alkyl- and 2-alkylthio-5,5-dialkyl-,
993; 5-Et-5~ (5 ',5 '-phenylhydantoin), 1471; 5,5-
crotyl a lkyl............................................................................ 2880

Barium, equil. between mixed crystals of PbSÖ4-,
and solns................................................................................  197

Barium chlorite, prepn. o f.......................................   982
Barium fluoride, heat capacity and entropy o f .............. 1826
Barium selenite, system : Se0 2 -H 20 - ......................   911
Barium sulfate, distribution coeff. of chromate ions 

between, and aq. solns., 39; aging of freshly pptd., 
in dil. Ba and sulfate solns., 499; aging of freshly
pptd., 505; coprecipitation o f .......................................  508

Bases, condensations by, 463,1957 ,1960; (correction)
3099; strengths of p-m ethyl- and p-bromoaceto- 
phenone, 885; fractional sulfiting of petroleum,
3025; 2  aromatic, from petroleum ............................... 3028

Basswood ash, microstructure and diffraction pattern
o f............ : ........................................................... ....................  2980

Bentonite, as an adsorbent in purifying invertase. . . .  982
Benzanthracene, 1 '-10-dim ethyl-l,2-, 170; 7-chloro- 

10-Me-1,2-, 586; 9,10-m ethylated, 1023 ; 9,10- 
dimethyl-1,2-, 1141; 5-chloro-10-M e-l,2, 1368;
substitution reacns. and meso derivs. of 1,2-, 1893; 
(correction) 3099; synthesis of 4,9- and 4 ,10-di­
m ethyl-l,2-, 1940; meso aldehydes of 1,2-................  2555

Benzene, B F 3 in the ether-, reacn., 125; alkylation of, 
with isopropylethylene, 453; influence of tem p, 
and pressure on vol. and refractive index of, 511; 
alkylation of, w ith cycloparaffins, in presence of 
H 2SO4, 577; alkylation of, by esters by the Friedel- 
Crafts reacn., 645; sym-triethyl-, 1421; vapor 
pressure study of the system s diphenyl-, and ben­
zyl benzoate-, 1525; 5-triethyl-, 2606; alkylation  
of, by olefins, 2952; reacn. of cyclopropane with,
2955; l,2-dim ethoxy-3-isopropyl-5-am ino-..............  2972

Benzhydryl chloride, hydrolysis of, in acetone, 2094; 
reacns., 3080; water catalysis in alcoholysis of
(correction)...........................................................................  3097

Benzil, reductions of, 57; synthesis of hexaalkyl-,
2063; reacn. of hydrazine hydrate w ith ...................  2456

Benzilic acid, rearrangement................ ....................880, 2002
a-Benzil monoxime benzoates, shift in configuration

of certain.............................    1082
Benzoic acid, equil. in the system  -glycine and H 20 ,

136; reacn. of alkyl benzoates w ith N a  alkoxides,
813; dissocn. const, of, in dioxane-water mixts.,
2000; condensation of the enolate of E t isobutyr­
ate with E t ester of, 463; amm onolysis of E t ester 
of, 579; esterification of, w ith M eOH using isotopic
O . . . . . . . . ............   2391

Benzophenone, acyl derivs. 2-hydroxy-5-Me-, oximes,
205; new agent for the reduction of........................ 1019

o-Benzoquinone, influence of catechol on stability of,
in aq. solns............................................     245

Benzotrifluoride, prepn. o f . ...........................................  492
Benzoyl, condensation of Et isobutyrate with the

chloride, oxide and Ph deriv.............................   1960
2,4,6-Benzoyl chlorides, action of MeMg halides on

trisubstituted......................................    2269
3-Benzoyl-2-phenylcyclopentanone* synthesis of........ 1594
(3-Benzoy 1-a-phenyIpropionic acid, racemization of,

and its Me ester...................................................... v  927
3,4-Benzphenanthrene, synthesis of, 485; synthesis 

of, derivs., 1658; oxidation of, with PbAc4, and
further derivs. of.................   2542

Benzyl benzoate, vapor pressure studies of the sys­
tems benzene-, and Et acetate-..............................  1525

Benzylfructofuranoside, hydrolysis rate of, in HCl. . .  1206
Benzylfructopyranoside, hydrolysis rate of................ 1206
2-Benzyl-5(and 6)-methoxycoumaran-3-one..............  894
Benzyloxyalkyl ^-toluenesulfonates, prepn. of..........  1472
Benzylphenylacetylene, and related compds.............  1885
Benzylsodium, reacns. o f........ ......................................  1429
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Benzyluracils, synthesis of 6- and 5 -........................ . 2941
Betaine, P analogs and homologs of........... ...............  946
Biacetyl, absorption spectrum of................................. 1864
Bibliography, Library Guide for the Chemist (Soule,

book review)...............................................................  3091
Bicyclohexenyl, addn. of maleic anhydride to . .........  2792
Biochemistry, Practical Methods in (Koch, book re­

view), 1270; perspectives in (Needham, Green, 
book review), 2279; A Textbook of (Williams, book 
review), 2828; Annual Review of (Luck, Noller, 
book review), 3090; Metabolism of Living Tissues
(Holmes, book review)...............................   3092

Biography of Amé Pictet, obit. 1 ; of Julius Stieglitz,
obit.....................................     3

Bios, medium effect in yeast growth in presence of. . .  2505 
Biphenyl, some Hg derivs. of, 321; hydrogenation 

of derivs. 664; stereochemistry of, 1411, 1489 
1491; vapor pressure study of the system ben­
zene- ..............................       1525

Bismuth triethyl mercaptide........................   2370
Blacktongue, effect of /3-aminopyridine in exptl.,

1510; ineffectiveness of j8-aminopyridine in, 2564;
inactivity of /3-aminopyridine in . ............................  2565

Blastomyces dermatiditis, lipids of................................  2599
Blood plasm, Die Diffusionsanalyse am (Bucher,

book review)........... .................................................... 1517
Boiling point, system correlating mol. structure of

org. compds. with their..........................................   3032
Bonds. (See also Double bonds; Triple bonds.) vi­

brational frequencies of, in methylacetylene and 
ethane, 71; polarities of covalent, 183; chem. 
effects accompanying H bonding, 205; infrared ab­
sorption studies of H, between unlike mols., 605;
H, involving the C-H link, 1337; distance in di- 
and trigermane, 1605; complex formation due to 
H bonding, 2528; H, involving the C-H link.. 2666, 2714

Boric acids, assocn. of the organo-............................ .. 352
Borneol, H in the camphor-, conversion.................... 2331
Boron, structure of hydrides of . . .290,524,805,1296, 2297 
Boron compounds, organo-, 105, 111, 115, 121; 

structures of hydrides of B2NH7 and B3N3H6, 524; 
dihydroxyfluoboric acid, 656; prepn. of B2H7N . . . .  2297 

Boron fluoride, org. reacns. with, 124, 125, 358, 654;
alkylation of naphthalene with ales, and___ ____ 2499

Boronic acids, primary aliphatic, 105; reducing ac­
tion of some organo-. ................................................. I l l

Brain, Chemistry of the (Page;, book review)............ 1273
Bromides, assay of primary, from the addn. of HBr,

2436; volumetric oxidation of, by HIO4..........—  2869
Bromination, with IBr, 256; of the nitrodiphenyls,

424; side chain, of prehnitene and some 2,3,6-tri- 
methylphenyl derivs., 652; of bromoketene di­
ethylacetal, 2210; mechanism of aromatic.............. 2835

Bromine, vapor phase reacns. of cyclopropane with,
217; oxidation of Et disulfide and Et mercaptan 
by, 590; reacn. of, with phenanthrene, 2837; ac­
tion of, on nitrothiophene.........................................  2906

/>-Bromoacetophenone, base strength and absorption
spectra of..... .....................................................   885

p-Bromoanilides, microscopic identification of acid... 2748
ra-Bromobenzaldehyde, prepn. of.......... ...................... 2821
Bromoform, addn. of, to m-chlorobenzaldehyde and

p-tolualdehyde........................................................  228
Bromohydrin, tetramethylethylene.. ; .......................   2957
Bromoketene diethylacetal, bromination of............. 2210
«-Bromotetronic acid, dissocn. const, of....................  859
Butadienes, addn. products of gossypol with............  2160
Butane, desaturation products from 1,3,3-trimeth- 

oxy, 1159; transient inhibition of the thermal de­
compn, of, by NO....................................................... 1701

2-Butanone, condensation of w-butyraldehyde with,
1914; photochem. decompn. of.....................   2031

2-Butylacetyl chloride, action of 2-BuMgCl on, 2030; 
action of primary Grignard reagents on, 2462;
action of primary Grignard reagents with.............  2790

2-Butyl bromide, structure of.................................  475
2-Butyl chloride, structure of, 475; from 2-amyl 

chloride and H2F2.......................................................  2267

20-2-Butylcholanthrene......................................................... 176
2-Butylethylene, heat capacity and entropy o f . . . . . .  1507
2-Butyl hydroperoxide.....................    2434
2-Butylmagnesium chloride, reducing action of, on 

acyl chlorides, 2028; action of, on 2-Bu acetyl
chloride, 2030; action of, with A cC l............................ 2899

Butylmalonic acid, synthesis o f ............................ 1426, 1924
w-Butyraldehyde, condensation of, with 2-butanone. 1914 
w-Butyric acid, conductance and ionization consts. of,

in w a t e r . . . .........................   2744
Butyric aldehyde, dl-erythro-dihydroxy-................ . . .  1384
/3-Butyrolactone, hydrolysis o f ...........................    2687

CAD M IUM , effect of metal impurities on soln. rate 
of, 435; thermodynamic study of the Sb~, system . 1305

Cadmium compounds, structure of N H iC dC h...........  2886
Cadmium iodide, equil. in, solns...................................... 137
Cadmium nitrate, vapor pressure-temp, relations in

the system: H 20 - ......................................................   2707
Cadmium sulfate, heat of diln. and heat content of

aq. solns. o f ..............................       1301
Calcium chloride, a, compd. of «-/-sorbose. . . . . . . . .  729
Calcium nitrate, liquidus surface of system N a, Li

and Ca n itrates.............. ......................................... .. 873
Calcium oxide, aq. SiC>2- ,  reacns. related to pozzo­

lanic action ..................................................................   1832
Calcium phosphate, fluorescence of double salts o f . . 722
Calcium sulfate, system : N a 2S0 4 -H 20 - ........................ 1647
Calorimeter, a low tem p ..................................................... 1000
Calorimetry, induction heaters for, below 1°K., 388; 

amorphous C resistance thermometer-heaters for
magnetic and, investigations....................   1053

d- Camphane-1 0 -sulf onic acid, absorption spectra of 
2-(N-m ethylim ino)-, 1314; sultam of 2-(N-m ethyl-
a m in o )- .............. ............................................    2794

Camphene hydrochloride, isomerization o f.................... 1585
Camphor, H  in the borneol-, conversion............. ......... 2331
Capacitance measurements, effect of residual induct­

ances in ........... ...............................      42
Carbamic acid, esters from urea, 1742; /3-alkoxy E t

esters o f .................    2933
Carbazole, amino ales, derived fro m ........... .................. 1591
Carbinols, condensation of some 2-aryl substituted, 

with phenol in the presence of A1C13, 59; from stal­
lions’ urine, 1555; chlorides from certain aliphatic 
branched chain secondary, 2265; prepn. of acety­
lenic, 2882; methylisopropyl-, in Sharpies di­
ethyl-...............................................   3082

Carbohydrates, catalytic dehydrogenation of sugar 
ales., 2013; analyses of glacial and preglacial woods,
2509; mechanism of, oxidation ...................................   2847

Carbon, The, Compds. (Porter, book review), 987; 
amorphous, resistance thermometer-heaters for 
magnetic and calorimetric investigations at temps, 
below 1 °K., 1053; H  bonds involving the H -, link,
1337; cleavage of the, chain of «-M e-d-lyxopy- 
ranoside, 2059; cleavage of the, chain of glycosides,
2061; lengthening, chains by 3 units, 2436; H
bonds involving the H -, lin k .............................2666, 2714

Carbon dioxide, soly. of, in D 20 , 2771; action of, on
M n ..........................      3055

Carbonic acid, /3-alkoxy E t esters of chloro-..................  2933
Carbonic acid-d^, first thermodynamic ionization

const, o f ................................................................................ 2773
Carbonium salts, trimethoxytrixenylcarbinol and

comparisons of colors of, in this series....................... 284
Carbon monoxide, action of, on M n ............................... 3055
Carbon perchlorides, 371; (correction).............. 3097
Carbon tetrachloride, soly. curves of the systems: 

branched chain alkyl acids-w ater-, at 25°, 1696; 
OsChin, 1822; system : C l-«-, 371; (correction). . .  3097 

Carboxyhemoglobin, dielec, properties of, solns.,
1115; solvent action of N aCl o n ................................. 1480

Carboxylic acids, complex formation between, and 
divalent metal cations, 2314; assocn. in the, by
infrared absorption..... ........................   2239

Carcinogenic hydrocarbons, 1017; diazo coupling o f . 1142 
Carotenoids, effect of acids o n ..........................................  2937
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Carpotroche brasiliensis oil, analysis of........... . .........  614
Catalysis, catalytic interaction of C2H4 and heavy H 

on Pt, 22; amine, of the dealdolization of diacetone 
ale., 90; of nitramide decompn. by colloidal Pt and 
Au, 144; heterogeneous, in liquid NH3 solns., 189;
The Catalytic Action of Surfaces (Nyrop, book 
review), 496; acid, in liquid NH3, 579; amine, of 
the ketonic decompn. of «.a-dimethylacetoacetic 
acid, 595; catalytic hydration of alkylacetylenes,
718; Katalytische Umsetzungen in homogenen 
und enzymatischen Systemen (Frankenburger, 
book review), 987; relation between rates of 
general basic, in different reacns., 1513; Retarda­
tion of Chem. Reacns. (Bailey, book review), 1516; 
catalytic interaction of H and D with ethylenes on 
Cu, 1982; catalytic condensation of Grignard re­
agents with hydrocarbons, 2004; (correction) 3099; 
catalytic dehydrogenation of sugar ales., 2013; H 
in the borneol-camphor conversion, 2331; cata­
lytic effect of anions on the rate of dissoln. of hy­
drous alumina by acids, 2384; catalytic properties 
of charcoal, 2480, 2483; und Determinismus. Ein 
Beitrag zur Philosophic der Chemie (Mittasch, 
book review), 2567; catalytic reacn. between Na 
NO2 and dichlorodiethylenediamine cobaltic chlo­
ride, 2817; from the Standpoint of Chem. Kinetics 
(Schwab, book review), 2826; a chemically-cata­
lyzed cis-trans isomerization, 2839; water, in alco­
holysis of benzhydryl chloride (correction).............  3097

Catalysts, vapor phase, oxidation of crotonaldehyde 
using V2O5, 52; condensation of /-arylcarbinols 
with phenol in presence of A1C13, 59; alkylation of 
benzene with isopropylethylene in the presence of 
H2SO4, 3 5 3 ; alkylation of benzene with cyclo­
paraffins in presence of H2SO4, 577; action of A1C13 
on cyclohexylbenzene, 747; H3PO4 as, in ethyla­
tion of phenol, 1161; Fe synthetic NH3, 1185; 
aromatic amines as, for dehydrogenating glycer- 
aldehyde, 1268; action of A1C13 on fluorinated 
compds., 1697; in the Gattermann reacn., 1699;
IBr on cholestenone and /5-cholestanone, 1744;
Cu as, in H and D reacns. with ethylene, 1982; 
activation of charcoal, 2120; HCl and ZnCl2 in 
prepn. of lower alkyl chlorides, 2497; BF3 alkyla­
tion of naphthalene with ales., 2499; peracetic 
acid in the SC>2-olefin reacn., 2622; amide hy- .
drolysis with high mineral acid concns................... 2976

Catechol, alkyl, as antiseptics, 7; mechanism of the 
tyrosinase-, reacn., 1545; influence of, on o-benzo- 
quinone stability, 245; mechanism of the tyrosin­
ase-, reacn., 250; H2O2 in the tyrosinase-, reacn... 1617 

Cations, complex formation between carboxylic acids 
and divalent metal, 2314; conductivities of nitrates
of metals......................................................................  2776

Cativic acid, prepn., properties and derivs. of............. 1423
Ceanothic acid....................................................  77
Ceanothus Americanus, constituents of........... ...........  77
a-Cellobiomethylose................................    1203
Cellulose, structure of products of periodic acid 

oxidation of, 989; hydrolysis by means of Et mer­
captan, 1026; fermentation of, and, humic acid,
1596; optical properties of, dispersed in cupram­
monium hydroxide soln., 1807; structure of, 
ethers obtained by methylation of, materials dis­
persed in quaternary ammonium bases, 2823; 
hydrolysis by Et mercaptan, 3009; phys.
changes of regenerated, by liquid NH3.....................  3084

Centrifuge, study of gelatin by ultra-, 757; sedimen­
tation velocity in air-driven tops as ultra-...............  2998

Cesium argentous auric chloride, crystal structure of. 1846 
Cesium aurous auric chloride, crystal structure of. . . .  1846 
Cesium perchlorate, heat capacity and entropy of,

1826; heat of soln. of................................................  1828
Chains, lengthening C, by 3 units, 2436; influence of

branched, on optical activity............... . .................  2658
Charcoal, alteration of adsorption properties of, 2120;

catalytic properties of, 2480,2483; density of. . . . .  2695 
Chaulmoogra oils, analysis of...............................614, 617

Chavicol, methyl, in turpentine..................................  3086
Chelating groups, classification of............. .................. 2813
Chemical constitution, related to viscosity, 154; 

shift in configuration of ce-benzil monoxime ben­
zoates, 1082; effect of, on local anesthetic action 
of diothane analogs................ ....................................  2467

Chemistry, Outlines of Theoretical (Getman, Daniels, 
book review), 218; Die Umwandlungen der chem. 
Elemente (Haas, book review), 496; Traité Ele­
mentaire de, de Lavoisier (Chatelier, book review), 
732; Lab. Manual of Agric. (Hedges, Brayton, 
book review), 1269; Legons de Philosophie Chim. 
par J.-B. Dumas (Urbain, book review), 1269; 
Annual Tables of Consts. and Numerical Data
(Thon, book review )..........................................................  1708

Chlorella, quantum efficiency of photosynthesis in,
266; quantum efficiency and rate measurements
in sunlight of photosynthesis in .................................... 274

Chlorides, convenient prepn. of volatile acid, 1325; 
reducing action of l-Bu Grignard reagent on acid,
2028; from aliphatic branched chain s-carbinols,
2265; reacns. of N a and K  on acid, 2478; triple
bond in the reacn. of K I and « - ..................................  2663

Chlorinates................................................................................  371
Chlorine, system : a -C C h - 371, (correction), 3097; 

interaction of, w ith org. S compds., 1486; oxida­
tion of mercaptopyrimidines with, water, 1622; 
stability of w ater-, vapor m ixts. in light, 1699;
action of, water on jS-amyloses..................... . .............  3018

Chloroacetic acid, quantum yield of, hydrolysis........... 2566
m-Chlorobenzaldehyde, addn. of CHC13 and CHBr3

t o ....................................................     228
a-o-Chlorobenzylethylamine, synthesis and resolu­

tion o f.....................  919
o-Chlorobenzyl radical, H g derivs. o f .............................  1262
Chlorocarbonic acid, /3-alkoxy E t esters o f ................... 2933
Chloroform, addn. of, to  m-chlorobenzaldehyde and 

^-tolualdehyde, 228; explosion of, w ith alkali 
metals, 720; vapor-liquid equil. of ethanol-,
mixts., 1278; (correction)...............................................  3099

Chlorogenin, surface films of, and derivs., 1629;
structure of side chain o f ...........................    1630

Chlorohydrins, reacns. of indene chloride w ith cis-
and trans-..............................................................  1360

Chloromethanes, photochem. reacns. involving ............ 1005
7-Chloro-10-methyl-l,2-benzanthracene, synthesis of,

and related com pds............................................................ 586
5-Chloro-10-methyl-l,2-benzanthracene, synthesis of,

and related com pds............................................................ 1368
2-Chloro-3-nitrotoluene-5-sulfonic acid, and related

compds....................................................................................  1
2 - and 3-Chloropentanes, prepn. and properties o f___  2536
Chlorophyll, rate of conversion of, to  pheophytin,

1132; chemiluminescence of th e ....................................  2005
y -Chloropropy 1 imidobenzoate hydrochloride.............  129
2-Chloroquinolinearsonic acids..........................................  2104
Chlorosulfonic acid, esters o f .............................................. 2810
a-Chlorotetronic acid, prepn. of, 857; dissocn.

const, o f .................................................................................. 859
Cholanic acid, 3 ,ll-d ihydroxy-12-keto-................  1334
Cholanthrene, reduction and hydrogenation of M e,

940; E t-, 1017; 20-M e-, derivs., 2255; oxidation
of M e-........ ...........................................   2542

Cholestadiene, prepn. and photochem . oxidation of
2,4-, 986; prepn. of 3 ,5 -...................................................  3082

/3-Cholestanone, IB r o n . .................................................   1744
Cholestenone, IB r o n .......................................................   1744
Cholesterol, isomeric ethers of, 413; an antirachitic

provitamin from ..........................................................   984
Cholesteryl chloride, structure o f .....................................  1997
Cholic acid, prepn. of 3,7,12-trioxy-23-aminonor-

cholane from ........................    991
Choline, j3 -tetraacetyl, -d-glucoside, 722; P  analogs

and homologs of, 946; thioesters of, and /3-Me-___  1765
Cholinesterase, acetylcholine-, system ...........................  178
Chromate ions, distribution of, between BaSCh and

aq. solns.................................................................................. 39
Chromic oxide, heats of adsorption of gases o n .............  2912
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Chromyl chloride, structure of....................................
Chrysene derivatives, synthesis of.......... . ............... ..
Cinchona alkaloids, in pneumonia..............................
Citral, identification of, in orange oil.........................
Claisen condensation, 463; general course of, 1957, 

(correction), 3099; benzoyl condensation of Et
isobutyrate as example of.........................................

Cleavage, of diphenyl ethers by Na in NH3, 94; re­
versible splitting of organomercuric cyanides, 891; 
mechanism of, of Et a,a'-dibromoadipate by di­
ethylamine, 1889; of the C chain of a-Me-d-lyxo- 
pyranoside by periodic acid, 2059; of the C chain
of glycosides by PbAc4..... . ....................................

Coal, Über die Bfldung und den chem. Bau der
(Erasmus, book review).............................................

Cobaltammine, 2817; prepn. of monochloropentam­
minocobaltic chloride.............................................. .

Cobalt compounds, N aN 02 and dichlorodiethylene­
diamine cobaltic chloride..........................................

Cobaltous dipyridine chloride, magnetic properties
and structure of.......... ...............................................

Co-carboxylase, synthesis of, from vitamin Bi, 730;
synthesis j isolation and identification of................

Coconut shells, compn. of.............................................
Coffee, volatile constituents of roasted......................
Colloid chemistry, Stiasny Festschrift (Gustavson, 

book review), 219; of leaf and flower pigments, 
2738, 2945; Inorg. Vol. III. Colloidal Salts
(Weiser, book review). ..............................................

Colloids, soly. of oil-soluble dyes in aq. solns. of stable 
protecting, as examples of true reversible equil., 
223; zirconate sol formation, 264; Hydrophobic
(book review)..............................................................

Colorimetry, Colorimetric Methods of Analysis
(Snell, book review)...................................................

Columbium, Anal. Chemistry of Ta and (Schoeller,
Lynch, book review)...................................................

Combustion, Flames and Explosions of Gases
(Lewis, von Elbe, book review)................................

Complexity, Die Theorie der, und der Allotropie
(Smits, book review)..................................................

Compressibility, of H and N ........................................
Concentration, temp.-, equil. in system: a-CCfi-Cb,

371; (correction)......... ...............................................
Condensation, of some /-aryl carbinols with phenol, 

59; by Na, 284,1426,1429, 1924; of cyclopropane 
and olefins with acids, 358; brought about by 
bases—of the enolate of Et isobutyrate with Et 
benzoate, 463; HF as condensing agent, 986, 
2952, 2953, 2955, 2956; of aliphatic ales, with 
aromatic hydrocarbons, 1421; poly-, of a-methyl- 
acrolein, 1737; poly-, of acrolein, 1911; of n- 
butyraldehyde with 2-butanone, 1914; of a-keto 
acids and acetamide, 1954; by bases, 1957, (cor­
rection) 3099; 1960; catalytic, of Grignard re­
agents with hydrocarbons, 2004, (correction) 3099; 
Reformatsky, involving vinylogs of haloacetic 
esters, 2272; Friedel-Crafts, with arylalkylene 
ether chlorides, 2502; of paraformaldehyde with
aromatic ketones................... ........................... .........

Conductivity, conductance of non-aq. solns., 193; 
of dil. K4Fe(CN)6 solns., 728; direct current, of 
KC1 solns., 871; conductance of HCl in dioxane- 
water mixts., 2371; of mixts. of Pb abietate and 
tributylammonium chloride in toluene, 2394; 
relation between equil. consts. in water and other 
solvents, 2512; of dil. solns. of alkali iodides in 
dimethylamine, 2611; of propionic and w-butyric 
acids in water, 2744; of coned, mixts. of nitrates of 
some uni-, di-, and trivalent cations, 2776; of 
electrolytes in anhyd. AcOH, 2877; transference 
nos. of LaCla, 3070; electrolytic, of ZnS04 and
CuS04 in H20 ............................................ ....... .........

Configuration. See Chemical constitution.
Coordination, of Ag'h with unsatd. compds..........
Coordination compounds. See Chemical compounds. 
Copper, adsorption of H by, dispersed in MgO, 877; 

standardization of thiosulfate solns. by, 1349;

interaction of H and D with ethylenes on, 1982; 
crystalline, -protein possessing tyrosinase activity. 3085 

Copper chlorides, reflection and absorption of visible
radiation in the system KCl-CuCb......................   753

Copper compounds, optical properties of cellulose in
cuprammonium hydroxide.........................................  1807

Copper sulfates, dissocn. pressures of CuS04 deuter- 
ates, 87; system: (NH4)2S04-6H20-CuS04, 1099; 
standardization of thiosulfate solns. by CuS04,
1349; conductivity of CuS04.................................... 3074

Copper sulfide, postpptn. of FeS with CuS..................  2036
Cork tree, volatile oil of Amur, fruit..........................  920
Corresponding states, vapor pressures of liquids and 

the principle of, 794; eq., for general phys.-chem.
com putation...........................................................   1761

Corrosion, von Nichteisenmetallen und deren Legie-
rungen (Kröhnke, Masing, book review)...............  2280

Coumaran derivatives................................... 894,1415,1418
Creatine, detn. of..............................................     2001
Cresols, salicylates of the isomeric amyl............. . 948
Cresyl, tri-^-, phosphate films....................................  3087
Critical increment, of ionic reacns.................... .........  1613
Crotonaldehyde, maleic acid production—vapor

phase oxidation of, using V205 catalysts................ 52
Crotonic acid, /S'-diethylaminoethyl /3-amino-........... 286
Crotyl alcohol, mechanism of reacn. of, with solns.

of HBr...............................................   847
5,5-Crotyl alkyl barbituric acids................................... 2880
Crotyl bromide, action of metals on...........................  900
Cryostat, a simple, for f. p. detns...............................  1693
Crystal chemistry (Stillwell, book review)...............  3095
Crystal physics, A Text-book on (Wooster, book re­

view).....................................    2011
Crystallography, optical, studies with the polarizing 

microscope.......................................................    2748
Crystal structure, optical crystallographic studies 

with the polarizing microscope, 1394; of diketo- 
piperazine, 1598; of Cs2AuAuCl6 and Cs2AgAuCle. 1846 

Curtius rearrangement, of pyrazine-2,5-dicarboxylic
acid ................................................   400

Cyanides, reversible splitting of organomercuric.........  891
Cyanoacetic acid, esters of (dialkylvinyl)-alkyl-.........  2903
Cyano ester ring closure, application of the, to 5-

and 6 -membered rings.....................................................  1237
Cyanuric tricyanamide, structure o f ..............................  1194
Cyclic compounds. (See also Polycyclic compounds;

Ring.) thermal decompn. of a li- .................................  955
Cyclohexene, decompn. o f ................................................... 955
Cyclohexylbenzene, action of A1C13 o n . ......................... 747
Cyclononane, possible asym m etry of a monosub­

stitu ted ..................................................................................  1051
Cycloparaffins, alkylation of benzene with, 577; 

Balandin m ultiplet hypothesis of dehydrogenation
of cycloparaffins............. .................................................... 627

Cyclopentanediol-1 ,2 , pinacol rearrangement of 1 ,2 -
dim ethyl-..............................................................  2416

1,2-Cyclopentenotriphenylene......................................   1805
Cyclopentylbenzene, identification of, by acetamino

and benzamino derivs........... ....................        1476
Cyclopropane, vapor phase reacns. of, w ith I and Br,

217; condensation of, and olefins with acids, 358;
reacn. of, w ith benzene.................................................... 2955

Cyclotron, artificial radioactivity as a test for minute
traces of elem ents.......................................................... . .  1784

Cytosine, 4-Me-5-w-propyl- ............................ —  1721

DEALDOLIZATION, of diacetone a le ..................  90
Deamination, photochem., of amino acids in water

soln ........ ..........................   1799
Decahydronaphthalene, phys. chem. properties of

cis- and trans-..............................    2125
Decanoic acid, co-hydroxy, polymers, 328; orienta­

tion in w-hydroxy.............................................................. 530
Decomposition. (See also Pyrolysis.) mechanism  

of, of propionic acid, 831; thermal, of alicyclic 
compds., 9 5 5 ; induced liquid phase, of hydrocar­
bons, 1406; transient inhibition of thermal, of 
butane by N O ...................       1701
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Dehydroabietic acid, 159; substitution reacns. of.. .. 2631 
Dehydrogenation. (See also Oxidation.) Balandin 

multiplet hypothesis of, of cycloparaffins, 627; of 
glyceraldehyde, 1268; catalytic, of sugar ales.,
2013; catalytic, of borneol to camphor, 2331; by
organometallic compds.....................   2333

Density, of Me bromide gas, 2097; of aq. urea solns.,
2582; of pure and mixed salt solns., 2616; of fine 
powders, 2695; relation of refractive index to, in
dental hard tissues.....................   2884

Dental tissues, refractive index and d. of..................  2884
Desoxybenzoin, alkylation of oxymethylene, 1164;

(correction).......................    3097
Desoxycholic acid, degradation of, to etio-desoxy­

cholic acid.......................................    1493
Desoxysarsasapogenin, and the degradation of the 

C22-hydroxy lactone. . ................................................ 2761
Determinism, Katalyse und. Ein Beitrag zur 

Philosophie der Chemie (Mittasch, book review).. 2567 
Deuterium. (See also “heavy” under Water.) 

catalytic interaction of C2H4 and, on P, 22; inter­
action of H and, on ZnO, 362; exchange between 
ND3 and hydrazine, 981; catalytic interaction of
H and, with ethylenes on Cu................. .................. 1982

Deuterium compounds, dissocn. pressures of deuter- 
ates of CUSO4 and SrCl2, 87; phenyl-d0-phenyl- 
aminomethane, 1260; dissocn. consts. of deutero 
acids by e. m. f. measurements, 1974; hydrogena­
tion of partially deuterized ethylene on catalytic
metal surfaces.........................   1999

Deuterium oxide. See 4‘heavy** under Water; and 
Deuterium compounds.

Diacetone alcohol, amine catalysis of the dealdoliza-
tion o f .......... ..............................................   90

Diacetonealkam ine................................................................  407
Diacetoneam ine...................................................................    407
Diacetone sugars, prepn. o f .................................................  1507
dl-a, /3-Diacetoxyisobutyric aldehyde, prepn. o f ........... 1011
Dialkoxyalkanes, reacns. of, w ith alkynylmagnesium

bromides.................................................................   1714
Dialkylacetylenes, some reacns. o f ..................................  1717
5.5- Dialkylhydantoins, containing a dialkylamino

substituent...........................................................................  2148
(Dialkylvinyl)-alkylcyanoacetic acid, esters o f . ..........  2903
Diammonium dihydrogen pyrophosphite, prepn. of,

47; hydration of, to orthophosphite..........................  257
Diaryl ketone peroxides....... ............   1455
Diazoacetate, addn. of Et, to  prehnitene...................... 648
Diazo coupling, of carcinogenic hydrocarbons............  1142
Diazomethane, racemization during esterification b y . 1998
Diazotization, of picram ide........................................   725
1,2,5,6-Dibenzanthranyl isocyanates..............................  127
Dibenzisoquinoline, d er iv s .................     2962
1,2,3,4-Dibenzophenanthrene............................................  1798
Dibenzothiophene, acyl derivs. o f .................................... 2628
Dibenzylideneglucose, acetals o f ......................................  132
Diborane. (See also Boron hydrides.) structure of

the diammoniate o f ...................    290
a,oi'-Dibromoadipic acid, mechanism of cleavage of 

E t ester of, by diethylam ine........ .........................   1889
1.3- Dibromo-l,3-dibenzoylpropane, action of N a

cyanide o n ............................................   2404
2.5- Di-(brom om esityl)-furans.............................   716
Dicetyl. See Dotriacontane.
Dichlorodiethylenediamine cobaltic chloride, cata­

lytic reacn. between N a N 0 2 an d .................................  2817
Di-(/3-chloroethyl) sulfate, a new prepn. and some 

reacns. o f ...................     536
1.3- Dichloroisopropoxyethyl m ethyl ketone, hydan­

toins from analogs o f .......... ............................................. 1796
Dicyclohexenyl, synthesis of polycyclic compds. from 1331

1,4-Di-(3 ',4 '-dimethoxyphenyl) -butanone-2, syn­
thesis o f . ......................................   2656

Dielectric constant, a, study of co-hydroxydecanoic 
acid polymers, 328; effects on reacn. rates, 330; 
of D 20 ,  1182; influence of, on ionic reacns., 1613; 
of some F compds., 1633; equipment for measur­
ing of gases, 2115; of alicyclic amino acids................  2341

Dielectric properties, of protein solns................. 1115,1123
Diels-Alder reaction, between naphthylcyclopen­

tenes and maleic anhydride.................................... .. 2204
Diene synthesis, of polycycles from hexatriene.........  216
Diethylamine, cleavage of Et a ,a '-dibromoadipate

by..................................................................................  1889
jS'-Diethylaminoethyl /3-aminocrotonate................ .... 286
9.10- Diethyl-1,2-benzanthracene, synthesis of__ .. .  1023
Diethylcarbinol, methylisopropylcarbinol in.............  3082
Diffraction. (See also Electrons; Rays, Roentgen )

X-ray, peak for ales, and acids, 779; pattern of
basswood ash...............................................................  2980

Diffusion, und chem. Reaktionen im festen Stoffen 
(Jost, book review), 1272; interpretation of, data
for strong electrolytes................................................  2326

Digermane, electron diffraction of....... ...................... 1605
Digoxigenin, the relatively inert O atom of............... 2824
Dihalogeno alkyl glycosides...................    1167
Dihydroabietic acids, from pyroabietic acids...........  2621
Dihydronaphthalene dicarboxylic acids, prepn. and

properties of................................................................. 951
Dihydroxyacetone derivatives, transformation of,

into pyruvic aldehyde derivs....................................  1381
d/-£ry/&rö-a,/?-Dihydroxybutyric aldehyde, prepn. of. 1384
Dihydroxyfluoboric acid, org. reacns. with..... .......... 656
2,2'-Dihydroxyisobutyric acid, hydrolysis of 2,2'- 

diiodoisobutyric acid to .............................................  415
3.11- Dihydroxy-12-ketocholanic acid, and derivs_ 1334
2,2'-Diiodoisobutyric acid, prepn. of........................... 415
Diisobutene, reacn. of, with phenol............................. 2495
Diketopiperazine, crystal structure of..... ..................   1598
Dimerization, of 3-phenylindene..................................  2816
1.4- Dimesityl-l,2,4-butanetrione enol, and reduction

products.................................................    705
1.4- Dimesitylbutanones............................................. 713
2.5- Dimesityl-furans..................................................  716
1.2- Dimethoxy-3-isopropyl-5-aminobenzene, synthe­

sis of.................................  2972
Dimethyl acetal, crystalline, of ^-fructose, 2277;

direct formation of, from /-rhamnose Et mercaptal. 2288 
a,«-Dimethylacetoacetic acid, amine catalysis of the

ketonic decompn. of..............................................   595
Dimethylamine, structure of; 524; conductance of 

alkali iodide solns. in, 2611; heat of soln. of gaseous. 2693 
Dimethyl-1,2-benzanthracene, I',10-, 170; synthesis 

of 9,10-, 1023,1141; synthesis of 4,9- and 4,10-. . . .  1940
1.2- Dimethylcyclopentanediol-l,2, pinacol rearrange­

ment of................   2416
9,10- Dimethyl - 1,2,5,6 - dibenzanthracenes, substi­

tuted (correction)...................       3097
Dimethyl disulfide, mol. structure of.......................... 2872
2.3- Dimethyl-8-ethylquinoline, isolation of...........  763
2.6- Dimethylgalactose...............................................  323
2.3- Dimethylheptane  .......................... . . . ........... .. 2571
Dimethylmaleic anhydride, reacns. with organo-

metallic compds..........................................................  215
Dimethylmalonic acid, yield of.....................................  1924
1.4- Dimethyl-6,7-methylenedioxyphenanthrene, syn­

thesis of (correction).................. ............................... 3097
1.4- Dimethylphenanthrene, synthesis of, by cyclo­

dehydration methods....................... .......................... 319
Diothane, effect of chem. structure on local anes­

thetic action of, analogs............................................  2467
Dioxanates, of the mercuric halides, 2308; (correc­

tion)................. .......................................... .................. 3099
Dioxane, thermodynamics of HCl in water-, 334,336,

339, 2128, 2130, 2133; acid dissocn. consts. in 
water-, 1252; pptn. of PhMgBr by, 2215; con­
ductance of HCl in water-....... ................................ 2371

Dioxane sulfotrioxide, a new sulfating and sulfonat-
ing agent...............   538

2,2'-A2-Dioxazoline, synthesis o f ....................     2152
Dipentene, oxidation o f .............    325
Dipeptides, synthesis of, from «-keto acids........... 1951
Diphenyl. See Biphenyl.
m-Diphenylbenzene, Friedel-Crafts reacns. on. . . . . .  2155
«, 0-Diphenyl-/3-benzoylpropionic acid.................   3078
Diphenyldifluoromethane...............     864
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Diphenyl ethers, cleavage of 4,4'-disubstituted, 94;
mercuration of, and derivs........................................

1,3-Diphenylpropyne, and related compds................
Diphtheria, pantothenic acid as growth factor for,

bacillus.................................. ......................................
Dipole moment. See Electric moment.
Dipoles. See Molecules.
Dipyrryl biphenyls, stereoisomeric.............................
Disilane, mol. structure of.......... .................................
Disodium phenyl phosphate, synthesis of..................
Dispersion, rotatory, of gelatin in urea solns....... ,___
Dissociation. (See also Cleavage; Ionization; “free” 

under Radicals.) pressures of deuterates of Cu- 
SÓ4 and SrCl2, 87; acid and basic, consts. of Hg- 
(OH)2, 299; calcn. of, consts. of hypohalogenous 
acids, 490; consts. of some enols related to l- 
ascorbic acid, 859; (correction) 3097; acid, consts. 
in dioxan'e-water mixts. by potentiometric titra­
tion, 1252; ionic, of Na triphenylmethyl, 1403; 
consts. of deutero acids by e. m. f. measurements, 
1974; consts. of benzoic acid in dioxane-water 
mixts., 2000; const, of weak acid in H2O-D2O
m ixts............................................ : ........................................ 2811

Distribution, of solute traces. . .........................................  2524
Distribution coefficient, of porphyrins between ether

and HG1............................................................................  2135
Disulfanilamides, and related com pds............................  2222
Disulfides, structure of d im ethyl.....................................  2872
a, a-D isulfonyl am ide................................   33
Di-(trim ethylbenzoyl)-ethylene oxide, reductions of. 229 
Dotriacontane, f. p. curves of, in dodecane, decane,

octane, hexane, cyclohexane and benzene................  827
Double bonds, N-term inated conjugated system s and

maleic anhydride.............................................   2811
Dumas, J.-B ., Lemons de Philosophic Chim. par

(Urbain, book review ).........................................   1269
Durohydroquinone, autoxidation of, 98; ethers o f . . .  2402 
Duroquinone, potentiometric and magnetometric

study of the, sy stem .........................................................  1678
D yes, soly. of, in aq. protecting colloids.......................... 223
D ysentery bacillus, activity of nicotinic acid derivs. 

as growth essential for the, 2004; (correction)......... 3099

ECH INOCYSTIC acid, surface films of, and derivs. 1938
Electrical properties, of solids......... ........................ 451, 456
Electric mom ent, dipole moments of styrene derivs.,

697; dipole mom ents of anthracene, 1801; Their 
Measurement and Application in Chemistry (Le
Fevre, book review ).......................................................... 3095

Electrification, surface, of hydrophobic surfaces.........  1190
Electrochemistry, Allgemeine und tech., nichtmetal- 

lischer Stoffe (Müller, book review). . . . ................  1272
Electrode, potential of the system: Ag-Ag4Fe(CN)6, 

80; standard potential of the Ag-Ag azide, 262; 
standard e. m. f. of the Pb, 724; acidity measure­
ments with the H, 1345; standard, potential of Ag, 
2233; H, titration curves of carboxylic acids, 2314;
photo-voltaic effects in Grignard solns., 2450; detn. 
of dissolved O by the dropping Hg, 2796; K acid 
phthalate for use with H, 2820; traces of metals
by the dropping Hg.......................... .......................  2990

Electrolytes, interpretation of diffusion data for 
strong, 2326; conductivities of, in anhyd. AcOH,
2877; inversion of sucrose, 2891; thermodynamics 
of biunivalent ........................................................... 2983

Electromotive force. See Potential, electric.
Electrons. (See also Bonds; Ionization, gaseous; 

Ions, gaseous; Photoelectric effect; Rays, cathode; 
Molecules ) diffraction investigation of the mol. 
structures of isobutane, /-Bu chloride and bromide, 
475; sharing ability of org. radicals, 891; diffrac­
tion of di- and trigermane, 1605; diffraction 
examn. of some linear high polymers, 1753; mol. 
structure of As40 6, P40 6, P4Oio and (CH2)6N4 by, 
1814; investigation of mol. structure of P oxytri­
chloride, oxydichlorofluoride, oxychlorodifluoride, 
oxytrifluoride, fluorodichloride, pentafluoride and 

and 0f trichloro- and hexa­

chlorodisilane, 1836; diffraction investigation of 
751 Al chloride, bromide and iodide, 1852; diffraction 

1885 investigation of S monochloride, S dichloride, S 
trioxide, thionyl chloride, sulfuryl chloride, V oxy- 

3086 trichloride, and chromyl chloride, 2360; electron, 
investigation of mol. structures of H2S2, (CH3)2S2
and SC12. . . .................................................................  2872

1491 Electronegativities, of highly branched aliphatic
1836 groups...........................................................................  2626
750 Ene-diol, prepn. and properties of a;-Ph-/3-mesitoyl

2289 acetylene glycol...............................        1549
Enolates, reacn. between methylated quinones and

Na.........................      676
Enolization. See Isomerization.
Enol ethers, of steroid ketones....................................  1702
Enols. (See also Alcohols.) substitution of I in, by 

means of I and H20 2, 855; behavior of some halo­
gen substituted, 857; dissocn. consts. of some, re­
lated to /-ascorbic acid, 859; (correction) 3097; 
content of some keto esters..................................  2213

Entropy, of TI, 1000; of Na2S04 and Na2SO4*10H2O,
1310; of S02, from thermal and mol. data, 1389; 
of /-butylethylene, 1507; of propane gas, 1521; of 
BaF2, CsC104, Pb3(P04)2, 1826; of aq. ions, 1829;
of Me bromide gas................... .................................  2097

Enzymes. (See also Ferments.) crystalline ficin,
493; Kurzes Lehrbuch der Enzymologie (Bersin, 
book review), 1274; und ihre Wirkungen (Oppen­
heimer, book review), 498; nature of tyrosinase. .. 
.............................................................................2472, 2474

Ephedrine, synthesis of ^/-pseudo-.............................. 3089
Equilenin, 1897; neut. reduction products of............. 2440
Equilibria. (See also Phase rule; Pressure.) temp.- 

concn., in system: «-CC14-C12, 371, (correction) 
3097; Die heterogenen (Vogel, book review), 1270; 
vapor-liquid, 1275, 1278; (correction) 3099; the 
ethane, 2489; relation between, consts. in water
and other solvents.....................................................  2512

Ergosterol, ultraviolet activation of..........................  2579
Erythritol, bacterial production of /-erythrulose from. 2507
d- and /-Erythronic acid, new derivs. of....................  355
/-Erythrulose, bacterial production of, from erythritol. 2507 
Esterification, racemization during, by diazometh­

ane, 1998; of benzoic acid with MeOH using iso­
topic O.................   2391

Esters, action of NH3 on, 50; alkylation of benzene 
by, 645; acidolysis of, with BF3, 654; some new, 
by automatic processes without catalysts, 1264; 
carbamic, from urea, 1742; phenacyl and ^-sub­
stituted phenacyl, 2000; pyrolysis of, 2419; reacn. 
of, with Al isopropoxide, 2673; parachors of a
series of isomeric........................................................ 2716

Ethane, vibrational frequencies of bonds in, 71; re­
arrangement of styryl substituted, 410; the, equil. 2489 

Ethane thiol, rate of oxidation of, 590; cellulose hy­
drolysis by means of, 1026; cellulose hydrolysis by. 3009 

Ethanol. See Ethyl alcohol.
Ethanolamines, reacn. of m-dinitrobenzene with,

1236 ; syntheses from...............................................  2152
Ethers, BF3 in the benzene-, reacn., 125; conduct­

ance of organo-Na compds. in, 193; isomeric, of 
cholesterol, 413; certain di-, and tri-, 1264; hy­
droxy alkyl, of basic phenols, 1582; rearrangement 
of vinyl allyl, 1905; bromo, from terminal double- 
bonded hydantoins, 1927; distribution coeffs. of 
porphyrins between, and HCl, 2135; derivs. of
gossypol, 2166; structure of cellulose......................  2823

Ethyl acetate, vapor pressure studies of the system
benzyl benzoate-.........................................................  1525

Ethyl alcohol, restricted rotation in, 985; vapor- 
liquid equil. of chloroform-, mixts., 1278; (correc­
tion) ............................; ....................... .......................  3099

Ethylamine, p,(3f>(3"-trichloro-........... .........................  2816
Ethylation, H3P 0 4 as catalyst in, of phenol............ . 1161
Ethyl bromide, decompn. of gaseous.. ....................... 771
2-Ethyl-l-butanol, alkyl chlorides obtained from. . . .  2533
Ethylcholanthrene.........................    1017
Ethyl disulfide, rate of oxidation of.......... .................... 59C
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Ethylene, catalytic interaction of, and heavy H on 
Pt, 22 ; hydrogenation of, by Fe synthetic NH3 
catalysts, 1185; hydrogenation of, and partially
deuterized, on catalytic metal surfaces, 1999; 
catalytic interaction of H and D with, and deu­
tero, on Cu................................ ............... ............ .. 1982

Ethylenediamine vanadate........................................... 2227
Ethylene oxide, reduction of di-(trimethylbenzoyl)-.. 229
a-Ethylfuranoside, prepn. of, from /-rhamnose Et

mercaptal....................................................................  2288
3-Ethylheptane............................................................... 2571
Ethyl iodide, decompn. of............................................  961
5-Ethyl-5-(5' ,5 '-phenylhy dantoin) barbituric acid . ..  1471
a-Ethyl-/-sorbopyranoside, and its tetraacetate........ 563
Europium, revision of at. wt. of..... ............................  602
Europous chloride, analysis of.....................................  602

FATTY acids. For so-called “unsaturated” fatty 
acids, see Acids, chemistry of the, 54, 2734; mol. 
rotation in Et esters of, 1229; absence of com­
bined, in cereal starches.............................................  2824

Fermentation, relation of volatile acid formation to 
ale., 1137; influence of nicotinic acid on the, 
method for detg. vitamin Bi, 1514; of cellulose and 
lignin and derivs., 1596; specificity of vitamin Bi,
test.......................................................................  3084

Ferments, -Hormone-Vitamine, und die Beziehungen 
dieser Wirkstoffe zueinander (Ammon, Dirscherl,
book review)...............................................................  1517

Ferrocyanide, potential of the Ag-Ag, electrode, 80;
conductance of K, 728; stability of.............................  3083

Ficin, crystalline..............................................   493
Filament, oxide-coated....................................   3047
Films. (See also Surface.) contact potentials of 

stearate, on metal surfaces, 1083; flow of unimol. 
surface, 1294; activities of urease and pepsin 
monolayers, 1351; comparison of X-ray photo­
graphs taken with X and Y built-up, 1511; pres­
sure-area relations of monolayers at the solid- 
liquid interface, 1511; effect of X-rays on surface 
potentials of multilayers, 1513; surface, of chloro- 
genin and derivs., 1629; surface, of echinocystic 
acid, 1938; salted-out protein, 2803; orientation 
of high mol. wt. linear polymers in unstretched, 
2825; elec, properties of stearate, deposited on 
metal, 2855; pressure-area relations for, of tri-p-
cresyl phosphate......................................................... 3087

Fittig reaction, mechanism of. . . ......................... 1999
Fixation, of active N ..........................................   1918
Fluorene compounds, N derivs. of............ .................  2675
Fluorene-l-dimethyl sulfide, rearrangement of

fluoryldiene dimethyl sulfide to ...................  494
Fluorescence. (See also Light.) of Ca phosphate

double salts, 722; of acetone vapor........................... 1857
Fluorination. (See also Halogenation.) of aliphatic 

substances with HgF, 1060; a new method.. . . . . .  1569
Fluorine, a, generator, 96; action of elementary, on 

org. compds., 427; internuclear distance in the,
mol.....................................................     1348

Flourine compounds, org. reacns. with dihydroxyfluo- 
boric acid, 656; fluorinated derivs. of methane 
bearing Ph groups, 864; dielec, consts. of some,
1633; action of A1C13 on, 1697; reacns. of, with
Na, K and Mg, 2275; of propane..............................  2491

Fluorylidene dimethyl sulfide, rearrangement of, to
fluorene-l-dimethyl sulfide........................................ 494

Food, Chem. Analysis of, and, Products (Jacobs,
book review).........................................   2281

Food chemistry, Handbucn der. Vol. II, 1519; Vol.
III. Tierische Lebensmittel, 1709; Vol. VII. 
Alkoholische Genussmittel (Bomer, Juckenack,
Tillmanns, book reviews)..........................................  2281

Formyl radical, stability of the free............................  212
Free energy, of org. compds. concerned in carbo­

hydrate metabolism..................................................... 1400
Freezing points, of some pure hydrocarbons, 17; 

curves of dotriacontane in dodecane, decane, oc­
tane, hexane, cyclohexane and benzene, 827; of

coned, aq. solns. of urea, urethan and acetamide,
1291; of MeOH; a cryostat for, detns.....................  16’

Friedel-Crafts reaction, alkylation of benzene by 
esters, 645; on m-diphenylbenzene, 2155; with
arylaikylene ether chlorides............................ 2502, 259

Fructofuranoside, benzyl-, arid Me-..........................   120<
Fructopyranoside, benzyl-, and Me-............................. 120t
(/-Fructose, crystalline dimethyl acetal of..................  227<
Fucostanol, identity of spinastanol with...................... 2431
Fugacity, eq. of state....................................................... 1761
Fungi, chem. studies of certain pathogenic.................  2599
Furan, some ^-substituted, arsenicals, 620; 2,5- 

dimesityl-, 716; 2-Ph-4-benzoyl, 1994; infrared
absorption spectra of...................................................  2619

Furanosides, glyco-, and thioglyco-....................2056, 2288
Fusel oil, sepn. of primary active amyl ale. from, by 

distillation.....................................................................  2569

GADOLINIUM phosphomolybdate, magnetic and
thermodynamic properties of.................................... 376

Galactose, acetals of, 132; 2,6-dimethyl, 323; prepn. 
of c-galacturonic acid from d-, 1813; new crystal­
line furanosides of d-t 2056; action of aldehydo-d-f
in alkaline solns., 2847; mutarotation of d-.............  3007

(/-Galacturonic acid, prepn. of, from (/-galactose.........  1813
(/-<*,a-Galaoctose, and derivs......................................... 1035
Gallium chloride distribution of, between ether and 

HCl............................................................................... 2524
Gases, adsorption of, in multimol. layers, 309; ad­

sorption of, on plane surfaces of mica, 467; ad­
sorption of, by graphite, 1287; Combustion, 
Flames and Explosions of (Lewis, von Elbe, book 
review), 2 0 11; equipment for measuring dielec, 
consts. of, 2115; heats of adsorption of, on Cr20 3.. 2912

Gattermann reaction, catalyst in th e .............................  1699
Gelatin, ultracentrifugal study of, 757; optical rota­

tion o f .....................................................................................  2289
Gelsemium, alkaloids of Chinese......................................  1723
Gentiobiose, crystalline 6 - [/3-(/-glucosido ]-a-(/-man- 

nose, the epimer of, 8 8 6 ; prepn. of a - and 0 -, octa­
acetates..................................................................................  2559

German, for Chemists (Yoe, Burger, book review ). . .  1271 
Germane, electron diffraction study of di-, and tri-. . .  1605 
Globulin, amphoteric properties of certain, fractions

of normal horse serum .......................................................  1108
Glucononitrile, change in the optical rotation o f ..........  765
Gluco-octonic acid, amides and phenylhydrazides of

d-a,a-f and d-ar(3-............   622
Glucosamine, quaternary, derivs......................................  1376
Glucose. (See also Sugars.) acetals of dibenzyl- 

idene-, 132; dim ethyl acetal of d~, 854; action of
aldehydo-d-, in alkaline so lns............................................ 2847

Glucosides, a- and 0 -m ethyl~d, 395; research on 
nitrogenous, 1916; prepn. of some higher alkyl-. . . 2076

6 -[0 -(/-Ghicosido]-a-(/-mannose, synthesis of crystal­
line, and its octaacetate...........................    8 8 6

Glyceraldehyde, aromatic amines as catalysts for
dehydrogenating............................................  1268

Glycerides, reversibility of reacn. between tri-, and 
glycerol, 2603; stability of aromatic and aliphatic
m ono-..............................................................    3003

Glycerol, reversibility of reacn. between triglycerides
and, 2603; potential of H 20  in ............ ......................... 3061

a-Glycerophosphoric acid, synthesis o f ............ . . . . . .  1700
Glycine, equil. in the system  benzoic or hippuric acid,

and w ater................................................    136
Glycofuranosides.................................................... . • .2056, 2288
Glycols, pyrrolidines, piperidines and hexahydro- 

azepines from, 1033; «-Ph-0-m esitoyl acetylene,
1549; kinetics of the periodate oxidation of 1 , 2 - . . .  2726 

Glycosides, halogeno-alkyl, 1 0 2 0 , 1167, 1376; cleav­
age of, by PbAc4. ................................................................  2061

Gold, catalysis of nitramide decompn. by colloidal,
144; elec, resistance of A g-, alloys at low tem ps.,
388; soly. of, in H g .......... ................................................  870

Gold hydroxide, soly. of, in alkali and equil. in the
satd. solns..................................................................   1439

Gorlic acid, isolation and properties o f ......................... a 1 °
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Gorli oil, analysis of.................................. . . . . ...........  617
Gossic acid, from gossypol hexamethyl ether, 2170;

conversion of, to apogossypolic acid................... ... 2188
Gossylic acid lactone tetramethyl ether.....................  2184
Gossypol, structure of, 2158, 2160, 2163 (correction, 

3099), 2166, 2170 (correction, 3099), 2174, 2180,
2184, 2188, 2191 (correction, 3099), 2193, 2967,
2970..............................................................................  2972

Gossypol dimethyl ether, 2163; (correction)............ . 3099
Gossypol hexamethyl ether, oxidation and degrada­

tion of, 2170; (correction) 3099; nitration of...........  2970
Gossypolone tetramethyl ether, reduction products

of, 2967; nitration of.................................................. 2970
Gossypolonic acid, tetramethyl ether, reduction

products of, 2967; nitration products of.................. 2970
Graphite, adsorption of gases by ......... .......................  1287
Grignard reagents. (See also Magnesium com­

pounds.) catalytic condensation of, with hydro­
carbons, 2004; (correction) 3099; coupling action 
of, 2063; reacns. of, with isatin and N-alkyl isa­
tins, 2153; acid anhydrides by action of H20  on, 
2277; photo-voltaic effects in, 2450; reducing 
action of primary, 2458; action of primary, on £-Bu 
acetyl chloride, 2462; interaction between, and 
maleic acid derivs., 2647; reducing action of pri­
mary, with trimethylacetyl chloride, 2788; action 
of primary, with /-BuAc chloride, 2790; optical
rotation of a .................................................. .............  2821

HAFNIUM, colorimetric detn. o f .............................. 1776
Halides. (See also Alkali metal halides; Bromiaes;

Chlorides; Iodides.) soly. of, in anhyd. AcOH,
2043; alkylation of aromatics with aliphatic, 2953; 
reacns. of t-, with olefins, 2956; alkyl, reacn. with
hydroxylic solvents.........................   3080

Haloacetic acid, Reformatsky condensations involv­
ing vinylogs of, esters................................................ 2272

Haloforms, soly. of, in donor solvents, 1337; heats of
mixing of, and polyethylene glycol ethers.............. 1343

Halogenation, of 1-hexyne in MeOH..........................  1711
Halogen compounds, behavior of some halogen sub­

stituted enols, 857; halogeno-alkyl glycosides,
1020, 1167, 1376; of 3-anilino-5-phenylisoxazole 
and -pyrazole, 1198; reduction of «-halogenated
ketones.........................................................................  3089

Halogens, influence of «-, substitution on ketone enoli­
zation, 2650; heats of addn. of, to olefins....... .. 2764

Heat. (See also Calorimetry; Conductivity; Thermo­
dynamics.) latent, of H2G......................................... 784

Heat capacity, of TI, 1000; of Na2S04 and Na2S04-  
10H20 , 1310; ofS02,1389; ofI,1436;off-butylethyl- 
ene, 1507; of propane, 1521; of BaF2, CsC104 and 
Pb(P04)2, 1826; of Me bromide, 2097; of TeCl4,
2522; of “'Lucite,” 2563; of K Na tartrate-4H20 .. .  2994 

Heat content, relative partial molal, of NaBr, 1265;
* of alkali metal salts in dil. solns., 2379; of CdS04

solns.............................................................................. 1301
Heaters, induction, for calorimetry below 1 °K...........  388
Heat of adsorption, of He, 393; of gases on Cr20 3. . . .  2912 
Heat of combustion, of hippuric and succinic acids,

1171; of org. compds. concerned in carbohydrate
metabolism..............     1400

Heat of dilution, of CdS04 solns .............. . 1301
Heat of fusion, of I, 1436; of propane, 1521; of Me

bromide, 2097; ofTeCl4......................................   2522
Heat of hydrogenation, of some O-containing

compds.........................................   440
Heat of mixing, of haloforms and polyethylene glycol

e thers . . . . . ..................................................................  1343
Heat of organic reactions.............................................. 440
Heat of reaction, organic, 2764; in NH3 .....................  2780
Heat of solution, of Na2S04 and Na2SO4*10H20 , 1310; 

of CsC104, RbC104, RbClOg and Pb3(P04)2, 1828; 
of gaseous di- and trimethylamines, 2693; in NH3. 2780

Heat of transition, of Me bromide...................   2097
Heat of vaporization, of S02, 1389; of propane, 1521;

of Me bromide..................................................  2097
Helium, Jeoul-Thomson effect in N -, mixts., 341;

adsorption of, on NiS04, 393; thermodynamic prop­
erties of, at high pressure............................... . . ...........  5 5 5

Hemoglobin, magnetic susceptibility of Fe in ferro-,
1177; solvent action of NaCl on carboxy-............... 1480

Henry’s law, validity of, for calcg. vapor solubilities. .  373
Heptafluozirconates, configuration of the, group. . . .  2702
Heptane, 3,3,5-trimethyl, 488; 2 ,3-dim ethyl...............  2571
Heptanols, aq. solubilities of some isom eric.................... 2581
Hexaalkylbenzils, synthesis o f ............................................ 2063
Hexachlorodisilane, mol. structure o f .............................. 1836
Hexahydroazepines, from glycols...................................... 1033
Hexahydro-oestradiols, isolation of, from human

non-pregnancy u r in e ........................................................  1512
Hexam ethyldiplatinum.........................................................  3085
Hexamethylenetetramine, parachor of, 489; m ol.

structure of, by electron d iffraction .............................. 1814
Hexam ethylethane................................................    2598
Hexane, 2,2,3,4-tetram ethyl...............................................  488
Hexanols, thermodynamic properties of, -1 , -2 , -3,

820; aq. solubilities of some isom eric.........................  1388
Hexatriene, diene synthesis of polycycles from ..........  216
Hexyl alcohols, thermodynamic properties o f .............  820
1-Hexyne, halogenation of, in M eO H .................   1711
Hippuric acid, equil. in the system  -glycine and 

water, 136; heat of combustion of, and use of, as a 
secondary standard in combustion calorim etry. . . .  1171 

History of Chemistry, Ambix. The Journal of the  
Society for the Study of Alchemy and Early  
Chemistry (Taylor, book review), 732; A Hundred  
Years of Chemistry (Findlay, book review), 1269;
Les Classiques de la Découverte Scientifique. . . . .  3094 

Hofmann rearrangement, of pyrazine-2,5-dicarbox-
ylic acid.......................................................... .. . ........... . .  400

Hormones, Fermente-Vitamine-, und die Bezie- 
hungen dieser Wirkstoffe zueinander (Ammon, 
Dirscherl, book review), 1517; origin and inter­
relationships of the steroidal..........................................  1725

Horse serum, viscosities of proteins of, so lns...............  3039
Humic acid, fermentation of cellulose, and lign in ........  1596
Hydantoins, 2653, derivs. of /S-phenylalanine-N-ace­

tic acid, 1040; synthesis of phenoxymethyl-, 1148; 
from analogs of 1,3-dichloroisopropoxyethyl Me 
ketone, 1796; bromo ethers from terminal double- 
bonded, 1927; 5,5-dialkyl-, containing a dialkyl­
amino substituent, 2148; racemization of, 2426;
synthesis of, derivs.....................................................  3005

Hydration, of diammonium dihydrogen pyrophos­
phite to orthophosphite, 257; catalytic, of alkyl-
acetylenes, 718; of vitamin B i................................... 2303

Hydrazine, exchange between ND3 and, 981; reacn. 
of, hydrate with acetylacetone, acetonylacetone
and benzil..................................................................... 2456

Hydrides, of B .................................................. 290, 524,2297
Hydriodic acid, reduction with................................   2723
Hydrobromic acid, mechanism of reacn. of crotyl ale. 

and methylvinylcarbinol with solns. of, 847; per­
oxide effect in addn. of, to allyl bromide (correc­
tion).................   3097

Hydrocarbons, f. ps. of some pure, of the gasoline 
boiling range and of some of their binary mixts.,
17; reacn. between maleic anhydride and poly­
cyclic, 481; internal free rotation in, 494; catalytic 
hydration of alkylacetylenes, 718; mutual solu­
bilities of, 827; thermal decompn. of some, 955; 
carcinogenic, 1017; diazo coupling of carcino­
genic, 1142; induced liquid phase decompn. of,
1406; condensation of aliphatic ales, with aro­
matic, 1421; restricted internal rotation in, 1515; 
catalytic condensation of Grignard reagents with,
2004; (correction) 3099; addn. of S, H2S and mer­
captans to unsatd., 2452; synthesis of /-..................  2573

Hydrochloric acid, thermodynamics of, in dioxane- 
water, 334, 336, 339, 2128, 2130, 2133; density of 
aq. solns. of, 1226; distribution coeffs. of porphy­
rins between ether and, 2135; conductance of, in 
dioxane-water, 2371; catalyst in prepn. of lower
alkyl chlorides......................... .................................. .. 2497

Hydrofluoric acid, as a condensing agent, 986; uni-
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lateral triple ion formation in aq., 1609; /-Bu chlo­
ride from /-amyl chloride and, 2267; as a condens­
ing agent......................................... 2952,2953,2955,2956

Hydrogen. (See also Deuterium; and “heavy,” 
“D20 ,” under Water.) chem. effects accompany­
ing, bonding, 205; interaction of, and D on ZnO,
362; infrared absorption studies of, bonds between 
unlike mols., 605; adsorption of, by Cu dispersed 
in MgO, 877; reacns. of /3-keto-nitriles with, 914; 
bonds involving the C~, link, 1337; acidity meas­
urements with the, electrode, 1345; reacn. of 
hardwood lignin with, 1467; kinetics of the explo­
sive reacn. between, énd O, 1513; catalytic inter­
action of, and D with ethylenes on Cu, 1982; salt 
effect in the paramagnetic conversion of p-f 2003; 
compressibilities of, 2300; as carrier gas for the 
catalytic dehydrogenation of borneol to camphor,
2331; recombination of, atoms, 2347; complex 
formation due to, bonding, 2528; bonds involving 
the C-, link, 2666, 2714; interaction between 
methylene radicals and, 2819; K acid phthalate as
buffer for use with, electrode...................................  2820

Hydrogenation, selective, of substituted amides, 402; 
selective, of naphthalenes and diphenyls, 664; of 
pyrones, 669; of methylcholanthrene, 940; of 
ethylene, 1185; of ethylene and partially deuter­
ized ethylene on catalytic metal surfaces, 1999;
of vitamin Bi and other quaternary thiazoles.......... 2574

Hydrogen bromide. See Hydrobromic acid.
Hydrogen disulfide, mol. structure of........... *...........  2872
Hydrogen fluoride. See Hydrofluoric acid.
Hydrogen ion. (See also Acidity; Indicators.) 

effect of, on rates of oxidation of Et disulfide and 
Et mercaptan by Br, 590; meaning and standard­
ization of the pH. scale* 1094; change in, concn. in 
FeCl3 hydrolysis, 1215; standardization of the pH
scale at 38°................................. ........................ —  2710

Hydrogenolysis, of RM compds.............................. .. 2336
Hydrogen peroxide, interaction of ozone and, in aq. 

soln., 82; substitution of I in enols by means of I 
and, 855; in the catechol-tyrosinase reacn., 1617;
effect of charcoal hydrosols on................................ 2483

Hydrogen sulfide, transition of mercuric sulfides in 
anhyd., in NH3, 359; photochem. reacns. involv­
ing, 1005; photolysis of gaseous, 1431; addn. of, to 
unsatd. hydrocarbons................................................ 2452

Hydrolysis, the slow, of FeCl3 in dil. soln., 967; cellu­
lose, by means of ethanethiol, 1026; rates of Me- 
and benzylfructofuranosides and -pyranosides and 
of sucrose in HCl, 1206; slow, of FeCl3, 1215; of 
sucrose, 1268; enzymatic, of Na reduced proteins, 
1935; kinetics of Et orthoformate, 1962; of Mel, 
2000; of benzhydryl chloride in acetone, 2094; 
mechanism of aq., of /3-butyrolactone, 2687;
amide, 2976; cellulose, by Èt mercaptan................  3009

Hydrophenanthrenes, 1501; (correction) 3099;
synthesis of, derivs....................   2548

Hydroquinone, autoxidation of, and of mono-, di-,
and trimethyl-..... ..................    2084

Hydroxyalkylation, of phenolic cinchona alkaloids . .. 1473
Hydroxyanthraquinones, as anal, reagents................  1776
a>-Hydroxydecanoic acid, dielec, const, study of,

polymers, 328; orientation in . .................. ...............  530
1 - Hydroxy - 2 - (p - dialkylaminobenzyl) - tetrahydro­

naphthalene. ..............     936
Hydroxyl groups, HI reduction in micro detn. of........ 2723
2-Hydroxy-5-methylbenzophenone oximes, acyl

derivs. of.. . .................................    205
2-Hydroxymethyl-5-hydroxy-y-pyrone, reacn. of,

with aldehydes........................... . .............................  1541
Hydroxy-a-methyl-iS-phenethylamines....................... 465
Hydroxy-/3-methyl-/3-phenethylammes......... . 1075
Hydroxynaphthaldehydes, ionization consts. of

isomeric.................................................    1163
Hydroxyphenylanthrones..... ......... ..................... 2638, 2642
Hydroxyphenyldihydroanthracenes..................   2636
Hydroxypyruvic aldehyde, purification of the alco­

holate of the trimer of.................................    1628

2-Hydroxyquinolinearsonic acids.................................  2104
3(/3)-Hydroxysteroids, in human pregnancy urine... 1904
9-Hydroxy-l ,2,3,4-tetrahydrophenanthrene, amino

ales, derived from....................    1533
a-Hydroxytetronic acid, dissocn. const, of................... 859
Hypnotics, synthesis of compds. with, properties,

1148; acid amides a s ....................................... 2923, 2924
Hypochlorous acid, reacn. of, in Friedel-Crafts syn­

theses, 2596; action of, on /3-amyloses.....................  3018
Hypohalogenous acids, calcn. of dissocn. consts. of,

from kinetic data...........................................................  493
Hysteresis, sorption, of concave surfaces...................... 430

ICE-POINT, as a standard of reference................... 866
Imidobenzoate, y-chloropropyl....................................  129
Immunology, mol. compn. of sp. immune ppts. from

rabbit sera.............................................   242
Indamine, semiquinone radicals in the, groups.........  1667
Indene chloride, reacns. of, with cis- and trans-chloro-

hydrins, 1360; reacn. of, with phenols...................  1365
Indicators, ionization consts. of acid-base, in MeOH,

2516; spectrophotometric study of neutraliza­
tion........... .............    2607

Indium, organometallic compds. of.............................  306
Indoles, synthesis of polycyclic....................................  2414
Indophenol, semiquinone radicals in the, groups,

1667; charcoal as catalyst in the, reacn.................  2480
Inductance, effect of residual, in high frequency ca­

pacitance measurements.........................................   . 42
Industrial chemistry, Cours de. Tome V. Indus­

trie Organique (Dupont, book review).................... 1273
Inorganic chemistry, A Comprehensive Treatise on 

(Mellor, book review), 219; Readings in Elemen­
tary (Goldblatt, book review), 2827; Gmelins 
Handbuch der. Rubidium, 1271; Ruthenium
(Meyer, book review)................................................. 3093

Inorganic complexes, a Raman investigation of the
possible existence of certain, in soln........................ 549

Insulin, structure of the, mol., 2005, (correction)
............................................................  3099, 2247

Invertase, bentonite as an adsorbent in purifying,
982; ZnS as an adsorbent in purifying. ...................  983

Iodide, conductance of dil. solns. of alkali, in di­
methylamine, 2611; volumetric oxidation of, by
H I0 4.......... ...................................................   2869

Iodide ion, oxidation of, by persulfate io n ................. .. 687
Iodine, vapor phase reacns. of cyclopropane with,

217; substitution of, in enols by means of, and
H2O2, 855; sp . heats and heat of fusion o f ..................  1436

Iodine monobromide, brominations with, 256; 
reacn. of, w ith cholestenone and /3-cholestanone.. .  1744

Iodine monochloride, reacns. of, w ith sa lts ..................  429
a-Iodoacetoacetic acid, prepn. of E t ester of, 855;

dissocn. const, of E t ester o f ...........................................   859
sym-Iodoacetylacetone, prepn. o f ......................................  855
a-Iodotetronic acid, prepn. of, 855; dissocn. const.

o f............ .................................................................................  859
Ionization, consts. of isomeric hydroxynaphthalde­

hydes, 1163; ionic dissocn. of N a triphenylmethyl,
1403; consts. of inorg. O acids, 2047; consts. of 
acid-base indicators in M eOH, 2516; consts. of 
propionic and ft-butyric acids in water, 2744; 
first thermodynamic, const, of D 2C 0 3, 2773; detn. 
of, b y  ultraviolet spectrophotometry (correc­
tion )........................................................................   3097

Ions, crit. increment of ionic reacns., 330; uni­
lateral triple, formation in aq. H 2F2, 1609; in­
fluence of dielec, const, on ionic reacns., 1613; 
entropies of aq., 1829; m agneto-optic rotations of
paramagnetic....... ....................................................  2294

Irene, constitution o f . ....... .................      930
Iron, magnetic susceptibility of, in ferrohemoglobin,

1177; synthetic N H 3 cata lysts........................................  1185
Iron chloride, hydrolysis of FeCl3, 967; slow hy­

drolysis of FeCl3 ...........................................  1215
Iron sulfide, postpptn. of FeS with GuS...........................  2036
Isatin series, Reformatsky reacn. in, series, 644; 

reacns. of Grignard reagents with, and N -a lk y l.. .  2153
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Isobutane, structure of..... ........................................... 475
Isobutene, reacn. of, with phenol, 2495; instability

of liquid.................... ........................... ......... . ...........  2699
Isobutyl iodide, kinetics of pyrolysis of. . . . . . . . . . . . .  1877
Isobutyric acid, hydrolysis of 2,2'-diiodo-, to di­

hydroxy-, 415; condensation of the enolate of 
Et ester of, with Et benzoate, 463; Claisen con­
densation of Et ester of, with benzoyl chloride,
benzoic anhydride and Ph benzoate............. ..........  1960

Isocholesterol, constitution of............... ........... ' 4. . . . .  413
Isomerism. (See also Optical rotation; Rearrange­

ment.) lactim-lactam, in substituted tetrahydro- 
triazines, 1656; relations of cis-trans, to asym­
metric oxidation of sugars, 1792; propyne-allene 
tautomerism, 1885; dynamic, of acetaldehyde 
2,4-dinitrophenylhydrazone, 2814; stereo-, of
unsatd. compds. (correction)............................. . 3097

Isomerization. (See also Rearrangement.) tautom- 
erization of an optically active azomethine, 3; 
accompanying alkylation, 353; of camphene hy­
drochloride, 1585; during the prepn. of «-amyl 
chloride, 2540; influence of «-halogen substitu­
tion on, of ketones, 2650; a chemically-catalyzed
cis-trans....................................................... ............ . 2839

Isophthalamides, meso and racemic, of 3-nitro-3'-
aminobimesityl............. ................. . . . . ......... . 1489

Isophthalic acid, reacn. of AICI3 and diphenyl ester
of.................. . . ................................................. .. 2283

Isopropenyl alkyl malonic acid, esters of......... ...........  2644
Isopropyl alcohol, restricted rotation in......................  985
Isopropylethylene, alkylation of benzene with...........  353
2-Isopropylidene-6-methoxycoumaran-3-one, reduc­

tion of..............................................    1415
Isoquinoline, derivs. of dibenz-, and naphth-.............. 2962
Isosteric compounds......................................................  2628
Isotonic solutions..................   3061
Isotope, abundance of Rb, 691; abundance of com­

mon Pb..................   1571

J OULE-THOMSON effect, in He and N mixts.. . . . .  341'

KETALS. (See also Acetals.) some reacns. of...........  568
Ketene acetals.............................................................. . 2210
1 - Keto -2-(p-  dialkylaminobenzyl) - tetrahydronaph­

thalene.......................   936
/3-Keto esters, enol content of some..... ........................  2213
Ketones, a new, from the urine of pregnant mares, 

493; relative oxidation-reduction reactivities of, 
1151; steric hindrance in «-di-, 1168; mechanism 
of, formation in reacn. of indene chloride with 
cis-trans chlorohydrins, 1360; arsenated derivs. 
of mixed, 1370; condensation of, with 6-methoxy- 
coumaran-3-one, 1415; diaryl, peroxides, 1455; 
photochem. interaction between ales, and, 1530; 
from mares’ pregnancy urine, 1559; enol ethers 
of steroid, 1702; hydantoins from 1,3-dichloro- 
isopropoxyethyl Me, 1796; «-azoxy, 1933; photo­
chem. decompn. of, Et Me, 2031; influence of «- 
halogen substitution on, enolization, 2650; vera- 
trylhomoveratryl, 2656; condensation of para­
formaldehyde with aromatic, 2935; reduction of
«-halogenated....... .....................................................  3089

Ketonic acids, reacns. of 7 -, 2142; addn. reacns. of
unsatd. «-..............................   2469

Ketonic decomposition, amine catalysis of the, of
«, «-dimethylacetoacetic acid..................  595

j8-Keto-nitriles, reacns. of, with H ..............   914
Kinetics. See Reaction velocity.
Kojic acid, reacn. of, with aldehydes.............................. 1541
Kou Wen, alkaloids of....................................................  1723

LACTAM, laetim-, isomerism in substituted tetra-
hydrotriazines......... .................................................... 1656

Lactic acid bacteria, pantothenic and nicotinic
acids as growth factors for..... ...................................  2825

Laetim, lactam-, isomerism in substituted tetra- 
hydrotriazines......... ....................................      1656

Lactone, formation in the sulfonation of heat treated 
rosin, 1267; ketonic 0-, and the Walden inversion,
2142; formation in addn. product of maleic an­
hydride and bicyclohexenyl........................................ 2792

Lactositol, crystalline...................................................... 571
Lanopalmic acid........... ..................... .............. . . _____ 559
Lanthanum chloride, transference nos. of..................... 3070
Lanthanum hydroxide sols, hydrous......... ................ 726
Lapachol, 2-step oxidation-reduction of....................    1990
Lavoisier, Traité Élémentaire de Chimie de (Chate-

lier, book review).................................................   732
Layers. See Films.
Lead, at. wt. of, from St. Joaquimsthal pitchblende 

and the U - ratio of this pitchblende, 62; co- 
pptn. of, 508; standard e. m. f. of the, electrode,
724; prepn. of radioactive, pellets, 727; varia­
tions in the relative abundances of the isotopes of
common.............................   1571

Lead abietate, conductance of, and tributylam­
monium chloride in toluene....................................  2394

Lead chloride, activity coeffs. of, in mannitol solns.. .  1607 
Lead compounds, acetoplumbites, 142; oxidation of

terpene compds. by....................................................  325
Lead phosphate, heat capacity and entropy of,

1826; heat of soln. o f . .............. ................................ .. 1828
Lead sulfate, equil. between mixed crystals of Ba-,

and solns.. . ............   197
Lead tetraacetate, cleavage of glycosides by, 2061; 

oxidation of methycholanthrene and 3,4-benz­
pyrene with...............     2542

Life, Origin of (Oparin, book review)..... , .................... 2829
Light. (See also Diffraction; Photochemistry; Spec­

tra.) reflection and absorption of visible radiation in 
the system KC1-CuC12, 753; stability of C1-H20  
vapor mixts. in, 1699; quant, measurement of the
ultraviolet activation of ergosterol. .............. 2579

Lignin, and related compds., 565; reacn. of hard­
wood, w ith H , 1467; fermentation of, and, hum ic
acid, 1596; structure o f , ........................ 2274, 2813, 2815

Lignin sulfonic acids, acetovanillone and aceto-
syringone as degradation products o f ...........................  565

Limonin, iso-, in oranges................................................. .. 3018
Linoleic acids, properties of, prepared by debrom ina­

tion and low temp, crystn.................................................  54
Linolenic acid, purification Of........... ................................... 2734
Linoleyl alcohol, prepn. and properties o f ........................ 56
Lipids, of Blastomyces dermatiditis.....................................  2599
Liquids, vapor pressures of, and the principle of cor­

responding states, 794; vapor-, equil., 1275, 1278,
(correction).................................      3099

Literature, Library Guide for the Chemist (Soule,
book review )....................................  3091

Lithium chloride, partial molal vols. of, in liquid
monom ethylam ine........... ..................................................  1949

Lithium nitrate, liquidus surface of system  N a , Li
and Ca nitrates.....................................   873

Lithium phthalate, system : M g phthalate-H 20 - . . 2909  
Liver, concn. and purification of pantothenic acid

from ........................................      2719
Lomatiol, 2-step oxidation-reduction o f ..........................  1990
Lucite, sp. heat o f . ....................       2563
Luminescence, chemi-, of chlorophylls and of other

porphyrin m etal complex sa lts...................................  2005
Lumisterol, structure o f.......... .................   3088
Lysergic acid, position of the carboxyl group in .......... 1701
flf-Lyxose diacetamide tetraacetate.......... .......................... 278

M A CL UR A pomifera R af., a yellow pigm ent f ro m. .  574
Magnesium, reacns. of F derivs. w ith . ....................... .. 2275
Magnesium compounds. (See also Grignard re­

agents.) pyrolysis of organo-, 1019; reacn. of 
PhMgBr with £-methoxy-/3-mesitylacrylonitriles, 
1447; reacns. of dialkoxyalkanes with alkynyl- 
magnesium bromides, 1714; reducing action of 
/-Bu Grignard reagent on acyl chlorides, 2028; 
action of /-BuMg chloride on /-Bu acetyl chloride, 
2030; pptn. of PhMgBr by pyridine and dioxane, 
2215; action of MeMg halides on 2,4,6-trisub-
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stituted  benzoyl chlorides, 2269; action of t-
BuM gCl with A cC l...........................   2899

M agnesium  oxide, adsorption of H by Cu dispersed
in .......................................................  877

M agnesium  phthalate, system s: phthalic acid-
H 20 - ,  and Li phthalate-H 20 - .......................................  2909

M agnesium  selenate, system: (N lD sSeO r-L L O -.. .  1987
M agnetic properties, of Gd phosphom olybdate...........  376
M agnetic susceptibility, of Fe in ferrohemoglobin. . .  1177 
M agnetism , para-, of phenanthrenequinone-3-sul­

fonate semiquinone, 202; para-, of sem iquinones.. 214
M agnetom etric study, of the duroquinone s y s t em . . .  1678
M agneto-optic rotations, of paramagnetic ion s...........  2294
M aleic acid, production—vapor phase oxidation of 

crotonaldehyde, 52; production, 1988; reaction of 
Grignard compds. and, derivs......................................... 2647

M aleic anhydride, reacns. with organometallic 
compds., 215; reacn. between, and polycyclic 
hydrocarbons, 481; D iels-Alder reacn. between 
naphthylcyclopentenes and, 2204; addn. of, to  
bicyclohexenyl, 2792; N-term inated conjugated
systems and..................      2811

Malonic acid, dimethyl, 1924; o-methoxyphenyl-,
2140; isopropenyl alkyl malonic esters, 2644;
(1 -methylpropenyl) -alkyl-......................................... 2901

Mandelic acids, prepn. of substituted, and their
bacteriological effects, 1015; substituted.............  2974

Manganese, action of C02 and CO on.......................... 3055
Manganese chloride, distribution of, between ether

and HCl........................................................    2524
Manganous dipyridine chloride, magnetic properties

and structure of........................................................... 1786
Mannitol, activity coeffs. of PbCl2 in, solns...............  1607
Manostat, a sensitive, for low gas pressures.......... .. 1265
Mass spectrograph, detn. of the isotope abundance

and at. wt. of Rb. , ................................................... . 691
Matter, The Fine Structure of (Clark, book review). 988
Mercaptans, addn, of, to unsatd, hydrocarbons........  2452
Mercaptopyrimidines, oxidation of, with Cl water...  1622 
Mercuric hydroxide, acid and basic dissocn. consts. of. 299
Mercuric oxides, solubilities of red and yellow..........  299
Mercuric sulfides, transition of, in anhyd. H2S in 

NHs, 359; induced pptn. of, from Na, solns. by
ZnS.......................................  1576

Mercurous chloride, action of NH4OH on.................... 518
Mercurous fluoride, fluorination of aliphatic sub­

stances with................................................................  1060
Mercury, some, derivs. of biphenyl, 321; soly. of Au 

in, 870; derivatives, of the ö-chlorobenzyl radical,
1262; detn. of dissolved O by the dropping, elec­
trode, 2796; dropping, electrode....................     2990

M ercury compounds, of diphenyl ether, 751; re­
versible spitting of organomercuric cyanides, 891; 
dioxanates of mercuric halides, 2308, (correction) 
3099; electronegativities of dialkyl, containing
branched chain groups....................................................  2626

M ercury diaryls, reacns. between, and SeBr*...........  o619
M esitylbenzylglyoxal, steric hindrance in ....................  1168
M esitylene, prepn. o f............. .................................   1421
M etabolism , heats of combustion of some, substances,

1400; of Living Tissues (Holmes, book review). 3092 
M etal chlorides, activity and osmotic coeffs. of tri­

v a len t..............................................................    1638
M etals, action of, on crotyl and methylvinyl- 

carbinyl bromides, 900; D ie Korrosion von 
Nichteisenm etallen und deren Legierungen (Krö- 
hnke, Masing, book review), 2280; rapid method
for traces of, by the dropping H g electrode...........  2990

M ethacrylate polymer, sp. heat of M e ............................. 2563
M ethane, fluorinated derivs. of, bearing Ph groups,

864; attem pted resolution of Ph-d5-Ph-amino-,
1260; tetraalkyl........................................   2598

M ethanol. See Methyl Alcohol.
6-M ethoxycoumaran-3-one, condensation of ali­

phatic aldehydes and ketones with, 1415; O-
acetylation o f..................................., , ........... ...................  1418

/S-Methoxy-j3-mesitylacrylonitriles, 1199; reacn. of 
PhM gBr w ith , ..............* * * . * , , ..................1447

Methoxy-a-methyl-j3-phenethylamines.......................  465
Methoxy-)8-methyl-/5-phenethylamines................. .. 1075
Methoxyphenylanthrones. . . ............................... 2638, 2642
Methoxyphenyldihydroanthracenes.............................  2636
0-M ethoxyphenylmalonic acid, and derivs................... 2140
^-Methylacetophenone, base strength and absorption

spectra of......................................................................  885
Methylacetylene, vibrational frequencies of bonds

in...................................................................................  71
a-Methylacrolein, polycondensation of......................  1737
Methyl alcohol, viscosity of, 1683; f. p. of, 1693; 

esterification of benzoic acid with, using isotopic 
O, 2391; ionization consts. of acid-base indi­
cators in........................................................................  2516

Methylaluminum chlorides, prepn. of..........................  2276
Methylamine, LiCl and NaNOs in mono-, 1949;

heats of soln. of gaseous di-, and tri-..........................  2693
2- (N-Methylamino) -^-camphane -10 - sulfonic acid,

synthesis of the sultam of.. .*......................................  2794
Methylation, of sugars, 2563; of cellulose materials

dispersed in quaternary ammonium bases................ 2823
1'-Methyl- 1,2-benzanthracene......................................  170
Methyl bromide, heat capacity, vapor pressure, 

heats of transition, fusion and vaporization of. . . .  2097
4-Methyl-5-«-butyl-2,6-dimethoxypyrimidine, mol.

rearrangement of.........................................................  1719
2 - Methyl - 8 - carboxy - 3 - keto - 3,4 - dihydro - 1,4-

benzoxazine, prepn. of................................................  1627
0-Methylcellobioside, dimolar tosylation of............... 1203
Methylchavicol, in turpentine..................    3086
Methylcholanthrene, reduction and hydrogenation 

of, 940; synthesis of 2- and 6-substituted derivs.
of 20-, 2255; oxidation of, with PbAc4....................  2542

j3-Methylcholine, thioesters of............................  1765
Methyl derivatives, mol. structures of, of P and As..  996
Methylene, interaction between, radicals and H ___2819
Methylene-arylamines, conversion of ^-substituted, 

and of trimeric bis-, to substituted 2-amino-
benzylarylamines........................................................  1738

Methylene chloride, soly. of, in donor solvents.......... 2714
Methylene groups, alkylation of reactive, with alkyl

sulfates.......................................................................   131
Methylene quinone, addn. of Na malonic ester to a . . 676
Methylfructofuranoside, hydrolysis rate of, in HCl . . 1206
Methylfructopyranoside, hydrolysis rate of..............  1206
2-Methylgalactose............ ..............................................  323
Methyl-d-glucosides, unimolar tosylation of a- and

0-.............. . .................................................................. 395
Methylhydróquinones, autoxidation of........................ 2084
2 - (N - Methylimino) - d - camphane - 10 - sulfonic

acid, absorption spectrum of........ .......................... 1314
Methyl iodide, photodecompn. of, 961; hydrolysis

of..................................................................................  2000
Methylisopropylcarbinol, identification of, in di­

ethylcarbinol......... .....................   3082
a-Methyl-d-lyxopyranoside, cleavage of C chain of,

by oxidation with periodic acid.......... .................... 2059
Methylmagnesium halides, action of, on 2,4,6-tri-

substituted benzoyl chlorides..................................  2269
7-Methyl-2',l'-naphtha-l,2-fluorene............................ 2306
4-Methylnitrostyrene, action of NH3 and aromatic

amines on..................................................   2841
2-Methyloctane...............................................................  2571
2-Methylpentanols, thermodynamic properties of,

- la n d -4.....................................................   820
(l-Methylpropenyl)-alkylmalonic acid, esters o f . . . .  2901
4-Methyl-5-w-propylcytosine, synthesis of................  1721
Methyl triborine triamines, prepn. of some.................. 1296
Methylvinylcarbinol, mechanism of reacn. of, with

solns. of HBr................. . ............................................ 847
Methylvinylcarbinyl bromide, action of metals on . . .  900
Mica, adsorption of gases on plane surfaces of. . . . . .  467
Microchemistry, Introduction to Microchem. Meth­

ods for Senior Students (Wilson, book review),
2567; HI reduction in hydroxyl detn.................... 2723

Microstructure, of basswood ash....................   2980
Minerals, At. Structure of (Bragg, book review)___ 220
Molecules* m©L eompn. of sp* immune ppts* from
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rabbit sera, 242; adsorption of gases in multimol. 
layers, 309; mol. rearrangements in the sterols, 
413; electron diffraction investigation of the mol. 
structures of isobutane, ^-Bu chloride and bromide, 
475; internal free rotation in hydrocarbons, 494; 
polar group orientation in linear polymeric—  
the co-hydroxydecanoic acids, 530; infrared ab­
sorption of H  bonds between unlike, 605; A Com­
prehensive Treatise of A t. M ol. Structure (Clark, 
book review), 988; mol. structures of M e derivs. 
of P and As, 996; possibility of mol. rotation in the 
solid forms of cetyl ale. and 3 long-chain E t esters, 
1229; crystal structure of Cs2AuAuCl6 and Cs2- 
AgAuCle, 1846; internuclear distance in the F, 
1348; mol. rearrangement induced b y  ultrasonic 
waves, 1497; hindered rotation of the M e groups 
in propane, 1521; dipole m om ents and mol. struc­
ture of anthracene derivs., 1801; mol. structure of 
AS4O6, P 4O6, P4O10 and (CH2)eN4 by electron 
diffraction, 1814; mol. structures of P  oxytri­
chloride, oxydichlorofluoride, oxychlorodifluoride, 
oxytrifluoride, fluorodichloride, pentafluoride and 
trifluorodichloride, and of di-, trichloro- and hexa­
chlorodisilane, 1836; mol. refraction of aliphatic 
azoxy compds., 1933; structure of insulin, 2005, 
(correction) 3099; 2247; Fine Structure of M at­
ter. II. M ol. Polarization (Clark, book review), 
2933; elec, factors in the adsorption of polar, at 
soln. surfaces, 2355; mol. structure of H 2S2, 
(CH3)2S2 and SC12, 2872; crystal structure of 
N H 4CdCl3, 2886; a system  correlating mol. struc­
ture of org. compds. w ith b. ps., 3032; Mol.
Beams (Fraser, book review ).........................................

M olybdates, copptn. of ammonium phospho- and
silico-......................................................................................

M olybdenum, detn. of, w ith the Ag reductor, 64;
anal, chemistry o f...............................................................

M olybdenum compounds, magnetic properties of
Gd phosphom olybdate.....................................................

M onazite, “ Glorieta” ...... .....................................................
M onoalkyl acetylenes, polarity of gaseous............ ..
Monochloropentamminocobaltic chloride, prepn. o f . . 
Monoglycerides, stability of aromatic and a liphatic..
Monohalogeno-alkyl glycosides. ......................................
M onomethylamine, partial molal vols. of LiCl and

N a N 0 3 in liquid..................................................................
Morphine, substances related to degradation prod­

ucts of morphine.................................................................
Morpholine, N-ar alkyl-......... ...............................................
Morpholino alcohols, from phenanthrene......................
M utarotation. See Optical rotation. 
M ycobacterium, dissociants of the H-37 human 

tubercle bacillus, 768; acid metabolism of wine 
yeast, 1137; Saccharomyces cerevisiae, 2505; Aceto­
bacter suboxydans, 2507; lipids of Blastomyces 
dermatiditis...........................................................................

N A PH T H A L D E H Y D ES, a-, and derivs., 853; ion­
ization consts. of isomeric hydroxy-...........................

Naphthalenes, hydrogenation of, derivs., 664; 1- 
keto - 2 - (p - dialkylaminobenzyl) - tetrahydro, 936; 
N a, 951; 1 - hydroxy - 2 - (p - dialkylaminobenzyl)- 
tetrahydro-, 936; /3-Ph, 1077; structure of,
nuclei, 1163; cis- and £r<ms-decahydro-, 2125; 
absorption spectra of di-, 2180; alkylation of, with
ales, and B F3........................................................................

Naphthalic acid, reacn. of A1C13 w ith diphenyl ester
o f ..............................................................................................

Naphthisoquinoline, derivs.................................... .............
/3-Naphthol, behavior of peptides when heated in ___
j8-Naphtholaminomethane, H N 0 2 on P h -......................
N aphtholic steroids, reduction of, to phenolic

steroids..................................................................................
Naphthylcyclopentenes, D iels-A lder reacn. between,

and maleic a n h y d r i d e . ....... ...................................
e^'-Neoergosterol, oxidation o f...................... ..
Neohexane, pinacolyl chloride from the chlorination 

O L ....... ....

Neutralization, kinetics of, of pseudo acids in H 20
a n d D 20 .................................................................................  2588

Nickel sulfate, adsorption of H e on, 393; system :
(N H 4) 2SO4- 6 H 2O -....................................................... .. 1099

N icotinic acid, absence of, in the urine of pellagrins, 
and a method for its quant, estim ation, 731; 
influence of, on the fermentation method for v ita ­
min B i detn., 1514; activity of certain, derivs. 
as growth essential for the dysentery bacillus,
2004; (correction) 3099; as growth factor for lactic
acid bacteria............................................................ . .  2825

Nirvanol, synthesis of, colored derivs........................ 3005
Nitramide, catalysis of, decompn. by colloidal Pt 

and Au, 144; temp, coeffs. of the base catalyzed
decompn. of, in D20 . ....................................................  1967

Nitrates, binary and ternary solns. of, in anhyd. 
AcOH, 1211; conductivities of, of uni-, di-, and
trivalent cations............................................................ 2776

Nitration, products of gossypol hexamethyl ether, 
gossypolone tetramethyl ether and gossypolonic
acid tetramethyl ether..................................   2970

Nitric acid, liquid NH3 sepn. of H2S04 from .----------  1945
Nitric oxide, in the photolysis of azomethane, 10; 

transient inhibition of the thermal decompn. of
butane by......................................................................  1701

Nitriles, reacns. of /3-keto-, with H, 914; /3-methoxy-
/3-mesitylacrylo-............................................................  1199

6-Nitroacridone, sulfonation of.....................................   593
3- Nitro-3'-aminobimesityl, meso and racemic iso-

phthalamides of........................................................   1489
w-Nitrobenzene, reacn. of, with ethanolamines. . . . .  1236
2- Nitro-6-carboxy-2/-methoxybiphenyl, stereochem­

istry of..........................................   1411
4- Nitro-2-chloronitrostyrene, action of aromatic

amines on...................................................................... 2845
Nitro derivatives, of 3-anilino-5-phenylisoxazole and

-pyrazole....................................................................... 1198
Nitrodiphenyls, bromination of the............ ..................  424
Nitrogen, Joule-Thomson effect in He-, mixts.,

341; fixation of active, by org. compds., 1918; 
compressibilities of H and, 2300; derivs. of 
fluorene compds., 2675; -terminated conjugated
systems and maleic anhydride.................................... 2811

Nitrogen compounds, in petroleum distillates, 763; 
effect of neutral salts on quantity of nitrogenous 
constituents extracted from oil-free meal, 1316;
from petroleum distillates............................ .... 3025, 3028

Nitrogenous glucosides, research on..............................  1916
Nitrogen peroxide, kinetics of the explosive reacn. 

between H and O sensitized by...............    1513
3- Nitrophthalic anhydride, sepn. and identification

of amines with......... . . . ................... ..........................  2285
Nitrostyrenes, action of ^-toluidine and ^-phenylene-

diamine on substituted................................................ 2844
Nitrothiophene, action of Br on.....................................  2906
Nitrous acid, action of, on Ph-/3-naphtholamino-

methane........................................................................  36
Nomenclature, suggestion for naming the higher C

sugars.......................................    1537
Nonanes, possible asymmetry of a monosubstituted

cyclo-...................................................................1051, 2571
Norcholane, 3,7,12-trioxy-23-amino-............................  991

OCTANE, 2-M e............................................................  2571
Octenes, prepn. of cis and trans 4- (correction)............  3097
Oestradiols, hexahydro..........................................   1512
Oestranediols, isolation of, from human non-preg­

nancy urine...........................................................   1901
Oestrone, reduction products of...... ..............................  2927
Oil, volatile, of Amur cork tree fruit, 920; identifica­

tion of citral in orange, 933; compn. of Asimina  
triloba seeds................................................................... 2853

Olefins, condensation of cyclopropane and, w ith  
acids, 358; coordination of A g + with m ono-, and  
di, 836; reacn. between S 0 2 and, 1450; addn. of 
HBr to, 2436; Friedel-Crafts condensation w ith  
arylalkylene ether chlorides, 2502; peracetic  
acid as catalyst in the §Or~» reacn., 2622; reacn.

3095

66

640

376
2661
2115
3053
3003
1020

1949

2548
896

2464

2599

1163

2499

2283
2962

560
36

1897

2204
1379

2589



3138 S u b j e c t  I n d e x Vol. 60

of aliphatic, with thiophenol, 2731; heats of addn. 
of halogens to, 2764; alkylation of benzene by,
2952; reacns. of O-containing compds., and
tertiary halides with...................................................  2956

Oncoba echinata oil, analysis of......................................  617
Onium compounds...................................................946, 1765
Optical constants, of acetic and propionic p-hvomo-

anilides......................................................................... 1394
Optical properties, of cellulose dispersed in cupram­

monium hydroxide soln..............................................  1807
Optical rotation. (See also Walden inversion.) change 

in the, of glucononitrile, 765; restricted, in Et ale., 
acetone and isopropyl ale., 985; anomalous muta-, 
of salts of Reychler’s acid, 1314, 2794; restricted 
internal, in hydrocarbons, 1515; of gelatin, 2289; 
magneto-, of paramagnetic ions, 2294; influence of 
branched chains on optical activity, 2658; of a 
Grignard reagent, 2821; mutarotation of d-
galactose............ ............ ..........................................  3007

Orange oil, identification of citral in................. . 933
Oranges, bitter constituent of.......................................  3013
Organic chemistry, Practical (Mann, Saunders, book 

review), 219; The C Compds. A Textbook of 
(Porter, book review), 987; La Synthèse Totale 
en Chimie Org. (Delépine, book review), 987; 
Cours de Chimie Industrielle. Tome V. (Du­
pont, book review), 1273; Lab. Technique in 
(Morton, book review), 1517; A Brief Introduc­
tion to the Use of Beilstein’s “Handbuch der” 
(Huntress, book review), 1518; an Advanced 
Treatise (Gilman, book review), 1519; Principles 
of (Starck, book review), 1705; Modern Theories 
of (Watson, book reivew), 2278; Lehrbuch der 
Chemie. Teil II. Org. Chemie (Hückel, book 
review), 2827; Collateral Readings in (Goldblatt, 
book review), 2827; Textbook of (Richter, book 
review), 2828; Org. Syntheses (Fuson, book re­
view), 2829; An Outline of (Degering, Nelson, 
Harrod, book review), 2831; Expts. in (Desha,
Farinholt, book review)..................................... .......  3093

Organic compounds, action of elementary F on, 427;
O exchange reacns. of, and water, 679; heats of 
combustion and free energies of, concerned in 
carbohydrate metabolism, 1400; thermal data on,
1507; dehydrogenation by organometallic 
compds., 2333; relative reactivities of organo­
metallic compds., 2336; org. peroxides, 2434; a
system correlating mol. structure of, with b. ps. . . 3032 

Organomagnesium compounds. See Grignard re­
agents, Magnesium compounds.

Orientation, polar group, in the co-hydroxydecanoic
acids..........................................    530

Orthoformate, kinetics of Et, hydrolysis in D20 -
H20 ........................................................    1962

Orthophosphite, hydration of diammonium dihydro­
gen pyrophosphite to . ............... ........................... ... 257

Osage orange, a yellow pigment from.....................  574
Osmium bromide, prepn. and analysis of solns. of a

trivalent......................................................    1105
Osmium tetroxide, properties of, in CCL and thermo­

dynamic coasts, of................................................  1822
Osmotic coefficients, of trivalent metal chlorides.. . 1638
Ouabain, oxidation of the trianhydrolactone of. . .  . 1379
Oxazine, 2,4,4,6-tetramethyl-4,5-dihydro-l,3-...........  407
A2-Oxazoline, synthesis of.......................  2152
Oxidation, vapor phase catalytic, of crotonalde- 

hyde, 52; processes, 98; mechanism of auto-, in 
reacn. of tri-n-butylborine with peroxides and O, 
121; in the terpene series, 325; rates of, of Et 
disulfide and Et mercaptan, 590; of iodide ion by 
persulfate ion, 687; of sitosterol by Se02, 1071; of 
stigmasterol by Se02, 1073; relative reduction-, re­
activities of ketones and aldehydes, 1151; of sugar 
ales, by Acetobacter suboxydans, 1201; of the tri­
anhydrolactone of ouabain, and epi-neoergosterol, 
1379; of mercaptopyrimidines with Cl water, 
1622; relations of cis-trans isomerism to asym­
metric, of sugars, 1792; vapor phrase, of 5-C

olefinic acids, 1988; -reduction of lapachol, loma­
tiol and related compds., 1990; cleavage of a-Me- 
d-lyxopyranoside by, with periodic acid, 2059; 
cleavage of glycosides by PbAc4, 2061; auto-, 
of hydroquinone and of the mono-, di- and 
trimethylhydroquinones, 2084; of gossypol hexa­
methyl ether, 2170; negative temp, coeff. in the 
rate of propane, 2244; oxidative properties of 
charcoals, 2483; of methylcholanthrene and 3,4- 
benzpyrene with PbAc4, 2542; periodate, of 1,2- 
glycols, 2726; mechanism of carbohydrate, 2847; 
volumetric, of iodide and bromide by HIO4,
2869; photochem., of acetone.................................. 3044

Oxide, the coated filament..................... ........................ 3047
Oximes, infrared study of acid amide and, assocn.. .. 2444
Oxygen. (See also Oxidation.) heats of hydrogena­

tion of some, containing compds., 440; exchange 
reacns. of org. compds. and water, 679; exchange 
of, between benzil and water, 880; kinetics of the 
explosive reacn. between H and, 1513; ionization 
consts. of inorg., acids, 2047; isotopic, and the 
MeOH-benzoic acid reacn., 2391; location of, in 
certain steroids, 2566; detn. of dissolved, by the 
dropping Hg electrode, 2796; the relatively inert, 
atom of digoxigenin and sarmentogenin, 2824;
reacns. of, containing compds., with olefins.............  2956

Ozone, interaction of, and H20 2 in aq. soln................... 82

PALLADIUM, action of, on abietic acid.....................  1419
Palladous chloride, coordination compds. of................ 882
Pantothenic acid, concn. and purification from liver,

2719; as growth factor for lactic acid bacteria,
2825; as growth factor for diphtheria bacillus.. . . .  3086

Papaw, compn. of, seeds................................................ 2853
Parachor, of hexamethylenetetramine, 489; of

aliphatic azoxy compds., 1933; study of org............ 2716
Paraffins. (See also Hydrocarbons.) alkylation of 

benzene with, and cyclo-, 577; Balandin multiplet 
hypothesis of dehydrogenation of cyclo-, 627; 
reacns. of dialkoxyalkanes with alkynylmagnesium
bromides....................................   1714

Paraformaldehyde, condensation of, with aromatic
ketones.......................   2935

Pellagrins, absence of nicotinic acid in urine of............ 731
Pentaborane, structure of, B8Hn..... .............................  805
Pentaerythritol, some reacns. of.................................... 415
Pentane, 2,2,4,4-tetramethyl..................     2571
Pentanol, thermodynamics of 2-Me-, -1 and -4...........  820
as-Pentene-2, phys. consts. o f......................................  2562
Peonol, arsenicals of........................................................ 1370
Pepsin, activities of urease and, monolayers............  1351
Peptides. (See also Dipeptides.) behavior of, when 

heated in j3-naphthol, 560; racemization of
tri-................................................................................. 2426

Peracetic acid, as a catalyst for the S02-olefin
reacn.............................   2622

Perchloric acid, activity coeff. of, and a corrected 
value for argentous-argentic oxidation potential
in . . . ...........    2561

Periodate, kinetics of the, oxidation of 1,2-glycols...  2726 
Periodic acid, structure of the products of oxidation 

of starch and cellulose by, 989; cleavage of a- 
Me-d-lyxopyranoside by, 2059; volumetric oxida­
tion of iodide and bromide by....................................  2869

Peroxide effect, in addn. of HBr to allyl bromide
(correction)..................................................................  3097

Peroxides, diaryl ketone, 1455; studies in org............  2434
Persulfate ion, oxidation of I ~ by.................................. 687
Petroleum. (See also Hydrocarbons.) Application 

of Polymerization in Field of (Burk, Thompson, 
Weith, Williams, book review), 735; N compds. 
in, distillates, 763; N compds. from, 3025, 3028;
About (Crowther, book review)........................   3091

Pharmacology, Traité de Pharm. Chimique (Lebeau, 
Courtois, book review), 2827; Lehrbuch der
(Starkenstein, book review)....................................... 3094

Phase rule. (See also Equilibrium; Pressure.) 
liquidus surface of the system Na, Li and Ca
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nitrates, 873; studies of soap, 1866, 1870; study 
of iodate-chlorate-water systems, 2040; phase
study of system: Napalmitate-NaCl-H20 ............

Phellodendron amurense, volatile oil of....... .................
Phenacyl esters, some, and ̂ -substituted.. . . . ...........
Phenanthrene derivs., synthesis of..........624, 2548,
Phenanthrenequinone-3-sulfonate, paramagnetism of

the semiquinone o f . ........................ . . . . ...................
Phenanthrene series, studies in, 1321, 1533, 2409,

............. .................. ............................. . . . . . . . 2464 ,
Phenanthrenes, 1,4-dimethyl, 319; hydro-, 1501, 

(correction) 3099; 1,2,3,4-dibenzo-, 1798; hydro-, 
derivs., 2548; bromination of, 2835; reacn. of 
Br2 with........................................ ...............................

1- and 4-Phenanthrol, synthesis of acyl compds.
from......... ...................................................... .............

Phenethylamines, physiol, active, 465; physiol.
active... . ........ ............................................. .

Phenol, condensation of /-arylcarbinols with, 59; 
H3PO4 in ethylation of, 1161; reacn. of isobutene
and diisobutene with............................................ .

Phenolic cinchona alkaloids, hydroxyalkylation of. . .  
Phenolic steroids, reduction of naphtholic steroids

to .................................................................. ........... ..
Phenols, salicylates of the isomeric amyl, 948; 

reacn. of indene chloride with, 1365; hydroxyalkyl
ethers of basic..................................................... .

Phenothiazine, conversion of, to thionol, 1446;
studies on ..................................................................

Phenoxyalkanols, <?-arsenated..................................
Phenoxymethylhydantoins................... ...................
Phenylacetylene, Raman spectra of, derivs............... .
/3-Phenylalanine-N-acetic acid, salts and hydantoin 

derivs. of. . .  ........................................ .......................
2- Phenyl-4-benzoylfuran......................... .................
^-Phenylenediamine, action of, on nitrostyrenes........
iS-Phenylethylamine derivatives........... .......................
Phenyl group, fluorinated derivs. of methane bear­

ing. . ..................................................... .......................
Phenylhydrazides, of d-a,a- and d-a,/3-gluco-octonic

acids............................................................................
N - 3  - Phenyl - 5 - p - hydroxybenzylhydantoin - N- 

1-acetic acid, synthesis of, from tyrosine-N-acetic 
acid . .............................................................................

3- Phenylindene, dimerization of...............................
iS-Phenylisopropylamines..............................................
Phenylmagnesium bromide, reacn. of, with /?-

methoxy~j3-mesitylacrylonitriles, 1447; pptn. of,
by pyridine and dioxane..................................... .......

Phenylmalonic acid, mechanism of formation of,
and synthesis of, 1426; o-methoxy-..........................

«-Phenyl-/3-mesitoyl acetylene glycol, prepn. and
properties of................ *............................. ...............

/3-Phenylnaphthalene..... ...............................................
Phenyl-/3-naphtholaminomethane, action of HN02

on.................................................................................
9-Phenylphenanthrene, synthesis of............................
Phenylphenols, sulfonic acid esters of..........................
Phenyl-dg-phenylaminomethane, attempted resolu­

tion of. ....................... .................................................
Phenyl phosphate, disodium............................... .........

Phenyl-w-propylamines, hydroxy- and methoxy-.. 
Pheophytin, rate of conversion of chlorophyll to. . . .  
Phosphate, system: polyvinyl chloride-tricresyl,

451; disodium Ph, 750; tri-£-cresyl, films..............
Phosphites, diammonium dihydrogen pyro-, 47; 

hydration of diammonium dihydrogen pyro-, to 
ortho-, 257; triethyl, tripropyl and tributyl tri-
thio..................................................................... ........

Phosphorescence, phosphorescent ZnS................ .
Phosphoric acid, as catalyst in ethylation of phenol, 

1161; reacns. of trialkyl phosphates in Friedel- 
Crafts syntheses, 2596; attempted exchange of P
between phosphorous and....... ................................

Phosphorous acid, attempted exchange of P between,
and phosphoric acid........... ................. .....................

Phosphors, inorg., without metallic activator.........
Phosphorus, volumetric method for, 66; analogs

and homologs of choline and betaine, 946; mol. 
structures of methylated, 996; attempted exchange 
of, between phosphorous and phosphoric acids. . . . 2697 

Phosphorus compounds, mol. structure of fluorodi­
chloride, P oxychlorodifluoride, P oxydichloro- 
fluoride, P oxytrifluoride, P oxytrichloride, P 
pentafluoride, P trifluorodichloride, 1836; mol. 
structure of P pentoxide, P trioxide* 1814; an ob­
scure reacn. of P trichloride.......... ..........................  488

Photochemistry. (See also Chlorination; Light; 
Oxidation; Photolysis; Photosynthesis; Polymeriza­
tion; Rays, Roentgen; Reduction.) photodecompn. 
of Mel and EtI, 961; oxidation of 2,4-cholestadi- 
ene, 986; photochem. reacns. involving H2S and 
chloromethanes, 1005; interaction between ke­
tones and ales., 1530; deamination of amino acids 
in water soln., 1799; photochem. studies, 1857; 
photochem. decompn. of Et Me ketone, 2031; 
photo-voltaic effects in Grignard solns., 2450; 
bromination of anthracene, 2839; photochem. 
oxidation of acetone, 3044; Le Rapport entre la 
Spectroscopie et (Noyes, book review), 3092;
Detn. of Mechanism of Photochem. Reacns. 
(Leighton, book review), 3092; The, of the
Halogens (Rollefson, book review)............................  3092

Photoelectric effect. Photoelements and their Ap­
plication (Lange, book review)..................................  1518

Photography, Fortschritte der (Stenger, Staude,
book review)................................. . . ..........................  1704

Photolysis. (See also Light; Photochemistry.) of 
azomethane, 10; vapor phase photolysis of pro­
pionic acid, 831; of the aliphatic aldehydes, 1243;
of gaseous H2S .......................      1431

Photosynthesis, quantum efficiency of, in chlorella,
266; in chlorella..........................................................  274

Phthalic acids, condensation of, by Na, 1924; ac­
tion of AICI3 on diphenyl esters of iso- and tere-,
2283; system: Mg phthalate-H20 - ........................  2909

Phthalic anhydride, identification of amines with 3- 
nitro-..................................................  2285

Physical chemistry, Landolt-Börnstein, Tabellen 
(book review), 734; Physik. Methoden in chem.
Lab. (book review), 1271; a corresponding-states 
eq. for general, 1761; Numerical Problems in 
Advanced (Wolfenden, book review), 2011;
The Elements of (Goddard, James, book review),
2832; Lab. Methods of (Jasper, book review). 2833 

Physiological chemistry, Introduction to (Bodansky,
book review)................................................................. 2829

Picramic acid, derivs., and their rearrangements........  925
Picramide, diazotization of..................................  725
Picrasmin.......................................................................... 1146
Picromerite double salts, solid soln. among.................   1099
Pictet, A., biography o f .......................... .. .obit. 1
Piezoelectricity, des Quarzes (Scheibe, book review). 1705 
Pigments, colloid chemistry of leaf and flower...2738, 2945 
Pinacol rearrangement, of 1,2-dimethylcyclopentane-

diol-1,2,2416; pinacolone-.................   2957
Pinacolone, pinacol-, rearrangement............................  2957
Pinacolyl chloride, from the chlorination of neo­

hexane...............................   2539
Pinene, oxidation of......................................................... 325
Pine resin acids..................................................    159
Piperazine, diketo-, 1598; method of Garelli and

Racciu for prepg...............     2751
Piperidines, from glycols..........................................  1033
Plants, Chemistry of, Constituents (Gisvold, Rogers,

book review)....................... .................................... . .  1708
Plasticity, Second Report on Viscosity and (book

review).............................   2831
Platinum, catalyzed reacn. of C2H4 and D, 22; cataly­

sis of nitramide decompn. by colloidal, 144; A 
Comprehensive Treatise on Inorg. and Theoretical
Chemistry (Mellor, book review)..............................  219

Platinum compounds, tetramethyl and hexamethyldi-
P t . . . . ...............    3085

Pneumonia, cinchona alkaloids in.................................. 1473
Polarities, of covalent bonds...............................   183

2066
920

2000
2960

202

2962

2837

2409

1075

2495
1473

1897

1582

2079
134

1148
2664

1040
1994
2844
1789

864

622

2653
2816

465

2215

2140

1549
1077

36
2960

399

1260
750

1075
1132

3Q87

2370
632

2697

2697
1247
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Polarograph, equil. measurements with, 1151; ef­
fects of solvents on, wave hts..................................... 1770

Polyazines.....................................        2456
Polycycles, diene synthesis of, from hexatriene........... 216
Polycyclic compounds, reacn. between maleic an­

hydride and polycyclic hydrocarbons, 481; syn­
thesis of, from dicyclohexenyl, 1331; indoles. 2414 

Polyethylene glycol ethers, heats of mixing of halo­
forms and....................................................................  1343

Polymerization, and its Applications in the Fields 
of Rubber, Synthetic Resins, and Petroleum (Burk, 
Thompson, Weith, Williams, book review).............  735

Polymers, structure of vinyl, 280; electron diffrac­
tion examn. of some linear high, 1753; orienta­
tion of high mol. wt. linear, in unstretched films. 2825 

s/re^tf-N-Polysulfanilylsulfanilamides, and related
compds......................................................................... 2225

Polyvinyl alcohol............................  1045
Polyvinyl chloride, system: tricresyl phosphate-,

451; thermal breakdown of plasticized.................... 456
Porphyrin, chemiluminescence of, metal complex 

salts, 2005; distribution coeffs. of, between ether
and HCl..............................................   2135

Potassium, org. precipitants for, 1; reacns. of F
derivs. with, 2275; reacns. of, on acid chlorides___ 2478

Potassium acid phthalate, as buffer for use with H
electrode..............................................   2820

Potassium chlorate, system: K I03-H 20 - .................. 2040
Potassium chloride, reflection and absorption of 

visible radiation in the system CuCl2-, 753; 
direct current conductances of, solns., 871; po­
tential of H20  in.......................................................... 3061

Potassium ferrocyanide, conductance of dil., solns.,
728; stability of.......................................................... 3083

Potassium heptafluozirconate, structure of.................  2702
Potassium iodate, system: KC103-H 20 - . .................. 2040
Potassium iodide, triple bond in reacn. of w-chlorides

and...............................................................................  2662
Potassium nitrilosulfonate............................................  1947
Potassium sodium tartrate tetrahydrate, heat capac­

ity of............................................................................. 2994
Potential, of the Ag-Ag4Fe(CN)6 electrode, 80; 

standard, of the Ag-Ag azide electrode, 262; 
thermodynamics of HCl in dioxane-water, 334, 
336, 339, 2128, 2130, 2133; standard e. m. f. of 
the Pb electrode, 724; contact, of stearate films on 
metal surfaces, 1083; effect of X-rays on sur­
face, of multilayers, 1513; potentiometric study 
of the duroquinone system, 1678; dissocn. consts. 
of deutero acids by e. m. f. measurements, 1974; 
potentiometric characterization of thionol, 2079; 
elimination of liquid junction, 2229,2233; argentous- 
argentic oxidation, 2561; elec, properties of stear­
ate films deposited on metal, 2855; chem., of H20
in isotonic solns..........................................................  3061

Pozzolanic action, Si02-CaO reacns. in relation to___ 1832
Precipitates, aging of fresh, 39, 197, 499, 505, 508,

............................................................................ 1576, 2036
Pregnanediol, steroid content of cows* pregnancy

urine, 2442; from bull's urine...................................  2931
Pregnanetriols, from pregnancy urine.......................... 210
Pregnanetriol-B, structure of........................  1067
Pregnanol-3-a, isolation of, from human pregnancy

urine.............................................................................  2928
e^'-a//0-Pregnanol-3-one-2O, prepn. of.........................  79
Pregnanone-3, and related compds...............................  2438
Pregnenediol, in mares' pregnancy urine and its

conversion into progesterone..................................... 1565
Prehnitene, addn. of Et diazoacetate to, 648; side 

chain bromination of, and some 2,3,6-trimethyl-
phenyl derivs............................................................... 652

Pressure, reacn. vessels for, expts., 212; influence of, 
on vol. and refractive index of benzene, 511; 
thermodynamic properties of He at high, 555;
-area relations for tri-£-cresyl phosphate films.......  3087

Progesterone, conversion of pregnenediol to ................ 1565
Propane, hindered rotation of Me groups in, heat 

capacity, vapor pressure, heats of fusion and

vaporization of, and entropy and d. of the gas,
1521; negative temp, coeff. in the rate of, oxida­
tion, 2244; fluorinated derivs. of......................    2491

Propionic acid, vapor phase photolysis of, 831; con­
ductance and ionization consts. of, in water, 2744;
ol, j8-diphenyl-/3-benzoyl-............................................. 3078

Propionic ^-bromoanilide, crystallographic detn. of,
in binary mixts..................................  1394

w-Propylamines, hydroxy- and methoxy-/3-Ph-.........  1075
Propyl-/-butylcarbinol, configuration of.................. .. 2658
Propylenediamine vanadate..........................................  2227
Propy ne, -allene tautomerism....................................... 1885
Proteins, dielec, properties of, solns., 1115, 1123; 

phys. chemistry of, 1480; in liquid NH3, 1935; 
use of added, in detn. of tyrosinase activity, 2472;
Od/1 LCvl"UU L| JLJ.lil.lOj ^OvU j V idvUul tlCd Ui  ̂ IxUl bC bCl U lll
solns., 3039; crystalline Cu-......................................  3085

d/-Pseudoephedrine, synthesis of................................... 3089
Purpureocobaltic chloride, prepn. of............................. 3053
Pyranoside, oxidation of «-Me-d-lyxo-......... . 2059
Pyrazine series, syntheses in..........................................  400
Pyrazine-2,5-dicarboxylic acid, Curtius and Hof­

mann degradation of................................................... 400
Pyridine, A3-tetrahydro-, 745; pptn. of PhMgBr

b y . . ...............    2215
Pyrimidine, as bios factor....................................  490
Pyrimidine glucosides, attempts to synthesize...........  1916
Pyrimidine research........................1622, 1719, 1721, 2941
Pyroabietic acids, nature of, 921; dihydroabietic

acids from so-called..............................•..................... 2621
Pyrolysis. (See also Decomposition.) of organomag­

nesium compds., 1019; of isobutyl iodide, 1877;
of esters.....................................................................    2419

Pyrones, hydrogenation of, 669; 2-hydroxymethyl-
5-hydroxy-y-.........................................................    1541

Pyrophosphite. Diammonium dihydrogen..............  257
Pyrrole, Die Chemie des. II. Band. Pyrrolfarb-

stoffe (Fischer, Orth, book review)............................  496
Pyrrolidines, prepn. of, 730; from glycols.....................  1033
Pyruvic aldehyde, transformation of dihydroxy- 

acetone derivs. into, derivs., 1381; alcoholate, of 
the trimer of hydroxy-..................................................  1628

QUANTUM efficiency, of photosynthesis in chlorella,
...............................................................................266, 274

Quantum mechanics, Fundamental Principles of, 
with Elementary Applications (Kemble, book re­
view), 734; Einffihrung in die (Hellmann, book 
review), 734; The Elements of (Dushman, book
review)......................................................   .......  1520

Quartz, Piezoelektrizitat des (Scheibe, book review). 1705
Quassin....... ..................................................................... 1146
Quinoline, 2,3-dimethyl-8-Et, 763; 2-alkyl-l,2,3,4- 

tetrahydroiso-, hydrochlorides, 2101; syntheses
in, series, 2104; 4, homologs from petroleum.......  3028

8-Quinolyl ethers, antipneumococcic activity of.........  1582
Quinones, reacn. between methylated, and Na 

enolates, 676; oxidation-reduction of complex,. . ,  1990

RABBIT sera, mol. compn. of sp. immune ppts.
from...............      242

Racemization, of an optically active acid and its 
Me ester, 927; during esterification by diazo­
methane, 1998; of tripeptides and hydantoins.. . .  2426 

Radicals. (See also Alkyl groups; Substitution.) 
stability of the free formyl, 212; electron-sharing
ability of org................................................................. 891

Radioactive compounds, distribution of, in solvents.. 2524 
Radioactivity, artificial, as a test for minute traces 

of elements, 1784; A Manual of (Hevesy, Paneth,
book review).......................................    3093

Raman spectra, of Na alkyl sulfonates and sul- 
finates, 544; a Raman investigation of certain
inorg. complexes in soln., 549; of acetylenes...........  2664

Raoult's law, evidence for validity of.............................  1525
Rays. (See also Spectra.) a Roentgen, study of
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for ales, and acids, 779; The Fine Structure of 
Matter. X-Rays and the Structure of Matter 
(Clark, book review), 988; comparison of Roent­
gen, photographs taken with X  and Y built-up 
films, 1511; effect of Roentgen, on surface po­
tentials of multilayers............................................. . 1513

Reactions. (See also Catalysis; Catalysts; Electro­
motive force series; Equilibrium; Friedel-Crafts 
reaction; Grignard reaction; Heat of reaction; 
Oxidation; Photochemistry; Reaction velocity; Re­
duction.) Reformatsky, in the isatin series, 644;
O exchange, of org. compds. and water, 679; ex­
change of O between benzil and water, 880; of 
j8-keto-nitriles with H, 914; relative oxidation- 
reduction reactivities of ketones and aldehydes,
1151; Reaktionsfahigkeit fester Stoffe (Hedvall, 
book review), 1270; Diffusion und chem., im 
festen Stoffen (Jost, book review), 1272; the 
catechol-tyrosinase, 1545; catalyst in the Gatter­
mann, 1699; between Si02 and CaO in relation to 
pozzolanic action, 1832; mechanism of the Fittig,
1999; addn., of unsatd. «-ketonic acids, 2469; 
the Wurtz, with Si chlorides, 2486; substitution, 
of dehydroabietic acid, 2631; attempted exchange 
of P between phosphorous and phosphoric acids,
2697; interaction between methylene radicals and
H . . ......................... .....................................................  2819

Reaction velocity, of 0 3 and H20 2, 82; dealdolization 
of diacetone ale., 90; catalysis of nitramide de­
compn. by colloidal Pt and Au, 144; acetylcholine- 
cholinesterase system, 178; rates of photosynthesis 
in chlorella, 274; adsorption of gases in multimol. 
layers, 309; dielec, const, and ionic strength ef­
fects on reacn. rates, 330; effect of metal impurities 
on soln. rate of Cd, 435; thermal breakdown of 
plasticized polyvinyl chloride, 456; rates of oxida­
tion of Et disulfide and mercaptan, 590; amine 
catalysis of the ketonic decompn. of a,a-dimethyl- 
acetoacetic acid, 595; O exchange reacns. of org. 
compds. and water, 679; rate of oxidation of 
1“ by persulfate ion, 687; decompn. of AgN02,
694; decompn. of gaseous EtBr, 771; vapor phase 
photolysis of propionic acid, 831; photodecompn. 
of Me and Et iodides, 961; rate of conversion of 
chlorophyll to pheophytin, 1132 ; hydrolysis rates 
of Me- and benzylfructofuranosides and -pyrano- 
sides and of sucrose, 1206; relation between rates 
of general basic catalysis in different reacns.,
1513; kinetics of the isomerization of camphene 
hydrochloride, 1585;‘ kinetics of pyrolysis of iso­
butyl iodide, 1877; kinetics of hydrolysis of Et 
orthoformate, 1962; hydrolysis of Mel, 2000; 
rate and mechanism of hydrolysis of benzhydryl 
chloride in acetone, 2094; activation of charcoal,
2120; negative temp, coeff. in the rate of propane 
oxidation, 2244; relative, of organometallic 
compds., 2336; recombination of H atoms, 2347; 
anions and the soln. rate of hydrous alumina in 
acids, 2384; kinetics of neutralization of pseudo 
acids in H20  and D20 , 2588; hydrolysis of /?- 
butyrolactone, 2687; effect of the triple bond on, 
of co-chlorides with KI in abs. acetone, 2662; ki­
netics of the periodate oxidation of 1,2-glycols,2726; 
kinetics of «-aminoisobutyronitrile formation,
2782; Catalysis from the Standpoint of Chem. 
Kinetics (Schwab, book review), 2826; mechanism 
of aromatic bromination, 2835; inversion of su­
crose, 2891; cellulose hydrolysis by Et mercaptan,
3009; alkyl halide reacn. with hydroxylic solvents. 3080 

Reactivity, relative, of amines in the aminolysis of
amides........................................................................ .. 657

Reagents, Tables of, for Inorg. Analysis (Nieuwen­
burg, book review)....................................................  2832

Rearrangement. (See also Isomerization ) Curtius 
and Hofmann, of pyrazine-2,5-dicarboxylic acid,
400; of styryl substituted ethanes, 410; mol., 
in the sterols, 413; ôf fluorylidene dimethyl sul­
fide to fluorene-l-dimethyl sulfide, 494; allylic,

847, 900; benzilic acid, 880, 2002; mol., induced 
by ultrasonic waves, 1497; the Wagner-Meer- 
wein, in camphene hydrochloride, 1585; mol., of
4-Me-5-ft-Bu-2,6-dimethoxypyrimidine, 1719; of 
vinyl allyl ethers, 1905; pinacol, of 1,2-dimethyl- 
cyclopentanediol-1,2, 2416; of tetramethyl­
ethylene bromohydrin................................................  2957

Reduction. (See also Hydrogenation.) of benzil,
57; detn. of Mo with the Ag reductor, 64; of di- 
(trimethylbenzoyl)-ethylene oxide, 229; of 1,4- 
dimesityl-l,2,4-butanetrione enol, 705; of 2,4,6-tri- 
nitro-m-xylene, 935; of methylcholanthrene, 940; 
new agent for the, of benzophenone, 1019; reduc­
ing properties of amino ales., 1031; relative oxida­
tion-, reactivities of ketones and aldehydes, 1151; 
of uranetrione, 1567; of naphtholic steroids to 
phenolic steroids—equilenin, 1897; oxidation-, 
of lapachol, lomatiol and related compds., 1990; 
reductive alkylation of aniline, 2023; of acyl 
chlorides by t-Bu Grignard reagent, 2028; by 
primary Grignard reagents, 2458; with HI, 2723; 
by primary Grignard reagents with trimethylacetyl 
chloride, 2788; Na2S-NH4Cl solns. for org. nitro,
2818; of oestrone, 2927; of gossypolone tetra­
methyl ether and gossypolonic acid tetramethyl
ether, 2967; of «-halogenated ketones...................... 3089

Reflection, of visible radiation in system KC1-C uC12 . 753
Reformatsky reaction, in the isatin series..................... 644
Reformatsky condensations, involving vinylogs of

haloacetic esters...............................    2272
Refractive index, relation of, to d. in dental hard

tissues..............................................  2884
Resins, pine, acids, 159; Synthetic, and Allied 

Plastics (Morrell, Barry, Britton, Langton, book 
review), 733; Application of Polymerization in 
Field of Synthetic (Burk, Thompson, Weith, Wil­
liams, book review), 735; acids.................................. 1419

Resistance, low temp., of Au-Ag alloys........................  388
Reychler’s acid, anomalous mutarotation of salts

of........................................... ..............................1314, 2794
/-Rhamnose ethylmercaptal, prepn. of «-Et furano-

side from.....................   2288
Ring closure, cyano ester, of 5- and 6-membered

rings..............................................................................  1237
Rochelle salt, heat capacity of........................................ 2994
Rosin, lactone formation in the sulfonation of heat

treated..........................................................................  1267
Rotation. See Molecules; Optical rotation.
Rubber, The Chemistry and Technology of (Davis, 

Blake, book review), 220; an X-ray study of 
stretched, 237; Application of Polymerization in 
Field of (Burk, Thompson, Weith, Williams, book 
review), 735; Chemistry and Technology of, Latex
( Flint, book review)....................................................  2279

Rubidium, mass spectrographic detn. of the isotope 
abundance and at. wt. of, 691; Gmelins Handbuch
der anorg. Chemie (Meyer, book review).................  1271

Rubidium chlorate, heat of soln. of................................ 1828
Rubidium perchlorate, heat of soln. of..........................  1828
Ruthenium, Gmelins Handbuch der anorg. Chemie 

(Meyer, book review).........................   3093

C4-SACCHARINIC acids...................................    415
Saccharomyces cerevisiae.................................................. 2505
Salicylates, of the isomeric amyl phenols and amyl

cresols............................................................    948
Salicylic acid, action of SeCl4 on, esters......................... 1239
Salol, homologs of.................  948
Salts, effect of, on the acidity of some V2Os sols,

581; neutral, in soybean meal extraction, 1316; 
reacns. between dry inorg., 2320; sp. gr. of pure
and mixed, solns., 2616; Colloidal (Weiser, book
review).......................................................................... 3094

Salt effect, in the paramagnetic conversion of p H ----  2003
Salting-out, salted-out protein films.............................. 2803
Sapogenins........................ ..................... . .1629, 1630, 1938
Saponins....... ................... ............. ..............1629,1630, 1938
Sapucainha oil, analysis of.....................♦ **.*.****» * 614
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Sarmentogenin, the relatively inert O atom of............
Sarsasapogenin, 2753,2761; side chain of----- --------
Sarsasapogenoic acid......................................................
Sedimentation constants, of gelatin.. ..........................
Sedimentation velocity, in simple air-driven tops as

ultracentrifuges......................................................
Sedoheptulosan, structure of.........................................
Selenium compounds, system: (NH4)2Se04-MgSe-

0 4-H 20 ........................................................................
Selenium dioxide, system: BaSe03-H 20 -, 911; oxi­

dation of sitosterol by, 1071; oxidation of stig­
masterol by, 1073; mol. structure of, vapor............

Selenium tetrabromide, reacns. between Hg diaryls
and....................'..........................................................

Selenium tetrachloride, action of, on salicylic acid
esters............................................................................

Semiquinone, paramagnetism of phenanthrenequi- 
none-3-sulfonate, 202; paramagnetism of, 214;
radicals in the indamine and indophenol groups__

Silane, structure of di-, and trichloro...........................
Silica, aq. CaO-, reacns. related to pozzolanic action,

1832; density of................... .....................................
Silicon, studies in organo-, synthesis..... .......................
Silicon chlorides, the Wurtz reacn. with.......................
Silver, potential of the Ag4Fe(CN)6-, electrode, 80; 

standard potential of the Ag-Ag azide electrode, 
262; elec, resistance of Au-, alloys at low temps., 
388; standard electrode potential of, 2233; argen­
tous-argentic oxidation potential in HCIO4....... .

Silver azide, standard potential of the Ag-, electrode.
Silver ion, coordination of, with unsatd. compds........
Silver chloride, soly. product of....................................
Silver chlorite, soly. of...................................................
Silver nitrite, decompn. of.............................................
Sitosterol, oxidation of, by Se02....................................
Soap, phase rule studies of....................................1866,
Sodium, cleavage of diphenyl ethers by, 94; con­

ductance of organo-, compds. in ether, 193; 
condensations by, 284, 1426, 1429, 1924; explosion 
of CHCI3 with, 720; enzymatic hydrolysis of, re­
duced proteins, 1935; reacns. of F derivs. with,
2275; reacns. of, on acid chlorides............................

Sodium alkoxides, reacn. of alkyl benzoates with.......
Sodium alkyl sulfinates, Raman spectra of..................
Sodium alkyl sulfonates, Raman spectra of.................
Sodium bromide, relative partial molal heat content

of..................................................................................
Sodium chlorate, system: NaI03-H 20 - ......................
Sodium chloride, solvent action of, on carboxy- 

hemoglobin, 1480; phase rule study of Na laurate- 
H20 - , 1870; system: Na palmitate-H20 -, 2066;
potential of H20  in.....................................................

Sodium cyanide, action of, on l,3-dibromo-l,3-di-
benzoylpropane.......... ...............................................

Sodium iodate, system: NaC103-H 20 - .......................
Sodium laurate, phase rule study of system: NaCl-

H2O -............................................................................
Sodium malonic acid, addn. of Na malonic ester to a

methylene quinone..................... ..................... .........
Sodium mercuric sulfide, induced pptn. of HgS from,

solns. by ZnS................................................. ..
Sodium naphthalene......................................................
Sodium nitrate, liquidus surface of system Na, Li 

and Ca nitrates, 873; partial molal vols. of, in
liquid monomethylamine..........................................

Sodium nitrite, catalytic reacn. between, and di­
chlorodiethylenediamine cobaltic chloride............

Sodium palmitate, system: NaCl-H20 - ......................
Sodium phenylacetylene, action of, on a,/3-unsatd.

esters...................................... .....................................
Sodium sulfate, transition temp, of, heptahydrate, 

754; heat capacities, entropies and heats of solns. 
of anhyd., and the decahydrate, and application 
of 3rd law of Thermodynamics to, 1310; system:
CaS04-H 20 - ..............................................................

Sodium sulfide, NH4C1-, solns. for org. nitro reduc­
tions...................... .......................................................

Sodium triphenylmethyl, ionic dissocn. of...................

Solids, elec, properties of......................................... 451, 456
Solubility, of dyes in aq. protecting colloids, 223; 

studies, 373; mutual, of hydrocarbons, 827; of 
Au in Hg, 870; of halides in anhyd. AcOH, 2043; 
effect of solvent assocn. on, 2666; of CH2C12 in
donor solvents, 2714; of C02 in D20 ....... ................  2771

Solutions, conductance of non-aq., 193; influence of 
small amt. of metals on, rate of Cd, 435; formation 
of solid, from alums, 550; theory of surface ten­
sion of aq., 904; binary and ternary, of nitrates,
1211; isotonic........................................................... 3061

Solvent, action of NaCl on carboxyhemoglobin,
1480; effects of, on polarographic wave hts.............  1770

«-/-Sorbose, a CaCl2 compd. of................................. .. . 729
Sorption, hysteresis of concave surfaces............... 433
Sound, mol. rearrangement induced by ultrasonic

waves............................................................................ 1497
Soybean, changes in proteins of, during storage, 723;

peptization of proteins of............................................ 1316
Specific gravity. See Density.
Specific heat. See. Heat capacity.
Specificity, of vitamin Bi fermentation test. . . . . . . . . .  3084
Spectra. (See also Fluorescence; Light; Phosphores­

cence.) Raman, of Na alkyl sulfonates and sul­
finates, 544; infrared absorption studies of H 
bonds between unlike mols., 605; absorption, of 
p-methyl- and ^-bromoacetophenone, 885; ab­
sorption, of 2-(N-methylimino)-d-camphane-10- 
sulfonic acid compared with, of other camphane 
derivs., 1314; comparison of X-ray photographs 
taken with X  and Y built-up films, 1511; absorp­
tion, of biacetyl, 1864; photochem. decompn. of 
Et Me ketone, 2031; absorption, of gossypol, 
its derivs. and of certain dinaphthalene compds., 
2180; infrared absorption studies, 2239, 2444, 
2528; infrared absorption, of some sugars and 
furans, 2619; Raman, of phenylacetylene derivs., 
2664; Fine Structure of Matter. III. The
Quantum Theory and Line ( Clark, book review). . .  2833 

Spectrophotometry, study of neutralization indica­
tors, 2607; detn. of ionization by ultraviolet
(correction).............................................................   3097

Spectroscopy, in Science and Industry (Harrison, 
book review), 2007; Le Rapport entre la, et les 
Reactions initiées par la Lumière (Noyes, book
review).............................................   3092

Spinastanol, identity of, with fucostanol and stig­
mastanol. .................................................    2431

Spot reactions, Quai. Analyse mit .Hilfe von (Feigl,
book review)...........................     2831

Starch, structure of products of periodic acid oxida­
tion of, 989; absence of combined fatty acid in
cereal....................................................    2824

State, eq. of......................................................................  1761
Stearate, contact potentials of, films on metal sur­

faces, 1Ö83; elec, properties of, films deposited on
metal..........................................................................    2855

Stereochemistry. (See also Isomerism.) of bi­
phenyls, 1411, 1489, 1491; mechanism of addn. 
and splitting reacns. in the anthracene series, 1801; 
stereoisomerism of unsatd. compds. (correction).. 3097

Steric hindrance, in «-diketones...........................   1168
Sterids, Chemistry of the (Sobotka, book review)----  2278
Steroids, location of O in .......... .................   2566
Sterols, 210, 493, 1061, 1067, 1071, 1073, 1334, 1379, 

1512,1555,1559, 1561,1565,1567,1725,1897,1901, 
1904,2438, 2440, 2442, 2927,2928, 2931; mol. rear­
rangement in, 413; structure of cholesteryl chloride, 
1997; strophanthidin dehydrogenation, 2306; 
spinastanol and fucostanol, 2431; measurement of 
ultraviolet activation of, 2579; isosteric compds., 
2628; inert O atom of, 2824; prepn. of 3,5-cho­
lestadiene, 3082; structure of lumi-........................ 3088

Stiasny, Festschrift (Gustavson, book review)...........  219
Stieglitz, J., biography of, obit. 3; (correction)..........  3097
Stigmastanol, identity of, spinastanol with......... ........ 2431
Stigmasterol, oxidation of, by Se02....... .................... .. 1073

2824
28

2753
757

2998
1241

1987

1309

619

1239

1667
1836

2695
2486
2486

2561
262
836

2229
982
694

1071
1870

2478
813
544
544

1265
2040

3061

2404
2040

1870

676

1576
951

1949

2817
2066

1266

1647

2818
1403
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Strontium chloride, dissocn. pressures of, deuterates. 87
Strophanthidin, dehydrogenation product C21H16----  2306
Structure. See Chemical constitution.
Styrene, dipole moments of, derivs., 697; NH3 and 

amines on 4-Me-nitro-, 2841; action of aromatic
amines on 4-nitro-2-chloronitro~. . ...........................  2845

Styryl substituted ethanes, rearrangement of........... . 410
Sublimation, a semi-micro, apparatus.........................  1509
Substitution, of I in enols, 855; substituted tetra-

hydronaphthalenes.................   936
Succinic acid, heat of combustion of............................  1171
Sucrose. (See also Sugars.) hydrolysis rate of, in 

HG1,1206; hydrolysis of, 1268; inversion of, 2891;
potential of H20  in . .................................. ................  3061

Sugars, tetrose, 278; esters of the aldehydrol form
of, 288; «-Et-/-sorbopyranoside, 563; oxidation 
of, also, by Acetobacter suboxydans, 1201; benzyl- 
fructofuranoside and -pyranoside, 1206; prepn. 
of diacetone, 1507; suggestion for naming the 
higher C, 1537; cis-trans isomerism and asym­
metric oxidation of, 1792; catalytic dehydrogena­
tion of, ales., 2013; gentiobiose octaacetates, 2559; 
methylation of, 2563; infrared absorption spectra 
of some, 2619; anal. sepn. of various classes, 2677; 
action of aldehydo-d-glncose and -galactose in
alkaline solns...............................................................  2847

Sulfanilamide derivatives...........................2217,2222, 2225
Sulfides, some unsym. aryl............... .............................  2729
Sulfites, fractional sulfiting of bases and fractional

degassing of their acid................. .............................  3025
Sulfonation, of 6-nitroacridone, 593; lactones formed

in, of heat treated rosin, 1267; of abietic acid.........  2340
Sulf ones, vinyl halide poly-.  ......................................  2622
Sulfonic acid, esters of phenylphenols, 399; liquid

NH3 sepn. of H2SO4 from alkyl- and aryl-................  1945
«-Sulfonyl amide...........  33
p-Sulfophenylarsonic acid.........................   2058
Sulfotrioxide, dioxane—a new sulfating and sulfonat-

ing agent..........................................     538
Sulfur, interaction of Cl with org., compds., 1486;

Anal. Chemie der Sauerstoffsauren des (Kurten- 
acker, book review), 2009; addn. of, to unsatd.
hydrocarbons..........................   2452

Sulfur dichloride, structure of, 2360; mol. structure
of...........................    2872

Sulfur dioxide, heat capacity, vapor pressure, heat 
of vaporization, and entropy of, 1389; reacn. be­
tween, and olefins, 1450; peracetic acid as catalyst
in the olefin-, reacn............... . .. *...................... .. 2622

Sulfur dithiocyanate, stable..................  2614
Sulfuric acid, alkylation of benzene with isopropyl- 

ethylene in presence of, 353; alkylation of benzene 
with cycloparaflins in presence of, 577; Economies 
of the, Industry (Kreps, book review), 1707; sepn. 
of, from nitric, alkyl- and arylsulfonic, and alkyl­
sulfuric acids by liquid NH3, 1945; potential of,
H20  in .  . .................................................................... 3061

Sulfur monochloride, structure of............................... 2360
Sulfur trioxide, structure of........................... . .............  2360
Sulfuryl chloride, structure of................... ...................  2360
Surface. (See also Catalysis; Films.) sorption 

hysteresis and vapor pressure of concave, 433; 
contact potentials of stearate films on metal, 1083; 
electrification due to recession of aq. solns. from 
hydrophobic, 1190; flow of unimol., films, 1294; 
elec, factors in adsorption of polar mols. at, of
solns..............................................................................  2355

Surface tension, a theory of, of aq. solns., 904; in­
fluence of, on the measurement of viscosity. . . . . . . .  1683

Synthesis, Totale en Chimie Org. (Delépine, book re­
view) ..............    987

TANNING, Stiasny Festschrift (Gustavson, book
review)..........   219

Tantalum, Anal. Chemistry of, and Nb(Cb) (Schoel­
ler, Lynch, book review)............................................. 2009

Tautomerism. See Isomerism.
Tautomerization. See Isomerization.

Tellurium tetrachloride, sp. heats and heat of fusion
of................................................................................ .. 2522

Temperature, concn.-, equil. in system: «-CC14-  
Cl2, 371; (correction) 3097; expts. establishing 
the thermodynamic, scale below 1°K., 376; low, 
resistance of Au-Ag alloys, 388; influence of, on 
vol. and refractive index of benzene, 511; thermo­
dynamic properties of substances as a function of 
reduced, 784, 794; the ice-pt. as a standard of 
reference, 866; a low, calorimeter—study on TI,
1000; thermometer-heaters for magnetic and 
calorimetric low, measurements, 1053; vapor pres­
sure-, relations in the system Cd(N03)2-H20,
2707; heats of adsorption of gases on Cr20 3 at
low.................... ................................................... . . . .  2912

Temperature coefficients, of base catalyzed de­
compn. of nitramide in D20 , 1967; negative, in
the rate of propane oxidation....... .......................... . 2244

Terephthalic acid, reacn. of AICI3 with diphenyl ester
o f . . . . ...........     . 2283

Ternary systems...............................  550, 2909
Terpene series, oxidation in the..... ....................... ..  325
«-Terpinene, oxidation of...............................       325
Terpinolene, oxidation of....... .......................  325
/3-Tetraacetylcholine-d-glucoside...........................  722
Tetraalkylmethanes......................................   . . . .  2598
Tetraborane, structure of, B4H10............. . . . ...............  805
Tetrahydronaphthalenes, substituted........................  936
A3-Tetrahydropyridine, synthesis of..........................  745
Tetrahydrotriazines, lactim-lactam isomerism in

substituted....... ...............      1656
2,4,4,6 - Tetramethyl - 4,5 - dihydro - 1,3 - oxazine...  407
Tetramethylethylene bromohydrin, prepn. and rear­

rangement of..............................................................  2957
2.2.3.4- Tetramethylhexane......................................  488
2.2.4.4- Tetramethylpentane.. . ...............................  2571
Tetramethylplatinum.............. ........... .........................  3085
1,1,2,6-Tetramethyltetralin, synthesis of..............  930
Tetronic acids, dissocn. const, of, 855,857,859; (cor­

rection) 3097; Me, Me «-chloro-, Me «-bromo-,
and Me a-iodotetronates................... .......................  2532

Tetrose sugars, chemistry of.......................................... 278
Thallium, heat capacity and entropy of....................... 1000
Thermal data, 1400; on hippuric and succinic acids,

1171; on org. compds...................   1507
Thermionic emission, of oxide-coated filament...........  3047
Thermodynamics, of HCl in dioxane-water mixts., 

334,336, 339, 2128, 2130, 2133; expts. establishing 
the, temp, scale below 1°K.—properties of Gd 
phosphomolybdate, 376; Heat and (Zemansky, 
book review), 497; properties of He at high pressure, 
555; properties of substances (H20) as a function 
of reduced temp., 784, 794; properties of hexyl 
ales., 820; study of the Cd-Sb system, 1305; 
application of 3rd law of, to Na2SO4*10H2O, 1310; 
consts. of 0 s0 4, 1822; related to standard elec­
trode potential of Ag, 2233; of biunivalent elec­
trolytes........................................................................  2983

Thermostatics, Aanvullingen der (Verschaffelt, book
review)....................................................      2008

Thiamin. See “B” under Vitamins.
Thiazole, as bios factor, 490; hydrogenation of

quaternary........... ...................................  2574
Thiocyanate, S di-..............................  2614
Thioesters, of choline and /3-methylcholine.................  1765
Thioglycofuranosides...................... ................. . .2056, 2288
Thionol, conversion of phenothiazine to, 1446;

potentiometric characterization of...........................  2079
Thionyl chloride, structure of......................................  2360
Thiophene, acyl derivs. of dibenzo-, 2628; action of

Br on nitro-...............................................     2906
Thiophenol, reacn. of aliphatic olefins with................. 2731
Thiosulfate, standardization of, solns. by means of

Cu and CuS04..........................   1349
^/-Threonine, synthesis of.....................    1328
/-Threose, and derivatives................        278
Tissues, Metabolism of Living (Holmes, book re­

view )........................................   3092
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Tocopherol, constitution of a-, 700; structure of /3-
and y-......... ................................................................

p-T olualdehyde, addn. of CHC13 and CHBr3 t o . . . . . .
Toluene, conductance of Pb abietate-tributylam-

monium chloride in....................................................
^-Toluidine, action of, on nitrostyrenes......... .............
9-^-Tolylphenanthrene, synthesis of............................
Tosylation, unimolar, of a- and /3-Me-d-glucosides,

395; dimolar, of /3-methylcellobioside.....................
Toxicology, Lehrbuch der (Starkenstein, book re­

view) ............................................................................
Transference numbers, of LaCl3 by the moving

boundary method.......................................................
Transition temperature, of Na2S04-7H20 . ..................
Transmutation, der chem. Elemente (Haas, book

review).........................................................................
Triazines, studies on..... ....... .........................................
Tributylammonium chloride, conductance of Pb

abietate and, in toluene.................................. ...........
Tri-w-butylborine, reacns. of, 115; reacn. of, with

peroxides and O..........................................................
Trichlorosilane, mol. structure of.................................
j8, j8jS "-Trichlorotriethylamine.....................................
Tricresyl phosphate, system: polyvinyl chloride-. . .  
Tri-£-cresyl phosphate, pressure-area relations for,

films.............................................................................
sym-Triethylbenzene, prepn. of....................................
5-Triethylbenzene, derivs. of................. .......................
Trigermane, electron diffraction of..............................
1,3,3-Trimethoxybutane, desaturation products from. 
Trimethoxytrixenylcarbinol, and comparisons of

colors of some carbonium salts in this series............
Trimethylacetyl chloride, reducing action of primary

Grignard reagents with.............................................
Trimethylamine, heat of soln. of gaseous.............
5,9,10-Trimethyl-1 ,2-benzanthracene.........................
3.3.5- Trimethylheptane............................................
2.3.6- Trimethylphenyl derivatives, from side chain

bromination of prehnitene........................................
2.4.6- Trinitro-m-xylene, reduction of......................
3,7,12-Trioxy-23-aminonorcholane, prepn. of, from

cholic acid...................................................................
Triphenylmethyl, ionic dissocn. of N a.........................
Y,y,y-Triphenylpropyl derivatives..............................
Triple bonds, effect of the, on reacn. rate of co-chlo­

rides with KI in abs. acetone..................................
Trisodium tricyanmelamine trihydrate, structure of.. 
Tubercle bacillus, dissociation of the H-37 human. . . .
Tungsten, anal, chemistry of......................................
Tungsten hexachloride, vapor pressure and dissocn.

of (correction)............................................................
Turpentine, methylchavicol in . ................ ............ .
Tyrosinase, mechanism of the catechol-, reacn., 

250; 1545; H20 2 in the catechol-,reacn., 1617; added 
protein in detn. of, activity, 2472; nature of the en­
zyme, 2474; crystalline Cu-protein possessing, ac­
tivity — .......................... ...........................................

Tyrosine-N-acetic acid, synthesis of N-3-Ph-5-/>- 
hydroxybenzylhydantoin-N-l-acetic acid from___

ULTRACENTRIFUGE. See Centrifuge.
Ultrasonic waves, mol. rearrangement induced by__
Unsaturated compounds, coordination of Ag+ with. .
Uracils, 6- and 5-benzil-.................................................
Urane derivatives...........................................................
Uranediol, from mares’ pregnancy urine......................
Uranetrione, reduction of....... .................................
Uranium, Pb-ratio....................................... ...............
Ureas, a-aryl-j(3-dialkylamino, as local anesthetics, 

158; f. ps. of aq., solns., 1291; carbamic esters 
from, 1742; rotatory dispersion of gelatin in, 
solns., 2289; d. of aq., solns. and apparent molal 
vol. of, 2582; acyl-, as hypnotics, 2923; potential
of H20  in......................................................................

Urease, activities of, and pepsin monolayers...............
Urethans, f. ps. of aq., solns., 1291; as local anes­

thetics..........................................................................
Urotropine, parachor of............................................

VANADIUM compounds, ethylene- and propylene­
diamine vanadates......................................................  2227

Vanadium oxytrichloride, structure of . .......................  2360
Vanadium pentoxide, vapor phase oxidation of 

crotonaldehyde using, catalysts, 52; effect of
salts on the acidity of some, sols................................  581

Vapor, validity of Henry’s law in calcg., solubilities,
373; vol. of H20, 781; liquid-, equil., 1275, 1278;
(correction)...................................   3099

Vapor phase reactions, of cyclopropane with I and 
Br.......................   217

Vapor pressure, of concave surfaces, 433; of H20 ,
784; of liquids and principle of corresponding 
states, 794; of S02, 1389; of propane, 1521; 
studies, 1525; of Me bromide, 2097; temp.-,
relations in the system Cd (N 0 3) 2-H 20 ..................... 2707

Velocity, sedimentation, in air-driven tops.................  2998
Veratrylhomoveratryl ketone, synthesis of....... .......... 2656
Vibrations. (See also Molecules; Raman effect; 

Spectra.) frequencies of bonds in methylacetylene
and ethane........................     71

Vinyl alcohol, poly-................................   1045
Vinyl allyl ethers, rearrangement o f ............................. 1905
Vinyl chloride, system: tricresyl phosphate-poly-,

451; thermal breakdown of......................................  456
Vinyl groups, introduction of substituted, 2644,2901, 2903
Vinyl halide polysulfones...............................................  2622
Vinyl methyl ketone, the polymer from.......................  280
Vinyl polymers, structure of................................... 280, 1045
Viscosity and chem. constitution, 154; of MeOH,

1683; function, 2106; Second Report on, and 
Plasticity (book review), 2831; of proteins of
horse serum solns.........................................................  3039

Vitamins, thiamine as bios factor, 490; synthesis 
of cocarboxylase (Bi pyrophosphate) from Bi,
730; crystalline B6, 983; production of an anti­
rachitic pro-, from cholesterol, 984; B-6, 1267; 
influence of nicotinic acid on the fermentation 
method for Bi detn., 1514; Fermente-Hormone-, 
und die Beziehungen dieser Wirkstoffe zueinander 
(Ammon, Dirscherl, book review), 1517; The Biol. 
Standardisation of the (Coward, book review),
1706; synthesis of cocarboxylase, 2263; hydration 
of Bi,2303; studies on E, 2402; hydrogenation of
Bi, 2574; specificity of, Bi fermentation test........... 3084

Volume, apparent molal, of urea........... ........................ 2582

WAGNER-MEERWEIN rearrangement, in cam­
phene hydrochloride...................................................  1585

Walden inversion, ketonic /3-lactones and.................... 2142
Water, equil. in the system benzoic or hippuric acid, 

glycine and, 136; thermodynamics of HCl in 
dioxane-, 334, 336, 339, 2128, 2130, 2133; O ex­
change reacns. of org. compds. and, 679; exchange 
of O between benzil and, 880; system: Se02-  
BaSe03-, 911; systems Zn, Cu, or NiS04-(NH4)2- 
SO4-, 1099; dielec, const, of heavy, 1182; acid 
dissocn. consts. in dioxane-, mixts., 1252; sys­
tem: CaS04-Na2S04-, 1647; soly. curves of the 
systems CCI4- branched chain alkyl acids, 1696; 
stability of C1-, vapor mixt. in light, 1699; phase 
rule study of Na laurate-NaCl-, 1870; kinetics 
of Et orthoformate hydrolysis in D20-H 20 , 1962; 
temp, coeffs. of the base catalyzed decompn. of 
nitramide in D20 , 1967; system: (NH4)2Se04-  
MgSe04-, 1987; systems: NaIOa-NaC103-  and 
K I03-KC103-, 2040; system: Na palmitate-
NaCl-, 2066; conductance of HCl in dioxane-, 
2371; kinetics of neutralization of pseudo acids 
in, and heavy, 2588; system: Cd(N03)2-, 2707; 
soly. of C02 in D20, 2771; dissocn. const, of weak 
acids in H20 -D 20  mixts., 2811; systems: phthalic 
acid-Mg phthalate-, and Mg phthalate-Li 
phthalate-, 2909; chem. potential of, in isotonic 
solns., 3061; catalysis in alcoholysis of benz­
hydryl chloride (correction)...... ................................ 3097

Wax, wool, studies..........................................................  559
Wood, analyses of glacial and preglacial....................... 2509

1741
228

2394
2844
2960

1203

3094

3070
754

496
1656

2394

121
1836
2816
451

3087
1421
2606
1605
1159

284

2788
2693
1023
488

652
935

991
1403
1666

2662
1194
768
640

3097
3086

3085

2653

1497
836

2941
1061
1561
1567

62

3061
1351

2338
489
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Wool wax studies......................................   559
Wurtz-Fittig synthesis, of amylbenzene......................  1429

XENYLCARBINOL, trimethoxytri-.........................  284
Xylene, reduction of 2,4,6-trinitro-ra-..........................  935

YEAST, acid metabolism of wine, 1137; medium 
effect in the growth of, with bios................   2505

ZINC chloride, catalyst in prepn. of lower alkyl 
chlorides...........................................   2497

Zinc iodide, thermodynamics of, in aq. soln.................. 2983
Zinc oxide, interaction of H and D on...........................  362
Zinc sulfate, system: (NH4)2S04- 6H20 - , 1099;

conductivity of............................................................  3074
Zinc sulfide, studies on phosphorescent, 632; as 

an adsorbent in purifying invertase, 983; post-
pptn. of HgS on............................................................ 1576

Zirconium, zirconate sol formation, 264; colori­
metric detn. o f . ...........................................................  1776

Zirconium compounds, structure of heptafluozircon- 
ates............................................... : ..............................  2702


